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ABSTRACT 

A number  of powder  phosphors  have been measured  by  a d i rec t  opt ical  
method.  Resul ts  are  compared  wi th  other  publ i shed  values.  Al though  s l ight  
discrepancies  are  found for  magnes ium and calcium tungs ta te  at the  2537A 
position, the max imum quan tum efficiency for magnes ium tungs ta te  is in good 
agreement  wi th  the publ ished values.  Good agreement  is also found for  im-  
pu r i t y - ac t i va t ed  phosphors.  New data  are  presented  for a n u m b e r  of o r tho-  
phosphates.  The quan tum efficiency curves decrease more  r a p id ly  than  the ab-  
sorpt ion curves toward  both longer  and shor te r  wave  lengths f rom the peak  
position. The peaks  of the quan tum efficiency curves lie at longer  wave  lengths  
than  those of the absorpt ion curves.  Reasons for  these differences are  discussed. 

K n o w l e d g e  of the  w a v e - l e n g t h  d e p e n d e n c e  of the  
q u a n t u m  eff iciency and  a b s o r p t i o n  of p h o s p h o r s  
p rov ides  an  i m p o r t a n t  f o u n d a t i o n  for  the  t h e o r e t i -  
cal  i n t e r p r e t a t i o n  of l u m i n e s c e n t  proper t ies ,  as w e l l  
as for  the  d e v e l o p m e n t  or  t e chn i ca l  a p p l i c a t i o n  of 
phosphors .  

The  q u a n t u m  efficiency of p o w d e r  p h o s p h o r s  has  
been  m e a s u r e d  b y  s e v e r a l  m e t h o d s  (1) ,  i.e., b y  
d i r ec t  opt ica l ,  l a m p  efficiency ca lcu la t ion ,  c a l o r i -  
met r ic ,  and  c o m p a r i s o n  methods .  The  second  m e t h o d  
used  b y  T h a y e r s  and  B a r n e s  (2)  and  o the r s  (3 -6 )  
consists  of c o m p a r i n g  the  m e a s u r e d  l u m i n o u s  effi- 
c iency of a f luorescen t  l a m p  w i t h  i ts  c a l c u l a t e d  
m a x i m u m  efficiency. This  m e t h o d  invo lves  some 
a m b i g u o u s  a s s u m p t i o n s  conce rn ing  the  op t i ca l  c h a r -  
ac te r i s t i cs  of t he  p h o s p h o r  l a y e r  in the  f luorescen t  
l amp.  W i t h  t he  t h i r d  or  c a l o r i m e t r i c  m e t h o d  (1, 7) 
i t  i s  diff icult  to c a r r y  out  t he  m e a s u r e m e n t  ove r  a 
wide  r a n g e  of exc i t i ng  w a v e  lengths ,  because  an  in -  
t ense  source  of u l t r a v i o l e t  r a d i a t i o n  is r e q u i r e d  b u t  
not  ava i l ab le .  The  c o m p a r i s o n  m e t h o d  (1, 6, 8) is 
u n s u i t a b l e  to  d e t e r m i n e  the  abso lu t e  v a l u e  of t h e  
q u a n t u m  efficiency. In  t he  p r e s e n t  i nves t iga t ion ,  
the re fo re ,  the  f irst  or  d i r ec t  op t i ca l  m e t h o d  (9-11)  
was  used  to m e a s u r e  the  w a v e - l e n g t h  d e p e n d e n c e  
of m a n y  p o w d e r  phosphors .  

Experimental Apparatus 
The a r r a n g e m e n t  of the  e x p e r i m e n t a l  a p p a r a t u s  

is s imi l a r  to t h a t  r e p o r t e d  b y  B o t d e n  and  K r S g e r  
(10) and  is s h o w n  s c h e m a t i c a l l y  in  F ig .  1. T h e  
r a d i a t i o n  f r o m  a l o w - p r e s s u r e  h y d r o g e n  l a m p  L is 
ref lec ted  b y  two  concave  m i r r o r s  A and  B, t h e n  fa l l s  
on the  e n t r a n c e  sl i t  of a B e c k m a n n  t y p e  m o n o -  
c h r o m a t o r  MN. The  m o n o c h r o m a t i c  b e a m  f r o m  the  
ex i t  s l i t  is p r o j e c t e d  on the  l a y e r  of p h o s p h o r  P or  
m a g n e s i u m  o x i d e  Q t h r o u g h  a 5 - m m  c i r c u l a r  ho le  
in the  e l l i p so ida l  a l u m i n u m  m i r r o r  M of 100 m m  
d i ame te r .  The  s amp le s  a r e  p l a c e d  i n t e r c h a n g e a b l y  
on the  first  focus  of t he  m i r r o r  whose  pos i t i on  is 
2 m m  f r o m  the  p l a n e  of a p e r t u r e  of t he  m i r r o r  in 

o r d e r  to c o n c e n t r a t e  the  en t i r e  f lux of re f lec ted  
l igh t  f rom t h e  s a m p l e  on to  t h e  second  focus  of t h e  
e l l i p so ida l  m i r ro r .  The  p h o s p h o r  s a m p l e  consis ts  of 
a 3 - m m  th i ck  l a y e r  p r e p a r e d  b y  c o m p r e s s i n g  the  
p h o s p h o r  p o w d e r  in to  a r e c t a n g u l a r  recess  of a p -  
p r o x i m a t e  size 3 x 10 x 18 m m  w h i c h  is cu t  or  
m a c h i n e d  into  a r e c t a n g u l a r  m e t a l  b l o c k  of 
s l i g h t l y  l a r g e r  size. The  l a y e r  of m a g n e s i u m  ox ide  
p o w d e r  is in t u r n  c o v e r e d  w i t h  a f r e s h l y  s m o k e d  
l a y e r  of m a g n e s i u m  oxide .  Thus  the  t h i cknes s  of 
the  m a g n e s i u m  ox ide  l a y e r  is also a b o u t  3 ram. The  
two  s a mp le s  a r e  i n t e r c h a n g e a b l e  b y  180 ~ r o t a t i o n  
abou t  the  r o t a t i o n  ax i s  of t he  s a m p l e  h o l d e r  R. 
T h e i r  g e o m e t r i c a l  pos i t ions  a r e  a d j u s t a b l e  so as to 
be a c c u r a t e l y  i d e n t i c a l  a f t e r  ro t a t ion .  

The  r a d i a t i o n  re f l ec ted  f r o m  the  p h o s p h o r  or  
m a g n e s i u m  ox ide  is c o n c e n t r a t e d  b y  the  e l l i p s o i d a l  
m i r r o r  onto  a p h o t o m u l t i p l i e r  P M  ( R C A  1P28) 
p l a c e d  at  t he  second  focus of t he  m i r r o r .  W i t h  a 
p h o s p h o r  in  t he  m e a s u r i n g  pos i t ion ,  f i l ters  w i t h  a 
cu t -of f  a t  a b o u t  3500A or  4000A a r e  i n s e r t e d  b e -  
t w e e n  the  p h o t o m u l t i p l i e r  a n d  s a m p l e  in  o r d e r  to 
s e p a r a t e  the  f luorescen t  l igh t  f r o m  the  re f lec ted  
r ad i a t i on .  The  s p e c t r a l  s e n s i t i v i t y  of the  p h o t o -  
m u l t i p l i e r  was  d e t e r m i n e d  b y  c o m p a r i n g  i t  w i t h  a 
v a c u u m  t h e r m o p i l e  a t  v a r i o u s  w a v e  l e n g t h s  in  t h e  
s p e c t r a l  r eg ion  f r o m  2200 to 8500A. In  th i s  e x p e r i -  
ment ,  a 500-w Xe  l a m p  ( O s r a m  XB0501)  a n d  an  
i n c a n d e s c e n t  l a m p  w i t h  a t u n g s t e n  r i b b o n  f i l amen t  
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Fig. 1. Arrongement of experirnentol opporotus. L, light 
source A, B, ond C, concove mirrors; D, quortz prism; MN, 
Beckrnonn type rnonochrornotor; M, ellipsoidol olurnJnurn 
mirror; P, phosphor foyer; Q, plaque of smoked rnoonesium 
oxide; R, oxis of rotation of sample holder; F, filter; and PM, 
photornultiplier. 
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were  used  as the  source  for  u l t r a v i o l e t  and  v i s ib le  
r ad i a t i on ,  r e spec t i ve ly .  

F o r  t he  m e a s u r e m e n t  of t h e  s p e c t r a l  qne rgy  d i s -  
t r i b u t i o n  of f luorescence,  a Zeiss  T h r e e  Glass  P r i s m  
S p e c t r o m e t e r  c o m b i n e d  w i t h  a p h o t o m u l t i p l i e r  
( R C A  1P22) was  used,  as r e p o r t e d  in a p r e v i o u s  
p a p e r  (12) .  A l l  of t he  e x p e r i m e n t s  m e n t i o n e d  
a b o v e  w e r e  m a d e  a t  r o o m  t e m p e r a t u r e .  

Experimental Procedure 
In  o r d e r  to m e a s u r e  the  r e l a t i v e  re f l ec tance  of 

the  a l u m i n u m  m i r r o r  M, a f r a g m e n t  cu t  f r o m  i ts  
f lange was  p l a c e d  a t  t he  posLtion of s a m p l e  P in  
Fig.  1, and  t h e  i n t e n s i t y  of m o n o c h r o m a t i c  r a d i a t i o n  
ref lec ted  b y  i t  and  t hen  b y  the  e l l i p so ida l  m i r r o r  
was  m e a s u r e d  at  v a r i o u s  w a v e  l eng ths  r e l a t i v e  to 
tha t  of m o n o c h r o m a t i c  r a d i a t i o n  p r o j e c t e d  d i r e c t l y  
onto the  p h o t o m u l t i p l i e r .  The  r e l a t i v e  spec t r a l  r e -  
f lec t iv i ty  of the  p l a q u e  of s m o k e d  m a g n e s i u m  ox ide  
was  m e a s u r e d  in  the  s ame  m a n n e r .  L e t  i, iA, a n d  
i~ be  t h e  p h o t o c u r r e n t s  p r o d u c e d  b y  the  i n c i d e n t  
m o n o c h r o m a t i c  r a d i a t i o n ,  b y  the  m o n o c h r o m a t i c  
r a d i a t i o n  re f lec ted  f r o m  the  p iece  of the  a l u m i n u m  
m i r ro r ,  and  f r o m  the  p l a q u e  of m a g n e s i u m  oxide ,  
r e spec t i ve ly ,  t h e n  the  r e l a t i v e  s p e c t r a l  r e f l ec tance  
of the  a l u m i n u m  m i r r o r  R .  and  t h a t  of m a g n e s i u m  
ox ide  R~ a r e  d e t e r m i n e d  b y  the  fo l lowing  r e l a t i o n s :  

a n d  
io 

R ,  ~ K~Ro - -  [2]  
iR~, 

w h e r e  RA and  Ro a r e  the  abso lu t e  va lue s  of the  
spec t r a l  r e f l ec tance  of t h e  a l u m i n u m  m i r r o r  and  
m a g n e s i u m  oxide ,  r e spec t i ve ly ,  and  K~ and  K.o a r e  
p r o p o r t i o n a l i t y  cons tan ts .  In  these  equa t ions ,  t he  
inf luence  of the  m u l t i p l e  ref lec t ion  b e t w e e n  the  
s amp le s  and  the  m i r r o r  on the  r a d i a t i o n  ref lec ted  
b y  the  s amp le s  and  t hen  b y  the  m i r r o r  was  n e g -  
lec ted .  The  m e a s u r e d  r e su l t s  a r e  shown  in Fig.  2. 
C u r v e  (2)  for  m a g n e s i u m  ox ide  shows  no no t i c e -  
ab le  s e l e c t i v i t y  over  a w ide  r a n g e  of the  s p e c t r u m  
f r o m  a b o u t  3500 to 6000A, in  c o n t r a s t  to cu rve  (1)  
for  the  a l u m i n u m  m i r r o r .  This  r e s u l t  sugges ts  t h a t  
the  inf luence  of the  m u l t i p l e  re f lec t ion  on the  m e a s -  
u r e m e n t  is n e g l i g i b l y  smal l ,  as a s s u m e d  above .  

In  o r d e r  to d e t e r m i n e  the  q u a n t u m  efficiency of 
p u r e  p h o s p h o r s  such  as m a g n e s i u m  tungs t a t e ,  i t  is 
neces sa ry  to k n o w  the  abso lu t e  v a l u e  of the  s p e c t r a l  
r c f l ec t iv i ty  of m a g n e s i u m  oxide ,  w h i c h  is k n o w n  to 
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Fig. 2. Normalized reflection curves of aluminum mirror, 
1, and magnesium oxide, 2. 
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be close to u n i t y  in the  v i s i b l e  r eg ion  of t he  spec-  
t r u m  (13) .  One  can,  t he re fo re ,  accep t  t h e  spec t r a l  
r e f l ec t iv i ty  of m a g n e s i u m  o x i d e  n o r m a l i z e d  to  u n i t y  
as the  a b s o l u t e  one w i t h  a p r o b a b l e  e r r o r  of abou t  
0.2% (13) .  

I t  was  ver i f i ed  b y  e x p e r i m e n t s  t h a t  t h e  t r a n s -  
m i t t a n c e  for  u l t r a v i o l e t  a n d  v i s ib le  l igh t  t h r o u g h  
a 3 - m m  t h i c k  l a y e r  of s a m p l e s  was  p r a c t i c a l l y  zero. 
F o r  such a l aye r ,  t he  r e l a t i o n  b e t w e e n  re f l ec t iv i ty  
R and  a b s o r p t a n c e  A is g iven  b y  

A =  1 - - R  [3] 

Us ing  th is  r e l a t ion ,  one  can  d e t e r m i n e  t h e  spec t r a l  
a b s o r p t a n c e  b y  m e a s u r i n g  the  s p e c t r a l  re f lec t iv i ty .  
The  spec t r a l  r e f l ec t iv i ty  of u n a c t i v a t e d  p h o s p h o r  
base,  of p u r e  phosphor ,  a n d  of i m p u r i t y - a c t i v a t e d  
p h o s p h o r  is g iven  b y  the  fo l lowing  re l a t ions ,  r e -  
spe c t i ve ly  

ib 
R,, : - - .  Ro [4a]  

io 

R~, = i~, - - .  Ro [4b]  

and  

R~ ----- --i~. Ro [4c] 
io 

w h e r e  ib, i~,, a n d  i~ are ,  r e spec t i ve ly ,  t he  p h o t o c u r -  
r en t s  p r o d u c e d  w i t h  t he  l a y e r  of u n a c t i v a t e d  phos -  
phor  base,  of p u r e  phosphor ,  and  of i m p u r i t y -  
a c t i v a t e d  phosphor .  P u t t i n g  these  r e l a t i ons  in Eq. 
[3] ,  the  s p e c t r a l  a b s o r p t a n c e  of the  p u r e  and  the  
i m p u r i t y - a c t i v a t e d  p h o s p h o r  is d e t e r m i n e d  as fo l -  
lows:  

and  

io - -  i~ �9 Ro 
A , , =  l - - R , , -  [5a]  

(ib - -  i~)Ro 
Ao = R~- -  R~ = [Sb]  

R e f e r r i n g  to Eq. [5b] ,  it  shou ld  be  n o t e d  t ha t  Ao 
exp res se s  the  spec t r a l  a b s o r p t a n c e  due  so le ly  to t he  
ac t iva to r s  in the  i m p u r i t y - a c t i v a t e d  phosphor .  

We sha l l  def ine t he  q u a n t u m  efficiency of the  
p u r e  and  the  i m p u r i t y - a c t i v a t e d  phospho r s  b y  the  
r a t i o  of t he  e m i t t e d  q u a n t a  to the  q u a n t a  a b s o r b e d  
b y  the p u r e  p h o s p h o r  and  b y  the  a c t i va to r s  in the  
i m p u r i t y - a c t i v a t e d  phosphor ,  r e spec t i ve ly .  Then,  
the  w a v e - l e n g t h  d e p e n d e n c i e s  for  the  q u a n t u m  
efficiency of t he  p u r e  and  the  i m p u r i t y - a c t i v a t e d  
phosphor  a r e  g iven  b y  

and  

if.~. R ~ .  S j ' :  XlXe.  E,,. dX 
v,, -- X [6a]  

i,,/R,, - -  i,, .f~R~,. S .  Ep. dX 

it.o- R~" S f :  X/Xe. E~. dk 
v,~ --  - -  • [6b]  

i,, - -  i,, f| . S . E ,  . d~ 
a 

w h e r e  E~ and  E~ a r e  t he  r e s p e c t i v e  e n e r g y  d i s t r i b u -  
t ions  of t h e  f luorescen t  emiss ion ,  S is t h e  spec t r a l  
s ens i t i v i t y  of t he  p h o t o m u l t i p l i e r ,  i,.~ and  i,,~ are, 
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respect ively,  the photocurrents  produced by  the 
fluorescent emission with  the pure  and the i m p u r i t y -  
act ivated phosphor,  and ), and X~ denote the wave  
length of the fluorescent and excit ing radiat ion,  
respect ively.  

Since the spectra l  d is t r ibut ion  of the emission of 
the phosphors measured  was prac t ica l ly  independ-  
ent of the wave  length of exci t ing rad ia t ion  f rom 
2200 to 4000A, the in tegra t ion  of Eq. [6] can be 
carr ied  out easi ly by  numer ica l  calculation.  In 
order  to measure  the wave - l eng th  dependence of 
the quantum efficiency due to sensit izer and ac t iva-  
tor  in the sensit ized phosphors such as calcium halo-  
phosphate  ac t iva ted  wi th  Sb and Mn, the '  measured  
fluorescence spec t rum was resolved into two bands  
due to sensit izer  and activator.  For  example,  the 
re la t ive  energy  d is t r ibut ion  curve of the S b - b a n d  
in calcium halophosphate  ac t iva ted  with  Sb and Mn 
was de te rmined  so as to fit it wi th  tha t  of the phos-  
phor  act ivated wi th  Sb alone. By  subtrac t ing  this 
curve from the energy d is t r ibut ion  curve of the 
sensit ized phosphor,  the energy dis t r ibut ion of the 
Mn-band  was determined.  

In Eq. [6], the effect of absorpt ion loss of fluores- 
cent l ight th rough  the powder  on the measured  
quantum efficiency was neglected. Taking into ac-  
count the absorpt ion loss in the powder,  Bri l  and 
Klasens (14) have a l ready  given the fol lowing ap-  
proximate  formula  for the intr insic quan tum effi- 
ciency of fluorescence: 

2 
~, ~ [7] 

1 -FR~ 

where  m and v~ are, respect ively,  the intr insic  and 
t h e  measured  quan tum efficiency, and R~ is the r e -  
flectance of the th ick phosphor  l ayer  for its f luores-  
cent light. If the  value  for R~ is la rger  than 0.9, the 
correction factor  according to Eq. [7] is less than  
5%. On the other  hand, the exper imenta l  e r rors  in 
this exper iment  were  about --+5%. The correct ion 
by Eq. [7], therefore,  wil l  be necessary only for 
phosphor layers  whose reflectance in the vis ible  
region of the spect rum is smal ler  than 0.9. 

Preparation of Phosphors and Experimental Results 
Magnesium tungstate phosphors.--Three types  of 

magnes ium tungs ta te  phosphors were  measured.  The 
first and second type  had compositions of MgWO4 and 
Mg~WO~, respect ively.  They were  p repa red  by  firing 
together  the requ i red  propor t ions  of magnes ium 
ni t ra te  and ammonium tungsta te  [(NH~)~O.7WO~" 
6H20], wi th  or wi thout  Pb and Cd in amounts  of 
1 mole %. F i r ing  was at 980~ for 30 rain fol lowed 
by  in t imate  gr inding and a second firing at 1000~ 
for 1 hr. The th i rd  type  phosphors were  commercia l  
products  obta ined f rom Sylvan ia  Electr ic  Products  
Inc. and f rom our factory.  

Results for  the  first series of phosphors wi th  and 
wi thout  Pb  are  shown in Fig. 3. The da ta  for the 
second and th i rd  types  of phosphors wi thout  added 
impur i t ies  were  prac t ica l ly  ident ical  wi th  those 
labeled (1) in Fig. 3, except  for the Sy lvan ia  p rod -  
uct whose quan tum efficiency was about 5 % smal ler  
than that  of the other  magnes ium tungs ta te  phos-  
phors. Addi t ion of 1 mole % Cd to magnes ium 
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Fig. 3. Wove-length dependence of quantum efficiency and 
absorption for magnesium tungstate phosphors with or with- 
out Pb. 1, MgWO~; 2, MgWO4:Pb (10 -2 mole). 

tungsta te  of composit ion Mg~WO~ gave essent ia l ly  
the same curves as (2) in Fig. 3. Considering the 
exper imenta l  errors,  the quan tum efficiency of 
magnes ium tungs ta te  wi thout  added impur i t ies  
is thus prac t ica l ly  independent  of its composit ion 
and close to uni ty  in the spect ra l  region f rom about  
2750 to 3000A. It  is 0.75-0.80 at  wave  length 2537A. 

Calcium tungstate phosphors.--Six samples of 
calcium tungsta te  phosphors  were  measured.  They 
were  p repa red  by firing mix tures  of 1 mole calcium 
ni t ra te  and 1/7 mole ammonium tungs ta te  wi th  or 
wi thout  0.4 mole calc ium sulfa te  or 0.01 mole lead 
fluoride for two ha l f -hour  periods at  1000~ wi th  
in t imate  gr inding be tween  firings. In order  to in-  
vest igate  the existence of nonluminescent  com- 
pounds in the phosphor  which absorb u l t rav io le t  
r ad ia t ion  uselessly (15), two samples of calcium 
tungs ta te  phosphors wi th  or wi thout  added calc ium 
sulfate  were  washed wi th  5 wt  % hot  ammonium 
hydrox ide  aqueous solution. 

Results for calcium tungs ta tes  are shown in Fig. 
4. The phosphor wi th  0.4 mole calcium sulfa te  gave 
almost  the same curves as those labe led  (1) in Fig. 
4. Washing wi th  ammonium hydrox ide  decreases 
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Fig. 4. Wave-length dependence of quantum efficiency and 
absorption for calcium tungstate phosphors with or without 
Pb. 1, CaWO~; 2, WO~:Pb (10 -~ mole). 
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Fig. 5. Wove-length dependence of quantum efficiency and 
absorption for fl-colcium orthophosphafe activated with Cu, 
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Fig. 6. Wave-length dependence of quantum efficiency and 
absorption for ~-calcium-zinc orthophosphote activated Cu, 
i.e., fl-Ca2.~Zno.2P2Os:Cu(5xlO-" moles). 11, and ~ denote the 
measured and the intrinsic quantum efficiency, respectively. 

the absorption of calcium tungstate phosphors with 
or without calcium sulfate slightly, while the 
quantum efficiency of both phosphors is increased 
by 5-10%. The maximum quantum efficiency of 
pure calcium tungstate phosphors, including the 
washed samples, is 0.50-0.62 at about 2537A. The 
addition of 1 mole % Pb produces a remarkable 
increase in absorption and in the quantum efficiency 
in the spectral region above about 2500A. In the 
spectral region below 2500A, the quantum efficiency 
is slightly lowered by the addition of Pb. The maxi-  
mum value of the quantum efficiency of calcium 
tungstate sensitized with Pb is about 0,77 at 2700A. 

Cu-activated fi-calcium orthophosphate and re-  
lated phosphors.--Data for Cu-activated ~-calcium, 
f l-calcium.magnesium, and fl-calcium.zinc ortho- 
phosphate, together with those for pure orthophos- 
phates without activators (used for the measure-  
ments) are shown in Fig. 5 and 6; the phosphors 
were prepared as reported in a previous paper (12). 

The quantum efficiency of Cu-act ivated B-calcium 
orthophosphate is close to unity in the spectral re-  
gion from about 2650 to 2900A, as shown in Fig. 5, 

while that of Cu-act ivated fl-calcium-zinc ortho- 
phosphate is about 0.92 in the same spectral region, 
as shown by the V~-curve in Fig. 6. The spectral 
reflectivity of Cu-act ivated fl-calcium and fl-cal- 
cium magnesium orthophosphate averaged over t h e  
entire visible region of the spectrum was about 
0.94, while that of Cu-activated B-calcium.zinc 
orthophosphate was about 0.81. Using Eq. [7], the 
intrinsic quantum efficiency of the latter phosphor 
was calculated. It is shown by the ~?,-curve in Fig. 
6. The curve for calc ium.magnesium orthophos- 
phate is quite similar to the v~-curve in Fig. 6, but 
it is slightly lower; the maximum quantum effi- 
ciency of this phosphor is 0.99 around 2700/k. The 
absorption curve of this phosphor is in good agree- 
ment with that  shown in Fig. 6. 

Tin-act ivated calcium orthophosphate and related 
phosphors.-- f l -calcium orthophosphate phosphors 
activated with Sn and with Sn and Mn were pre-  
pared by firing mixtures of 1 mole calcium hydrox-  
ide, 2 moles dibasic calcium phosphate and 0.1 mole 
stannous chloride with or without  0.1 mole manga-  
nese carbonate for 30 min in air at 950~ and 
ll00~ respectively, followed by firing in a re- 
ducing atmosphere (mixture of 25% H.~ and 75% 
N~) for the same period and at the same tempera-  
ture after an intimate grinding between firings. 
Pure fi-calcium orthophosphate without activators 
was prepared by the same method. 

Results are shown in Fig. 7. The curve for t h e  
quantum efficiency of the Sn-activated phosphor 
resembles somewhat that of the Cu-activated mate-  
rial, while the absorption curves are noticeably 
different. On the other hand, the absorption curves 
of the Sn and the (Sn § Mn) activated orthophos- 
phate are quite close to each other, while the wave 
length dependencies of the quantum efficiencies are 
remarkably different. 

As reported by Butler, the a - form of Sn-activated 
calcium orthophosphate is easily produced by firing 
at temperatures above 1175~ with low amounts of 
Sn, while the transition from the fl- to the a - form 
of the phosphor is inhibited by the addition of 
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Fig. 7. Wave-length dependence of quantum efficiency 
and absorption for /~-colcium orthaphosphote phosphors ac- 
tivated with Sn and Mn. 
1, Ca3P~O~:Sn (0.1 mole); 2, Ca3P._,Os:Sn (0.1 mole), Mn (0.1 
male). 
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Fig. 8. Wave- length dependence of quantum eff iciency 
and absorption for ~-calcium orthophosphate act ivated with 
4 mole % Sn and containing 0.45 male silica, f ired at about 
1200~ 

r a t h e r  l a rge  a m o u n t s  of Sn  of t he  o r d e r  of 4 mo le  
%. I t  was  f o u n d  b y  the  p r e s e n t  a u t h o r s  t h a t  t h e  
conve r s ion  f r o m  the  fl- to the  a - f o r m  w i t h  r a t h e r  
l a r g e  a m o u n t s  of Sn  was  p r o m o t e d  by  the  a d d i t i o n  
of s i l ica  d u r i n g  the  p r e p a r a t i o n  of phosphors .  A 
ser ies  of S n - a c t i v a t e d  ca l c ium o r t h o p h o s p h a t e  
phospho r s  con t a in ing  va r i ous  a m o u n t s  of s i l ica  w e r e  
p r e p a r e d  by  f i r ing m i x t u r e s  of 2 mo les  d ibas ic  ca l -  
c i u m  phosphate, 0.9 mole calcium carbonate, silica 
in various amounts from 0.01 to 0.8 moles, and 0.04 
mole stannous chloride for 30 min at about 1200~C 
in air, and then in a reducing atmosphere for the 
same period and at the same temperature after an 
i n t i m a t e  g r i n d i n g  b e t w e e n  firings.  P u r e  a - c a l c i u m  
o r t h o p h o s p h a t e s  w i t h o u t  a c t i v a t o r s  w e r e  p r e p a r e d  
b y  the  s ame  me thod .  

Resu l t s  for  S n - a c t i v a t e d  a - c a l c i u m  o r t h o p h o s -  
p h a t e  con ta in ing  0.45 mole  s i l ica  a r e  shown  in Fig .  
8. I t  was  p r o v e d  by  x - r a y  ana lys i s  and  b y  m e a s u r e -  
m e n t  of the  f luorescen t  s p e c t r u m  t h a t  i t  was  t y p i c a l  
o - c a l c i u m  o r t h o p h o s p h a t e .  The  w a v e - l e n g t h  d e -  
p e n d e n c e  of the  q u a n t u m  efficiency for  S n - a c t i v a t e d  
a - p h o s p h o r s  is p r a c t i c a l l y  i n d e p e n d e n t  of t he  
a m o u n t  of a d d e d  si l ica.  I t  is qu i t e  d i f fe ren t  f r o m  
tha t  for  the  S n - a c t i v a t e d  f l - p h o s p h o r  and  r e s e m b l e s  
the  cu rve  for  f l - c a l c ium o r t h o p h o s p h a t e  a c t i v a t e d  
w i t h  Sn and  Mn. The  a b s o r p t i o n  cu rves  for  S n -  
a c t i v a t e d  a -  a n d  ~ - p h o s p h o r s  a r e  r a t h e r  d i f fe ren t ,  
and  the  i n t e n s i t y  of t h e  a b s o r p t i o n  b a n d  p e a k i n g  a t  
a b o u t  2800A for  a - p h o s p h o r  is l o w e r  t h a n  t ha t  for  
f l -phosphor .  

Calcium.cadmium silicate phosphor activated P b  
and M n . - - C a l c i u m -  c a d m i u m  s i l i ca te  con ta in ing  
less t h a n  30 mo le  % Cd and  a c t i v a t e d  w i t h  P b  a n d  
Mn was  d e s c r i b e d  b y  S c h u l m a n  (16) .  The  p h o s -  
pho r s  used  for  t he  p r e s e n t  m e a s u r e m e n t s  w e r e  
p r e p a r e d  b y  f i r ing a m i x t u r e  of 0.8 mole  c a l c ium 
ca rbona t e ,  0.2 mo le  c a d m i u m  ca rbona t e ,  and  1.2 mo le  
s i l ica  w i t h  or  w i t h o u t  8 x 10 -~ mo le  l e ad  f luor ide  and  
0.1 mole  m a n g a n e s e  ch lo r ide  for  t w o  2 - h r  pe r i ods  at  
1180~ wi th  an  i n t i m a t e  g r i n d i n g  b e t w e e n  fir ings.  

Resu l t s  a r e  s h o w n  in Fig .  9. Also  shown  as a d o t t e d  
l ine  (2)  is t he  c o r r e s p o n d i n g  c u r v e  for  t he  t o t a l  
( P b + M n )  emiss ion  of ca l c ium s i l i ca te  a c t i v a t e d  w i t h  
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Fig. 9. Wave- length dependence of quantum eff iciency and 
absorption for calcium - cadmium silicate act ivated with Pb 
and Mn, compared with Botden and Kroger's data on calcium 
silicate. 
1, Cao.sCdo.2 �9 1.2SiOs:Pb(8xlO -~ moles), Mn (0.1 mole), (Mn- 

emission); 
2, calcium silicate: Pb, Mn (observed by Botden and Kroger). 

P b  and  Mn,  as r e p o r t e d  b y  B o t d e n  and  K r S g e r  (10) .  
The  two  cu rves  for  t he  q u a n t u m  eff iciency a re  in good 
a g r e e m e n t  in the  s p e c t r a l  r eg ion  a b o v e  a b o u t  2650A. 

Calcium halophosphate phosphors activated with 
Sb or with Sb and M n . - - C a l c i u m  h a l o p h o s p h a t e  
p h o s p h o r s  of c o m p o s i t i o n  3 Cax. P~O~. 0.6 CaF~. 
0.4CaCI.~ ( x =  2 . 7 - - 2 . 8 )  and  a c t i v a t e d  w i t h  0.3 
mole  Sb and  va r i ous  a m o u n t s  of Mn r a n g i n g  f rom 
0 to 0.18 moles  p e r  mo le  c a l c ium h a l o p h o s p h a t e ,  
t o g e t h e r  w i t h  p u r e  h a l o p h o s p h a t e  w i t h o u t  a c t i v a -  
tors ,  w e r e  p r e p a r e d  b y  f i r ing c a l c ium c a r b o n a t e  
and  d ibas ic  c a l c ium p h o s p h a t e  w i th  or  w i t h o u t  
a d d e d  Sb or  Mn for  two  h a l f - h o u r  pe r iods  a t  
l l 0 0 ~  w i th  i n t i m a t e  g r i n d i n g  b e t w e e n  fir ings.  

Resu l t s  for  t y p i c a l  s a m p l e s  a r e  shown  in Fig .  10 
and  11. The  q u a n t u m  eff iciency of t he  p h o s p h o r  
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Fig. I 0, Wave- length dependence of quantum eff iciency 
for calcium halophosphate phosphors act ivated with Sb and 
with Mn. llsb and 11•. denote the quantum efficiencies for 
the indiv idual  Sb-and Mn-bands. 
1, 3 Ca2.~P~O~ �9 0.6 CaFe �9 0.4 CaCI2:Sb (0.3 moles), 
2, 3 Ca2.~P~Os " 0.6 CaF.~ �9 0.4 CaCIs:Sb (0.3 males), Mn 
(3x l  0 -2 moles), 
3, 3 Ca~.~P20~ �9 0.6 CaF.2 �9 0.4 CaCb:Sb (0.3 moles), Mn 
(9xl  0 -s moles). 
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Fig. ] 1. Spectral distribution of absorption (Aa) due to 
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ac t iva ted  w i th  Sb alone is close to u n i t y  at wave  
l eng ths  a r o u n d  2750A and  0.84 a t  2537A. 

The  re la t ion  b e t w e e n  q u a n t u m  efficiency and  
concen t ra t ion  of Mn for phosphors  exci ted  wi th  
2537A is shown  in  Fig. 12. Wi th  inc reas ing  con-  
cen t r a t i on  of Mn, the q u a n t u m  efficiency for the  
Sb-emiss ion ,  ~Tsb, decreases a lmos t  l inear ly ,  wh i l e  
tha t  for the  Mn-emiss ion ,  Wn, increases  n o n l i n e a r l y .  
Thus  the tota l  q u a n t u m  efficiency of f luorescence,  
~s~ + w, ,  depends  on the concen t r a t i on  of Mn. The 
s t ra igh t  l ine  g iven  by  0.84 --  V~ expresses the con-  
cen t r a t i on  dependence  of the  q u a n t u m  efficiency for 
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Fig. 12. Relation between quantum eff iciency and concen- 
t rat ion of Mn for calcium halophosphate phosphors act ivated 
with 0.3 mole Sb and various amounts of Mn from 0 to 0.18 
mole per mole phosphor, excited with 2 5 3 7 A  ~lsb and ~1~. de- 
note the quantum efficiencies for the individual Sb- and Mn-  
bands. 

the  Mn- e mi s s i on  wh ich  migh t  be ob ta ined  if the 
exc i ta t ion  ene rgy  absorbed  by  the Sb -cen t e r s  were  
t r a n s f e r r e d  to the  Nin -cen te r s  wi th  t he  same effi- 
c iency as tha t  of S b - c e n t e r s  alone. By compar ing  
the  observed  wi th  the  ca lcula ted  (0.84--~sb) values,  
it  is seen tha t  a pa r t  of the exc i ta t ion  energy,  which  
is d iss ipated as hea t  ene rgy  in  the  Sb-cen te rs ,  is 
t r a n s f e r r e d  to M n - c e n t e r s  in the sensi t ized phosphor  
and  it leads to M n - e m i s s i o n  at concen t ra t ions  below 
15 mole  % Mn;  w h e n  the concen t r a t i on  of Mn ex-  

Table I. Quantum efficiency of various phosphors 

Phosphors  

Q u a n t u m  efficiency 
W a v e  length  

Exci ted M a x i m u m  at m a x i m u m  
by 2537A va lue  Q.E., A Method Reference 

Magnesium tungstate  

MgWO~ and Mg~WO, 
: Pb 
:Cd 

Calcium tungstate  

:Pb  
Calcium orthophosphate: Cu 
Calcium- magnes ium 
Orthophosphate:  Cu 
Calcium. zinc 
Orthophosphate:  Cu 
Calcium orthophosphate: Sn 
Calcium orthophosphate: Sn, Mn 
Calcium orthophosphate: Sn 

Calcium. cadmium 
silicate: Pb, Mn (Mn-em.) 

Calcium halophosphate 
:Sb 

: Sb, Mn 

0.7 Lamp efficiency 
0.9-1 1 2800 Direct 
0.9 Lamp efficiency 
0.84 Lamp efficiency 
0.90 Lamp efficiency 

0.75-0.80 1 2750-3000 Direct 
0.68 0.91 2750-2900 Direct 
0.70 0.95 2750-2900 Direct 

0.70 Lamp efficiency 
0.7 Direct 
0.50-0.62 0.50-0.62 2537-2550 Direct 
0.55-0.60 0.77 2700 Direct 
0.91 1 2650-2900 Direct 
0.93 0.99 2650-2800 Direct 

0.88 0.92 2650-2900 Direct 

0.92 1 2650-2750 Direct 
0.52 0.75 2700 Direct 
0.78-0.83 0.78-0.83 2500-2550 Direct 

0.70 0.73 2650 Direct 

0.87-0.96 I 2600-2800 Comparison 
0.95 Lamp efficiency 
0.84 1 2750 Direct 
0.52-0.76 Comparison 
0.85 Comparison 
0.74 Direct 
0.77-0.92 1 2700-2750 Direct 

Thayer  and Barnes, 1939 (2) 
Fonda, 1944 (9) 
Thayer, 1945 (2) 
Jerome, 1953 (6) 
Tregellas-Williams, 1958 (1) 

This paper 
This paper 
This paper 

Thayer and Barnes, 1939 (2) 
KrSger, 1948 (10) 
This paper 
This paper 
This paper 
This paper 

This paper 

This paper 
This paper 
This paper 

This paper 

Fonda, 1954 (8) 
Tregellas-Will iams, 1958 (1) 
This paper 
Fonda, 1954 (8) 
Fonda, 1954 (8) 
Butaeva, et al. 1959 (18) 
This paper 
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ceeds 15 mole %, it is pa r t l y  diss ipated as t he rma l  
energy by the action of concentrat ion quenching in 
the Mn-center .  The absorpt ion spec t rum of these 
phosphors shown in Fig. 11 resembles  that  of Sn-  
act ivated s - ca l c ium orthophosphate .  

Discussion 
Values for the measured  quantum efficiency are 

summarized in Table I, compared  wi th  values  r e -  
por ted  in the l i tera ture .  Our va lue  for the quan tum 
efficiency of magnes ium tungs ta te  at 2537A is 
somewhat  smal ler  than tha t  repor ted  by  Fonda  (9).  
This d iscrepancy does not seem to be due to phos-  
phor differences but  ma in ly  due to the accuracy of 
measurements  since the  quan tum efficiency of pure  
magnes ium tungs ta te  phosphors  was independent  
of the samples used, as ment ioned before.  The 
m a x i m u m  quan tum efficiency and its wave  length 
showed ra the r  good agreement  wi th  the values re -  
ported by Fonda  (9).  The d iscrepancy of the quan-  
tum efficiency around 2537A m a y  be ascr ibed to the 
errors  of the ca l ibra t ion  of the photomul t ip l ie r  or 
photocell  used in these measurements .  F u r t h e r -  
more, it should be noted that  the quantura  efficiency 
obtained by  the lamp efficiency calculat ion method 
is l ike ly  to turn  out too high because of neglect  of 
the contr ibut ion of mercu ry  lines other  than the 
l ine 2537A, for example ,  the line at 1850A, to the 
luminous flux of the fluorescent lamp ( I8) .  Our 
value of the quan tum efficiency of pure  calcium 
tungs ta te  is also somewhat  smal ler  than  that  r e -  
por ted  by  the other authors.  This d iscrepancy 
be tween these values may  be due to the  same reason 
as tha t  for magnes ium tungstate.  The quantum 
efficiency of magnes ium tungs ta te  was decreased 
by  the addi t ion of Pb or Cd, whi le  tha t  of calcium 
tungs ta t e  was increased r e m a r k a b l y  by  the addi t ion 
of Pb, as ment ioned before. This fact is theore t ica l ly  
in teres t ing with  respect  to the configuration of the 
luminescent  center of tungs ta te  phosphors.  

In the impur i t y - ac t i va t ed  phosphors,  the  quan-  
tum efficiency should be defined by  the ra t io  of the 
emit ted  quanta  to the quanta  absorbed solely by  
act ivators,  as shown by  Eq. [6b].  Such a caution is 
especial ly impor tan t  for the case in which the phos-  
phor  base shows a r a the r  s trong absorpt ion in the 
u l t rav io le t  region. I t  should be noted tha t  the quan-  
tum efficiency of i m p u r i t y - a c t i v a t e d  phosphors,  
based on the above definition, can be measured  only 
by the direct  optical  method. Considering the sam-  
ple  differences, the quan tum efficiency of ha lophos-  
phate  ac t iva ted  with  Sb and wi th  Sb and Mn shows 
good agreement  wi th  tha t  repor ted  by the other 
authors.  The measured  quan tum efficiencies for the  
other impur i t y - ac t i va t ed  phosphors seem to be 
reasonable.  

In general ,  the quan tum efficiency curves de-  
crease more r ap id ly  than  the absorpt ion curves at 
both longer  and shor ter  wave  lengths compared  
with the peak. For  example ,  in the typica l  cases of 
magnes ium and calcium tungstate ,  the quan tum 
efficiency curves decrease  g radua l ly  in the short  
wave - l eng th  region in which the absorpt ion curves 
are flat, as shown in Fig. 3 and 4. The peaks  of the 
quantum efficiency curves lie at  a longer  wave -  
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length region than those of the absorption curves. 
In pr inciple ,  the wave- l eng th  dependence of the 

quan tum efficiency of phosphors containing a single 
emit t ing state in the ac t iva tor  center  should be flat 
over a wide range of the absorpt ion  spectrum, if 
the absorpt ion  is a l lowed only between the ground 
and the emit t ing state. If the absorpt ion  spec t rum 
contains other absorpt ion bands which are  not re -  
sponsible for the emission, the quan tum efficiency 
should be reduced to small  values  in the corre-  
sponding spectra l  region. The rap id  decrease  of the 
quan tum efficiency at longer wave  lengths may  be 
thus explained.  

The decrease  of the  quan tum efficiency at short  
wave  lengths, however,  seems to be a t t r ibu tab le  to 
another  mechanism. It may  be expla ined  by a 
mechanism similar  to tha t  suggested by Dexter,  
Klick,  and Russell  (19) as an explana t ion  for the 
low efficiency of F -cen t e r  emission in a lka l i  halides. 
We assume tha t  the higher  the v ibra t ion  state in the 
exci ted s ta te  to which an electron makes  a t rans i -  
t ion f rom the ground state, the la rger  becomes the 
nonrad ia t ive  quenching of the exci ted state. The 
quan tum efficiency wil l  then decrease  in the  shorter  
wave - l eng th  region of the absorpt ion  spectrum. As 
a result ,  the peaks of the quan tum efficiency curves 
wil l  shift  toward  long wave  lengths. 
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Microscopic Observations on Electroluminescent Phosphors 
A. Kremheller 

Sylvania Research Laboratories, Bayside, New York 

ABSTRACT 

The e lec t ro luminescent  br ightness  of single phosphor  par t ic les  is s tudied 
microscopical ly  in l iquid dielectr ic  cells. A s imple v isual  technique in con- 
junct ion  wi th  a microscope permi t s  one to analyze the br ightness  d is t r ibut ion  
wi th in  and among e lec t ro luminescent  part icles .  Some expe r imen ta l  resul ts  are  
p resen ted  on the nonun i fo rmi ty  of the emission, the influence of bal l  mi l l ing  
and acid etching on the brightness,  the improvemen t  of br ightness  by  par t ic le  
separat ion,  the analysis  of the  in tegra ted  l ight  output  as a funct ion of the proc-  
essing tempera ture ,  and the br ightness  changes due to par t ic le  orientat ion,  
contact, and i r radiat ion.  

M a n y  inves t i ga t i ons  w h i c h  a i m  at  i m p r o v i n g  the  
b r i g h t n e s s  1 of e l e c t r o l u m i n e s c e n t  (EL)  l a m p s  a r e  
conce rned  w i th  the  i n t e g r a t e d  l igh t  o u t p u t  in e v a l u -  
a t i n g  the  inf luence  of t he  p rocess ing  p a r a m e t e r s  in 
p h o s p h o r  p r e p a r a t i o n .  A l t h o u g h  this  a p p r o a c h  is 
use fu l  in t e s t ing  and  c o m p a r i n g  f in ished p roduc t s  
w i th  each  other ,  one does  not  l e a r n  m u c h  abou t  the  
b e h a v i o r  of the  s ingle  p a r t i c l e s  compos ing  the  EL 
l aye r .  Even  if one obse rves  t ha t  a c e r t a i n  t r e a t m e n t  
i m p r o v e s  the  i n t e g r a t e d  l igh t  ou tpu t ,  it  is not  ev i -  
d e n t  h o w  the  i m p r o v e m e n t  affects the  p h o s p h o r  
pa r t i c l e s ,  e.g., does an i nc r ea sed  n u m b e r  of pa r t i c l e s  
become  e l e c t r o l u m i n e s c e n t ,  does e v e r y  p a r t i c l e  b e -  
come b r igh t e r ,  or  does  t he  b r i g h t n e s s  d i s t r i b u t i o n  of 
p a r t i c l e s  change  in some o the r  way .  These  ques t ions  
can  be  a n s w e r e d  b y  obse rv ing  the  s ing le  EL p a r t i -  
cles. In  th is  way ,  it  is h o p e d  t h a t  the  ana lys i s  of the  
c o m p o n e n t s  of the  i n t e g r a t e d  l igh t  o u t p u t  w i l l  f ina l ly  
l e ad  to i m p r o v e d  EL l a m p s  b y  m e a n s  of syn thes i s  of 
the  i m p r o v e d  componen t s .  This  p a p e r  shows in 
s e v e r a l  e x a m p l e s  t h a t  such an  i m p r o v e m e n t  can be 
a t t a i n e d  b y  the  mic roscop ic  s t u d y  of s ing le  p h o s p h o r  
pa r t i c l e s .  

Experimental 
Var ious  E L  p h o s p h o r s  h a v e  been  s t ud i ed  in l iquid ,  

p las t ic ,  and  glass  d i e l ec t r i c  cells.  Some  p h o s p h o r s  a re  
of an  e x p e r i m e n t a l  n a t u r e ,  w h i l e  o the r s  a r e  com-  
m e r c i a l l y  ava i l ab le .  Most  b r i g h t n e s s  m e a s u r e m e n t s  
a r e  c o n d u c t e d  w i th  an  a d j u s t a b l e - g a p  s a n d w i c h  cel l  
us ing  cas to r  oil  as t he  l i qu id  d ie lec t r ic .  The  s t u d y  of 
p a r t i c l e  o r i en ta t ion ,  contact ,  and  a l i g n m e n t  is f ac i l i -  
t a t e d  b y  us ing  a g a p - l i k e  cell .  I ts  e l ec t rodes  a re  
a b o u t  0.5 m m  h igh  to avo id  excess ive  edge  effects 
w i t h  r e spec t  to the  e l ec t r i c  field. 

1 " E l e c t r o l u m i n e s c e n t  b r i g h t n e s s "  as u sed  he re  is  a m e a s u r e  of  the 
l u m i n o u s  f lux  pe r  u n i t  e m i s s i v e  a rea  of  a s i n g l e  particle.  (See also 
the d e f i n i t i o n  of " b r i g h t n e s s "  in  A m e r i c a n  I n s t i t u t e  of  Phys i c s  
Handbook,  D w i g h t  E. G r a y ,  N e w  York, 1957, page  6-3.) 

The p a r t i c l e  b r i g h t n e s s  is d e t e r m i n e d  b y  a m e t h o d  
s im i l a r  to t h a t  de sc r ibed  b y  Za lm,  Diemer ,  and  
K la se ns  (1) a n d  has  been  a d a p t e d  for  our  purpose .  In  
th is  me thod ,  a r e l a t i v e  e s t i m a t e  of the  E L  b r ig h tne s s  
of p h o s p h o r  p a r t i c l e s  is o b t a i n e d  b y  e m p l o y i n g  p h o -  
tog raph ic ,  n e u t r a l - d e n s i t y  s tep  f i l ters  in con junc t i on  
w i t h  a mic roscope .  The  fi l ter  is i n se r t ed  in to  the  op-  
t i ca l  p a t h  of t he  mic roscope  u n t i l  t he  EL p a r t i c l e  
r e m a i n s  j u s t  v i s ib l e  to the  a d a p t e d  eye ;  the  s tep  
n u m b e r  is t hen  a m e a s u r e  of t he  p a r t i c l e  b r igh tness .  
The  opac i ty  of the  f i l ter  doub les  w i t h  e v e r y  two f i l ter  
steps,  so t ha t  20 s teps  c o r r e s p o n d  to a c h a n g e  in 
p a r t i c l e  b r i g h t n e s s  B b y  a f ac to r  of 2 ' ~  1024. The  
l o g a r i t h m i c  sequence  of the  o p a c i t y  f ac i l i t a t e s  the  
p lo t t i ng  of log B if 2 :'/~ is used  as the  base  of the  
loga r i thms .  This  s imple  v i sua l  t e c h n i q u e  p e r m i t s  
c o m p a r i s o n  of t he  b r i g h t n e s s  f r o m  v a r i o u s  reg ions  
w i t h i n  a s ing le  p a r t i c l e  and  a m o n g  p h o s p h o r  p a r t i -  
cles. 

Nonuni formi ty  of EL Emission 

The i m p o r t a n c e  of s t u d y i n g  the  EL b r i g h t n e s s  of 
s ingle  p h o s p h o r  p a r t i c l e s  becomes  a p p a r e n t  w h e n  an 
EL l a m p  is v i e w e d  u n d e r  a microscope ,  and  the  con-  
s i de r ab l e  b r i g h t n e s s  v a r i a t i o n s  f rom p a r t i c l e  to 
p a r t i c l e  a re  o b s e r v e d  (Fig.  1). O n l y  a m i n o r i t y  of 
pa r t i c l e s  e l e c t r o l u m i n e s c e s  b r i g h t l y ,  wh i l e  some 
pa r t i c l e s  do no t  emi t  any  EL l igh t  and  o the r s  a p p e a r  
f a i r l y  dim.  

Microscopic  i n v e s t i g a t i o n  of s ing le  pa r t i c l e s  p e r -  
mi t s  one to m e a s u r e  the i r  b r i g h t n e s s  and  to p r o d u c e  
a f r e q u e n c y  d i a g r a m  of the  EL b r i g h t n e s s  (Fig.  2).  
The  d i a g r a m  ind ica t e s  the  d e g r e e  of b r i g h t n e s s  v a r i -  
a t ion.  Since  the  base  21/~ is used  for  log B, the  b r i g h t -  
ness  r a n g e  is such t ha t  the  b r i g h t e s t  pa r t i c l e s  a re  
abou t  50 t imes  b r i g h t e r  t han  the  d i m  ones. A c t u a l l y ,  
t h e r e  a re  a b o u t  20% of the  p a r t i c l e s  w h i c h  do not  
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Fig. 1. Brightness variation among particles. Average par- 
ticle diameter about 25 #. 
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Fig. 2. Brightness distribution of electroluminescent phos- 
phor particles, log B to the base 21/~. 

e ]ec t ro lum inesce  at  a l l .  Some of these " d e a d "  p a r t i -  
cles do no t  show up in the  p h o t o g r a p h ,  o the r s  ge t  
some l igh t  f r o m  a d j a c e n t  b r i g h t  p a r t i c l e s  and  can be  
seen. T h e r e  is a mos t  f r e q u e n t  p a r t i c l e  b r i g h t n e s s  
w h i c h  is a b o u t  8 t imes  the  lowes t  b r i g h t n e s s  m e a -  
sured .  The  b r i g h t n e s s - f r e q u e n c y  d i a g r a m  v a r i e s  
s o m e w h a t  f r o m  p h o s p h o r  to phosphor .  In  some cases  
a r e l a t i v e l y  flat  p e a k  or  even  2 m a x i m a  have  been  
obse rved .  

Bes ides  t he  b r i g h t n e s s  n o n u n i f o r m i t y  a m o n g  p a r -  
t icles,  c o n s i d e r a b l e  b r i g h t n e s s  v a r i a t i o n  also occurs  
w i t h i n  s ingle  pa r t i c l e s ,  as s h o w n  in Fig .  3. The  e m i s -  
s ion seems  to o r ig ina t e  f r o m  p a r t i c l e  r eg ions  ~ 
( u s u a l l y  t he  edges  of pa r t i c l e s )  w h i c h  a p p e a r  o p a q u e  
in t r a n s m i t t e d  v i s ib le  l igh t ;  i t  is a lso o b s e r v e d  t h a t  
t he  same  o p a q u e  reg ions  become  p h o t o l u m i n e s c e n t  
u n d e r  u l t r a v i o l e t  i r r ad i a t i on .  The  p h o t o l u m i n e s -  
cence is, howeve r ,  s o m e w h a t  m o r e  u n i f o r m  t h a n  the  
e l e c t ro luminescence ,  as p o i n t e d  out  b y  o the r  r e -  
s ea rche r s  (2) .  In  a d d i t i o n  to e l e c t r o l u m i n e s c e n t  e m i s -  
s ion f rom e x t e n d e d  areas ,  t h e r e  is emiss ion  f r o m  
spots  (3 ) ;  th is  spot  emiss ion  is no t  o b s e r v e d  d u r i n g  
pho to luminescence .  The  spo t  emiss ion  p r e d o m i n a t e s  
at  h igh  f r equenc i e s  ( s e v e r a l  kc )  of t h e  a p p l i e d  e l ec -  
t r i c  field. The  spots  occur  u s u a l l y  in l ine  a r r a n g e -  

-~ I n  t h e  r e v i e w  of t h i s  p a p e r  i t  w a s  i n d i c a t e d  t h a t  " t h e  e m i s s i o n  
is, v e r y  l i k e l y ,  c r e a t e d  on ly  i n  s m a l l  spots ,  a n d  t h a t  t h e  a r e a  e m i s -  
s ion  is s i m u l a t e d  m a i n l y ,  o r  e x c l u s i v e l y ,  hy  m u l t i p l e  r e f l e c t i o n s  i n -  
s ide  t h e  c r y s t a l s . "  T h e  a u t h o r  f e e l s  t h a t  t h i s  s t a t e m e n t  is d e f i n i t e l y  
v a l i d  a t  h i g h  f r e q u e n c i e s ,  a l t h o u g h  p r i m a r y  a r e a  e m i s s i o n  m a y  o c c u r  
a t  v e r y  l o w  f r e q u e n c i e s  of t h e  a p p l i e d  e l e c t r i c  f ield.  

Fig. 3. Microscopic observation of phosphor particles: (a) in 
transmitted light; (b) under their own EL illumination. Average 
particle diameter about 120 ~. 
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Fig. 4. Disorientation and spot emission along crystallite 
boundary. 

ments ,  a p p a r e n t l y  l oca t ed  in f issures  p a r a l l e l  to t he  
c - p l a n e  (or  i l l - p l a n e  for  cubic  s t r u c t u r e ) .  I t  a p -  
pea r s  t ha t  these  f issures s e p a r a t e  con t iguous  c r y s t a l -  
l o g r a p h i c  r eg ions  w h i c h  a r e  in m a n y  cases  d i s -  
o r i en ted .  The  m i s a l i g n m e n t  o f t en  a m o u n t s  to 5 ~ 
(Fig .  4) ,  as the  d i f fe rence  in ex t i nc t i on  ang le  b e -  
t w e e n  c rossed  nicols  ind ica tes .  S o m e t i m e s  emis s ion  
colors  f rom spots  and  f rom a reas  a r e  d i f fe ren t ;  for  
ins tance ,  some (Zn ,Cd)  (S ,Se)  : Cu,C1 p h o s p h o r s  emi t  
g r e e n i s h - o r a n g e  a r e a  and  g r e e n i s h - b l u e  spot  e l e c t r o -  
luminescence .  I t  is poss ib le  t ha t  these  color  d i f fe r -  
ences a re  caused  by  the  n o n u n i f o r m i t y  of t he  e lec t r i c  
field (4) ,  or  b y  the  p r e f e r e n t i a l  op t i ca l  a b s o r p t i o n  of 
the  s h o r t - w a v e l e n g t h  l i gh t  in t he  b u l k  of t he  c r y s -  
ta l ] i te .  

Ball Milling and Acid Etching 

A n o t h e r  ser ies  of EL p h o s p h o r s  dif fers  in t h a t  t h e y  
h a v e  b e e n  ba l l  m i l l e d  p r i o r  to a f inal  t h e r m a l  t r e a t -  
ment .  Microscop ic  o b s e r v a t i o n  ind ica t e s  t h a t  t he  
m i l l e d  p h o s p h o r s  e x h i b i t  an  i m p r o v e d  u n i f o r m i t y  in  
EL b r i g h t n e s s  a m o n g  and  w i t h i n  s ingle  pa r t i c l e s .  
The  i n t e g r a t e d  l igh t  o u t p u t  i nc reases  in a t y p i c a l  
case b y  30% due  to mi l l ing .  As  an  a t t e n d a n t  effect, 
m i l l i n g  i n t roduces  enough  d a m a g e  to p a r t i c l e s  to 
m a k e  mos t  of t h e m  a p p e a r  o p a q u e  in t r a n s m i t t e d  
l ight .  I t  is p l a u s i b l e  t ha t  the  p a r t i c l e  d a m a g e  d u r i n g  
milling may contribute to an improved activator dis- 
tribution (5) in the thermal processing step. In ad- 
dition to this effect, it appears that surface damage 
increases the EL brightness by facilitating light 
emission which is otherwise lost by absorption due 
to internal multiple reflections. 
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ACID ETCHING 

Fig. 5. Increase of emission uniformity by acid etching; the 
opacity values of the step filter indicate the relative brightness. 

This  hypo the s i s  has  been  t e s t ed  by  ac id  e tch ing  of 
p h o s p h o r  pa r t i c l es .  A s ingle  p h o s p h o r  p a r t i c l e  (Fig .  
5) is o b s e r v e d  in a gap  cel l  in cas to r  oil.  I t  is found  
t h a t  t he  edge  has  abou t  10 t imes  g r e a t e r  EL b r i g h t -  
ness  t h a n  the  c e n t e r  r eg ion  of the  pa r t i c l e .  The  
p a r t i c l e  is r e m o v e d  f r o m  the  cell ,  e t ched  w i th  con-  
c e n t r a t e d  HC1 for  a few minu tes ,  and  r e t u r n e d  in to  
the  cell .  The  opac i t y  of the  cen t e r  r eg ion  in t r a n s -  
m i t t e d  l igh t  is c o n s i d e r a b l y  i nc r ea sed  b y  ac id  e t c h -  
ing. The  cen t e r  r eg ion  is n o w  4 t imes  b r i g h t e r  
e l e c t r o l u m i n e s c e n t  t h a n  in the  case of the  o r ig ina l  
gra in .  The  use of the  s tep  f i l ter  p e r m i t s  an  e s t i m a t e  
of t he  b r i g h t n e s s  i m p r o v e m e n t  of the  cen t e r  r eg ion  
as a r e su l f  of t he  ac id  t r e a t m e n t .  The  ac id  e t ch ing  is 
not  u n i f o r m  ove r  t he  w h o l e  g ra in ;  t h e r e  is some 
p r e f e r e n t i a l  d i s so lu t ion  a long  g r a i n  bounda r i e s ,  
s t r a i n e d  regions ,  and  in s t r o n g l y  b i r e f r i n g e n t  r e -  
gions.  

A n  inc rease  in b r i g h t n e s s  and  u n i f o r m i t y  is also 
i n d i c a t e d  b y  the  s l igh t  sh i f t  of t he  b r i g h t n e s s  d i s -  
t r i b u t i o n  (Fig .  6),  w h i c h  r e p r e s e n t s  a l a r g e  n u m b e r  
of p a r t i c l e s  in the  tes t  cell.  W h i l e  t h e r e  is no change  
in the  m a x i m u m  p a r t i c l e  b r igh tnes s ,  one ob ta ins  a 
s l igh t  i nc rease  in t he  mos t  f r e q u e n t  b r igh tness .  The  
i n t e g r a t e d  l igh t  o u t p u t  is also m e a s u r e d ,  and  an 
i nc rea se  of 30% is o b s e r v e d  w h i c h  is due  to t he  
ac id  e tching .  

Particle Separation 
Since  the  EL b r i g h t n e s s  of i n d i v i d u a l  pa r t i c l e s  

d i f fers  wide ly ,  a t t e m p t s  have  been  m a d e  to se lec t  
b r i g h t  p a r t i c l e s  for  s e p a r a t e  e x a m i n a t i o n .  This  
se lec t ion  is s o m e t i m e s  c o m p a r a t i v e l y  s imple ;  for  
ins tance ,  the  b r i g h t  p a r t i c l e s  m a y  di f fer  in size 
f r o m  the  rest .  A Z n ( S , S e ) : C u , I  p h o s p h o r  e x h i b i t e d  
an  u n u s u a l  f r e q u e n c y  d i a g r a m  of the  b r i g h t n e s s  
d i s t r i b u t i o n  in t ha t  2 p e a k s  a r e  o b s e r v e d  (Fig.  7) .  
The  p e a k  at  h igh  b r i g h t n e s s  is m a i n l y  due  to the  
b r i g h t  l a rge  pa r t i c l e s .  This  g reen  EL p h o s p h o r  is 
f r a c t i o n a t e d  so t ha t  pa r t i c l e s  a b o v e  80 and  b e l o w  
20 /~ could  be s t ud i ed  s e p a r a t e l y ,  s ince  mic roscop ic  
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o b s e r v a t i o n s  had  i n d i c a t e d  t ha t  the  l a r g e  pa r t i c l e s  
we re  b r i g h t e r  t h a n  the  s m a l l  ones.  M e a s u r e m e n t s  
on the  f r a c t i o n a t e d  m a t e r i a l  show t h a t  the  i n t e -  
g r a t e d  l i g h t  o u t p u t  f r o m  a l i qu id  d i e l ec t r i c  s a n d -  
wich  cel l  c on t a in ing  the  coarse  p a r t i c l e s  is up  to 5 
t imes  as h igh  as t ha t  f r o m  a cel l  con t a in ing  the 
same  w e i g h t  of the  fine p a r t i c l e  size f r ac t i on  (Fig.  
8) .8 

Analysis of Integrated Light Output 
Microscop ic  o b s e r v a t i o n  of s ingle  pa r t i c l e s  also 

p e r m i t s  a n a l y s i s  of t he  b r i g h t n e s s  c ha r a c t e r i s t i c s  as 

.~ M e a s u r e d  b y  D r .  P. G o l d b e r g  o f  o u r  l a b o r a t o r y .  
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Fig. 10. Influence of electric f ield and irradiat ion on par- 
ticle or ientat ion: (c) random particle distr ibution, (b) orienta- 
t ion due to electric field, and (c) re-al ignment due to irradi- 
at ion with visible light. Average particle diameter about 70/~. 

a function of processing parameters ,  such as the 
p repara t ion  tempera ture .  A series of b lue -emi t t ing  
EL phosphors has been s tudied for which the the r -  
mal t r ea tment  had been carr ied  out at various t em-  
pera tu res  be tween 600 ~ and 1200~ The in tegra ted  
l ight  output  had been shown to be at a max i m um  
for the mate r ia l  processed at 850~ The s tudy of 
the br ightness  of single par t ic les  reveals  that  this 
max imum in in tegra ted  l ight  output  resul ts  from 
opt imizat ion in two respects at this tempera ture ,  
as indicated in Fig. 9. Firs t ,  the f ract ion of par t ic les  
which are  e lect roluminescent  peaks  sharp ly  at  
850~ and second, the most f requent  par t ic le  
br ightness  of the var ious  f requency-br igh tness  
d is t r ibut ion  curves is also at  a m a x i m u m  at this 
tempera ture .  

Particle Orientation, Contact, and Irradiation 

Phosphor  par t ic les  in castor oil dielectr ic  cells 
are read i ly  or iented by  electr ic a-c  and d-c  fields 
(6 ,7) .  A change in vol tage or f requency causes 
motion and reor ienta t ion  of part ic les;  some pa r t i -  
cles exhibi t  t rans la t iona l  and ro ta t ional  motion 
even at constant  vol tage  and frequency.  Especial ly 
the ve ry  small  par t ic les  move e r ra t i ca l ly  and ap-  
pear  to be charged and discharged by  collisions 
wi th  other  part icles.  Randomly  d i s t r ibu ted  par t ic les  
(Fig. 10a) are or iented in an electric field; Fig. 10b 
shows the or ienta t ion wi th  1250 v / c m  appl ied at 
500 cps. During the or ienta t ional  motion some p a r t i -  
cles become at tached to one electrode while  most 
par t ic les  become a t tached  to other part icles.  The 
par t ic les  form or iented chains, wi th  the i r  e longa-  
tion pa ra l l e l  to the electr ic field, and aggregates  
be tween the electrodes. Al ignment  and contact in-  
crease the EL br ightness  of many  part ic les;  a l -  
though some par t ic les  remain  nonelec t ro lumines-  
cent, others  turn  b r igh t ly  electroluminescent .  A 
br ightness  increase by a factor  of 4 can be observed 
read i ly  in many  cases. 

Al though most par t ic les  al ign themselves  wi th  
their  elongation para l l e l  to the  appl ied  electric 
field, there  are some in te rna l ly  misa l igned par t ic les  
(some with  adjacent  c rys ta l l i te  regions disor iented 
by  up to 10 ~ cf. Fig. 4) which al ign themselves  
with thei r  aggregate  elongat ion perpendicu la r  to 
the electr ic  field. I t  appears  tha t  this mode of a l ign-  
ment  occurs when there  is only l i t t le  e lect r ica l  con- 
tact  be tween  adjacent ,  e longated single crys ta l  r e -  
gions, which are consequent ly  a l igned wi th  their  

single c rys ta l  e longat ion pa ra l l e l  to the electr ic 
field. This anomalous par t ic le  or ienta t ion  is also 
connected with  a marked  increase in the EL b r igh t -  
ness of such part icles.  

I r rad ia t ion  wi th  u l t rav io le t  or visible l ight  faci l i -  
tates par t ic le  a l ignment  and changes the br ightness  
dis tr ibut ion.  The threshold field for par t ic le  a l ign-  
ment  under  strong i r rad ia t ion  is considerably  below 
that  for the s tar t  of a l ignment  in the dark.  When 
pa r t i a l ly  a l igned par t ic les  (Fig. 10b) are i r r ad ia ted  
with  visible light, the a l ignment  as well  as chain 
and aggregate  format ion continue unt i l  a new, 
fa i r ly  s ta t ionary  a r r angemen t  is achieved, as shown 
in Fig. 10c. Besides this r e -a l ignment ,  i r rad ia t ion  
causes a red is t r ibut ion  of the local l ight  emission 
f rom the phosphor  par t ic les  in the test  cell. The 
electroluminescence emission f rom single par t ic les  
and par t ic le  regions f requent ly  ~ncreases or de-  
creases. I t  appears  l ike ly  that  most of these b r igh t -  
ness changes, due to var ious  pa ramete r s  discussed 
above, are caused by the concomitant  changes in 
the local electr ic  field. 

Summary  and Conclusions 
A simple visual  method employing  a loga r i thmi -  

cal ly  graded,  neu t r a l -dens i ty  step filter enables one 
to s tudy microscopical ly  the br ightness  var ia t ion  
among and wi th in  single EL phosphor  part icles.  

I t  has been shown tha t  a re la t ion  exists be tween  
the opaci ty and the l ight  emission f rom single 
part icles,  in tha t  acid etching increases both. Some-  
t imes it is possible  to make  use of the nonuni formi ty  
of l ight  emission in improving  the lamp brightness,  
for instance by  par t ic le  separat ion.  The in tegra ted  
l ight  output  as a function of processing t empera tu re  
is analyzed,  and it is found that  the phosphor  
sample  of op t imum in tegra ted  br ightness  contains 
the largest  f ract ion of EL par t ic les  and the max i -  
mum br ightness  value  for the most f requent  pa r t i -  
cle fraction. Par t ic le  orientat ion,  p a r t i c l e - t o - p a r t i -  
cle and pa r t i c l e - to -e l ec t rode  contact  enhance the 
e lect roluminescence emission. Ex te rna l  i r rad ia t ion  
wi th  visible or u l t rav io le t  l ight  exer ts  also a marked  
influence on the br ightness  d is t r ibut ion  wi th in  and 
among single phosphor  part ic les .  

Microscopic studies consequent ly  can contr ibute  
to the p repara t ion  and selection of b r igh t  part icles,  
so tha t  the in tegra ted  l ight  output  of EL lamps can 
also be increased.  The method is tha t  of analysis  
and synthesis.  That  is, one looks first at  s ingle p a r -  
ticles and a t tempts  to optimize the components  
contr ibut ing to the in tegra ted  l ight  output.  The 
second step is then the synthesis  of the opt imized 
components  which leads to the improvement  of the 
br ightness  of EL lamps,  as has been demons t ra ted  
above in some typica l  cases. 

Manuscript received Aug. 17, 1959. This paper was 
prepared for delivery before the Philadelphia Meeting, 
May 3-7, 1959. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1960 
JOURNAL. 
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Hydrothermal Preparation of Two-Component 
Solid Solutions from II-VI Compounds 

A. Kremheller, A. K. Levine, 1 and G. Gashurov 

Sylvania Research Laboratories, A Division of Sylvania Electric Products Inc., Bayside, New York 

ABSTRACT 

The h y d r o t h e r m a l  synthesis  of b ina ry  solid solutions of inorganic  phosphors  
and photoconductors  is described.  This method depends on the increased re -  
ac t iv i ty  be tween  the components  and ease of c rys ta l  g rowth  in an aqueous 
solution ma in ta ined  at h igh t empera tu re  under  a confining pressure.  The h y -  
d ro the rma l  method offers the advantages  of a sealed sys tem and easi ly r ep ro -  
ducible  expe r imen ta l  conditions.  Solid solutions of ZnS-HgS,  CdS-HgS,  and 
ZnS-CdS have been p r e p a r e d  by this method.  Results  of optical  absorpt ion 
measurements ,  x - r a y  analysis ,  microscopic studies,  and the  spectral  photo-  
response of the solid solutions formed are  presented.  

The  c o n v e n t i o n a l  p r e p a r a t i o n  of b i n a r y  sol id  so lu-  
t ions  f r o m  g r o u p  I I - - g r o u p  VI sys t ems  r e c e n t l y  has  
been  of i n t e r e s t  (1,2) ,  s ince these  m a t e r i a l s  ( such  as 
z i n c - i n t e r - c h a l c o g e n i d e s ,  zinc s u l f o - a n d  s e l e n o - t e l -  
l u r i d e s )  p e r m i t  one to s t u d y  the  c o r r e l a t i o n  b e t w e e n  
c r y s t a l  s t r u c t u r e  and  t h e i r  e l ec t ron ic  b e h a v i o r  as 
p h o t o c o n d u c t o r s  and  phosphors .  The  u s u a l  syn thes i s  
(3) of s t o i c h i o m e t r i c a l l y  con t ro l l ed  t w o - c o m p o n e n t  
sol id  so lu t ions  is diff icult  if  t he  v a p o r  p r e s s u r e s  of 
t he  c o m p o u n d s  i n v o l v e d  differ  g r e a t l y ,  so t ha t  p r e -  
f e r e n t i a l  e v a p o r a t i o n  occurs .  In  such cases  sol id  
so lu t ion  is some t imes  a c h i e v e d  b y  a v a p o r  phase  
p rocess  in h i g h - p r e s s u r e  f u r n a c e s  (4) ,  or  b y  c o p r e -  
c ip i t a t i on  in  aqueous  so lu t ions  (5) .  

Ut i l i z ing  p rocess ing  t echn iques  i n t r o d u c e d  b y  A l -  
l en  and  C r e n s h a w  (6) ,  K r e m h e l l e r  and  L e v i n e  (7)  
succeeded  in h y d r o t h e r m a l l y  p r e p a r i n g  e l ec t ron -  
i c a l l y  ac t i ve  I I - V I  compounds ,  such as p h o t o c o n d u c -  
t i ve  c a d m i u m  sulf ide and  v a r i o u s  r e l a t e d  l u m i n e s -  
cent  m a t e r i a l s .  This  p a p e r  r e p o r t s  on the  ex t ens ion  
of t he se  i n v e s t i g a t i o n s  to t h e  syn thes i s  of b i n a r y  
sol id  so lu t ions  of I I - V I  compounds .  The  h y d r o -  
t h e r m a l  m e t h o d  was  chosen  because  i t  e m p l o y s  a 
l o w e r  t e m p e r a t u r e  t h a n  is r e q u i r e d  in  d r y  p roces s -  
ing. L o w - t e m p e r a t u r e  syn thes i s  is poss ib l e  u n d e r  
h y d r o t h e r m a l  cond i t ions  because  the  f o r m a t i o n  of 
m i x e d  c r y s t a l s  is ef fec ted  b y  so lu t ion  t r a n s p o r t ,  
w h e r e a s  in  c o n v e n t i o n a l  p roces s ing  c r y s t a l  f o r m a -  
t ion  and  g r o w t h  t a k e  p l a c e  m a i n l y  b y  v a p o r  t r a n s -  
por t .  

Experimental 
The  h y d r o t h e r m a l  m e t h o d  has  been  d e s c r i b e d  in 

some d e t a i l  in  p r e v i o u s  p u b l i c a t i o n s  (7 ) ;  t he re fo re ,  
on ly  a b r i e f  account  of t he  m e t h o d  is g iven  here .  
H y d r o t h e r m a l  syn thes i s  e m p l o y s  aqueous  or  l i qu id  

Chemistry Department, B r o o k l y n  College, B rook lyn ,  N. Y.; Con- 
sultant, Research Laboratories, S y l v a n i a  Elec t r ic  P r o d u c t s  Inc. ,  B a y -  
side, N. Y. 

so lu t ion  of t he  c o m p o n e n t  ma t e r i a l s ,  some t imes  w i t h  
c e r t a i n  add i t i ves ,  a t  t e m p e r a t u r e s  c o n s i d e r a b l y  
above  the  n o r m a l  bo i l ing  po in t  of t he  so lu t ion  a n d  
u n d e r  p r e s s u r e s  of s e ve ra l  h u n d r e d  a tmosphe re s .  

H y d r o t h e r m a l  syn thes i s  is c a r r i e d  out  b y  p l ac ing  
the  f inely  d i v i d e d  c o m p o n e n t  sol ids,  say  zinc sulf ide  
and  m e r c u r i c  sulf ide  in a t y p i c a l  case, in to  a q u a r t z  
v i a l  w h i c h  t h e n  is f i l led p a r t i a l l y  w i t h  de ion ized  
w a t e r  and  sea led .  The  qua r t z  v i a l  is enc losed  in a 
h i g h - p r e s s u r e  s tee l  au toc l ave  w h i c h  also con ta ins  
wa t e r .  As  long as t h e r e  is a l i qu id  phase  in e q u i l i b -  
r i u m  w i t h  a v a p o r ,  the  p r e s s u r e  w i l l  d e p e n d  on ly  
on the  t e m p e r a t u r e  and  not  on the  a m o u n t  of each  
phase .  The re fo re ,  a t  t e m p e r a t u r e s  b e l o w  the  c r i t i ca l  
t e m p e r a t u r e ,  t h e  p r e s s u r e  ou t s ide  of the  qua r t z  v i a l  
can  be  equa l  to t he  p r e s s u r e  ins ide  even  t hough  t h e  
d e g r e e  of f i l l ing of t he  au toc l ave  is no t  t he  s ame  as 
t h a t  in the  via l .  F o r  example ,  the  t e m p e r a t u r e - d e n -  
s i ty  d i a g r a m  for  w a t e r  shows t h a t  two  phases  a r e  
p r e s e n t  a t  350~ as long as the  d e g r e e  of f i l l ing is in 
t he  r a n g e  of a b o u t  20 to 50% (8) .  The  au toc l ave  is 
p u t  in p lace ,  and  i ts  t e m p e r a t u r e  is r a i sed  v e r y  
s l o w l y  so t h a t  t h e  t e m p e r a t u r e  of t he  w a t e r  in t he  
v i a l  is a lmos t  t h e  same  as t ha t  of t he  w a t e r  ou t s ide  
it. U n d e r  these  cond i t ions  the  p r e s s u r e  ins ide  t h e  
sea l ed  q u a r t z  v i a l  is suff ic ient ly  close to t ha t  in t h e  
a u t o c l a v e  so t h a t  t he  qua r t z  v i a l  n e i t h e r  exp lodes  
no r  implodes .  A f t e r  t he  de s i r e d  t i m e  at  t e m p e r a t u r e ,  
the  a u t o c l a v e  is cooled  s l owly  u n t i l  t he  p r e s s u r e  is 
a t m o s p h e r i c ;  t he  v i a l  is t a k e n  out  and  the  p rocessed  
m a t e r i a l  is r e m o v e d .  A l a rge  n u m b e r  of v ia l s  can  be  
p roces sed  at  t he  s a m e  t ime  u n d e r  i den t i ca l  cond i -  
t ions  w i t h o u t  d a n g e r  of s a m p l e - t o - s a m p l e  c o n t a m -  
ina t ion .  

Results 
Most  e x p e r i m e n t s  w e r e  c a r r i e d  ou t  a t  t e m p e r a -  

t u r e s  a r o u n d  350~ and  u n d e r  p r e s s u r e s  of s e v e r a l  
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Fig.  1. Lattice parameter as a function af composition, 
ZnS-HgS system. 
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Fig. 2. Band gap as a function of composition, ZnS-HgS 
system. 

h u n d r e d  a tmosphe re s .  I t  was  found  t h a t  h e a t - t r e a t -  
m e n t  u n d e r  these  cond i t ions  for  two  or  t h r e e  days  
was  suff icient  u s u a l l y  to p r o d u c e  sol id  so lu t ions  of 
Z n S - H g S ,  C d S - H g S ,  and  Z n S - C d S .  i n  some e x -  
pe r imen t s ,  e q u i l i b r i u m  was  r e a c h e d  in s h o r t e r  t ime.  

Solid solutions of Z n S - H g S . - - S i n c e  the  so l ub i l i t y  
r a t h e r  t h a n  the  v a p o r  p r e s s u r e  is r e s p o n s i b l e  for  t he  
f o r m a t i o n  of sol id  so lu t ions  b y  the  h y d r o t h e r m a l  
p rocess ing  t echn ique ,  i t  is f ea s ib l e  to p r e p a r e  q u a n t i -  
t a t i v e l y  con t ro l l ed  sol id  so lu t ions  of c o m p o n e n t s  e x -  
h ib i t i ng  g r e a t l y  d i f fe ren t  v a p o r  p r e s s u r e s  u n d e r  con-  
v e n t i o n a l  p rocess ing  condi t ions .  F o r  e x a m p l e ,  a t -  
t e m p t s  w e r e  m a d e  c o n v e n t i o n a l l y  to p r e p a r e  sol id  
so lu t ions  of ( Z n , H g ) S  b y  m i x i n g  ZnS  w i t h  H g S  and  
hea t ing .  H o w e v e r ,  a f t e r  30 m i n  a t  800~ i t  was  
found  t h a t  a l l  t he  m e r c u r i c  sulf ide h a d  v o l a t i l i z e d  
l e av ing  on ly  ZnS.  W h e n  a m i x t u r e  of ZnS  and  HgS  
was  p roces sed  h y d r o t h e r m a l l y  for  50 h r  a t  350~ 
sol id  so lu t ions  of ( Z n , H g ) S  w e r e  ob ta ined ,  as i n d i -  
ca ted  b y  the  r e su l t s  of x - r a y  d i f f r ac t ion  a n a l y s i s  of a 
ser ies  of such  sol id  so lu t ions  (Fig .  1).  These  sol id  so lu-  
t ions  a r e  of the  zinc b l e n d e  s t ruc tu re ,  and  w i t h i n  t he  
l i m i t  of e x p e r i m e n t a l  e r r o r  t h e y  e x h i b i t  a change  of 
l a t t i ce  cons t an t  w i t h  c h e m i c a l  compos i t i on  in a g r e e -  
m e n t  w i t h  V e g a r d ' s  l aw.  A f u r t h e r  p roo f  of the  fo r -  
m a t i o n  of sol id  so lu t ion  for  the  Z n S - H g S  s y s t e m  was  
o b t a i n e d  f rom op t i ca l  re f lec t ion  m e a s u r e m e n t s  
w h i c h  show a sh i f t  in t he  a b s o r p t i o n  edge  t o w a r d  
l onge r  w a v e  l eng th s  as the  m e r c u r y  con ten t  i n -  
creases .  T h e  re f lec t ion  m e a s u r e m e n t s  w e r e  m a d e  
w i th  a B e c k m a n  Mode l  DU S p e c t r o p h o t o m e t e r  w i t h  
a MgO cel l  as t he  s t a n d a r d .  The  change  of t he  en -  
e r g y  b a n d  gap  d e t e r m i n e d  f rom these  m e a s u r e m e n t s  
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Fig. 3. Results of x-roy analysis, CdS-HgS system. 

is s h o w n  in Fig .  2. The  va lue s  of t he  b a n d  gap  w e r e  
c a l c u l a t e d  f r o m  the  w a v e  l e ng th s  c o r r e s p o n d i n g  to 
t he  i n t e r s e c t i o n  of t he  s t r a i g h t - l i n e  e x t r a p o l a t i o n  
a b o v e  and  b e l o w  t h e  shor t  w a v e  l e n g t h  k n e e  of t h e  
re f l ec tance  curve ,  i.e., t he  s a m e  p r o c e d u r e  was  
used  as t h a t  e m p l o y e d  b y  L a r a c h ,  S h r a d e r ,  and  
S t o c k e r  (2) .  

Solid solutions of C d S - H g S . - - S o l i d  so lu t ions  of 
(Hg ,Cd)  S can  also be  p r e p a r e d  r e a d i l y  by  the  h y d r o -  
t h e r m a l  synthes i s .  F i g u r e  3 shows  x - r a y  r e su l t s  for  
t he  C d S - H g S  sys tem.  F o r  H g S  a d d i t i o n s  up  to 43 
m o l e  % a l l  t h e  s a m p l e s  w e r e  of t he  w u r t z i t e  s t r u c -  
tu re ,  a n d  w i t h i n  the  l imi t  of e x p e r i m e n t a l  e r r o r  no 
sh i f t  in  t he  l a t t i c e  p a r a m e t e r s  could  be  de tec ted ,  t he  
l a t t i ce  p a r a m e t e r s  be ing  e s s e n t i a l l y  those  of h e x -  
agona l  CdS.  The  e n e r g y  gap  change  in these  s a m p l e s  
(Fig .  4) i nd ica t e s  t h a t  f o r m a t i o n  of sol id  so lu t ions  
was  ach ieved ,  a n d  i t  a p p e a r s  tha t  CdS t a k e s  up  
H g S  w i t h o u t  any  a p p a r e n t  s t r u c t u r a l  changes .  

F o r  HgS  a d d i t i o n s  of 60 m o l e  % and  h i g h e r  on ly  
the  zinc b l e n d e  s t r u c t u r e  cou ld  be  d e t e c t e d  in C d S -  
HgS  samples ,  and  these  cubic  sol id  so lu t ions  h a v e  
the  s ame  cel l  cons t an t  of 5.83A. T h e r e  is also an  
i n t e r m e d i a t e  r eg ion  in the  C d S - H g S  sys t em e x t e n d -  
ing f r o m  43 to 60 mole  % of H g S  in w h i c h  bo th  t he  
h e x a g o n a l  (a  ---- 4.13•, c =6 .74 /~)  and  t h e  cubic  (a  
= 5.83A) phase s  a re  p resen t .  The  r a t i o  of h e x a g o n a l  
p h a s e  to cubic  a p p e a r s  to change  g r a d u a l l y  w i t h  t he  
change  in compos i t i on  so t h a t  t he  s a m p l e  to w h i c h  
53 mo le  % of H g S  w e r e  a d d e d  con ta ins  bo th  phases  
in  e q u a l  amoun t s .  To i n v e s t i g a t e  f u r t h e r  t he  n a t u r e  
of t he  i n t e r m e d i a t e  region ,  mic roscop ic  o b s e r v a t i o n s  
w e r e  m a d e  on C d S - H g S  s a m p l e s  and  some  r e su l t s  
a r e  g iven  in Fig.  5. F i g u r e  5a shows  the  s a m p l e  con-  
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Fig. 4. Band gap as o function of composition, CdS-HgS 
system. 
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Fig. 5. Photomicrographs of CdS-HgS preparations: (a) 
(left) 43 mole % HgS (hexagonal), (b) (center) 53 mole % 
HgS (hexagonal:cubic, 1:1), and (c) (right) 77 mole % HgS 
(cubic). Figures have the same magnification; largest particle 
diameter about 50 /~. 

t a i n ing  43 m o l e  % of H g S  in w h i c h  on ly  t he  h e x a -  
gona l  p h a s e  was  found  b y  x - r a y  ana lys i s .  One ob -  
se rves  t h a t  t he  s a m p l e  consis ts  of l a r g e  h e x a g o n s  
and  s m a l l  p a r t i c l e s  of indef in i te  shape.  U n d e r  h i g h e r  
magn i f i ca t ion  i t  is o b s e r v e d  t ha t  t he  s m a l l  p a r t i c l e s  
a r e  a lso  e i t h e r  h e x a g o n a l  in shape  or  t h a t  t h e y  a r e  
f r ac t ions  of l a r g e  hexagons .  The  s a m p l e  5c c o n t a i n -  
ing  77 m o l e  % of H g S  consis ts  of s m a l l  p a r t i c l e s  
w h i c h  a r e  f o u n d  b y  x - r a y  ana lys i s  to be  a g g r e g a t e s  
of cubic  c rys t a l l i t e s .  The  s a m p l e  shown  in t he  center ,  
Fig .  5b, in w h i c h  bo th  h e x a g o n a l  and  cubic  phases  
w e r e  f o u n d  in equa l  amoun t s ,  consis ts  of h e x a g o n s  
s i m i l a r  to those  in Fig.  5a and  sma l l  p a r t i c l e s  of t he  
s a m e  k i n d  as those  in Fig.  5c. I t  a p p e a r s  t h a t  t he  
s a m p l e  con ta in ing  53% of H g S  is a p h y s i c a l  m i x t u r e  
of two  sol id  so lu t ions :  t he  h e x a g o n a l  (a  ~ 4.13A, c 
= 6.74A) and  the  cubic  (a  : 5 .83A).  

Solid solutions of Z n S - C d S . - - S e l f - a c t i v a t e d  
( Z n , C d ) S  sol id  so lu t ions  h a v e  also been  p r e p a r e d  b y  
h y d r o t h e r m a l  synthes is .  The  s ingle  c r y s t a l l i t e s  e x -  
h ib i t  good c r y s t a l l i n i t y ;  t h e y  a r e  b e l o w  5~ in d i -  
a m e t e r ,  w h i c h  is c o n s i d e r a b l y  s m a l l e r  t h a n  the  size 
of p a r t i c l e s  p r e p a r e d  b y  d r y  process ing .  T h e i r  l u m i -  
nescence  a n d  p h o t o c o n d u c t i v i t y  p r o p e r t i e s  a r e  com-  
p a r a b l e  to those  of c o n v e n t i o n a l l y  p r e p a r e d  sol id  
solut ions .  L u m i n e s c e n c e  u n d e r  u l t r a v i o l e t  exc i t a t i on  
(3650A) sh i f t s  f r o m  b lue  to r e d  w i t h  t he  inc rease  in 
CdS concen t r a t i on ,  w h i l e  p h o t o s e n s i t i v i t y  dec reases  
w i t h  i nc r ea s ing  ZnS  concen t r a t ion .  
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Fig. 6. Spectrol response of photoconductive (Cd, Hg)S:Cu, 
CI. 

Activated solid solutions.--Solid so lu t ions  of 
( Z n , H g ) S ,  ( Z n , C d ) S ,  and  ( C d , H g ) S  w e r e  m a d e  
p h o t o c o n d u c t i v e  or  l u m i n e s c e n t  b y  p r o p e r  ac t iva t ion .  
A c t i v a t i o n  was  a c c o m p l i s h e d  b y  a d d i n g  copper  or  s i l -  
v e r  t o g e t h e r  w i t h  ch lo r ine  or  a l u m i n u m  to the  hos t  
componen t s .  T h e  l uminescence  of ( Z n , H g ) S  so l id  
so lu t ions  u n d e r  u l t r a v i o l e t  exc i t a t i on  (3650A) sh i f t s  
f r om g reen  to r e d  w i t h  the  i nc rea se  in HgS  concen -  
t r a t ion .  No v i s i b l e  p h o t o l u m i n e s c e n c e  is e x h i b i t e d  
b y  ( Z n , H g ) S  so l id  so lu t ions  con ta in ing  over  30 
mo le  % of H g S  because  of a sh i f t  to t he  i n f r a r ed .  
(Cd ,Hg)  S sol id  so lu t ions  w e r e  f o u n d  to show p h o t o -  
l u m i n e s c e n c e  a n d  pho toconduc t i v i t y .  F i g u r e  6 shows  
t h e  spec t r a l  r e s p o n s e  curves  for  th is  sys tem.  In  
e v e r y  case  0.3 m o l e  % of copper ,  1 mole  % of ch lo -  
r ine ,  r e l a t i v e  to t h e  sulf ide was  a d d e d  to the  so lu -  
t ion  in t he  via l .  The  p h o t o c o n d u c t i v i t y  p e a k  sh i f t s  
t o w a r d  l onge r  w a v e  l eng ths  w i t h  i nc rea s ing  HgS,  as 
one w o u l d  e x p e c t  f r o m  the  dec rease  in t he  w i d t h  of 
t he  e n e r g y  gap  (Fig .  4) .  The  p h o t o s e n s i t i v i t y  in 
g e n e r a l  dec reases  and  the  d a r k  c u r r e n t  inc reases  
w i t h  inc rease  in H g S  concen t ra t ion .  

Conclusions 
C o m p l e t e  so l id  so lu t ion  is o b t a i n e d  t h r o u g h o u t  t he  

w h o l e  r a n g e  for  t he  Z n S - H g S  sys tem.  These  sol id  
so lu t ions  a p p e a r  to show a l i n e a r  v a r i a t i o n  of l a t t i ce  
cons t an t  w i t h  compos i t ion .  C o r r e s p o n d i n g  to t he  
con t inuous  r a n g e  of sol id  so lu t ion  in th is  sys tem,  
t h e r e  occurs  a l i n e a r  v a r i a t i o n  of the  e n e r g y  gap  at  
l eas t  up  to 56 m o l e  % of HgS.  I t  is c lear ,  h o w e v e r ,  
t h a t  t he  e n e r g y  gap  cannot  v a r y  l i n e a r l y  in t he  
w h o l e  r a n g e  s ince  t he  s t r a i g h t  l ine  in Fig.  2 e x t r a p -  
o la tes  to a n e g a t i v e  v a l u e  for  t he  b a n d  gap  of p u r e  
cubic  HgS.  

HgS and  CdS f o r m  sol id so lu t ions  ove r  the  en t i r e  
r ange ,  bu t  the  c r y s t a l  sy s t em d e p e n d s  on the  c o m -  
posi t ion.  H e x a g o n a l  sol id  so lu t ion  of t he  w u r t z i t e  
s t r u c t u r e  is o b t a i n e d  in the  0-43 mo le  % HgS  range ,  
w h i l e  cubic  sol id  so lu t ion  of t he  zinc b l e n d e  t y p e  is 
o b t a i n e d  for  H g S  add i t i ons  a b o v e  60 mole  %. W i t h i n  
t he  l imi t s  of e x p e r i m e n t a l  e r r o r  n e i t h e r  of t he se  
sol id  so lu t ions  s h o w e d  a n y  shif t  in l a t t i ce  p a r a m e t e r s  
w i t h  compos i t ion .  H e x a g o n a l  and  cubic  sol id  so lu -  
t ions  a r e  p r e s e n t  in  t he  43-60 mo le  % region,  t he  
r a t i o  of cubic  to h e x a g o n a l  sol id  so lu t ions  inc reas ing  
c o n t i n u o u s l y  w i t h  inc reas ing  H g S  concen t ra t ion .  
These  r e su l t s  a g r e e  e s sen t i a l l y  w i t h  those  r e p o r t e d  
b y  R i t t n e r  and  S c h u l m a n  ( 5 ),  w h o  o b t a i n e d  (Cd ,Hg)  S 
sol id  so lu t ions  b y  c o p r e c i p i t a t i n g  CdS and  HgS  
in c o n c e n t r a t e d  a m m o n i u m  sulf ide  solut ion.  So l id  
so lu t ions  of ( Z n , H g ) S ,  ( Z n , C d ) S ,  and  ( C d , H g ) S  
w e r e  m a d e  p h o t o c o n d u c t i v e  a n d  l u m i n e s c e n t  b y  
p r o p e r  ac t iva t ion .  
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Tin-Activated Alkaline-Earth Pyrophosphate Phosphors 
R. C. Ropp and R. W. Mooney 

Chemical and Metallurgical Division, Sylvania Electric Products Inc., Towanda, Pennsylvania 

ABSTRACT 

The preparat ion and properties of the Group II metal pyrophosphates ac- 
tivated by tin are described. It is shown that the fluorescent emission is strongly 
dependent on the matrix shifting tow'ard higher wave lengths with increasing 
size of the cation of the pyrophosphate. Excitation and emission spectra of many 
of the phosphors are given. The most useful of these phosphors is Sr~P207: Sn, 
a very efficient blue phosphor emitting at 452 m~. 

During the past  few years  there  have been several  
invest igat ions of t i n -ac t iva ted  phosphates.  These 
phosphors present  cer ta in  problems in p repara t ion  
since the t in atoms function as act ivators  only  when 
in a pa r t i a l l y  reduced state, commonly thought  to be 
the Sn ~§ oxidat ion state. Except  for this minor  p rob-  
lem, the  t i n -ac t iva ted  phosphates  are easi ly p r e -  
pared  and a weal th  of new phosphors may  be ob- 
ta ined by  changing the cationic const i tuent  of the 
lat t ice and the crys ta l  s t ruc ture  if the compound ex-  
ists in po lymorphic  forms. 

The t in -ac t iva ted  or thophosphates  were  s tudied in 
detai l  by  But ler  (1) and several  efficient phosphors 
discovered. S ta r t ing  from t i t an ium-ac t iva t ed  ba-  
r ium pyrophospha te  (2),  Ranby and co-workers  (3) 
made a s tudy of the t in -ac t iva ted  a lka l i ne -ea r th  
pyrophosphates  giving the v isual ly  detected lumi-  
nescent  colors obta ined by vary ing  the rat io  of one 
cation to another  in the three  b ina ry  systems and the 
spectra l  energy dis t r ibut ions  of selected pyrophos-  
phates  ac t iva ted  by t in and manganese.  Al l  three  
a lka l i ne - ea r th  pyrophosphates  were  found to be 
polymorphic ,  but  only in the ba r ium pyrophospha te  
system did a change in s t ruc ture  f rom the l o w - t e m -  
pe ra tu re  to the h i g h - t e m p e r a t u r e  form produce a 
change in emission, specifically f rom green to red. 
The h i g h - t e m p e r a t u r e  forms (commonly re fe r red  to 
as the s - f o r m s )  and the l o w - t e m p e r a t u r e  or B-forms 
of calcium and s t ront ium pyrophospha te  both were  
s ta ted to fluoresce blue under  254 tz excitat ion.  A 
concurrent  s tudy of the t i n -ac t iva ted  s t ront ium and 
ba r ium p y r o -  and te t raphospha tes  by McKeag and 
S teward  (4) y ie lded  severa l  different  phosphors  in 
the ba r ium system, but  the blue emission of the 
s t ron t ium system was re la t ive ly  unaffected by 
changes in the S r / P  rat io or firing tempera ture .  

The present  s tudy was unde r t aken  to invest igate  
in g rea te r  detai l  the optical  p roper t ies  of the t in -  

act ivated a lka l i ne - ea r th  pyrophospha tes  and modifi-  
cations thereof,  especial ly wi th  regard  to the effects 
of crysta l  s t ruc ture  changes on the emission and ex-  
ci tat ion spectra  of these phosphors.  I t  wil l  be shown 
tha t  the spectra l  proper t ies  are even more  dependent  
on crysta l  s t ruc ture  than was previous ly  realized, 
thus leading to the discovery of severa l  new phos-  
phors. The most useful  phosphor  in this system is 
Sr..,P~O~:Sn, a deep-b lue  emit ter ,  which has found 
pract ical  appl icat ion in fluorescent lamps. 

Experimental Method 
The pyrophosphates  of calcium, strontium, and 

ba r ium were  read i ly  obtained by  ignit ion of thei r  r e -  
spective secondary phosphates.  The compounds 
CaHPO4 and BaHPO~ were prec ip i ta ted  by the usual  
methods of adding a solution of (NH,)~HPO4 to a 
solution of CaCI~ or BaCI~, each solution having been 
previous ly  purif ied by sulfide separat ion of the 
heavy metals.  Anomalies  in the prec ip i ta t ion  of 
SrHPO4 led to an invest igat ion of this ma te r i a l  f rom 
which it was found that  SrHPO, is d imorphic  wi th  
each po lymorph  exhibi t ing  s l ight ly  different  be-  
havior  on ignit ion (5).  In general ,  a sl ight  excess 
of phosphate  ion was used and the tin concentrat ion 
var ied  from 0.01-0.20 g r a m - a t o m  tin per  g ram-mole  
of pyrophosphate .  I t  was found tha t  phosphor  cha r -  
acterist ics were  independent  of act ivator  concen- 
t ra t ion  over this  range,  and t.herefore al l  phosphors  
were  p repa red  at the same added concentra t ion of 
0.05 g r a m - a t o m  t in  per  g ram-mole  of pyrophos-  
phate.  For  the magnes ium-  and zinc-modified phos-  
phors, the compounds MgNI-LPO~ and ZnNHPO, 
were  prec ip i ta ted  by  s tandard  techniques (13). The 
firing techniques used in the p repara t ion  of these 
phosphors fol lowed the methods descr ibed in deta i l  
by  several  previous  authors  (1-3) and are  not de-  
scribed here, except  to state tha t  var ious  reauis i te  
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t e m p e r a t u r e s  were  employed  to form the  diverse  
po lymorph ic  c rys ta l l ine  forms. 

The crys ta l  s t ruc tu res  of the  phosphors  were  de-  
t e r m i n e d  by  conven t iona l  x - r a y  diffract ion t ech-  
n iques  us ing  CuKa  r ad i a t i on  f rom a Phi l ips  Norelco 
uni t .  I n  the  m a j o r i t y  of cases, ident i f ica t ion was  
made  b y  means  of D e b y e - S c h e r r e r  powder  pa t t e rn s  
t a k e n  on large  d i a m e t e r  (114.6 m m )  cameras.  In  a 
few cases, d i f f rac tometer  t r ac ings  were  t a k e n  on a 
Norelco w i d e - r a n g e  gon iomete r  at a s cann ing  speed 
of 1/4~ As wou ld  be expected,  the two methods  
were  in  exce l len t  ag reemen t .  

The exc i t a t ion -emiss ion  r ad iome te r  I used for the 
m e a s u r e m e n t s  of exc i ta t ion  and  emiss ion spectra  
wi l l  be descr ibed in  deta i l  e l sewhere  (6) .  Basical ly,  
it is a double  m o n o c h r o m a t o r  sys tem wi th  a h igh -  
pressure  x e n o n  arc source and  a 1P28 p h o t o m u l t i -  
p l ie r  detector .  A combina t ion  of optical  and  electr ical  
componen t s  provides  for c o n s t a n t - e n e r g y - l e v e l  i l -  
l u m i n a t i o n  of the sample  d u r i n g  exc i ta t ion  m e a s u r e -  
men t s  and  gives an emiss ion spec t rum which  is p ro -  
por t iona l  to the  t rue  ene rgy  ou tpu t  of the  sample  re -  
gardless  of source f luctuat ions  or detector  sens i t iv i ty  
as a func t ion  of wave  length .  The re la t ive  efficiency 
m e a s u r e m e n t s  were  made  on a p laque  tes ter  of con-  
ven t i ona l  des ign (7).  

Experimental Results in Single-Component 
Pyrophosphates 

Spect ra l  charac ter is t ics  of the  t i n - a c t i v a t e d  po ly -  
morphic  modif icat ions of calcium, s t ron t ium,  and  
b a r i u m  pyrophospha te  are s u m m a r i z e d  below. In  
general ,  the re  were  no changes  in spectra  wi th  t in  
content .  

Calcium pyrophosphates.--Excitation and  emis-  
sion spectra  of B- and  a-Ca.~P,_,O~:Sn are shown in  
Fig. 1. (X~ refers  to the wave  l eng th  of exci ta t ion,  
and  X~, the  emiss ion wave  l eng th  at which  the ex-  
c i ta t ion  was  measured . )  No fluorescence was ob-  
served for ~,-Ca~P~O~: Sn. 

The  l o w - t e m p e r a t u r e  or B-form of Ca~P~O~:Sn is 
p r i m a r i l y  an  u l t r av io l e t  emi t t e r  wi th  a b road  b a n d  
peak ing  at 369 m/~. The exc i ta t ion  spec t rum is also 
broad  wi th  the  p r i m a r y  b a n d  peak ing  at 238 m~. 
Both the  emiss ion and  exc i ta t ion  spectra  suggest  the 
presence  of a second b a n d  in  each at lower  energies.  
However ,  the  emiss ion spec t rum r e m a i n e d  essen-  
t ia l ly  as shown in  Fig. 1 for all  energies  of exc i ta t ion  
which  gave fluorescence. These resul ts  agree wi th  
the emiss ion spec t rum for fl-Ca~P~O~:Sn p resen ted  
by Bri l  and  Klasens  (8).  

As the crys ta l  s t r uc tu r e  changed  f rom fl-Ca~P~O~ 
to a-Ca.,P._,O~, the h i g h - t e m p e r a t u r e  form, the  spectra  
also var ied.  Wi th  high exc i ta t ion  energies ,  the  emis-  
sion spec t rum closely r e sembled  tha t  of fl-Ca~P,.,O~: Sn 
wi th  the  peak  shif ted ve ry  s l ight ly  to h igher  e n -  
ergies at 364 m/~. The exc i ta t ion  spec t rum for this  
b a n d  was, however ,  d i f ferent  wi th  the  s t rongest  ab -  
sorpt ion  b a n d  at 254 m/L and  a weake r  b a n d  at  abou t  
232 m/~. As the  ene rgy  of exc i ta t ion  decreased,  a sec- 
ond b a n d  appeared  in  the  emiss ion spec t rum a t  
about  430 m/L u n t i l  w i th  X~ = 276 m/~ the  f luorescent  
spec t rum shown  in  Fig. I was  ob ta ined .  The  exc i ta -  

I Built by the Perkin-Elmer Corporation, Norwalk, Conn. 
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Fig. 1. Excitation-emission spectra for Co2P2OT:Sn phos- 
phors. Firing temperature, ]300 ~ and ]175~ respectively. 

t ion  spec t rum ob ta ined  for emiss ion  in  this  b a n d  also 
showed two peaks,  the s t ronger  at  240 m/~ and  the  
weake r  at 260 m/~. A n  inspec t ion  of Fig. 1 shows t h a t  
the posi t ions of the  bands  in the  exc i ta t ion  spect ra  
are  no t  e q u i v a l e n t  for the two dif ferent  emiss ion 
bands .  

Strontium pyrophosphates.--The l o w - t e m p e r a t u r e  
or B-form of Sr2P.~OT: Sn is also p r i m a r i l y  an  u l t r a -  
violet  emi t t e r  (see Fig. 2) w i t h  its m a i n  b a n d  at  
364 m/~ and  ev idence  of a no t he r  weake r  b a n d  in  the  
visible.  Its exc i ta t ion  spec t rum has two bands,  the  
s t ronger  peak ing  at  234 m/~ a nd  the  weake r  at  abou t  
260 m~. The s imi lar i t ies  b e t w e e n  the  exc i ta t ion  and  
emiss ion spectra  of fi-Ca,.,P._,O~: Sn  and  B-Sr...P...OT:Sn 
are s t r ik ing  wi th  the  bands  shif ted ve ry  s l ight ly  to 
h igher  energies  for fl-Sr2P~O~: Sn. 

The ~ - fo rm of Sr.~P,~O~:Sn has a s ingle  emiss ion  
b a n d  peak ing  at 464 m/~ and  the  usua l  two exc i ta t ion  
bands  at 256 m/~ and  a p p r o x i m a t e l y  238 m/~. Again,  a 
s imi l a r i ty  ma y  be no ted  b e t w e e n  a-Sr,P~O~:Sn and  
the l o w e r - e n e r g y  emiss ion b a n d  in ~-Ca=P._.O~:Sn 
wi th  the spec t rum of the s t r o n t i u m  compound  
shif ted to lower  energies.  The bands  in  the  exc i ta -  
t ion  spectra  of ~-Sr.~P_~O~:Sn a nd  a-Ca.~P~O~:Sn for 
X,; = 431 m/~ occur at a lmost  iden t ica l  energies  a l -  
though  the re l a t ive  in tens i t i es  of the  bands  are r e -  
versed.  

Barium pyrophosphates.--The l o w - t e m p e r a t u r e  
form of Ba~P~O~, which  R a n b y  (3) has des igna ted  as 
a-Ba,P._,O~ has a s ingle  weak  emiss ion  band  peak ing  
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Fig. 2. Excitation-emission spectra for Sr~P2OT:Sn phos- 
phors. Firing temperature, 1100 ~ and 650~ respectively. 
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Fig. 3. Excitation-emission spectra for Ba~P~O~:Sn phos- 
phors. Firing temperature, 650 ~ and 080~ respectively. 

at  505 m~ (see  Fig.  3) .  The  m a i n  exc i t a t i on  b a n d  p e a k s  
at  239 m~ and  t h e r e  is ev idence  of a w e a k e r  b a n d  a t  
l o w e r  ene rg ie s  in  the  g e n e r a l  v i c i n i t y  of 256 m~. Thus  
this  p h o s p h o r  a lso  has  s p e c t r a l  cha r ac t e r i s t i c s  in 
c o m m o n  w i t h  a-Ca~P~O~:Sn and  ~-Sr~P~O~:Sn w i t h  
t he  emiss ion  p e a k  sh i f t ed  to l o w e r  energ ies ,  b u t  t h e  
pos i t ions  of t he  two  exc i t a t i on  b a n d s  r e l a t i v e l y  u n -  
changed .  

The  $-Ba~P.~O7 s t r u c t u r e  is u n i q u e  and  has  no 
s imple  r e l a t i o n s h i p  to the  o the r  a l k a l i n e - e a r t h  p y r o -  
phospha tes .  The re fo re ,  i t  is not  s u r p r i s i n g  t h a t  t he  
p h o s p h o r  8-Ba~P~O~: Sn is also u n i q u e  h a v i n g  a s ing le  
emiss ion  b a n d  p e a k i n g  in t he  deep  r e d  a t  676 m~ and  
two  exc i t a t i on  b a n d s  at  233 rn~ a n d  250 m~. 

Experimental Results on Binary Metal Pyrophosphates 
The  effect of v a r y i n g  the  r a t i o  of one ca t ion  to a n -  

o t h e r  in t he  t h r e e  poss ib le  b i n a r y  c o m b i n a t i o n s  of t he  
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Fig. 4. Variation of relative plaque response with change 
in cationic constituents in three binary systems. Firing tem- 
perature, 1100~ 

a l k a l i n e - e a r t h  p y r o p h o s p h a t e s  is shown  in Fig .  4 in 
w h i c h  the  r e l a t i v e  r e d  a n d  b lue  p l a q u e  r ead ings ,  
us ing  Corn ing  2424 and  5543 p lus  3389 f i l ters ,  r e -  
spec t ive ly ,  (7)  a r e  p l o t t e d  a ga in s t  compos i t ion .  The  
d a t a  g iven  in Fig.  4 r e p r e s e n t  t h r e e  s e p a r a t e  sys tems .  
On the  r i g h t  is shown  the  b i n a r y  c o m b i n a t i o n s  of 
t he  s t r o n t i u m  ca lc ium p y r o p h o s p h a t e s  a c t i v a t e d  b y  
t in.  The  sec t ion  in t h e  m i d d l e  r e p r e s e n t s  b a r i u m  
s t r o n t i u m  p y r o p h o s p h a t e s  a c t i v a t e d  b y  t in,  a n d  t h e  
l e f t  h a n d  sec t ion  r e p r e s e n t s  b a r i u m  ca l c ium p y r o -  
p h o s p h a t e  a c t i v a t e d  b y  t in.  In  gene ra l ,  t he  c o m b i n a -  
t ion  of a p a i r  of r e d  a n d  b lue  p l a q u e  r e a d i n g s  r e p r e -  
sents  t h e  r e sponse  of a s ing le  p h o s p h o r  compos i t ion .  
Changes  in f luorescen t  color  w e r e  obse rved ,  and  
these  changes  a r e  r e p r e s e n t e d  at  the  top  of t he  f igure.  
A n  inc rea se  or  dec rea se  in b lue  or  r e d  p l a q u e  r e a d -  
ings  shou ld  be  c o r r e l a t e d  t o g e t h e r  to d e t e r m i n e  t h e  
r e l a t i v e  c h r o m a t i c i t i e s  of t he  t h r e e  sys t ems  to each  
o ther .  The  f i r ing t e m p e r a t u r e  was  se l ec t ed  to g ive  
the  h i g h - t e m p e r a t u r e  modi f i ca t ion  of each  p y r o -  
phospha t e ,  i.e., the  a - m o d i f i c a t i o n s  of Ca~P207 and  
Sr~P~O7 and  the  ~-modi f ica t ion  of Ba~P~O7 s ince  t h e  
h i g h - t e m p e r a t u r e  fo rms  w e r e  m o r e  efficient,  v i s u -  
a l ly ,  t h a n  t h e i r  l o w - t e m p e r a t u r e  modif ica t ions .  Da t a  
on each  sy s t em a re  s u m m a r i z e d  be low.  

Calcium-strontium pyrophosphates.--The p l a q u e  
d a t a  of Fig.  4 show a con t inuous  inc rease  in b lue  
emiss ion  as t he  S r / C a  r a t i o  is i n c r e a s e d  in 
(Sr,Ca)~P~OT: Sn ( r i g h t  p o r t i o n  of Fig.  4) .  I den t i f i ca -  
t ion of t he  c o m p o u n d s  p r e s e n t  b y  x - r a y  d i f f rac t ion  
showed  t h a t  the  p h o s p h o r s  w e r e  m i x t u r e s  of 
~-Ca~P~O7 and  a-Sr~P.~O~ w i t h  t he  r e l a t i v e  a m o u n t  of 
each  be ing  d e t e r m i n e d  b y  the  r e l a t i v e  a m o u n t s  of 
t he  cat ions .  There fo re ,  i t  was  no t  s u r p r i s i n g  t h a t  t he  
emiss ion  spe c t r a  also s h o w e d  the  u l t r a v i o l e t  e m i s -  
s ion b a n d  at  a b o u t  361 m~ c h a r a c t e r i s t i c  of 
a - C a ~ O T :  Sn and  the  v i s ib l e  b a n d  at  a b o u t  464 m~ 
c h a r a c t e r i s t i c  of a-Sr~P~O~: Sn. Aga in ,  t he  a m o u n t  of 
each  emiss ion  b a n d  p r e s e n t  was  d e t e r m i n e d  b y  t h e  
r e l a t i v e  a m o u n t  of t he  p a r t i c u l a r  c o m p o u n d  in t h e  
m i x t u r e .  The  e xc i t a t i on  s p e c t r a  w e r e  no t  e x a m i n e d  
in de ta i l .  

Stront ium-barium pyrophosphates .mThe f luores -  
cen t  co lor  of (Ba,Sr)~P~OT: Sn c h a n g e d  f r o m  b lue  to 
b l u e - g r e e n  to p i n k  in a g r e e m e n t  w i t h  R a n b y ,  et al. 
(3) as t he  B a / S r  r a t i o  i n c r e a s e d  ( m i d d l e  p o r t i o n  of 
Fig .  4) .  I t  is e v i d e n t  t h a t  t h e r e  is a s h a r p  change  in  
f luorescen t  color  in going  f r o m  Sro~oBal.~P~OT:Sn to 
Sro.~Ba=~P~OT:Sn. The  emis s ion  s p e c t r a  of t he  sy s -  
t e m  e x h i b i t e d  on ly  a s ing le  b a n d  whose  p e a k  w a v e  
n u m b e r  v a r i e d  w i t h  t h e  a l k a l i n e - e a r t h  ra t io .  The  
d i s c o n t i n u i t y  m e n t i o n e d  a b o v e  is r e a d i l y  shown  in 
Fig.  5 w h e r e  the  p e a k  emiss ion  e n e r g y  is p l o t t e d  
a ga in s t  th is  ra t io .  The  x - r a y  d a t a  p a r a l l e l e d  the  
op t i ca l  m e a s u r e m e n t s .  Thus  the  d i f f r ac t ion  p a t t e r n  
s h o w e d  a con t inuous  change  f r o m  a-Sr~P~O7 to a 
p a t t e r n  c lose ly  r e s e m b l i n g  a-Ba~P~O7 in going  f r o m  
Sr~P~O~ to Sro.~Ba~P~O~. P h o s p h o r s  w i t h  h i g h e r  b a -  
r i u m  con ten t s  t h a n  t h e  l a t t e r  h a d  e s s e n t i a l l y  t he  
8-Ba.~P~O~ s t r u c t u r e  and  the  c h a r a c t e r i s t i c  r e d  e m i s -  
s ion of $-Ba~P~O~: Sn. The  d a t a  of Fig .  4 seem to i m -  
p l y  t h a t  t he  p h o s p h o r  Sro.~Ba~.~P~OT: Sn  has  m o r e  
emiss ion  in t he  r e d  t h a n  3-Ba~P~OT: Sn.  H o w e v e r ,  th i s  
r e s u l t  is due  to t he  g r e a t e r  s e n s i t i v i t y  of t he  p h o t o -  
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m u l t i p l i e r  as t he  p e a k  emiss ion  shi f ts  t o w a r d  t h e  
green .  In  th is  s y s t e m  also, t h e r e  was  no d e t a i l e d  
s t u d y  of e x c i t a t i o n  spec t ra .  

Barium-calcium pyrophosphates.--It is a p p a r e n t  
f r o m  the  r e su l t s  g iven  in Fig.  4 ( l e f t  p o r t i o n )  t h a t  
t he  (Ba,Ca)~P,O;:  Sn  p h o s p h o r s  a r e  low in efficiency. 
F o r  th is  reason ,  and  s ince t h e y  m e l t e d  v e r y  eas i ly  
g iv ing  fused  ma te r i a l s ,  th is  s y t e m  was  not  s t ud i e d  in 
de ta i l .  

Other binary pyrophosphates.--With two  e x c e p -  
t ions,  o t h e r  G r o u p  II  b i n a r y  p y r o p h o s p h a t e s  a c t i -  
v a t e d  b y  Sn w e r e  g e n e r a l l y  ineff ic ient  and  u n i n t e r -  
es t ing.  The  excep t ions  w e r e  (Sr ,  Mg).,P...O;:Sn and  
(Sr ,Zn) ,P~O~:Sn.  These  p h o s p h o r s  d i s p l a y e d  a d e -  
c rease  in b lue  p l a q u e  efficiency s i m i l a r  to t ha t  shown  
in Fig.  4 for  (Sr,Ca).. .P,O~:Sn as t he  S r / M g  or  S r / Z n  
r a t i o  dec reased .  M e a s u r e m e n t s  of emiss ion  s p e c t r a  
d i sc losed  tha t  a l t h o u g h  Mg~P~.O~: Sn and  Zn~P~O~: Sn 
a r e  e s s e n t i a l l y  iner t ,  t he  a d d i t i o n  of s m a l l  a m o u n t s  
of s t r o n t i u m  p r o d u c e s  u l t r a v i o l e t - e m i t t i n g  p h o s -  
phors .  As  an  e x a m p l e ,  the  emiss ion  and  e x c i t a t i o n  
s p e c t r a  of Mg~Sro...~P.~O~:Sn and  Zn~,~Sro~P~O~:Sn 
a re  g iven  in Fig .  6. Bo th  have  a s t rong  emiss ion  b a n d  
p e a k i n g  at  333 m~ and  ev idence  of the  a-Sr~P~O,: Sn  
b a n d  a p p e a r i n g  at  l o w e r  energ ies .  As  the  S r / M g  
ra t i o  or  S r / Z n  is inc reased ,  th is  b a n d  at  a b o u t  464 
m~ inc reases  in i n t e n s i t y  w h i l e  t h e  one at  333 m~ 
decreases .  The  exc i t a t i on  s p e c t r a  a re  composed  of 
two  bands ,  on at  a b o u t  248 m~ and  a second  at  
a b o u t  226 m~. X - r a y  iden t i f i ca t ion  showed  the  p r e s -  

1.0 

o .g  

0 ,6  

~. 0 .4  

i 0 . 2  

0 
~ 1,0 
N 
3 

~ 0 . 6  

0 . 4  

O.Z 

WAVE LENGTH() - )  IN mJJ, 

EO0 400  350  300  275  250  225  
I r r I i i i 

Zni.Ts Sro.zs p207;  Sn 

WAVE NUMBER(~ )  IN cm - I  

Fig. 6. Excitation-emission spectra for (Mg,Sr)~PeOT:Sn and 
(Zn, Sr)~P2OT:Sn phosphors. Firing temperature, 1120~ 

ence of a-Sr2P.~O7 as w e l l  as  c o m p o u n d s  h a v i n g  d i f -  
f r ac t ion  p a t t e r n s  s imi l a r ,  bu t  no t  iden t i ca l ,  to 
Mg~P~O, a n d  Zn~P~OT. A c ompa r i son  of t h e  emiss ion  
spec t r a  d a t a  in Fig .  1 and  2 w i t h  those  in  Fig.  5 r e -  
vea l s  no i n t e r r e l a t i o n  or  s im i l i t ude  to p r e v i o u s  da ta .  

Discussion 
The r e su l t s  of th is  i nve s t i ga t i on  a r e  in  g e n e r a l  

a g r e e m e n t  w i t h  those  r e a c h e d  e a r l i e r  b y  Ranby ,  
et aL (3 ) ,  n a m e l y ,  t h a t  t he  emiss ion  s p e c t r a  a r e  d e -  
t e r m i n e d  p r i m a r i l y  b y  the  c ry s t a l  s t r u c t u r e  of the  
ma t r i x .  This  conc lus ion  is also a p p l i c a b l e  to the  e x -  
c i t a t ion  spec t ra .  H o w e v e r ,  wh i l e  t h e r e  is gene ra l  
a g r e e m e n t  w i t h  p r e v i o u s  work ,  t h e r e  a r e  s eve ra l  
a reas  in w h i c h  p r e v i o u s  v i ews  m u s t  be  modif ied.  F o r  
ins tance ,  t he  t i n - a c t i v a t e d  ca l c ium s t r o n t i u m  p y r o -  
p h o s p h a t e s  e xh ib i t  c o n s i d e r a b l e  change  in  emiss ion  
in going f r o m  Ca~P..,OT: Sn to Sr~P..,OT: Sn a n d  in going  
f rom t h e  f l - f o r m  to t he  a - fo rm .  Thus,  bo th  
fl-Ca~P~O~: Sn and  fl-Sr~P.~O,: Sn a r e  p r i m a r i l y  u l t r a -  
v io le t  emi t t e r s ,  b u t  n e i t h e r  is v e r y  eff ic ient ly  e x -  
c i ted  b y  254 m~ exc i t a t ion .  On the  con t r a ry ,  
a-Sr..,P,.,O~: Sn  is a b l u e  p h o s p h o r  and  is v e r y  effi- 
c i en t ly  e x c i t e d  b y  254 m~, w h i l e  a-Ca2P~O~: Sn is bo th  
a b lue  a n d  an  u l t r a v i o l e t  emi t t e r ,  bu t  t he  b lue  b a n d  
is on ly  w e a k l y  e xc i t e d  b y  a l o w - p r e s s u r e  m e r c u r y -  
v a p o r  arc.  The re fo re ,  u n d e r  th is  exc i t a t i on  the  
(Sr,Ca)2P._,O~: Sn p h o s p h o r s  s h o w  changes  in r e l a t i v e  
i n t e n s i t y  b u t  l i t t l e  change  in pos i t ion  of t he  emis -  
sion bands .  The  b a n d  at  464 m~ a t t r i b u t e d  to 
a- (Ca,Sr)~P. ,O~:Sn (3)  is the re fo re ,  in  r ea l i t y ,  due  
to a-Sr,_,P,_,O~:Sn as shown  in Fig.  2. The  emiss ion  
da t a  on the  b a r i u m  p y r o p h o s p h a t e s  a r e  in fa i r  a g r e e -  
m e n t  w i t h  p r e v i o u s  r e su l t s  (3,4).  

The  (Sr,Ba).,P._.O~: Sn s y s t e m  is i n t e r e s t i n g  in v i ew 
of i ts con t inuous  change  in t he  pos i t ion  of the  e m i s -  
sion p e a k  w i t h  compos i t i on  as shown in Fig .  5. S t a r t -  
ing f rom a-Sr.oP..,O,:Sn and  r e p l a c i n g  s t r o n t i u m  by 
ba r ium,  the  emiss ion  p e a k  e n e r g y  d e c r e a s e d  l i n e a r l y  
a p p r o a c h i n g  t h a t  of t he  a-Ba.oP~O~: Sn phosphor .  The  
d - s p a c i n g s  in t he  x - r a y  d i f f rac t ion  p a t t e r n s  showed  
a s imi l a r  con t inuous  shif t ,  and  t h e r e f o r e  i t  is con-  
c luded  t h a t  Sr~P~O~ and  Ba.~P.~O7 fo rm a con t inuous  
ser ies  of so l id  so lu t ions  u p  to an  a l k a l i n e - e a r t h  con-  
t en t  of 75% b a r i u m .  A t  th is  point ,  t he  a - p h a s e  is no 
longe r  s t ab l e  and  the  8-Ba~P~O~:Sn p h o s p h o r  is 
f o r m e d  as e v i d e n c e d  b y  the  x - r a y  d i f f rac t ion  p a t t e r n  
and  the  spec t ra .  I t  shou ld  be  no ted  t ha t  t he  most  effi- 
c ient  p h o s p h o r s  h a v i n g  the  b l u e - g r e e n  emiss ion  
c h a r a c t e r i s t i c  of a-Ba~P~O,: Sn  a re  p r e p a r e d  b y  s t a -  
b i l iz ing  th is  s t r u c t u r e  w i t h  s t r o n t i u m  as, for  in -  
s tance,  in t he  p h o s p h o r  Ba~.~.~Sro~.~P._.O~:Sn, s ince i t  is 
difficult  to p r e p a r e  a-Ba~P~O~: Sn w i th  h i g h  efficiency 
due  to the  t e n d e n c y  to f o r m  8-Ba.~P~O~:Sn at  t e m -  
p e r a t u r e s  n e c e s s a r y  to p r o m o t e  the  r equ i s i t e  c r y s -  
t a l l i n i t y  and  u l t r a v i o l e t  r e sponse  of the  phosphor .  

The  (Sr,Ba),P,~O~: Sn s y s t e m  is t h e r e f o r e  v e r y  d i f -  
f e ren t  f r o m  the  (Sr,Ca)~P~O~:Sn, (Sr,Mg)..P~O~:Sn, 
and  (Sr,Zn)2P_~O,: Sn sy s t e ms  w h e r e  t he  x - r a y  d i f -  
f r ac t ion  p a t t e r n s  of each  i n d i v i d u a l  c o m p o n e n t  a re  
r e a d i l y  d i s c e r n i b l e  a n d  w h e r e  the  emiss ion  spec t r a  
of bo th  c o m p o n e n t s  a p p e a r ,  as for  e x a m p l e  t he  
bands  due  to a-Sr.~P~O~:Sn and  a-Ca~P~O~:Sn in 
(Sr,Ca)_~P~OT:Sn. One is t h e r e f o r e  l ed  to be l i eve  
t ha t  in t hese  sys t ems  the  p h o s p h o r  c ompo nen t s  
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Table I. Ultraviolet  emission bonds 

T I N - A C T I V A T E D  A L K A L I N E - E A R T H  P H O S P H O R S  

P e a k  w a v e  l e n g t h  
i n  m ~  

P h o s p h o r  E m i s s i o n  E x c i t a t i o n  

#-CasP.~O~: Sn 369 260 238 
fl-Sr~P~O~: Sn 364 260 234 
~-Ca.~P~O~: Sn 362 253 232 

Table II. Visible emission bands 

P e a k  w a v e  l e n g t h  
i n  m/z  

P h o s p h o r  E m i s s i o n  E x c i t a t i o n  

-Ca~P~O~: Sn 429 261 240 
a-Sr~P~O~: Sn 463 256 238 
~-Ba~P,~O~: Sn 505 256 239 

ex is t  as s e p a r a t e  species,  in c o n t r a s t  to t he  
( S r ,Ba )  ,..P,O7: Sn  sys tem.  

I t  was  no ted  e a r l i e r  t ha t  t he  emiss ion  spec t r a  of 
the  f l - fo rms  of Ca...P,O,:Sn and  Sr~P,O~:Sn w e r e  
s i m i l a r  and  a p p a r e n t l y  r e l a t e d  to one of the  b a n d s  in  
a-Ca~P~OT: Sn. This  r e l a t i o n s h i p  is eas i ly  seen b y  a 
c o m p i l a t i o n  of the  p e a k  energ ies .  

I n spec t ion  of T a b l e  I shows t ha t  t he  p e a k s  in the  
emiss ion  and  exc i t a t i on  b a n d s  occur  a t  a lmos t  i d e n -  
t i ca l  energ ies .  A c o r r e s p o n d i n g  t a b u l a t i o n  of the  
p e a k  ene rg ie s  of the  a - f o r m s  of ca lc ium,  s t r o n t i u m  
and  b a r i u m  p y r o p h o s p h a t e  is g iven  in Tab le  II. 
These  t h r e e  fo rms  a r e  c lose ly  r e l a t e d  s t r u c t u r e - w i s e  
and  have  o r t h o r h o m b i c  s y m m e t r y  (3) .  

F o r  t he  v i s ib le  emiss ion  b a n d s  t h e r e  is a def ini te  
t r e n d  t o w a r d  l o w e r  ene rg ie s  w i t h  i nc rea s ing  size of 
t he  a l k a l i n e - e a r t h  ca t ion;  h o w e v e r ,  aga in  the  e x c i t a -  
t ion  b a n d s  p e a k  at  a lmos t  i den t i ca l  energ ies .  

The  r e l a t i v e  he igh t s  of t he  two  e x c i t a t i o n  b a n d s  
g iven  in  Tab les  I and  I I  v a r y  for  each  phosphor .  I f  
one a s sumes  t ha t  t he  l o w e r - e n e r g y  emiss ion  bands ,  
i.e., t he  v is ib le ,  a r e  a s soc ia t ed  w i t h  t h e  l o w e r - e n e r g y  
e xc i t a t i on  bands ,  and  the  h i g h e r - e n e r g y  emiss ion  
bands ,  i.e., the  u l t r av io l e t ,  a r e  a s soc ia t ed  w i t h  t he  
h i g h e r - e n e r g y  exc i t a t i on  bands ,  one ob ta in s  a d i r ec t  
c o r r e s p o n d e n c e  b e t w e e n  the  s t rong  exc i t a t i on  and  
the  s t rong  emiss ion  b a n d s  w i t h  bo th  s t r o n t i u m  sys -  
t ems  and  w i t h  fl-Ca~P~O~:Sn. H o w e v e r ,  t h e  c o r r e -  
spondence  is v e r y  poo r  for  a-Ba~P~O~:Sn w h e r e  t he  
p h o s p h o r  abso rbs  in t he  h i g h e r - e n e r g y  b a n d  and  
emi t s  in  w h a t  we  h a v e  a r b i t r a r i l y  ca l l ed  t h e  l o w e r -  
e n e r g y  band ,  i.e., a t  505 m/~. A s imi la r ,  bu t  even  
more  puzz l ing  a n o m a l y  exis t s  in t he  a-Ca~P~O~:Sn 
s y s t e m  where ,  cons ide r ing  on ly  t he  exc i t a t i on  da ta ,  
one w o u l d  p r ed i c t  t h a t  i r r a d i a t i o n  w i t h  l o w - e n e r g y  
u l t r a v i o l e t  w o u l d  y i e l d  the  u l t r a v i o l e t  band .  A c -  
tua l ly ,  j u s t  the  r e v e r s e  r e su l t s  w e r e  o b t a i n e d  for  
t he  emiss ion  spec t ra ,  i.e., i r r a d i a t i o n  w i t h  225 m/~ e n -  
e r g y  gave  the  u l t r a v i o l e t  b a n d  and  i r r a d i a t i o n  w i t h  
276 m/~ e n e r g y  gave  bo th  u l t r a v i o l e t  a n d  v i s ib l e  bands .  
Thus  the  emiss ion  d a t a  are,  b y  themse lves ,  cons i s t -  
en t  w i t h  t he  o the r  ca l c ium and  s t r o n t i u m  sys tems .  

In  o r d e r  to i l l u s t r a t e  t he  t r e n d s  in emiss ion  
spec t r a  w i t h  changes  in s t ruc tu re ,  the  p e a k  emiss ion  
e n e r g i e s  of  a l l  p h o s p h o r s  a r e  p l o t t e d  aga in s t  t he  
a l k a l i n e - e a r t h  ca t ionic  r a d i i  in Fig .  7. The  g r o u p i n g  
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t o g e t h e r  of t he  u l t r a v i o l e t  b a n d s  is obv ious  as  is t he  
l i n e a r  r e l a t i o n s h i p  b e t w e e n  the  p e a k  ene rg i e s  in t he  
a - p y r o p h o s p h a t e s  vs. ca t ion ic  rad i i .  T h e  emiss ion  of 
8-Ba~P~.OT: Sn fa l l s  in to  n e i t h e r  g roup ing .  I t  is v e r y  
a p p a r e n t  f r o m  Fig.  7 t h a t  t h e r e  is an  o v e r - a l l  t r e n d  
t o w a r d  l o w e r  emiss ion  ene rg i e s  or  l onge r  w a v e  
l e ng th s  w i t h  i nc r e a s ing  ca t ionic  size. U n f o r t u n a t e l y ,  
th is  is in d i r ec t  conflict  w i th  t he  r e su l t s  on s e v e r a l  
o t h e r  p h o s p h o r  sys t ems  as s u m m a r i z e d  b y  F o n d a  
(9) .  H o w e v e r ,  w i th  t h r e e  e xc e p t i ons  a l l  of t he  p h o s -  
pho r s  l i s t ed  b y  F o n d a  w e r e  ac t iva tec l  b y  m a n g a n e s e  
e i t h e r  as a p r i m a r y  or  s e c o n d a r y  ac t i va to r .  These  
excep t ions  w e r e  the  a l k a l i n e - e a r t h  sulf ides a c t i v a t e d  
b y  e u r o p i u m  (10) ,  t he  s e l f - a c t i v a t e d  v a n a d a t e s  of 
t he  a l k a l i n e - e a r t h  m e t a l s  (11) ,  and  the  a l k a l i n e -  
e a r t h  o r t h o p h o s p h a t e s  a c t i v a t e d  b y  t in  (1) .  H o w -  
ever ,  in  t he  l a t t e r  case  the  r e su l t s  w e r e  conf l ic t ing 
since,  in one  case, an  i nc rea se  in ca t ion ic  size sh i f t ed  
the  emiss ion  to s h o r t e r  w a v e  lengths ,  w h e r e a s  in t he  
o t h e r  a sh i f t  to l onge r  w a v e  l e ng th s  was  obse rved .  

F o n d a  also po in t s  out  s e v e r a l  e xc e p t i ons  to his  
g e n e r a l  r u l e  t h a t  the  spec t r a l  pos i t i on  of t h e  e m i s -  
s ion b a n d  shou ld  sh i f t  to l onge r  w a v e  l eng ths  as t he  
la t t i ce  spac ing  is dec reased .  F o r  these  excep t ions ,  
t he  a c t i v a t o r s  a r e  t h a l l i u m ,  s i lver ,  coppe r  a n d  in 
two  cases,  m a n g a n e s e .  I t  is i n t e r e s t i n g  tha t ,  i gno r ing  
the  two  m a n g a n e s e  cases  above ,  a l l  of the  o t h e r  ac -  
t i v a t o r s  t o g e t h e r  w i t h  t in  s h a r e  t he  p r o p e r t y  t h a t  
t h e i r  b o n d i n g  e l ec t rons  a r e  s - e l ec t rons ,  no t  d - e l e c -  
t rons  as is t he  case  w i t h  m a n g a n e s e  and  e u r o p i u m .  
We are,  t he re fo re ,  led  to a g r e e  w i t h  F o n d a  t h a t  t he  
effects  of p o l a r i z a b i l i t y  l e a d  to t h e  r e v e r s a l  of his  
g e n e r a l  r u l e  s t a t ed  above,  b u t  go ing  a s t ep  f u r t h e r  
we  be l i e ve  t h a t  the  effects of p o l a r i z a b i l i t y  a r e  m o r e  
a p t  to be  f o u n d  in sy s t e ms  w i t h  a c t i v a t o r s  whose  
b o n d i n g  e l ec t rons  a r e  s y m m e t r i c a l  s - e l e c t r o n s  t h a n  
in those  whose  b o n d i n g  e l ec t rons  a r e  d - e l e c t r o n s ,  as 
for  ins tance ,  m a n g a n e s e .  The  r e su l t s  on the  t i n -  
a c t i v a t e d  a l k a l i n e - e a r t h  p y r o p h o s p h a t e s  a r e  e x -  
p la ined ,  t he re fo re ,  by  a s s u m i n g  t ha t  the  t in  in a b a -  
r i u m  s i te  has  a g r e a t e r  ef fec t ive  r a d i u s  t h a n  in a c a l -  
c ium si te  a n d  is, t he re fo re ,  m o r e  ea s i l y  p o l a r i z a b l e  
l e a d i n g  to a g r e a t e r  o v e r l a p p i n g  of t he  e l ec t ron ic  
o rb i t s  and  a consequen t  s h r i n k a g e  in t he  e n e r g y  
d i f fe rence  b e t w e e n  the  e xc i t e d  and  g r o u n d  s ta tes .  
G e ne ra l i z i ng ,  i t  w o u l d  a p p e a r  t ha t  i t  is d a n g e r o u s  to 
t r e a t  a l l  a c t i v a t o r  cen te r s  as  i den t i ca l  and,  speci f i -  
ca l ly ,  i t  is v e r y  d a n g e r o u s  to use  m a n g a n e s e - a c t i -  
v a t e d  sy s t e ms  as t yp ica l .  This  conc lus ion  is e q u a l l y  
a p p l i c a b l e  to p r o p e r t i e s  o t h e r  t h a n  op t i ca l  s p e c t r a  

Fig. 7. Effect of cationic radius and structure on emission 
of tin-activated alkaline-earth pyrophosphate phosphors. 
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since,  for  ins tance ,  i t  has  been  shown  t h a t  the  t i n -  
and  m a n g a n e s e - a c t i v a t e d  p h o s p h a t e s  do no t  e x -  
h ib i t  t h e  s ame  t y p e  of v a r i a t i o n  of f luorescen t  effi- 
c i ency  w i t h  t e m p e r a t u r e  (12) .  

F i n a l l y ,  one  m i g h t  a s s ign  the  v i s ib le  emiss ion  
bands  in t he  a - s t r u c t u r e s  to t he  ~P1 ~ ~S0 t r a n s i t i o n  
of t he  t in  cen t e r  and  the  u l t r a v i o l e t  emiss ion  b a n d s  
to t h e  1P2-~ 1S0 t r ans i t i on .  C o r r e s p o n d i n g  a s s ign -  
m e n t s  in t he  r e v e r s e  d i r ec t i on  could  also be  m a d e  to 
the  e x c i t a t i o n  bands ,  a l t h o u g h  t h e r e  a r e  m a n y  u n -  
e x p l a i n e d  p h e n o m e n a  t h a t  do no t  c o r r e s p o n d  e x a c t l y  
to t hese  a s s ignmen t s .  
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ABSTRACT 

The par t ic le  sizes of e lec t ro luminescent  zinc sulfide phosphors  p repa red  by  
common fir ing techniques usual ly  range  over  broad dis t r ibut ions  which a l -  
ways  have the same shape. Every  phosphor  of this  "normal"  par t ic le  size 
d is t r ibut ion  shows a vol tage (V) dependence  of e lec t ro luminescent  br ightness  
(L) which, over  m a n y  decades of L, can closely be descr ibed by L -~ Lo exp 
[--(Vo/V)~ E v e r y  devia t ion  of the par t ic le  size d is t r ibut ion  f rom the "nor -  
real" form also causes a devia t ion  of the measurab le  L ( V )  dependence  f rom 
this expression.  Measurements  on phosphor  par t ic les  and on uniform phos-  
phor  films indicate  tha t  the basic exci ta t ion mechanism of e lect roluminescence 
follows the  vol tage  dependence  L ~ Lo exp [--(Vo/V)] and that  the  square  
root  in the exponent  of the usual  equat ion is due main ly  to the  broad  par t ic le  
size d is t r ibut ion  of r egu la r  phosphors.  This view is suppor ted  also by a m a t h e -  
matical  analysis.  

The time-average of the emission intensity, L, of 
electroluminescent (EL) zinc sulfide powders gen- 
erally increases rather rapidly with increasing am- 
plitude of the exciting alternating voltage, V. Based 
on rough theoretical considerations, Destriau origi- 
nally proposed to describe this dependence by 

L ----- Lo e x p  [ - - (Vo /V) ]  [1]  

w i t h  Lo and  Vo as cons tan t s  (1 ) .  I t  deve loped ,  h o w -  
ever ,  t h a t  the  fit of th is  e q u a t i o n  to e x p e r i m e n t a l  r e -  
su l t s  is not  too good, and  a g r e a t  v a r i e t y  of o the r  
m a t h e m a t i c a l  fo rms  h a v e  been  p r o p o s e d  b y  v a r i o u s  
w o r k e r s  s ince  t ha t  t ime  ( 2 - 1 7 ) .  One of t h e m  

L = Lo exp  [ - - (Vo /V)  ~ [2]  

di f fers  f r o m  Eq. [1]  on ly  b y  the  s q u a r e  roo t  in t h e  
e x p o n e n t ,  a n d  i ts  a g r e e m e n t  w i t h  e x p e r i m e n t a l  r e -  
su l t s  is a m a z i n g l y  good in m a n y  cases  and  can e x -  
t end  ove r  six or  m o r e  decades  of L. This  a g r e e m e n t  
has  r e p e a t e d l y  b e e n  cons ide red  to b e  a p roo f  for  t h e  
v a l i d i t y  of t he  e x h a u s t i o n  b a r r i e r  t h e o r y  (9, 18-20) 
f r o m  w h i c h  Eq. [2]  o r i g i n a l l y  w a s  d e d u c e d  (9 ) .  I t  
canno t  be denied ,  h o w e v e r ,  t ha t  d e v i a t i o n s  f r o m  Eq. 
[2]  have  been  o b s e r v e d  f r e q u e n t l y .  

The  sugges t ion  b y  L e h m a n n  (21) t h a t  Eq. [2]  is a 
r e s u l t  of t he  w e l l - k n o w n  n o n u n i f o r m i t y  of t h e  e m i s -  
s ion in  a p h o s p h o r  p o w d e r  cou ld  not ,  a t  t h a t  t ime ,  be  
s u p p o r t e d  b y  e x p e r i m e n t a l  resu l t s .  

A s o m e w h a t  u n e x p e c t e d  a n s w e r  to the  p r o b l e m  
c a m e  f r o m  i n v e s t i g a t i o n s  of p a r t i c l e  size effects on 
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EL. If a common phosphor  having the usual  broad  
par t ic le  size d is t r ibut ion  is separa ted  into fract ions 
of different  mean par t ic le  sizes, then these fract ions 
also show different  L (V) dependences.  The first re -  
l iable  exper imenta l  resul ts  in this respect  appa r -  
ent ly  were  repor ted  by Milch and Mazenko (22). 
They separa ted  thei r  phosphor  into fract ions of 
fa i r ly  small  d is t r ibut ion widths  and used a gener-  
alized modification of Eq. [2] 

L = LoV" exp [ - - ( Y o / Y )  ~~] [3] 

to describe thei r  measured  L (V)  dependences.  They 
found tha t  not only Lo and Vo in Eq. [3] depend on 
the mean par t ic le  size, but  also tha t  a p roper  fit 
could be obtained only with  values of the exponent,  
n, ranging  be tween n = - - 1 1  and n----- +0.67. Later ,  
Goldberg  (23) and Lehmann  (24) independent ly  
made s imilar  exper iments  wi th  appa ren t ly  less 
sharp ly  separa ted  phosphor fract ions and descr ibed 
t h e  L (V)  dependence of these fract ions by Eq. [2]. 
They found, too, that  both constants in Eq. [2], Lo 
and Vo, depend on the mean par t ic le  size of the 
phosphor.  

These exper imenta l  resul ts  immedia te ly  pe rmi t  
a conclusion. If the L(V)  dependence  of a single 
phosphor  par t ic le  depends in some fashion on its 
size, and if a phosphor  has a broad par t ic le  size dis-  
t r ibu t ion  (which is normal ly  a lways  the case),  then 
the L (V)  dependence of the whole phosphor  must  
be de te rmined  not only by the L ( V )  dependence of 
a single par t ic le  but  also by the form of the par t ic le  
size dis t r ibut ion of the phosphor.  In other words, 
there  must  be a corre la t ion be tween the par t ic le  
size d is t r ibut ion  of a phosphor  and its measurable  
L (V) dependence,  i.e., the L (V) dependences of two 
otherwise ident ical  phosphors,  one of a broad  and 
the other  of a na r row par t ic le  size dis tr ibut ion,  
should be different even if the mean par t ic le  sizes of 
both samples are equal. The L(V)  dependence of 
normal  phosphors wi th  broad par t ic le  size d i s t r i -  
butions can be descr ibed fa i r ly  wel l  by  Eq. [2]. Con- 
sequently,  a phosphor wi th  a very  na r row par t ic le  
size d is t r ibut ion  can be expected to show an L ( V )  
dependence which does not closely follow Eq. [2]. 
The significance of an exper imenta l  confirmation of 
this conclusion for all  theore t ica l  efforts to unde r -  
s tand the mechanism of e lectroluminescence is ob- 
vious. 

Particle Size Distributions of Regular Phosphors 
Par t ic le  size dis t r ibut ions  of normal  phosphors,  as 

obtained by common prepara t ion  procedures,  were  
de te rmined  by  means of a projec t ion  microscope. 
The approx imate  d iameters  of some 200-300 p a r -  
ticles of each sample were  measured.  The resul t ing 
dis t r ibut ions  of all  these phosphors had  essent ia l ly  
the same shape. An example  in the form of a f re -  
quency-d iame te r  h is togram is shown in Fig. 1. Such 
a typical  d is t r ibut ion  curve has been shown ear l ier  
by Leverenz (25). I t  is not symmet r ica l  and cannot 
be descr ibed closely by  a Gaussian function, but  a 
re la t ive ly  good fit was obtained empi r ica l ly  by the 
function 

y = ax  ~ exp ( - -2x/xo)  [4] 
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Fig, 1. Typical particle size distribution of a normol (i.e., 
unseparated) phosphor. 

where  x is the par t ic le  diameter ,  Xo tha t  pa r t i cu la r  
par t ic le  d iamete r  which corresponds to the peak  of 
the function y ( x ) ,  a is a constant,  and y d x  is the  
number  of par t ic les  between the size l imits  x and 
x -~- dx .  The close fit of this function to the exper i -  
menta l  d is t r ibut ion  is shown also in Fig. 1. Var i -  
ations of the  several  pa rame te r s  of p repara t ion  (e.g., 
firing t empe ra tu r e  and time, concentrat ion of im-  
puri t ies ,  etc.) seem to cause only a shift  of the peak  
size, xo, to smal ler  or l a rger  values but  do not a l ter  
the genera l  form of the par t ic le  size dis tr ibut ion.  To 
what  ex tent  Eq. [4] may  find a theore t ica l  founda-  
t ion (possibly in s tat is t ical  considerat ions)  is un -  
known. Nevertheless ,  it is at least  a good app rox i -  
mation. 

The L ( V )  dependence of the phosphor  sample 
whose par t ic le  size d is t r ibut ion  is shown in Fig. 1 
is given in Fig. 2. The agreement  of the exper imen ta l  
points wi th  s t ra ight  lines, i.e., the agreement  of the 
L (V) dependence wi th  Eq. [2],  is almost  exact  over 
the whole measured  range. 

Behavior of Phosphor Fractions of Very Narrow 
Particle Size Distributions 

The most des i rable  goal, f ract ions of almost  uni -  
form par t ic le  sizes separa ted  out of common phos-  
phor  powders,  could not be reached because of a 
lack of ava i lab le  techniques.  There seems to be no 
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Fig. 2. The L(V) dependence of o normal phosphor can 
closely be described by Eq. [2] .  
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Fig. 3. PorticSe size distribution of a small fraction sepa- 
rated out of the normal phosphor of Fig. 1. 
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Fig. 4. The L(V) dependence of the separated fraction of 
Fig. 3 cannot closely be described by Eq. [2 ] .  
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Fig. 5. The L(V) dependence of the separated fraction of 
Fig. 3 can closely be described by Eq. [5 ]  with ~ = 0.6. 

the  or ig ina l ,  and  i t  is obvious  t ha t  t h e r e  is no l o n g e r  
a g r e e m e n t  w i t h  Eq. [4]  as shown  b y  the  smoo th  
cu rve  in Fig .  3. T h e  L ( V )  d e p e n d e n c e  of th is  s e p a -  
r a t e d  f r ac t i on  is g i v e n  in Fig.  4 as  log  L as a f u n c -  
t ion  of V -~ The  e x p e r i m e n t a l  po in t s  a r e  no t  on 
s t r a i g h t  l ines  he re ,  so t h a t  th is  L ( V )  d e p e n d e n c e  
canno t  be d e s c r i b e d  c lose ly  b y  Eq. [2] .  Bu t  if Eq. [2]  
is a r b i t r a r i l y  g e n e r a l i z e d  b y  r e p l a c i n g  the  e x p o n e n t  
0.5 b y  an  a r b i t r a r y  cons t an t  

L = Lo exp  [--(Vo/V) ~] [5]  

i t  t u r n s  ou t  t h a t  a = 0.6 now gives  a good fit, m u c h  
b e t t e r  t h a n  a = 0.5, as shown in Fig .  5. This  v a l u e  
of a = 0.6, of course ,  is p u r e l y  i n c i d e n t a l  and  has  no 
p h y s i c a l  m e a n i n g  e x c e p t  t h a t  i t  i nd i ca t e s  t he  inf lu-  
ence  of the  s t i l l  p r e s e n t  w i d t h  of t h e  p a r t i c l e  size 
d i s t r i b u t i o n  on the  L ( V )  d e p e n d e n c e  of the  p h o s -  
phor .  

A n  e x t r a p o l a t i o n  m a y  be  p e r m i t t e d  here .  I f  t he  
L(V) d e p e n d e n c e  of the  o r ig ina l  p h o s p h o r  w i t h  i ts  
b r o a d  p a r t i c l e  size d i s t r i b u t i o n  can  be  de sc r ibed  b y  

= 0.5 w h i l e  t he  s e p a r a t e d  s a m p l e  w i t h  t he  s m a l l e r  
b u t  s t i l l  c o n s i d e r a b l e  p a r t i c l e  size d i s t r i b u t i o n  g ives  
a b e t t e r  fit w i t h  a - -  0.6, t hen  a p h o s p h o r  w i t h  a s t i l l  
n a r r o w e r  p a r t i c l e  size d i s t r i b u t i o n  p r o b a b l y  w o u l d  
r e q u i r e  a s t i l l  h i g h e r  v a l u e  of a. A n  a p p r o a c h  to  
a ~ 1, i.e., t o w a r d  Eq. [1] ,  for  i d e a l l y  u n i f o r m  p a r -  
t ic les  seems  l i k e l y  b u t  cannot ,  of course ,  be  deduced  
r i g o r o u s l y  f rom an  e x t r a p o l a t i o n .  

Behavior of Single Phosphor Particles 
Most  of a l l  t he  g e o m e t r i c a l  c o m p l e x i t y  of a p h o s -  

pho r  p o w d e r  can  be  e l i m i n a t e d  b y  cons ide ra t i on  of 
s ingle  pa r t i c l es .  H o w e v e r ,  a p a r t  of the  c o m p l e x i t y  
r e m a i n s  h e r e  also. Rea l  s ingle  p a r t i c l e s  a l w a y s  h a v e  
s o m e w h a t  i r r e g u l a r  shapes ,  m a y  con t a in  l a t t i ce  d i s -  
o rders ,  and  m a y  be d i f f e r en t l y  o r i e n t e d  w i t h  r e spec t  
to t he  d i r ec t ion  of t he  e lec t r i c  field. I t  is also k n o w n  
tha t  t he  emiss ion  ins ide  the  p h o s p h o r  c rys t a l s  
m a i n l y  o r ig ina t e s  f r o m  r e l a t i v e l y  s m a l l  spots  (5, 
26, 27) ,  and  mic roscop ic  e x a m i n a t i o n  shows t h a t  
e v e r y  p a r t i c l e  m a y  con ta in  one or  m o r e  such e m i t -  
t ing  spots.  Some t imes ,  the  spots  a p p e a r  to be e x -  
t e n d e d  to l ines,  a n d  the  d i r ec t ion  of these  l ines  
seems  to fo l low the  d i r ec t i on  of some s t r i p e d  p a t t e r n ,  
p r o b a b l y  s t a c k i n g  f au l t s  (28-30) ,  w h i c h  can  be seen  
when  the  c r y s t a l  is i l l u m i n a t e d  b y  wh i t e  l ight .  
F i g u r e  6 shows  a t y p i c a l  e x a m p l e  of such n o n u n i -  

k n o w n  m e t h o d  p e r m i t t i n g  such  n a r r o w  sepa ra t ions .  
As  an  e x a m p l e  of w h a t  a c t u a l l y  cou ld  be  o b t a i n e d  
in t hese  e x p e r i m e n t s ,  Fig.  3 shows  the  d i s t r i b u t i o n  
of a f r a c t i o n  of l a r g e  d i a m e t e r  s e p a r a t e d  ou t  of t h e  
p h o s p h o r  whose  o r ig ina l  d i s t r i b u t i o n  is s h o w n  in 
Fig.  1. A l t h o u g h  the  d i s t r i b u t i o n  of Fig .  3 s t i l l  has  a 
c o n s i d e r a b l e  w i d t h ,  i t  is m u c h  s m a l l e r  t h a n  t h a t  of 

Fig. 6. Typical nonuniform distribution of emission, largely 
concentrated in "spots," of EL zinc sulfide particles. 
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fo rm emiss ion ,  l a r g e l y  c o n c e n t r a t e d  in spots  of s ing le  
p h o s p h o r  pa r t i c l e s .  Desp i t e  t he se  compl ica t ions ,  an  
L (V)  d e p e n d e n c e  of  s ing le  p a r t i c l e s  s o m e w h a t  s i m -  
p l e r  t h a n  t h a t  of c o m p l e t e  p h o s p h o r  p o w d e r s  can  be 
expec ted .  

The  l igh t  emiss ion  of one s ingle  p h o s p h o r  p a r t i c l e  
is too w e a k  to be  m e a s u r e d  ove r  a w ide  r a n g e  b y  
usua l  p h o t o m u l t i p l i e r s .  The re fo re ,  a v i sua l  m e t h o d  
was  used  in these  e x p e r i m e n t s .  The  p h o s p h o r  to be  
m e a s u r e d  (a  few p a r t i c l e s  on ly )  was  p l a c e d  in an  
oil  cell  and  v i e w e d  t h r o u g h  a mic roscope  w i t h  low 
magni f ica t ion .  The  s t a r l i k e  i m a g e  of one l u m i n e s c e n t  
p a r t i c l e  was  c o m p a r e d  w i t h  t he  con t ro l l ed  a n d  ca l i -  
b r a t e d  b r i g h t n e s s  of an  a r t i f i c ia l  s t a r  (a  p i n h o l e  in 
a p iece  of b l a c k  p a p e r  i l l u m i n a t e d  b y  an  i n c a n d e s -  
cent  l a m p ) .  S i n c e  a j u d g m e n t  of e q u a l i t y  of  t he  
v i sua l  b r i g h t n e s s e s  of t he  two  spots,  even  if  t h e y  a re  
v i s ib le  s ide  b y  side,  a l w a y s  has  a c o n s i d e r a b l e  u n -  
ce r t a in ty ,  each  m e a s u r e m e n t  was  r e p e a t e d  t e n  t imes  
and  the  f inal  v a l u e  o b t a i n e d  b y  the  a r i t h m e t i c  a v e r -  
age of the  t en  s ingle  va lues .  This  t e c h n i q u e  gave  
f a i r l y  a c c u r a t e  r e su l t s  b u t  w a s  r a t h e r  t i r i n g  to t he  
eyes  and  t i m e  consuming  so t h a t  on ly  six s ing le  p a r -  
t ic les  w e r e  c o m p l e t e l y  m e a s u r e d .  

The  r e su l t s  o b t a i n e d  di f fer  s o m e w h a t  f r o m  p a r -  
t ic le  to p a r t i c l e  and  a re  s o m e w h a t  in c o n t r a s t  to r e -  
sul ts  r e p o r t e d  b y  W a y m o u t h  and  B i t t e r  (5)  a n d  b y  
Za lm,  D iemer ,  and  K l a s e n s  (26) .  One  p a r t i c l e  out  of 
t he  s ix  h a d  an  L ( V )  d e p e n d e n c e  which ,  ove r  t he  
who le  m e a s u r e d  range ,  can  be  d e s c r i b e d  b y  Eq. [1]  
bu t  not  b y  Eq. [2]  ( see  Fig.  7).  T h r e e  o t h e r  p a r t i c l e s  
h a d  L (V) d e p e n d e n c e s  w h i c h  could  no t  be  d e s c r i b e d  
c o m p l e t e l y  b y  e i t he r  Eq. [1]  or  [2]  b u t  w h i c h  can  
be  u n d e r s t o o d  ea s i l y  b y  a s u p e r p o s i t i o n  of t w o  t e r m s  
each  of w h i c h  has  t he  f o r m  of Eq. [1] .  O b v i o u s l y  in  
these  t h r e e  cases  t he  cu rves  a r e  due  to two  e m i t t i n g  
spots,  w i t h  d i f fe ren t  v o l t a g e  cha rac te r i s t i c s ,  ins ide  
t he  pa r t i c l e s .  F i n a l l y ,  t h e  l as t  two  p a r t i c l e s  h a d  
L ( V )  d e p e n d e n c e s  w h i c h  could  be  d e s c r i b e d  in 
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e i t h e r  way ,  b y  t w o  t e r m s  of Eq. [1]  or  b y  one  t e r m  
of Eq. [2] .  S ince  i t  seems  u n l i k e l y  t h a t  two  tOtal ly  
d i f fe ren t  e xc i t a t i on  m e c h a n i s m s  w o u l d  be  p r e s e n t  in 
d i f fe ren t  p a r t i c l e s  of the  s a m e  phosphor ,  w e  d r a w  
the  conclus ion  t h a t  t he  emiss ion  of these  two  p a r -  
t ic les  was  due  to two  (or  m o r e )  e m i t t i n g  spots  ins ide  
t h e  pa r t i c l e s .  

Behavior of Thin Phosphor Films 
A u n i f o r m  con t inuous  f i lm is o b v i o u s l y  the  s i m -  

p les t  g e o m e t r i c a l  s t r u c t u r e  an  EL p h o s p h o r  can  
have .  I ts  " p a r t i c l e  s ize"  is i d e n t i c a l  w i t h  i ts  t h i c k -  
ness,  and  v a r i a t i o n s  of t he  t h i cknes s  have  t h e  s a m e  
effect  as a f ini te  p a r t i c l e  size d i s t r i b u t i o n  of a p o w d e r  
p h o s p h o r ;  t h e y  cause  a n o n u n i f o r m  d i s t r i b u t i o n  of 
t he  emiss ion  ove r  t he  f i lm area .  The  o v e r - a l l  e m i s -  
s ion of such n o n u n i f o r m  fi lms in m a n y  cases  can  
be  de sc r ibed  a lso  b y  Eq. [2]  f a i r l y  wel l ,  a l t h o u g h  
de v i a t i ons  f rom th is  d e p e n d e n c e  occur  r a t h e r  f r e -  
q u e n t l y  (31) .  

Most  s igni f icant  in th is  r e spe c t  is, of course ,  t h e  
b e h a v i o r  of h i g h l y  u n i f o r m  films. Resu l t s  o b t a i n e d  
on spec i a l l y  se lec ted  u n i f o r m  f i lms 1 a r e  s h o w n  in 
Fig.  8 and  9. These  p a r t i c u l a r  f i lms ( b l u e  and  g r e e n -  
e m i t t i n g  ZnS:  Cu,C1) w e r e  r e l a t i v e l y  th in  ( 1 or  2/~) 
and  d i r e c t l y  in con tac t  w i t h  bo th  e l ec t rodes  ( e v a p -  
o r a t e d  a l u m i n u m  and  the  SnO~ l a y e r  of c onduc t i ng  
g l a s s ) .  The  f i lms a p p e a r e d  u n i f o r m  and  g l a s sy  u n d e r  
t he  microscope .  T h e i r  e l e c t r o l u m i n e s c e n c e  was  also 
u n i f o r m  over  t h e i r  w h o l e  a r e a s  and  w i t h o u t  a n y  
e m i t t i n g  "spo t s"  as  a r e  o b s e r v e d  in  p o w d e r  p h o s -  
phors .  The  e x p e r i m e n t a l  po in t s  d e v i a t e  s t r o n g l y  
f rom s t r a i g h t  l ines  in  Fig.  8 w h e r e  log L is p l o t t e d  
as a func t ion  of V-~ T h e  po in t s  a r e  on s t r a i g h t  

z M a d e  a n d  k i n d l y  f u r n i s h e d  b y  W. A .  T h o r n t o n  o~ t h i s  l a b o r a t o r y .  
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ured can closely be described by Eq. [ I ]  but not by Eq. [2]. do not follow Eq. 1"2]. 
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Fig. 9. The L(V) dependences of uniform zinc sulfide films 
follow Eq. [1 ]  over many decodes of L. 

l ines  ~ in  Fig. 9 over  m a n y  decades of L, however ,  if 
log L is p lo t ted  as a f unc t i on  of V-i  

Mathematical Treatment 
The above e x p e r i m e n t a l  resul ts  ind ica te  that ,  most  

l ikely,  the  process of exc i ta t ion  and  emiss ion  of elec-  
t r o luminescence  closely follows Eq. [ i ]  if geomet r i -  
cal complexi t ies  are e l imina ted ,  and  tha t  the  square  
root in  Eq. [2] resul t s  on ly  by  the  n o n u n i f o r m  
geomet ry  of the  phosphor ,  i.e., m a i n l y  by  the  finite 
par t ic le  size d i s t r ibu t ion .  Neglec t ing  o ther  possible 
reasons  of n o n u n i f o r m i t y  (e.g., i r r egu l a r  par t ic le  
shapes, o r i en ta t ions  of s tacking  fau l t s  and  bar r ie rs ,  
etc.),  i t  is possible  even  to d raw  a direct  m a t h e -  
mat ica l  connec t ion  b e t w e e n  the  d i s t r i bu t ion  f unc -  
t ion  [4] and  the emiss ion  func t ion  [1] on the  one 
hand,  and  func t ion  [2] on the  o ther  hand.  

A mode l  phosphor  m a y  have  a pa r t i c le  size d is -  
t r i bu t i on  according  to Eq. [4]. Eve ry  par t i c le  of this  
model  phosphor  m a y  emi t  a l ight  i n t ens i t y  descr ibed  
by  

l = lo exp ( - - v o / v )  [6] 

where  lo and  vo are cons tan ts  and  whe re  v denotes  
the vol tage  drop across the  whole  part icle .  The  two 
equa t ions  [1] and  [6] are essen t ia l ly  iden t ica l  con-  
ce rn ing  the  vol tage  dependence .  The  par t ic le  size de-  
pendence  en te rs  Eq. [6] in  two terms.  The p r e - e x -  
ponen t i a l  factor,  lo, m a y  depend  on the  par t ic le  size, 
x ,  in  a w a y  wh ich  a p p r o x i m a t e l y  m a y  be descr ibed  
by  lo = c x  '~ where  c is a cons tan t  and  where  m is in  
the  order  of un i ty .  Much s t ronger ,  however ,  seems 
to be the  dependence  v (x)  since it  en te rs  Eq. [6] 
in  the  exponent .  The  ra t io  of the  par t ic le  voltage,  v, 
to the  cell  vol tage,  V, is essen t ia l ly  the  ra t io  of the  

2 T he  d e v i a t i o n  of  two  c u r v e s  a t  t h e  h i g h e s t  v o l t a g e s  i n  F ig .  11 is 
p r o b a b l y  d u e  to t h e r m a l  q u e n c h i n g .  The  f i lms  b e c a m e  n o t i c e a b l y  
w a r m  u n d e r  t he  h i g h e s t  l oads  and  t he  emi s s ion  c h a n g e d  f r o m  blue  
to g reen i sh .  

V-' (V IN VOLTa) 

par t ic le  size, x ,  to the cell spacing,  S,  modified only  
by  a factor,  K,  i n  the order  of u n i t y  deno t ing  the  in -  
f luence of the d i f ferent  die lectr ic  cons tan ts  of phos-  
phor  and  e m b e d d i n g  m a t e r i a l  

K v / V  = x / S  [7] 

The emiss ion i n t e ns i t y  of the  whole  phosphor  is 
g iven  by the in t eg ra l  

L = f y ( x )  l ( x , Y ) d x  [8] 
o 

a nd  i n t roduc t i on  of [4], [6],  and  [7] into [8] gives 

f [( L ~ - a c  x ~ exp --  2 - - +  d x  [9] 
o Xo 

where  n ~ rn + 2. 
No s imple  ana ly t i ca l  so lu t ion  of this i n t eg ra l  

seems to exist, so a n u m e r i c a l  i n t eg ra t ion  was  made  
wi th  the  a s sumpt ion  of r easonab le  va lues  for the  
constants .  The  as sumed  va lues  were  Xo = 8.7 tL, and  
( K v o S )  ~ 2.3 x 10' v# ( this  corresponds,  for in -  
stance,  to Vo = 100 v, S = 100 tL, and  K ~ 2.3). The 
va lue  of the  factor  ac in  Eq. [9] is u n i m p o r t a n t .  
Wi th  these values ,  the  i n t e g r a n d  in  Eq. [9],  i.e., of 

u  --  + ~  [10] 
xo x V  

was computed  for different  va lues  of n and  of V. I t  
develops t ha t  the  va lue  of the  exponent ,  n, is on ly  of 
ve ry  m i n o r  inf luence so tha t  the  p r e sen t a t i on  of the  
case n =  2 in  Fig.  10 m a y  be sufficient he re  ( the 
curves  for the  cases n = 0, 1, or 3 are  a lmos t  the  
same) .  The resul t s  of the  n u m e r i c a l  i n t eg ra t ions  are 
shown in  two d i f fe rent  ways,  in  Fig. 11 as log L as a 
func t ion  of V .... and  in  Fig. 12 as log L as a func t ion  
of V-L In  Fig. 11, the  curves  ve ry  closely approach 
s t ra ight  l ines  over  m a n y  decades of L, a lmos t  i n -  
de pe nde n t  of the  pa r t i cu l a r  va lue  of n. The curves  
devia te  f rom s t ra igh t  l ines  at  the  h ighes t  voltages,  

IO" 

iO -I. 

l0 -t. 

~0 "~ 

~.. 10-4. 

'~ ,6 /go /fro ko io ,b 
PARTICLE SIZE, X (IN MICRONS) 

Fig. 10. The function Y <x,V) of Eq. t0 fo rn  ~ 2, x,, = 8.7 
/~, ond (KvoS = 2300 V/~. 
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o 

closely follow Eq. [ 1 ] except at the highest voltages. 

howeve r ,  a p p r o a c h i n g  " s a t u r a t i o n "  v a l u e s  c o n s i d e r -  
a b l y  b e l o w  the  i n t e r s ec t i ons  of t he  s t r a i g h t  l ines  
w i th  t he  ax i s  V = ~ (i.e., b e l o w  the  cons t an t  L@ in 
Eq. [ 2 ] ) .  In  Fig .  12, on the  o t h e r  hand ,  t he  cu rves  do 
not  a p p r o a c h  s t r a i g h t  l ines  a t  a l l  excep t  a t  t he  v e r y  
h ighes t  vo l tages .  This  b e h a v i o r  is in  a g r e e m e n t  w i t h  
e x p e r i m e n t a l  o b s e r v a t i o n s  (15, 21).  

F i g u r e  10 a lso  shows  a n o t h e r  effect, n a m e l y ,  a 
shi f t  of t he se  p a r t i c l e  sizes w h i c h  c o n t r i b u t e  mos t  
to the  o v e r - a l l  l i gh t  emiss ion  w i t h  a v a r i a t i o n  of t h e  
vol tage ,  V. A t  l ow vo l tages ,  on ly  the  f ew  l a r g e s t  
p a r t i c l e s  c o n t r i b u t e  n o t i c e a b l y  to t he  o v e r - a l l  l i g h t  
emiss ion  w h i l e  t he  m a n y  fine p a r t i c l e s  a r e  s t i l l  p r a c -  

t i c a l l y  dead .  I n c r e a s i n g  v o l t a g e  causes  t he  emiss ion  
f r o m  the  fine p a r t i c l e s  to i nc rea se  f a s t e r  t h a n  t h a t  
f r o m  the  coarse  p a r t i c l e s  so t h a t  the  fine p a r t i c l e s  
d o m i n a t e  a t  h igh  v o l t a g e s  b e c a u s e  t h e y  a r e  m o r e  
numerous .  This  d i f fe ren t  c o n t r i b u t i o n  of t he  p a r -  
t i c les  of a r ea l  p h o s p h o r  at  d i f f e ren t  v o l t a g e s  is 
q u a l i t a t i v e l y  we l l  k n o w n  (3, 27) .  

Conclusions 
The  m a i n  r e su l t s  o u t l i n e d  in this  p a p e r  p e r m i t  t he  

fo l lowing  conc lus ion :  
(a )  T h e r e  is a c o r r e l a t i o n  b e t w e e n  the  p a r t i c l e  

size d i s t r i b u t i o n  of an  EL p h o s p h o r  and  the  fo rm of 
i ts  L ( V )  dependence .  The  p a r t i c l e  size d i s t r i b u t i o n  
of c o m m o n  EL zinc sulf ide p h o s p h o r s  can be  deq 
s c r i be d  c lose ly  b y  Eq. [4] ,  and  the  L ( V )  d e p e n d -  
ence  of such  p h o s p h o r  fo l lows  c lose ly  Eq. [2]  ove r  
m a n y  decades  of L. E v e r y  d e v i a t i o n  of t h e  p a r t i c l e  
size d i s t r i b u t i o n  f r o m  Eq. [4]  also causes  a d e v i a t i o n  
of the  L ( V )  d e p e n d e n c e  f r o m  Eq. [2] .  I t  is poss ib l e  
b y  a s u i t a b l e  fo rm of the  p a r t i c l e  size d i s t r i b u t i o n  to 
ob ta in ,  w i t h i n  c e r t a i n  l imi ts ,  a n y  d e s i r e d  fo rm of t h e  
L (V)  d e p e n d e n c e  of a phosphor .  

(b)  The  f u n d a m e n t a l  p rocess  of e l e c t r o l u m i n e s -  
cence,  if g e o m e t r i c a l  c o m p l e x i t i e s  a r e  e l i m i n a t e d ,  
mos t  l i k e l y  fo l lows  Eq. [1] .  

Manuscr ip t  rece ived  Ju ly  29, 1959. This paper  was 
p r e p a r e d  for de l ive ry  before  the  Ph i l ade lph ia  Meeting, 
May 3-7, 1959. 

A n y  discussion of this p a p e r  wil l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the December  1960 
J O U R N A L .  
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Gallium-Arsenide Diffused Diodes 
J. Lowen and R. H. Rediker 

Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 

ABSTRACT 

Gal l ium arsenide has been used to fabricate variable reactance and com- 
puter  diodes which compare favorably with the best commercial ly available 
of germanium and silicon. The diodes have been fabricated by zinc diffusion 
into n - type  gal l ium arsenide. Ohmic contact to the n - type  mater ial  has been 
made with an ant imony-gold  alloy and to the p- type side with indium. Etch-  
ing is used to remove the p- type diffused skin from everywhere  but  under  the 
ind ium contact, thereby forming the mesa and defining the p - n  junc t ion  area. 
Rectification ratios (at 2 v) as high as 101~ have been achieved. The diodes have 
been operated successfully in a variable  reactance amplifier at S -band  (2800 
mcps) and in mil l imicrosecond-switching computer circuits. 

G a l l i u m  arsenide,  because  its ene rgy  gap is l a rger  
t han  t ha t  of silicon, its e lec t ron  mob i l i t y  la rger  t h a n  
tha t  of g e r m a n i u m ,  and  its die lectr ic  cons tan t  
smal le r  t h a n  both  g e r m a n i u m  and  silicon, is a ve ry  
a t t r ac t ive  m a t e r i a l  for use in  h i g h - f r e q u e n c y  as wel l  
as h i g h - t e m p e r a t u r e  devices. Recen t ly  it has been  
repor ted  (1) tha t  the  e lec t ron  la t t ice  sca t te r ing  mo-  
b i l i ty  in  GaAs m a y  be as h igh as 12,000 cm 2 v -1 cm -1 
and  tha t  m a t e r i a l  w i th  e lec t ron  mobi l i t i es  as h igh  
as 6000 cm" v -1 cm -~ is now be ing  produced.  P o i n t -  
contact  ga l l i um a r sen ide  mic rowave  diodes have  
been  repor ted  by  J e n n e y  (2) and  Sharpless  (3) .  
These p o i n t - c o n t a c t  diodes have  opera ted  efficiently 
as first detectors  at 6 K m c  (2),  and  at 11 K m c  and  
60 K m c  (3).  J e n n e y  (4) has descr ibed  the  ve ry  low 
l i fe t ime of the  m i n o r i t y  carr iers  in  p r e sen t l y  ava i l -  
able  ga l l i um arsen ide  and  the consequen t  difficulties 
in  the  f ab r i ca t ion  of conven t iona l  b ipo la r  t rans i s to rs  
f rom the  mater ia l .  This  ve ry  low l i fe t ime,  however ,  
is one of the reasons  for the  v e r y  shor t  swi tch ing  
t imes  (10-8-10 -l~ sec) r epor ted  (2, 3) for the  p o i n t -  
contact  ga l l i um a r sen ide  diode. 

This paper  descr ibes  the  f ab r i ca t ion  t echn iques  
and  e lect r ical  p roper t i es  of ga l l i um arsen ide  diffused 
diodes. These diodes were  des igned for use as v a r i -  
able  capaci tors  in  p a r a m e t r i c  amplif iers.  Because of 
the  low l i fe t ime for m i n o r i t y  car r ie rs  in  the  ga l l i um 
arsenide,  the  diodes also could be used in  h igh - speed  
compute r  appl icat ions ,  since the i r  swi tch ing  t imes  
were  in  the  order  of 10 -9 sec. The rect i f icat ion rat ios  
for these  diodes are orders  of m a g n i t u d e  l a rger  t h a n  
those for p o i n t - c o n t a c t  (2, 3) or a l loy  j u n c t i o n  (5) 
ga l l i um arsen ide  diodes p rev ious ly  repor ted.  

Fabrication 
The fab r i ca t ion  of the  ga l l i um a r sen ide  diffused 

diodes can be d iv ided  into two sets of processes, the  

first set r e la ted  to the  diffusion step, the second i n -  
c lud ing  the a s sembly  of the  diode and  the  m a k i n g  of 
the  ohmic contacts.  

Diffusion is accompl ished in  a sealed qua r t z  a m -  
poule  as shown in  Fig. 1. Al l  componen ts  a re  care-  
fu l ly  etched a nd  washed  before  be ing in t roduced  
into the ampoule .  Refe r r ing  to Fig. 1, the  n - t y p e  
ga l l i um arsen ide  wafe r  which  is about  0.050 cm 
thick has been  cut  f rom s ingle  crys ta l  m a t e r i a l  so 
tha t  fts faces are  p e r p e n d i c u l a r  to the  < 1 1 1 >  di rec-  
t ion. The face s i t t ing  on the  flat quar tz  p la te  has 
been  polished wi th  600 mesh  SiC, bu t  the  exposed 
face has been  pol ished to a m i r r o r  finish, the  final 
abras ive  be ing  0.1 /~ a lumina .  The flat quar tz  p la te  is 
used to avoid the  poss ib i l i ty  of p roduc ing  s t ra ins  in 
the  wafer  d u r i n g  the diffusion cycle. Abou t  250 mg 
of coarse c rushed  ga l l i um arsen ide  is added below 
the  quar tz  p la te  to provide  an  arsenic  a tmosphere  
and  preserve  the  m i r r o r - l i k e  finish du r ing  the  diffu-  
sion. Wi thou t  this  added  ga l l i um arsen ide  the  su r -  
face becomes s ta ined  and  u n d e r  ex t r eme  condi t ions  
of t e m p e r a t u r e  a nd  v a c u u m  shows droplets  of gal -  
l ium.  Abou t  200 mi l l ion ths  of a g r a m  of zinc, the 
p - t y p e  dopant ,  has been  we ighed  into a qua r t z  
cap i l la ry  which  is inse r ted  in to  the ampoule  wi th  
due  p recau t ion  to p r e v e n t  contac t  be t w e e n  the  zinc 
a nd  the ga l l i um arsenide.  The quar tz  ampoules  
which  have  been  used have  a v o l u m e  of abou t  20 

~ QUARTZ AMPOULE 
\ 

~cQRUARTZ PLATE , ~G~ As ,WAFER ~ 
US~HED GoAs ,%?UARTZ CAPILLARYJ 

Z" ZINC PELLETS 
Fig. 1. Sealed diffusion ompoule just prior to being in- 

serted into furnace. 
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ml ;  thus,  the  concen t r a t i on  of zinc in  the  vapor  
phase  d u r i n g  diffusion is a p p r o x i m a t e l y  1017 a t o m s /  
ml. The  loaded qua r t z  ampoule  is a t t ached  to a h igh  
v a c u u m  system, p u m p e d  down  to abou t  5 x 10 -7 m m  
Hg, and  t h e n  sealed off u n d e r  vacuum.  The  hea t ing  
cycle is p r o g r a m m e d  to hea t  to t e m p e r a t u r e  rapid ly ,  
r e m a i n  at  tha t  " temperature  for the  des i red per iod  of 
t ime,  and  to a l low for a slow cool down,  b e t w e e n  
1 - 2 ~  Diodes have  been  fabr ica ted  f rom ga l -  
l i u m  a rsen ide  indiffused wi th  zinc at 650 ~ and  700~ 
and  t imes  of diffusion have  been  va r i ed  f rom 3 to 72 
hr. There  are ind ica t ions  tha t  t e m p e r a t u r e s  as low 
as 600~ can be used. For  a 66-hr  diffusion r u n  at 
650~ we m e a s u r e d  a j u n c t i o n  dep th  of 8 /~, us ing  
a po ta s s ium hydroxide ,  po tass ium fe r r i cyan ide  etch 
to de l inea te  the junc t ion .  

The  zinc indif fused ga l l i um a r sen ide  wafe r  t h e n  is 
diced and  the rough  side l apped  to r emove  the 
p - t y p e  sk in  and  to reduce  the wafe r  th ickness  to be -  
t w e e n  0.003 to 0.005 in. Ohmic  contac t  to this  n - t y p e  
side is m a d e  by  bond ing  in  a h y d r o g e n  a tmosphere  
at  abou t  450~ to an  a n t i m o n y  gold p la ted  K o v a r  
rod. Ohmic  contact  to the  p - t y p e  skin  is m a d e  by  
a l loy ing  in  an  i n d i u m  sphere  0.003-0.005 in. in  d i a m -  
e ter  at 250~176 in  a h y d r o g e n  a tmosphere  w i th  
a l u m i n u m  chlor ide as a flux. The  wafe r  i s  c leaned 
and  t h e n  e tched w i t h  a so lu t ion  of equa l  par ts  of 
HNO~, HAc, and  HF. In  this  e tching  the  p - n  j u n c t i o n  
a rea  is defined since the  p - t y p e  sk in  is r emoved  f rom 
the  die e v e r y w h e r e  bu t  where  it  is masked  by  the  
i n d i u m  al loy contact .  A n  ar t i s t ' s  concept ion  of a sec- 
t ion  t h rough  a comple ted  diode is shown in  Fig. 2. 
This  f igure shows a pressure  contact  to the  ind ium.  

Electrical Properties 
The v o l t a g e - c u r r e n t  charac ter i s t ic  of a diode f ab -  

r ica ted  as descr ibed above is shown  in  Fig. 3. This  
charac ter i s t ic  has  been  p lo t ted  to loga r i thmic  scale 
to show c lea r ly  the  opera t ing  r ange  of the diode. 
Note tha t  be low 5 v the  reverse  c u r r e n t  is less t h a n  
2 x 10 -11 amp and  at 2 v the  rect i f icat ion ra t io  is 
abou t  101~ . For  the  diode of Fig. 3, the  c u r r e n t  in  the  
fo rward  d i rec t ion  obeys to a close a p p r o x i m a t i o n  a n  
I = Io exp (qV/2kT) l aw b e t w e e n  10 -I1 and  10 -~ amp.  
La rge r  area  diodes have  exh ib i t ed  fo rwa rd  charac -  
ter is t ics  where ,  as the  cu r r en t  is increased  the  exp 
(qV/2kT) r e l a t ionsh ip  changes  to exp (qV/kT) 
before  the  ohmic series res i s tance  masks  the  j u n c t i o n  
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propert ies .  This  change  in  exponen t i a l  behav io r  is 
cons is tent  w i th  the  theory  of Sah, Noyce, and  
Shockley  (6) .  

The va r i a t i on  of diode capaci tance  w i t h  vol tage  is 
i l l u s t r a t ed  in  Fig.  4. P lo t t ed  as abscissa is the  ap -  
pl ied vo l tage  p lus  an  assumed j u n c t i o n  b u i l t - i n - p o -  
t en t i a l  of 1.2 v. This  assumed  b u i l t - i n - p o t e n t i a l  has 
been  d e t e r m i n e d  f rom the  i n t e r n a l  contact  po ten t i a l  
ca lcu la ted  f rom the i m p u r i t y  d i s t r ibu t ion .  I t  is wel l  
known,  however ,  t ha t  for g e r m a n i u m  (7) a nd  si l icon 
the  b u i l t - i n - p o t e n t i a l  is u sua l l y  less t h a n  this  i n -  
t e r n a l  contact  potent ia l .  The capac i t ance -vo l t age  
data  is not  sufficiently deta i led  to exc lude  by  r ea -  
son of poor fit to a power  law the use of b u i l t - i n - p o -  
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Fig. 3. Logarithmic presentation of voltage-current charac- 
teristics of GaAs diode. This diode was fabricated from mate- 
rial with o net donor density of 3.5 x 10 TM cm -8 and electron 
mobil i ty ~ 4 0 0 0  cm2/v sec. The diameter of the p-n junction 
was about 0.005 in. 
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Fig. 5. Traveling-wave oscilloscope presentation of the re- 
verse recovery transient for conditions described in text for 
diode of Fig. 3. Also shown is the zero diode current line on 
which two markers 6 m~sec apart have been superimposed. 

t en t i a l s  as low as 0.6 v. Using 1.2 v as shown in  Fig. 
5, the  capac i tance  can be a p p r o x i m a t e d  by  

Co 
C = [1] 

(V ~- 1.2) ~ 

ind ica t ing  tha t  the  p - n  j u n c t i o n  is i n t e rmed ia t e  be -  
t w e e n  an  a b r u p t  j u n c t i o n  whe re  the  V -~/~ l aw applies  
and  the  l i nea r  j u n c t i o n  where  the  V -1/~ l aw applies.  
If a b u i l t - i n - p o t e n t i a l  of 0.7 v is used, on the o ther  
hand,  the  capac i t ance -vo l t age  da ta  can be fit by  a 
V -1/3 law. 

Use as a Variable Capacitor 
A figure of me r i t  tha t  has been  proposed (8) for 

va r i ab le  reac tance  diodes is the  cutoff f r equency  

f~ = (2~rR~Cm,~) -1 [2] 

where  Cm,~ is the  diode capaci tance  (g iven  in  Eq. 
[1] )  jus t  shor t  of b r e a k d o w n  and  Re is the  semi -  
conductor  series b u l k  res i s tance  th rough  which  the  
capaci tance  charg ing  c u r r e n t  m u s t  flow. This  cutoff 
f r e q u e n c y  is the  highest  f r e q u e n c y  for which  the  
qua l i t y  factor  Q of the  va r i ab l e  reac tance  can  be 
u n i t y  or larger .  The  in t r ins ic  va lue  of ga l l i um a r -  
senide as the  semiconduc to r  in  va r i ab le  r eac tance  
diodes lies in  its h igh  e lec t ron  mob i l i t y  even  at  h igh 
doping  levels, which  makes  possible  lower  va lues  
of series resis tance,  R ,  t h a n  can  be achieved in  
e i ther  g e r m a n i u m  or silicon. The  ra t io  of the  cutoff 
f r equency  for diffused diodes of d i f ferent  semicon-  
duc t ing  ma te r i a l s  bu t  of iden t ica l  geomet ry  and  i m -  
p u r i t y  concen t r a t i on  is 

. . . . .  [3] 
~C2 ~2 ~1 

where  E is the  die lect r ic  cons tan t  and  ~ is the  m o -  
b i l i ty  of m a j o r i t y  car r ie rs  i n  the  b u l k  mater ia l .  The  
cutoff f r e q u e n c y  should  be l a rge r  for GaAs t h a n  for 
Si or Ge because  (a)  the  dielectr ic  cons tan t  of 11 for 

GaAs is smal le r  t h a n  the  va lues  of 12 for Si and  16 
for Ge, and  (b)  the  e lec t ron  mob i l i t y  in  GaAs is 
s igni f icant ly  larger ,  and  for ve ry  heav i ly  doped m a -  
te r ia l  (n  > 10 TM cm -~) a lmost  an  order  of m a g n i t u d e  
larger ,  t h a n  tha t  in  g e r m a n i u m  a nd  silicon. The 
compar i son  of cutoff f requenc ies  has b e e n  g iven in  
Eq. [3] a s suming  the  b r e a k d o w n  vol tage  for a g iven 
i m p u r i t y  d i s t r i bu t ion  is i n d e p e n d e n t  of the semi-  
conduc t ing  mater ia l .  Ac tua l ly ,  for the  more  heav i ly  
doped ma te r i a l  (n  > 101~ cm -~) diodes made  of gal -  
l i u m  a rsen ide  seems to exh ib i t  a h igher  b r e a k d o w n  
vol tage  t h a n  s imi la r  diodes of g e r m a n i u m  or silicon. 

The diode whose electr ical  character is t ics  are 
shown in  Fig. 3 and  4 has been  used successful ly  in  
a v a r i a b l e  reac tance  ampli f ier  at S - b a n d  (2800 
mcps) .  I t  had  a cutoff f r e que nc y  m e a s u r e d  at 5 v re -  
verse  bias of about  30 K m c  which  corresponds  to a 
series b u l k  res is tance  of abou t  6.5 ohms. This va lue  
of res i s tance  can be exp la ined  in  t e rms  of a t rue  
b u l k  res i s tance  a lone  if one r e m e m b e r s  tha t  nea r  the 
diffused j u n c t i o n  the res i s t iv i ty  is m u c h  h igher  t h a n  
the  0.04 o h m - c m  res i s t iv i ty  of the  s ta r t ing  m a -  
te r ia l  a nd  tha t  it is in  this  reg ion  (which  is in  the  
mesa)  t ha t  the  diode cross section is l imited.  On the  
o ther  hand ,  con t r ibu t ions  to the res i s tance  by  the 
contacts  canno t  be excluded.  

By f u r t h e r  r e f inements  of t e chn ique  we have been  
able, u s ing  the same res i s t iv i ty  mate r ia l ,  to fabr ica te  
diodes w i t h  about  3 t imes  the  h igh f r e q u e n c y  capa-  
bi l i t ies  of the  diode descr ibed  above (9) .  This  re -  
s is t ivi ty,  however ,  is by  no means  o p t i m u m  for d i -  
odes to be used as va r i ab l e  capacitors.  For  a g iven  
semiconduc to r  the  figure of meri t ,  g iven  in  Eq. [2],  
is r e la ted  to the  ma te r i a l  p roper t ies  by  

Io a n 1~ ~ [4] 

w he r e  n is the ne t  i m p u r i t y  concen t r a t i on  and  ~ is 
the  mobi l i ty .  Lower  res i s t iv i ty  ga l l i um arsen ide  
t h a n  has been  used here  should  y ie ld  s ignif icant ly  
be t t e r  f igures of meri t .  The  fu l l  exp lo i t a t ion  of the  
advan t ages  of this r e l a t i ve ly  n e w  in t e rme ta l l i c  semi-  
conduc tor  for va r i ab le  capaci tors  and  o ther  appl ica-  
t ions  awai t s  a more  a b u n d a n t  supp ly  of good s ingle  
crys ta l  ga l l i um arsen ide  of cont ro l led  resis t ivi ty.  
One  appl ica t ion,  however ,  for which  p resen t  day 
ga l l i um arsen ide  wi th  its v e r y  low m i n o r i t y  car r ie r  
l i fe t ime is e m i n e n t l y  su i ted  is the f a s t - swi tch  com-  
pu t e r  diode. 

Use as a Computer Diode 
Because  of the  ve ry  low l i fe t ime in  the  GaAs now 

avai lable ,  m i n o r i t y  ca r r i e r  s torage wh ich  l imits  the  
swi tch ing  speed in most  g e r m a n i u m  a nd  silicon di -  
odes is min imized .  Diodes, which  were  fabr ica ted  as 
descr ibed above p r i m a r i l y  for use as va r i ab le  ca-  
pacitors,  w h e n  used in  compute r  c i rcui ts  have had 
swi tch ing  t imes  of the  order  of mi l l imicroseconds .  
F i g u r e  5 is a pho tog raph  of the  reverse  recovery  
t r a n s i e n t  as seen on a t r a v e l i n g  wave  oscilloscope of 
the  diode whose charac ter is t ics  are i l l u s t r a t ed  in  
Fig. 3 a nd  4. The diode was  swi tched  f rom 10 ma  
f o r w a r d  c u r r e n t  to 5 v reverse  bias w i th  a loop im-  
pedance  of 120 ohms. The  t ime  to recover  to 1 ma  
reverse  c u r r e n t  is less t h a n  3 m~sec. 
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ABSTRACT 

Silicon te t rach lor ide  m a y  be purif ied using adsorpt ion  columns filled wi th  
hydrous  oxides  or  silicates.  Hydrogen  reduct ion  of this  purif ied ha l ide  leads to 
h igher  pu r i ty  sil icon than  is ob ta inable  otherwise.  Data  for  the adsorpt ion  
efficiency of var ious  mate r i a l s  are  presented  using in f ra red  spectroscopy and 
radioact ive  t racer  techniques as the basis of comparison.  

S e v e r a l  m e t h o d s  c u r r e n t l y  in use  for  t he  p r e p a -  
r a t i o n  of h i g h - p u r i t y  s i l icon r e q u i r e  s i l icon t e t r a -  
ch lo r ide  as a source  ma te r i a l .  The  q u a l i t y  of t he  
s i l icon o b t a i n e d  d e p e n d s  on the  p u r i t y  of the  s i l icon 
t e t r a c h l o r i d e  used,  bo ron  and  p h o s p h o r u s  ch lo r ides  
be ing  the  r e s i d u a l  i m p u r i t i e s  of mos t  concern .  R e -  
m o v a l  of t he se  i m p u r i t i e s  u s u a l l y  has  been  a c c o m -  
p l i s h e d  b y  d i s t i l l a t i on  m e t h o d s  in  c o n j u n c t i o n  w i t h  
c o m p l e x i n g  a d d i t i v e s  (1 -3 ) .  S u c h  a d d i t i v e s  r e a c t  
w i t h  bo ron  and  p h o s p h o r u s  ch lo r ides  to fo rm low 
v a p o r  p r e s s u r e  c o m p o u n d s  w h i c h  r e m a i n  in t he  s t i l l  
d u r i n g  d i s t i l l a t ion .  

A n e w  m e t h o d  for  t he  pu r i f i ca t ion  of s i l icon  t e t r a -  
ch lo r ide  us ing  co lumns  f i l led w i t h  h y d r o u s  a d s o r b -  
en t s  has  l ed  to s ign i f i can t ly  b e t t e r  resu l t s .  I t  ha s  
been  f o u n d  t h a t  boron  and  phospho rus ,  as we l l  as  
h e a v y  m e t a l  ch lor ides ,  a r e  r e m o v e d  eff ic ient ly  b y  
adso rp t ion .  H y d r o g e n  r e d u c t i o n  of t h e  pur i f i ed  s i l i -  
con t e t r a c h l o r i d e  to p r o d u c e  s i l icon rods,  f o l l owed  
b y  f loa t ing -zone  ref in ing,  has  r e s u l t e d  in p - t y p e  
c r y s t a l s  w i t h  r e s i s t i v i t i e s  above  8000 o h m - c m  and  
m i n o r i t y  c a r r i e r  l i f e t imes  of 1 msec.  Us ing  d i s t i l l a -  
t ion  m e t h o d s  for  pur i f i ca t ion ,  c o m p a r a t i v e  rods  h a v e  
r e s i s t i v i t i e s  of a b o u t  1000 o h m - c m  a n d  l i f e t imes  of 
t he  s ame  o r d e r  as those  o b t a i n e d  w i t h  t he  p u r e r  s i l i -  
con. 

I n  e s t ab l i sh ing  the  bes t  a d s o r p t i o n  t echn iques  for  
t h e  pu r i f i ca t ion  of s i l icon  t e t r a c h l o r i d e ,  i t  was  neces -  
s a r y  to e v a l u a t e  v a r i o u s  c lasses  of adso rben t s .  S ince  
h y d r o g e n  r e d u c t i o n  a n d  f l oa t i ng -zone  ref in ing  a r e  

t i m e  consuming ,  s e v e r a l  a n a l y t i c a l  m e t h o d s  w e r e  
d e v e l o p e d  for  these  eva lua t ions .  I n f r a r e d  a b s o r p t i o n  
spe c t ro sc opy  was  used  for  the  de t ec t ion  of BCI~ and  
PCI~ in SiCL. In  t he  case  of phosphorus ,  PCI~ con-  
t a in ing  r a d i o a c t i v e  P32 w i t h  a ha l f  l i fe  of 14 d a y s  
also was  used  for  de tec t ion .  

Evaluation of Adsorbents by Infrared Analysis for 
BCI3 and PCI3 in SiCI4 

I n f r a r e d  s p e c t r a  r e v e a l e d  t h a t  BCI~ h a d  a c h a r -  
ac te r i s t i c  b a n d  at  1313 cm -1, and  PC18 h a d  a ser ies  of 
bands  at  1415, 1368, and  1345 cm-L SIC1, does  not  a b -  
sorb  in  t hese  reg ions .  F o r  c a l i b r a t i o n  pu rposes ,  a 
ser ies  of SiCl~ s t a n d a r d s  con ta in ing  k n o w n  a m o u n t s  
of BCl~ a n d  PCI~ w a s  p r e p a r e d  and  ana lyzed .  S t r i c t  
a d h e r e n c e  to  Bee r ' s  l a w  was  no t  o b s e r v e d  d u e  to 
m o l e c u l a r  i n t e r a c t i o n  b e t w e e n  BCI~ and  PC18, and  
the  r e su l t s  a r e  t h e r e f o r e  s e m i q u a n t i t a t i v e  w i t h  a d e -  
t ec t ion  s e n s i t i v i t y  of 0.01%. Us ing  th is  de t ec t i on  
m e t h o d  and  w o r k i n g  w i t h  SIC1, con t a in ing  1% each  
of BCI~ a n d  PC18, i t  was  poss ib l e  to e v a l u a t e  t h e  
r e l a t i v e  efficiencies of  v a r i o u s  a d s o r b e n t s  for  t h e  r e -  
m o v a l  of t he se  impur i t i e s .  A l t h o u g h  the  . concent ra -  
t ions  of i m p u r i t i e s  n o r m a l l y  f o u n d  in SIC14 a r e  m u c h  
l o w e r  t h a n  the  de t ec t i on  l i m i t  of  0.01%, the  a b o v e  
m e t h o d  gave  m u c h  v a l u a b l e  i n f o r m a t i o n  c onc e rn ing  
the  pu r i f i ca t ion  eff iciency of va r i ous  adso rben t s .  

In  i n i t i a l  e x p e r i m e n t s ,  s i l ica  gel,  a c t i v a t e d  a l u -  
mina ,  coconut  charcoa l ,  a n d  " m o l e c u l a r  s i eves"  ( so-  
d i u m - c a l c i u m - a l u m i n o  s i l i ca te )  w e r e  e v a l u a t e d  for  
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Table I. Purification of SiCh containing 1% PCI8 and BCh 
by various adsorbents 

A d s o r b e n t  

F i r s t  10 cc R e m a i n i n g  d r a i n -  
e l u t e d  a b l e  f r a c t i o n s  

BCls,  PCla , "  " BCls,  PCl~, 
To % % %- 

Silica gel 6-16 mesh <0.01 <0.01 <0.01 <0.01 

Activated alumina 8-14 <0.01 <0.01 <0.01 <0.01 
mesh 

Coconut charcoal 6-14 <0.01 0.1 0.1 0.1 
mesh 

Molecular sieves (so- 1.0 <0.01 1.0 1.0 
dium calcium alumino 
silicate) 1/16 in. pel- 
lets 

the  r e m o v a l  of BCL and  PCI~ f rom SiCL. P r io r  to use, 
the  adsorben ts  we re  ac t iva ted  b y  t r ea t ing  in  a i r  a t  
270~ for 16 hr. The adsorben t s  t hen  were  added  to 
50 ml  bu re t t e s  to form co lumns  0.4 in. in  d i ame te r  
and  10 in. long. T h i r t y  mi l l i l i t e r s  of SiCL con ta in ing  
1% each of BC13 and  PCL were  a l lowed to dr ip  in to  
the  co lumns  at the  ra te  of 1 m l / m i n .  Af te r  s t and ing  
1 hr, 10 ml  samples  were  d r a ined  f rom the  bu re t t e s  
at  a ra te  of 0.8 m l / m i n .  A second set of samples  com-  
pr i s ing  the  r e m a i n i n g  d r a i n a b l e  SIC14 ( app r ox i -  
m a t e l y  12 ml)  was collected also. Al l  samples  t h e n  
were  ana lyzed  by  the  i n f r a r e d  absorp t ion  techn ique ,  
w i th  the  resul t s  shown  in  Tab le  I. I t  is a p p a r e n t  
f rom these resul t s  tha t  the  hydrous  oxides of sil ica 
and  a l u m i n a  are qui te  effective for r emova l  of BCL 
and  PCL f rom SiCL, the o ther  adsorben t s  be ing  r e l a -  
t i ve ly  ineffective.  

In  add i t ion  to the  above,  va r ious  classes of adsorb -  
ents, i nc lud ing  ion exchange  resins,  were  tes ted for 
adsorp t ion  of BCI~ and  PCL f rom SiCL us ing  the  i n -  
f r a red  technique .  In  a n u m b e r  of ins tances  des i red 

ma te r i a l s  were  not  r ead i ly  avai lable ,  and  in these 
cases, t hey  were  p r e p a r e d  specially.  Whe r e  possible, 
the  adsorben ts  were  p rec ip i t a t ed  in  ge la t inous  fo rm 
for m a x i m u m  surface area. The methods  of p r e p a r a -  
t ion  used are l is ted in  A p p e n d i x  I. 

In  the  case of ion exchange  resins,  whi le  SIC14 
solut ions  are  essen t ia l ly  nonionic ,  phys ica l  adsorp-  
t ion  of impur i t i e s  on these  res ins  seemed possible, 
s ince t hey  are porous  and  have  a h igh  surface area. 
Because such res ins  n o r m a l l y  are  f u r n i she d  in  a 
mois t  condit ion,  p r ior  to use wi th  SiCL, it  was neces-  
sa ry  to r emove  the  w a t e r  by  d r y i n g  in  a v a c u u m  
desiccator.  Af te r  severa l  days of p u m p i n g ,  these m a -  
ter ia ls  no longer  hydro lyzed  SIC1, a nd  were  t hen  in  
sa t i s fac tory  condi t ion  for adsorp t ion  studies.  

In  tes t ing  the adsorp t ion  efficiencies of the var ious  
mater ia l s ,  5 cc of solid adsorbent ,  ac t iva ted  as l is ted 
in  Tab le  II, were  added  to 20 ml  of SiCL con ta in ing  
1% each of BCL a nd  PCL. The  m i x t u r e s  were  shaken  
i n t e r m i t t e n t l y  for 1 hr, a f ter  which  the  SiCL was 
fi l tered th rough  glass wool a nd  ana lyzed  by i n f r a -  
red  spectroscopy. Resul t s  are s u m m a r i z e d  in Tab le  
II. 

I t  wi l l  be seen tha t  hyd rous  oxides and  silicates 
adsorb bo th  BCL and  PCI~ f rom SiCL. Those m a t e -  
r ia ls  which  were  in  gel fo rm were  most  effective, 
p r o b a b l y  due to the i r  la rge  surface  area. D e h y d r a -  
t ion  of severa l  of the  act ive oxides des t royed the i r  
adsorp t ion  efficiency, sugges t ing  t ha t  chemisorp t ion  
i nvo l v i ng  OH group ings  is at  leas t  a pa r t  of the  
pur i f ica t ion  mechan i sm.  Ion exchange  resins  were  
inope ra t ive  for the  r e m o v a l  of bo ron  and  phos-  
phorus  chlorides.  

Adsorption Studies Using Radioactive PCI3 and 
PCI5 in SiCI4 

In  d e t e r m i n i n g  the  effectiveness of adsorpt ion  
co lumns  for the r e m o v a l  of phosphorus  chlorides 

Table II. Purification of SiCI, containing 1% BCI3 and PCh by various adsorbents 

PCh, BCls, 
Adsorbent Activation % % 

Silica gel 270~ hr 0.01 <0.01 
6-14 mesh 

Silica gel 1000~ hr 1 1 
6-14 mesh deactivated 

Silica gel from hydrolyzed SiCL 270~ hr <0.01 <0.01 
Mg (OH) ~ powdered 120~ hr 0.01 0.01 
MgO anhydrous 120~ hr 1 1 
CaO 270~ hr 1 1 
CaCO3 270~ hr 1 1 
Fe (OH) ~ gel 270 ~ hr <0.01 <0.01 
TiO2 gel 270~ hr <0.01 <0.01 
Fullers earth 120~ hr <0.01 <0.01 
Tungstic acid - -  0.i 0.1 
Cellite ~545 120~ hr 0.i 0.1 

(treated diatomaceous earth) 
Decalso 120~ hr 0.I 0.I 

(alumino silicate gel) 
Zeo Dur 25~ dried 0.01 0.01 

(hydrous silicate greensand) 
Permutet H-70 25~ dried 1 i 

(carboxylic acid resin) 
Permutet Q 25~ dried 1 I 

(sulfonated polystyrene) 
Permutet S-2 25 ~ C-vacuum dried i 1 

(quarternary amine polystyrene) 
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f rom SiCL, solut ions  con t a in ing  0.001% by  v o l u m e  
of PCI~ con ta in ing  rad ioac t ive  P32 were  used. Whe r e  
desired, the  PC1, was  conver ted  to PCL b y  the  addi -  
t ion  of C1, to the  SiCI, solut ion.  In  these studies,  s am-  
ples of the  e luen t  we re  ana lyzed ,  and  au to rad io -  
graphs  of the  co lumns  were  made.  The  detec t ion 
sens i t iv i ty  for phosphorus  in the  SiCL was  in i t i a l ly  
1 x 10-" mole  %. In  this  work,  ac t iva ted  a l u m i n a  and  
silica gel were  used as the  adsorbents ;  these  were  
ac t iva ted  by  hea t ing  in  air  pr ior  to use at  270~ for 
18 hr. The  in i t i a l  exp lo ra to ry  work  was  done w i th  
0.4 in. d i ame te r  x 10 in. long co lumns  in  50 ml  
bu re t t e s  us ing  6-14 mesh  adsorbents .  In  these ex-  
pe r imen t s ,  au to rad iographs  showed tha t  the  PCL 
was dispersed t h r o u g h o u t  the  adsorbents ,  sugges t ing  
tha t  c h a n n e l i n g  of the  l iqu id  was  occur r ing  in  the  
co lumns  r e su l t ing  in  some e lu t ion  of PCL. To p r e -  
v e n t  channe l ing ,  f iner adsorben t s  were  requ i red ,  and  
all  subsequen t  e x p e r i m e n t s  were  done w i th  80-200 
mesh  adsorbents .  For  these  exper imen t s ,  columns,  
such as the  one shown  in  Fig. 1, were  used. Wi th  
these  columns,  the  SiCL was  a l lowed to dr ip  t h r ough  
the  adso rben t  at  a r a t e  of abou t  1 c c / m i n  un t i l  a 
l iqu id  head  formed in  the  top of the  tube .  The col- 
u m n  t h e n  was a l lowed to equ i l i b ra t e  for several  
hours  before  sample  col lect ion was  b e g u n  at a r a t e  
of 1 m l / m i n ,  con t ro l l ab le  wi th  the Teflon va lve  in 
the appara tus .  Rad ioac t iv i ty  m e a s u r e m e n t s  on s am-  
ples of e luen t  t a k e n  d u r i n g  the  purif icat ion,  and  
au to rad iographs  of the  co lumns  were  m a d e  at the  
end of each expe r imen t .  Table  I I I  gives a s u m m a r y  
of the ana ly t i ca l  da ta  ob ta ined  wi th  va r i a t ions  of the  
adsorp t ion  pract ice.  I t  wi l l  be  seen tha t  u s ing  60-200 
mesh  silica gel or ac t iva ted  a l u m i n a  e l im ina t ed  the 
c h a n n e l i n g  found  wi th  the  6-14 mesh  adsorbents ,  
and  in  consequence,  be t t e r  phosphorus  r emova l  was  
obta ined.  Au to rad iog raphs  of the  co lumns  con t a in -  
ing the  f iner  adsorben t s  showed tha t  the  phosphorus  
was  b a n d e d  for a d i s tance  ex t end ing  3 in. d o w n  f rom 
the  top, no phosphorus  be ing  detec ted  be low this  
point .  

In  the  course of this  work,  as shown in  Tab le  III, 
it was  found  tha t  best  resul t s  were  ob ta ined  w h e n  
the  SiCI~ con ta ined  f ree  chlor ine  or a combina t ion  
of ch lor ine  and  a l u m i n u m  chloride pr ior  to adsorp-  
t ion puri f icat ion.  In  these  cases, 10 ml  of l i qu id  chlo-  
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Fig. 1. Adsorption column for purification of SiCh 

r ine  per  l i ter  of SiCL were  added;  w h e r e  AlCl3 was  
used, 30 g/1 of g r a n u l a r  a n h y d r o u s  A1CL were  added.  
Af te r  s t and ing  overn ight ,  the  und i s so lved  A1C1, was  
f i l tered off. The purpose  of the chlor ine  add i t ion  was 
to conver t  PCI~ to PCL. The  use  of A1CI~ resu l t s  in  
the  fo rma t ion  of the  coord ina t ion  compound,  
PCL.A1CL (2 ,4 ) .  Using e i ther  of these  p r e t r e a t -  
merits, w i th  ac t iva ted  a l u m i n a  as the  adsorben t ,  no 
phosphorus  was  detec ted  in  the  e luen t  af ter  3525 
ml  had  passed t h r ough  the  columns.  In  bo th  cases 
t igh t  b a n d i n g  of the  phosphorus  was observed  at  the  
top of the  columns.  The w i d t h  of this b a n d  increased  
wi th  the q u a n t i t y  of SiCL e lu ted  and  af ter  3525 m l  
had  passed t h r o u g h  e x t e n d e d  down  f rom the  top of 
the  co lumn  for a d i s tance  of abou t  1 in. For  phos-  
phorus  removal ,  no a d v a n t a g e  was  found  in  add ing  
A1C13 in  c on j unc t i on  w i th  the  chlorine.  However ,  for 
reasons  no t  comple te ly  unders tood ,  use of the  com-  
b ina t i on  of A1CL and  CL in  the  pur i f ica t ion  of SiCL 
leads to si l icon lower  in  boron.  It  has been  observed  
tha t  bo th  PCL and  PCL fo rm coord ina t ion  compounds  
w i th  BCL. The  complex  BCL. PC15 has a so lub i l i ty  of 
abou t  0.033 mole  % in  SIC1, and  sub l imes  be low 
100~ It  m a y  be t ha t  the  A1CL breaks  this  com-  
p lex  by  f o r mi ng  A1C1..PCL, thus  f ree ing  the  BC1, 

Table III. Purification of SiCL containing 0.001% radioactive PCI, by adsorption on silica gel and activated alumina 

Q u a n t i t y  of  
S i C h  e lu ted ,  Mole  % P 

A d s o r b e n t  A d d i t i v e  m l  in  e l u e n t  A u t o r a d i o g r a p h  r e su l t s  

Silica gel - -  185 9.8x10 -~ Adsorption spotty throughout  column channel ing  
6-16 mesh of SIC1, 

Activated a lumina  - -  185 - -  As above 
6-14 mesh 

Silica gel - -  185 
60-200 mesh 

Activated a lumina  - -  185 
80-200 mesh 

1500 
CL* 3525 

C12+ 3525 
A1CL* 

Activated a lumina  
80-200 mesh 

Activated a lumina  
80-200 

6.9x10 -6 

Not detected 
<7.7x10 -s 

4.2x10 -~ 
Not detected 

<8.6x10 -7 
Not detected 

<8.4x10 -8 

Banding of PCL top 3 in. of column 

As above 

Tight band extending 1 in. down column 

As above 

* 10 m l  of l i q u i d  c h l o r i n e  pe r  l i ter ,  a n d  30 g AlCl8 p e r  l i t e r  o f  SIC14 w e r e  used.  
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for more  effective adsorpt ion.  These complexes  of 
phosphorus  and  boron  chlor ides  also m a y  be the  
source of the  difficulty n o r m a l l y  encoun t e r ed  in dis-  
t i l l a t ion  p rocedures  for the  r emova l  of these  i m -  
pur i t ies .  

Removal of Heavy Metal Chlorides and Sulfur 
Compounds from SiCI4 

In  opera t ing  adsorp t ion  columns,  such as shown 
in  Fig. 1, filled w i th  e i ther  ac t iva ted  a l u m i n a  or 
silica gel, it is observed  tha t  a f ter  severa l  l i ters  of 
SIC1, have  been  eluted,  a b r o w n  b a n d  forms at the  
top of the  c o l u m n  for a d is tance  of about  1/2 in. This  
b a n d  g r a d u a l l y  b roadens  w i th  con t inued  use. Spec-  
t rochemica l  ana lys i s  of the  adso rben t  in  the  b a n d e d  
region  shows t races  of B, Cu, Fe, Mn, and  Mg. These 
impur i t i e s  are  no t  de tec ted  lower  in the  c o l u m n  and  
are not  de tec tab le  in  hydro lyzed  samples  of the in i -  
t ia l  SIC1,. These resul t s  c lea r ly  indica te  tha t  the  ad-  
sorpt ion t e chn ique  is qu i te  effective in  r e m o v i n g  
heavy  me ta l  chlorides f rom SiCL. 

C o m m e r c i a l l y  ava i l ab le  SiCL may  con ta in  su l fu r  
compounds  at  mole ra t ios  as h igh as 1.1 x 10 -4. These 
compounds ,  p r o b a b l y  SiCI~HS and  SiCI~S, l ibe ra te  
H~S on hydro lys i s  of the  SiCL, and  this m a y  be used 
as a basis  of detect ion.  Whi l e  adsorp t ion  methods  re -  
move  these  compounds ,  it  is exped ien t  to reflux the  
SiCI~ wi th  copper  t u r n i n g s  for 16 hr  p r ior  to co lumn  
purif icat ion,  wh ich  effect ively removes  the  sulfur .  
S u l f u r  compounds  in  SIC1, react  wi th  copper to fo rm 
b lack  CuS. In  the  absence  of sulfur ,  the  copper  t u r n -  
ings r e m a i n  br ight .  

Summary 
I t  has been  shown  tha t  adsorp t ion  co lumns  filled 

w i th  hydrous  oxides or si l icates offer an  a t t r ac t ive  
me thod  of p u r i f y i n g  SIC1, for use in  the  p r e p a r a t i o n  
of ve ry  h i g h - p u r i t y  silicon. In  us ing  the  method,  the  
SiCI~ is first ref luxed wi th  copper  t u r n i n g s  to r emove  
su l fu r  compounds .  I t  is t h e n  p r e f e r a b l y  t r ea ted  wi th  
A1CI~ and  CI~ and  passed t h rough  an  adsorp t ion  
co lumn  con t a in ing  e i ther  ac t iva ted  a l u m i n a  or silica 
gel. The  pur i f ied SiCL con ta ins  CI., which,  if ob-  
jec t ionable ,  m a y  be r emoved  by  re f lux ing  in  a 
s t r eam of d ry  n i t r ogen  or hydrogen .  On reduc t ion  
of the  pur i f ied SiCI~ in  h y d r o g e n  on t a n t a l u m  tubes,  
po lyc rys t a l l i ne  rods su i t ab le  for f loa t ing-zone  ref in-  
ing are  obta ined.  Af te r  r emova l  of the t a n t a l u m ,  
such rods, if g iven  severa l  zone passes in  d ry  h y d r o -  
gen, are n - t y p e  wi th  a res i s t iv i ty  of 50-100 o h m - c m  
in  the  reg ion  of the crys ta l  whe re  ref ining does no t  
occur. S u b s e q u e n t  zone ref in ing to e l imina t e  the  
donors,  p r i nc ipa l l y  phosphorus ,  resul ts  in  p - t y p e  si l i-  
con wi th  res is t iv i t ies  above  8000 ohm-cm.  Af t e r  two 
zone passes, the  l i fe t imes  of the  crysta ls  are  of the  
order  of 1 msec and  no ev idence  of t r app ing  centers  
is found.  S u b s e q u e n t  re f in ing  does not  f u r t h e r  i m-  
prove  the  l i fet ime.  

The  source of the  phosphorus  in  this  si l icon is not  
known.  It  is u n l i k e l y  tha t  the  phosphorus  or ig ina tes  
f rom the  pur i f ied SiCL in  v iew of the r ad ioac t iv i ty  
resul ts ,  which  show t igh t  b a n d i n g  of phosphorus  at  
the top of the  co lumn  and  no de tec table  phosphorus  
in  the  e luent .  It  seems p robab l e  tha t  the donors  are  
i n t roduced  d u r i n g  the  r educ t ion  process e i the r  f rom 

the  reac tan ts  or the appa ra tu s  itself. 
A l though  a de ta i led  s tudy  has no t  been  made,  e x -  

p lo ra to ry  e xpe r i me n t s  indica te  tha t  co lumn  methods  
us ing  hydrous  oxides as adsorben t s  can pu r i fy  o ther  
hal ides  such as SiHCI~ and  GeC1, effectively. A t -  
t empts  to pu r i fy  SiL by  pass ing  t h r ough  a hea ted  
co lumn,  or by  d issolv ing the  iodide in  n - h e p t a n e  or 
to luene  pr ior  to c o l u m n  elut ion,  have  not  been  p r o m -  
ising. SiL reacts  w i th  the  adsorben ts  t r ied  (ac t iva ted  
a l u m i n a  and  silica gel)  wi th  the  l ibe ra t ion  of iodine.  
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APPENDIX I 
Method of Preparing Various Adsorbents 

Silica gel from hydrolyzed SiCL.--Fifty millil i ters of 
SiCh were hydrolyzed in 500 ml of deionized water at 
0~ An opalescent l iquid was obtained which set to a 
gel in  about 2 hr. After  aging overnight,  the gel was 
broken up and washed copiously to remove the HC1 
formed during hydrolysis. The gel was dried for 2 days 
in a vacuum desiccator followed by air drying at 100~ 
for 24 hr and activation at 270~ for 18 hr. 

Silica gel anhydrous.--Commercial silica gel, 6-14 
mesh, was deactivated at 1000~ for 18 hr in air with a 
weight loss of 5.2%. 

MgO and Mg(OH)~.--Anhydrous  MgO powder was 
heated for 18 hr at 120~ prior to use as an adsorbent. 
To hydrate  this oxide, a batch of the above MgO was 
dissolved in 6N HC1 and filtered. The clear solution 
was made alkaline with ammonium hydroxide to pre-  
cipitate Mg (OH)2. This was filtered, washed, and dried 
at 120~ The resul t ing hard cake of Mg(OH)~ was 
crushed in an agate mor tar  and dried for 4 hr at 120~ 
before use. 

Titania gel.---Twenty-five milli l i ters of tetraisopro- 
pyl  t i tanate were stabilized against  rapid hydrolysis 
with 5 ml of 12N HC1. To the above solution, 75 ml  of 
I-I~O were added and the mixture  heated to 80~ Am-  
monium hydroxide then was added unt i l  a curdy gela- 
t inous precipitate formed. After s tanding for several 
hours, the gelatinous mass was made strongly alkal ine 
with ammonium hydroxide. The curd then was aged 
overnight,  washed free of ammonia,  and dried for 24 
hr in  a vacuum desiccator. This was followed by air 
drying at 120~ and activation for 18 hr at 270~ 

Fe(OH)8 gel.--Fe(OH)~ was dissolved in a small  
excess of 6N HC1 and the solution filtered. This was 
made strongly alkal ine with NH,OH precipitat ing 
gelatinous Fe(OH)8. After  aging overnight,  the pre-  
cipitate was filtered, washed free of NH~OH and NH4C1, 
and dried overnight.  It then was dried for 24 hr at 
120~ and activated at 270~ for 4 hr  



Purification of Tantalum Obtained by Vacuum Arc Melting 
/Vi. L. Torti 

National Research Corporation, Cambridge, Massachusetts 

ABSTRACT 

The pures t  commerc ia l ly  avai lab le  t an t a lum powder  was consol idated by  a 
single, vacuum, consumable -a rc  mel t ing  opera t ion  y ie ld ing  ingots of cons ider -  
ab ly  h igher  pu r i t y  than  the or iginal  powder .  In te r s t i t i a l  and  meta l l ic  impur i t y  
analyses  are  presented  for  a large  number  of heats  made  under  consistent  con- 
ditions of ingot  and e lec t rode  size, arc current ,  and furnace  pressure .  The effect 
of carbon addi t ion to an oxygen - r i ch  s ta r t ing  ma te r i a l  was invest igated,  and 
the op t imum ca rbon-oxygen  ra t io  for  m a x i m u m  ref inement  has been located 
approx imate ly .  Under  favorab le  conditions,  the  oxygen content  is reduced  by  
app rox ima te ly  one order  of magni tude .  

T a n t a l u m  m e t a l  has  t r a d i t i o n a l l y  b e e n  p r o d u c e d  
b y  the  p o w d e r  m e t a l l u r g y  r o u t e  in w h i c h  a l e n g t h y  
h i g h - t e m p e r a t u r e  v a c u u m  s in t e r ing  t r e a t m e n t  is 
u t i l i zed  fo r  re f in ing  to the  p u r i t y  n e c e s s a r y  fo r  f a b -  
r ica t ion .  

The  g e n e r a l  ex t ens ion  of v a c u u m  arc  m e l t i n g  as a 
m e t h o d  for  conso l i da t i ng  the  r e f r a c t o r y  m e t a l s  has  
p r o m p t e d  a w i d e  i n t e r e s t  in  t he  a rc  m e l t i n g  of t a n t a -  
lum.  A l t h o u g h  f a b r i c a b l e  ingots  h a v e  been  p r o d u c e d  
f r o m  t a n t a l u m  p o w d e r  of c o n v e n t i o n a l  p u r i t y ,  t he  
p u r i t y  and  d u c t i l i t y  of these  ingo t s  has  no t  m a t c h e d  
good s i n t e r e d  b a r  m a t e r i a l .  I ndeed ,  d o u b t  is c o m -  
m o n l y  e x p r e s s e d  as to w h e t h e r  a n y  r e f i n e m e n t  a t  a l l  
occurs  d u r i n g  a rc  me l t i ng .  

W h e n  a r e l a t i v e l y  p u r e  t a n t a l u m  p o w d e r  b e c a m e  
c o m m e r c i a l l y  a v a i l a b l e  t he  a r c  m e l t i n g  p r o c e d u r e  
ga ined  n e w  promise .  Ingo t s  a r e  n o w  be ing  p r o d u c e d  
b y  a s ing le  m e l t  w h i c h  can  be  f a b r i c a t e d  cold  f r o m  
ingot  to 0.0005 in. t h i c k  s t r ip  w i t h o u t  i n t e r m e d i a t e  
annea ls .  T h e  e x c e l l e n t  d u c t i l i t y  a n d  s u p e r i o r  p u r i -  
t ies  a r e  d u e  in a l a r g e  d e g r e e  to  t he  i n i t i a l  p u r i t y  of 
the  t a n t a l u m  p o w d e r .  H o w e v e r ,  s u b s t a n t i a l  pu r i f i c a -  
t ion does  occur  d u r i n g  a rc  m e l t i n g  w i t h  r e s p e c t  to 
bo th  i n t e r s t i t i a l  and  m e t a l l i c  impur i t i e s .  

Description of Equipment and Procedure 
A l l  m e l t i n g  was  done  in a c o n v e n t i o n a l  c o l d - m o l d  

arc  fu rnace .  P o w e r  w a s  s u p p l i e d  b y  a b a n k  of w e l d -  
ing g e n e r a t o r s  c apab l e  of  s u p p l y i n g  5600 amp.  A 
1000 C F M  m e c h a n i c a l - b o o s t e r  h i g h - v a c u u m  p u m p ,  
b a c k e d  b y  a 100 C F M  m e c h a n i c a l  p u m p ,  c o m p r i s e d  
the  p u m p i n g  sys tem.  This  s y s t e m  b l a n k s  off b e l o w  
1 ~ and  has  a p u m p i n g  speed  of ove r  1000 C F M  b e -  
t w e e n  10 a n d  1000 #. A n o m i n a l  4 in. d i a m e t e r  cold  
mo ld  was  used.  S ince  d o u b l e  e x t r a  h e a v y  copper  
p ipe  was  i n s t a l l e d  as t he  m o l d  l ine r ,  t he  a c t u a l  
i n n e r  m o l d  d i a m e t e r  w a s  3.5 in. Me l t  s tock  was  
N a t i o n a l  R e s e a r c h  C o r p o r a t i o n  m e l t i n g  g r a d e  t a n t a -  
l u m  p o w d e r  - -12 +325  mesh.  Bar s  la/~ to 2 in. in  
d i a m e t e r  w e r e  h y d r o s t a t i c a l l y  p r e s s e d  f r o m  th i s  
powde r .  T h e s e  ba r s  w e r e  g iven  a qu ick  p r e m e l t i n g  

t r e a t m e n t  in  w h i c h  d i r e c t  r e s i s t ance  h e a t i n g  w a s  
used  to hea t  the  b a r s  to 1500~ for  a p p r o x i m a t e l y  
1 ra in  in  va c uum.  This  o p e r a t i o n  d i m e n s i o n a l l y  s t a -  
b i l izes  t he  b a r s  a n d  i m p r o v e s  t he  a l r e a d y  e x c e l l e n t  
g r e e n  s t r eng th .  No s ign i f ican t  pu r i f i ca t i on  is o b -  
t a i n e d  for  such a shor t  h e a t i n g  per iod .  The  b a r s  a r e  
t h e n  w e l d e d  in to  t he  e l e c t r o d e  us ing  a t u n g s t e n  
p e r m a n e n t  e l ec t rode  in an  a r g o n  a t m o s p h e r e .  S t rong ,  
duc t i l e  w e l d s  a r e  o b t a i n e d  on h i g h - p u r i t y  p o w d e r .  
B r i t t l e  w e l d s  m a y  occur  if p o w d e r  c on t a in ing  ove r  
1000 p p m  to t a l  i n t e r s t i t i a l  i m p u r i t i e s  is used.  

Mel t s  w e r e  r u n  at  30 v, 4500-5000 a m p  u n d e r  2-5 
p r e s s u r e  m e a s u r e d  in t he  f u r n a c e  body .  A m e l t i n g  

r a t e  of  0.5 l b / m i n  r e su l t ed .  This  c o r r e s p o n d s  to a 
p o w e r  i n p u t  of a p p r o x i m a t e l y  4.5 k w h / l b .  The  
m o l t e n  poo l  was  s t i r r e d  b y  a 500 t u r n  d - c  a d j u s t -  
a b l e - a m p e r a g e  s t i r r i n g  coil. N o r m a l l y  3 a m p  w a s  
suff icient  to s t ab i l i ze  t he  a rc  a n d  g e n t l y  s t i r  t he  poo l  
w i t h o u t  u n d u e  ag i t a t ion .  A t  t h a t  a m p e r a g e  t h e  
m e a s u r e d  m a g n e t i c  f ield in t h e  c e n t e r  of t h e  e m p t y  
m o l d  is 40 gauss .  

D u r i n g  m e l t i n g  the  a rc  is o b s e r v e d  v i sua l ly .  A 
th in  f i lm of d e p o s i t e d  v a p o r  is seen  a b o v e  the  me l t .  
Th is  l a y e r  is p a r t i a l l y  d r i v e n  a h e a d  of  t h e  m e l t  l e v e l  
a n d  p a r t i a l l y  r e d i s s o l v e d  in  t he  me l t ,  r e s u l t i n g  in  
t h e  h i g h e r  i m p u r i t y  l eve l s  r e p o r t e d  fo r  t he  i ngo t  
tops.  

T h e  70-90 lb  ingo t s  a r e  l a t h e  cond i t ioned ,  t h e n  
s l ices  a r e  cu t  f r o m  the  top  and  b o t t o m  for  a n a l y t i c a l  
samples .  C h u n k s  f rom the  i n t e r i o r  of t h e  s a m p l e s  
a r e  used  fo r  t h e  o x y g e n  and  n i t r o g e n  samples .  D r y  
d r i l l i n g s  a r e  u sed  for  t he  o t h e r  samples .  F o r  some 
e l e m e n t s  bo th  s p e c t r o g r a p h i c  a n d  w e t  a n a l y s e s  a r e  
r e p o r t e d ,  and  two  s p e c t r o g r a p h i c  p r o c e d u r e s  w e r e  
e m p l o y e d .  

Experimental Results 
T a b l e  I r e p o r t s  c a rbon  a n d  o x y g e n  a n a l y s i s  for  

2- in .  d i a m e t e r  p r e s s e d - b a r  e l ec t rodes  a n d  the  r e -  
su l t i ng  3 l/z in. d i a m e t e r  ingot .  I n  th i s  ser ies  no c a r -  
bon  was  a d d e d  to t he  m e l t  s tock.  Note  t h a t  s igni f i -  
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cant  a m o u n t s  of oxygen  are removed,  p a r t i c u l a r l y  at 
the ingot  bot tom.  The  oxygen  is p r o b a b l y  r emoved  
as t a n t a l u m  oxides wh ich  deposi t  on the  mold  wa l l  
above the  mel t .  Since this  oxide film m u s t  be e i ther  
d r i v e n  up  or redissolved in  the  me l t  it  is no t  su r -  
p r i s ing  tha t  the  oxygen  level  at the ingot  top, a l -  
t hough  s l ight ly  lower  t h a n  the me l t  stock, is double  
the  oxygen  con ten t  at  the  ingot  bot tom. The ca rbon  
p re sen t  in  the  me l t  stock is decreased to or be low 
the  ana ly t i ca l  l imi ts  i nd ica t ing  tha t  some ca rbon  re -  
moval ,  p r o b a b l y  as ca rbon  monoxide ,  is occurr ing.  
Occasional  ana lyses  repor t  h igher  oxygen  con ten t  for 
the  ingot  t h a n  for the  me l t  stock. This  is a t t r i b u t e d  to 
i n d i v i d u a l  s ampl ing  and  ana ly t i ca l  d e t e r m i n a t i o n  
errors,  and  indicates  the  necess i ty  for ave rag ing  the  
resul t s  f rom a la rge  n u m b e r  of heats. 

Tab le  I also repor t s  ana ly t i c a l  da ta  for !3~- in .  
d i ame te r  electrodes to which  fine g raph i te  powder  
was  added. Since the  me l t  rate ,  pressure ,  ingot  con-  
di t ion,  and  meta l l i c  r e f i n e m e n t  we re  the  same as for 
the  2-in.  d i ame te r  electrodes,  it  is a s sumed  tha t  ex -  
cept for the ca rbon  addi t ion ,  m e l t i n g  condi t ions  for 
this  series are iden t ica l  to those for the  2-in.  e lec-  
trodes.  The  in i t i a l  ca rbon  con ten t  of the  t a n t a l u m  
was 10-20 ppm. Add i t i ona l  ca rbon  in  the  fo rm of fine 
g raph i t e  powder  was t ho rough ly  mixed  wi th  the 
t a n t a l u m  powder .  Sufficient ca rbon  was  added  to 
ra ise  the  c a r b o n - o x y g e n  ra t io  to 50% of the  s toi-  
ch iometr ic  ra t io  for ca rbon  monoxide .  

The average  oxygen  con ten t  in  the e lec t rode  was 
239 ppm,  the average  oxygen  con ten t  in  the  ingots  
was  65 p p m  top and  34 p p m  bot tom.  The  to ta l  ca r -  
bon  in  the  electrode was  111 p p m  which  was r e -  
duced to 23 ppm top and  30 p p m  bo t tom for the  i n -  
gots. Thus  an  average  of 73% of the  oxygen  con ten t  
of the  electrode was r emoved  at the  top of the ingots 

Table I. Tantalum vacuum arc melting 

I.  O x y g e n  a n d  c a r b o n  r e f i n e m e n t  f o r  no  c a r b o n  a d d i t i o n ,  a v e r a g e  
of  14 m e l t s  

O (ppm)  C (ppm)  

B o t -  B o t -  
Top  t o m  Top  t o m  

Electrode 140 10-20 
Ingot 106 46 <10 13 

I I .  O x y g e n  a n d  c a r b o n  r e f i n e m e n t  w i t h  50% s t o i c h i o m e t r i c  c a r b o n  
a d d i t i o n ,  a v e r a g e  of  11 m e l t s  

O (ppm)  C (ppm)  

B o t -  B o t -  
Top  t o m  T o p  torn 

Electrode 239 111 
Ingot 65 34 23 30 

I I I .  O x y g e n  a n d  c a r b o n  r e f i n e m e n t  w i t h  100% s t o i c h i o m e t r i c  c a r b o n  
a d d i t i o n ,  a v e r a g e  of  2 m e l t s ,  h i g h  o x y g e n  p o w d e r  u s e d  

O ( p p m )  C (ppm)  

B o t -  B o t -  
T o p  t o m  Top  t o m  

Electrode 950 800 
Ingot 120 - -  360 - -  

IV .  O t h e r  i m p u r ~ y  r e f i n e m e n t  ( p p m ) ,  a v e r a g e  of  25 m e ~ s  

N F e  Cr  N i  iN-b S i  

Electrode 28 95 86 111 112 <250 
Ingot 27 30 14 28 40 30 
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and  85% at the  ingot  bot tom.  This compares  to a 
25% oxygen  r educ t ion  at  the  ingot  top and  67% at 
the ingot  bo t tom for the  mel t s  (Table  I) to which  
no ca rbon  was  added. F u r t h e r m o r e ,  ca rbon  addi t ions  
appear  to cut  down  the f luc tuat ions  in oxygen  con-  
t en t  f rom ingot  to ingot.  

The final  c a r b o n - o x y g e n  ra t io  appears  qu i te  good, 
pa r t i cu l a r l y  at  the ingot  bot tom.  Ear l ie r  in  the  pro-  
g r a m  t a n t a l u m  powder  of 1000 p p m  oxygen  con ten t  
was mixed  wi th  sufficient ca rbon  to b r i ng  the car-  
b o n - o x y g e n  ra t io  to 100% of the  s toichiometr ic  rat io 
for ca rbon  monox ide  remova l .  Tab le  I shows the 
resul t s  of two melts.  Cons ide rab le  oxygen  was  re -  
moved,  b u t  the  final ca rbon  con ten t  was 2-3 t imes  
tha t  of the  oxygen.  W h e n  one of these ingots was  re -  
mel ted,  the decrease  in  oxygen  was less t h a n  ex-  
pected. 

Table  I repor t s  ana ly t i ca l  da ta  for severa l  other  
e lements .  The  ingot  ana lyses  were  t a ke n  at the  in -  
got top. Three  ana ly t i ca l  p rocedures  are used;  wet  
chemical ,  pe l le t  spectrographic ,  and  car r ie r  spect ro-  
graphic.  

Very  l i t t le  difference is no ted  be t w e e n  the n i t ro -  
gen analys is  for the  ingots and  electrodes so tha t  it 
appears  tha t  l i t t le,  if any,  n i t r o g e n  r emova l  occurs 
d u r i n g  me l t i ng  at the low n i t r o g e n  levels  e ncoun -  
te red  in  this  p rogram.  

I ron  is def ini te ly  r e move d  on mel t ing ,  be ing  re -  
duced by  a factor  of two or three.  The  a m o u n t  of re -  
f inement  is somewha t  vague  for several  mel ts  due 
to the  s ta r t ing  concen t r a t i on  be ing  below the level  
of de tec t ion  for the  me thod  used.  

Nickel  is p resen t  in  the same amoun t s  as i ron and 
is r emoved  to the same degree.  

C h r o m i u m  is qui te  vola t i le  and  cons iderab le  re -  
f inement  occurs, gene ra l l y  r e su l t i ng  in  an  ingot  con-  
t en t  below the  level  of detect ion.  

The data  ind ica te  a r e mova l  of n i o b i u m  on the 
same level  as i ron and  nickel .  This  is somewhat  
su rpr i s ing  since the vapor  p ressure  of n i o b i u m  is 
cons ide rab ly  lower  t han  tha t  of i ron at the t a n t a l u m  
me l t i ng  point .  Two possible  mechan i sms  m a y  be 
postula ted.  The vapor  p ressure  of the n i o b i u m  sub-  
oxides m a y  be  h igher  t h a n  tha t  t a n t a l u m  suboxide  
vapor  p ressure  r e su l t ing  in  the  p re fe ren t i a l  r emova l  
of n i o b i u m  oxides. U n f o r t u n a t e l y ,  va lues  of the 
vapor  pressures  have  not  b e e n  repor ted  in  the  p u b -  
l ished l i t e ra ture .  I ron  and  n icke l  form in t e rme ta l l i c  
compounds  w i th  t a n t a l u m  whi le  n i o b i u m  does not. 
Thus  the ac t iv i ty  coefficient of n i o b i u m  in t a n t a l u m  
m a y  be h igher  t h a n  tha t  for i ron  or n ickel  in  t a n t a -  
lum.  The r e su l t i ng  i m p u r i t y  pa r t i a l  pressures  m a y  
then  be more  n e a r l y  equal .  

The  data  for si l icon u n f o r t u n a t e l y  do not  locate 
the si l icon level  in  the  e lect rode un t i l  the last  few 
runs .  However ,  these  r a the r  sparse data  do indica te  
s ignif icant  r e m o v a l  d u r i n g  mel t ing .  

Hydrogen  ana lyses  were  no t  a lways  run,  bu t  the 
electrode h y d r o g e n  con ten t  var ies  b e t w e e n  25 and  
50 ppm, whi le  the  ingot  hyd rogen  var ies  b e t w e e n  1 
and  5 ppm. 

Conclusions 
Consumab le  arc me l t i ng  of t a n t a l u m  can, u n d e r  

f avorab le  condi t ions,  r esu l t  in  cons iderab le  ref ine-  
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m e n t  of the metal .  O x y g e n  can be r e m o v e d  both  as 
t a n t a l u m  oxides and  as ca rbon  monoxide .  Of the  
combina t ions  s tudied,  the lowest,  most  u n i f o r m  
oxygen  ana lyses  in  the  ingot  resu l t  w h e n  the ca rbon  
in  the  electrode is 50% of the s to ichiometr ic  car-  
b o n - o x y g e n  ra t io  for ca rbon  monox ide  removal .  

N i t rogen  is not  s igni f icant ly  r educed  at  the  low 
n i t rogen  levels  encounte red .  Metal l ic  impur i t i e s  
wi th  vapor  pressures  equa l  to or g rea te r  t h a n  n icke l  
are s igni f icant ly  reduced.  N iob ium appears  to be 
pa r t i a l l y  r emoved  a l though  the m e c h a n i s m  is not  
comple te ly  clear. 
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Heat Transfer Rates of an Argon Plasma Jet 
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ABSTRACT 

Heat flux measurements  were made on a small  argon plasma jet. Experi-  
menta l  values as high as 4.5 kca l /cm ~ sec were obtained for the t rans ient -  
heat ing rate of a small  copper slug. The heat-f lux var iat ion with energy sup- 
plied and the energy dis tr ibut ion to cathode, anode, and plasma are presented. 

Arcs  have  been  of in te res t  as h i g h - t e m p e r a t u r e  
sources for  a n u m b e r  of years.  The  d e v e l o p m e n t  of 
the p l a sma  je t  has  p rov ided  a c o n v e n i e n t  tool for 
s t udy ing  gases at  these t empera tu re s ,  w i thou t  elec-  
t rode in te r fe rence .  A n u m b e r  of inves t iga to rs  (lm3) 
have  devised p l a s m a - j e t  appa ra tu s  of va r ious  kinds.  
This  pape r  p resen t s  the  m e a s u r e m e n t s  of the  hea t  
t r ans f e r  ra tes  of an  a rgon  p la sma  jet.  

A p p a r a t u s  a n d  P r o c e d u r e  

A d r a w i n g  of the  p l a sma  genera to r  is shown  in  
Fig. 1. The gene ra to r  consists of a wa te r -coo led  
]/s i n . - 2 %  thor ia t ed  t u n g s t e n  cathode w i th  an  a n -  
n u l u s  for feeding  the  a rgon  gas. The  copper  anode,  
which  has  a 0.157 in . -ho le  for the  p l a s m a  jet ,  is 
wa te r  cooled. A 1/a in . -Tef lon  gasket  insu la tes  the 
anode  f rom the  cathode.  

A 600-amp d-c  we lde r  was  used as the  power  
source. Approp r i a t e  e lectr ical  mete r s  gu ided  the op-  
erat ion.  Argon  = was  me te r ed  t h rough  a F i sher  and  
Por t e r  f lowmeter .  The p la sma  je t  was  a p p r o x i m a t e l y  
] in. long and  e x p a n d e d  to a d i ame te r  of about  ~/4 in. 

The  hea t  t r ans f e r  m e a s u r e m e n t s  were  m a d e  wi th  
a t r a n s i e n t  p robe  cons is t ing  of a piece of copper  ]/s 
in. in  d i ame te r  and  z/4 in. long, e m b e d d e d  in  a % in . -  
d i ame te r  piece of "Trans i t e "  ~/2 in. long. This as-  
s embly  was  placed in  a 11/2 i n . - d i a m e t e r  by  1 in . -  
long piece of l a m i n a t e d  fiberglass (see Fig. 2). The  
probe  was  m o u n t e d  on a h igh - speed  a i r - p i s t o n  cy l in -  
der  which  t h rus t  the  probe  in to  the je t  app rox i -  
m a t e l y  1 m m  be low the  anode.  A 30-gauge  i ron -  
c o n s t a n t a n  the rmocoup le  was  inse r t ed  in to  the cop- 
per  s lug 0.050 in. f rom the back  surface.  

Two separa te  h igh - speed  m e a s u r i n g  appa r a t u s  
were  used  to ob ta in  the  t i m e - t e m p e r a t u r e  curves  for 

z P r e s e n t  a d d r e s s :  P e n n s a l t  C h e m i c a l s  Corp . ,  P h i l a d e ] p h i a ,  Pa .  
-~ O b t a i n e d  f r o m  A i r  R e d u c t i o n  Co. 

..... 1 1  . . . . . . . . . . . . . . . . . . . . . .  

CATHOOE ~ ~ ~SAKELIT E 

~%'s ...... "= , \  _ . r 

WATER OUT 

I/2 I NOTE: ALL OTHER 
I I PARTS COPPER 

5GALE INGHES P L ASMA d E T 

Fig. 1. Schematic of plasma jet apparatus 

the  copper slugs. One  consis ted of a d - c - m o d u l a t e d  
high response  t ime  po ten t iomete r .  The low vol tage  
f rom the  the rmocoup le  m o d u l a t e d  a 160-kc car r ie r  
wave  which  was  shown on an  oscilloscope w i th  a 
t r i gge red - sweep  d u r a t i o n  of 2 sec. The o ther  sys t em 
used was a T e k t r o n i x  type-533  oscilloscope wi th  a 
t ype -53 /54D ca l ib ra ted  h i g h - g a i n  d-c  preampl i f ie r .  

m \ 

8 I "  

- ' C ' \ \ \  \ b o 
\ "x~\  \ 

" \ \  \ �9 C E R  

" \ \ \  \ [ T E  
, 

\ G L A S S  

T H E R M O G O U P L E  

W E L L  

Fig. 2. Transient heat probe 
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Fig. 3. Trace of the tek t ron ix  system. Ordinate, 10 mv per 
large division; abscissa, 0.2 sec per large division. 

Both sys tems produced  s imi la r  resul ts .  The  m o d u l a -  
t ion  sys tem cut  out  most  of the  "noise"  p roduced  by  
the  arc bu t  was  more  difficult to ca l ib ra te  t h a n  the 
other.  A typ ica l  t race  of the  T e k t r o n i x  sys tem is 
g iven  in  Fig.  3. 

Calculation of Heat Transfer Rates 
The genera l  me thod  of da ta  r educ t ion  used  is de-  

scr ibed by  Su t ton  (4) .  
The equa t ions  for a t r a n s i e n t  o n e - d i m e n s i o n a l  sys-  

t em are: 
T--To L 

= - - Z  [1] 
Q K 

Z = 2 ~ / X ~  (ierfc z -t- ierfc z') [2] 
o 

Kt 
X - -  [ 3 ]  

dL~C,, 

N = x /L  [4] 
w 

z = (2r  ~- 1 - -  N) /2~ /X  
m 

z '= (2r -t- 1 + N)/2N/X 

r = 0 , 1 , 2 , . . .  

Where :  Q is heat  t r ans fe r  ra te ;  To, in i t i a l  t e m p e r a -  
tu re ;  T, t e m p e r a t u r e  af ter  t ime  t; L, l eng th  of slug;  
K, t h e r m a l  conduc t iv i ty ;  N, posi t ion ra t io ;  d, dens i ty  
of slug; C,, hea t  capaci ty  of s lug at cons t an t  p re s -  
sure;  and  x, d is tance  of the rmocoup le  f rom back  of 
slug. Tables  of Z have  been  t a b u l a t e d  by  K a y e  and  
Yeh (5) as a f unc t i on  of X and  N. 

The change  in  t e m p e r a t u r e  was  read f rom the 
photographs  for the  t ime  i n c r e m e n t  0.1 to 0.2 sec, 
m a k i n g  t equa l  to 0.1 sec. Values  of X and  N then  
were  ca lcu la ted  and  Z was  read  f rom the tables.  
F r o m  this  va lue  Q was computed.  A n  examp l e  fol-  
lows for the  copper slug descr ibed  p rev ious ly :  For  

o . copper:  K, is 0.842 c a l / c m  sec C, d, 8.94 g/cm~; C~, 
0.1057 ca l / g  ~ L, 0.635 cm;  x, 0.127 cm; t, 0.1 sec; 

(0.842) (0.1) 
0.222; and  N, 

(8.94) (0.1057) (0.635) -~ 
X is 

0.127 
- -  -- 0.20. 
0.635 

For  the  above va lues  of X and  N, Z = 0.095. 
Therefore ,  

T--To L (0.635)(0.095)  
Q K (0"095)  = 0.842 ~ 0 ~ 0 7 1 5  

! 

o, 

.= 

u~ 
b- 

o 
> 

o 

_m 

=_ 

ARSON FLOW 26T CC/SEC 

I I I I I i 

1o0 ZOO 3 0 0  4 0 0  5 0 0  6 0 0  

AMPERES 

Fig. 4. Electrical characterist ics of the argon plasma jet 

l e t t ing  AT ---- T - -  To 

Q = 1.4 x 10 -~ AT in  k c a l / c m  ~ sec 

w he r e  AT is in  ~ C. 
F i g u r e  4 shows the  e lectr ical  charac ter is t ics  of the  

arc jet.  I t  wi l l  be no ted  tha t  the  h i g h - i n t e n s i t y  r e -  
gion s tar ts  at a p p r o x i m a t e l y  200 amp.  M e a s u r e m e n t s  
of hea t  flux were  made  only  in  the  h i g h - i n t e n s i t y  
reg ion  because  the  je t  becomes u n s t e a d y  on the l o w -  
i n t e ns i t y  side. 

Results 
The resul ts  of the  heat  t r ans fe r  m e a s u r e m e n t s  are 

g iven  in  Fig. 5 a nd  Tab le  I. As can be seen, for the 
r a n g e  of power  used and  for a n  a rgon  flow of 16 
l i t e r s / r a in ,  the hea t  flux falls b e t w e e n  0.5 and  4.5 
k c a l / c m  ~ sec. These va lues  are abou t  4 or 5 t imes  
those ob ta ined  f rom rocket  motors  and  make  possi-  
b le  tests on the s tab i l i ty  of ma te r i a l s  at  e x t r eme ly  
high t e m p e r a t u r e s  a nd  high hea t  fluxes. The va lues  
ob ta ined  are compared  wi th  the theore t ica l  heat  b a l -  
ance of the arc as shown in Fig. 6. The theoret ica l  

HEAT T R A N S F E R  R A T E v s  POWER TO ARC 

0 

(3 

uJ 

A~BON FLOW 2e7  CO/SEe. 

e e 

j o 

le  
i 4 I I I I I 
2 8 8 tO 

POWER TO ARC,KW.  

Fig. 5. Heat  t ransfer rates vs. power to arc 
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Table I. Heat transfer rates of the argon plasma jet at a constant 
argon flow of 16 llters/min 

H E A T  T R A N S F E R  R A T E S  O F  A R G O N  P L A S M A  J E T  

H e a t  t r a n s f e r  r a t e s ,  
P o w e r  to  A r c ,  k w  k c a l / c m  e s e c  

4.13 0.28 
4.6O 1.03 
4.80 0.94 
5.00 1.00 
5.15 1.38 
5.41 1.22 
5.66 1.60 
5.90 1.18 
6.40 0.75 
6.65 2.19 
6.95 1.79 
7.01 1.96 
7.05 2.04 
7.24 1.22 
7.41 2.14 
7.56 1.78 
7.69 1.71 
8.25 1.58 
8.60 2.24 
8.62 1.76 
8.94 2.38 
9.25 2.02 
9.40 2.80 
9.61 2.90 
9.90 2.64 

10.20 2.65 
10.30 2.71 
10.49 2.94 
11.06 2.50 
11.30 3.19 
12.00 3.50 
12.25 2.85 
12.60 3.59 
13.40 3.79 
13.45 4.16 
13.60 3.84 
14.20 4.35 

ii ~D 
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<o  
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P O W E R  T O  A R C  
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Fig. 7. Efficiency of arc 

curve  was  ca lcu la ted  by  d iv id ing  the power  to the  
p l a sma  in  kca l / sec  by  the  ave rage  cross-sec t ional  
area  of the  p l a sma  je t  in  cm ~. E x p e r i m e n t a l  va lues  
fal l  be low the  theore t ica l  as wou ld  be expected,  since 
some of the  e n e r g y  is d iss ipated by  r ad i a t i on  and  
o ther  processes. The  ene rgy  in  the p l a sma  was  a r -  
r i ved  at by  e v a l u a t i n g  the  losses to the  w a t e r - c o o l -  
ing system. I t  was  found  tha t  a p p r o x i m a t e l y  56% 
of the to ta l  ene rgy  to the  arc goes in to  the p l a sma  
jet ,  5% to cathode hea t ing  and  the  r e m a i n d e r  to 
hea t ing  the  anode.  F igu re  7 shows the  e x p e r i m e n t a l  
points.  

By us ing  the  Saha  ioniza t ion  equa t ion  (6) ,  a v e r -  
age p l a sma  t e m p e r a t u r e s  were  calculated.  These 

37 

% 

W 

I~I ID 

~ t r 
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Ii1 
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16  L IT  

t 
I | I 

P o w E R  T o  P ~ A S ~  
KW. 

Fig. 8. Calculated temperature of the arc 

t e m p e r a t u r e s  are based on the total  a rgon  flow and  
the  a m o u n t  of ene rgy  ac tua l ly  in  the  p l a sma  (56%) .  
F igu re  8 shows the  resul t s  of these calcula t ions .  The 
t e m p e r a t u r e s  r a n g e  f rom 9000~ at  2 k w  to 19000~ 
at 14 kw. The re  is some doub t  Whether  these t e m -  
pe ra tu re s  are ac tua l ly  the t rue  ones, because  a 
" f rozen"  composi t ion  of the  je t  is r equ i r ed  b y  the  
Saha equat ion .  
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Fig. 6. Heat f lux, theoretical max imum vs. exper imental  
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The Preparation of a New Crystalline Modification of Boron, 
and Notes on the Synthesis of Boron Triiodide 

L. V. McCarty 1 and D. R. Carpenter 

Research Laboratory, General Electric Company, Schenectady, New York 

ABSTRACT 

Boron triiodide has been made in  yields as high as 70% from boron and 
iodine at 900~ An equi l ibr ium apparent ly  limits the yield to 49% at 1050~ 
An approximate free energy equation, hF~ = --43,000 + 31 T cal /mole of BI3, 
has been derived for the reaction B~c~ ~-3/2 I ~  ~ BI~g~. Molybdenum metal 
may catalyze the reaction. 

A new and denser form of crystal l ine boron has been deposited on t an ta lum 
in the tempera ture  range 800~176 from boron triiodide. Small portions of 
the deposit occur as red crystals wi th  a density of 2.459~ at 22.6 ~ The main  
impur i ty  is 0.04% iodine. The red boron is composed of units  of near ly  
regular  icosahedra in a slightly deformed cubic close packing. 

The p r e p a r a t i o n  and  proper t ies  of pu re  boron  
pr ior  to 1942 have  been  r ev iewed  by  L a u b e n g a y e r ,  
Newkirk ,  and  B r a n d a u e r  (1) .  A short  t ime  l a te r  
L a u b e n g a y e r ,  Hurd ,  Newki rk ,  and  Hoard  (2) p u b -  
l ished the i r  p r e p a r a t i o n  of pu re  boron  by  the h y d r o -  
gen r educ t ion  of pur i f ied boron  t r ib romide .  This  
t echn ique  p r o b a b l y  makes  the pures t  boron  that  has 
been  descr ibed to date. 

At  least  th ree  o ther  methods  have  been  descr ibed 
since. These inc lude  sodium reduc t ion  of boron  t r i -  
chlor ide or boron  t r i f luor ide  (3, 4),  the e lect rolyt ic  
r educ t ion  of fused salt  ba ths  of f luoborates  and  a l -  
ka l i  bora tes  (5) ,  and  the  h y d r o g e n  r educ t ion  of 
boron  t r ich lor ide  on hot ca rbon  (6, 7) or t i t a n i u m  
(7) rods. The first two of these th ree  and  the de-  
posi t ion on t i t a n i u m  lead to c o n t a m i n a t i o n  of the 
boron  wi th  other  meta l s  which  can be leached f rom 
the samples  at  least  in  part .  Boron  p repa red  on car -  
bon  rods may  have  as much  as 5% carbon  c o n t a m i -  
na t ion ,  which  is difficult to remove.  

One of the chief advan tages  of the  hyd rogen  re -  
duc t ion  of boron  t r i b r o m i d e  is tha t  it can be accom- 
p l i shed at t e m p e r a t u r e s  as low as 600~ and  con-  
t a m i n a t i o n  by  a l loy ing  wi th  the f i lament  subs t ra te  
is no t  as ser ious a p rob lem.  T h e r m o d y n a m i c  est i -  
ma tes  ind ica te  tha t  boron  t r i iodide  wou ld  no t  be r e -  
duced as readi ly ,  b u t  i t  wou ld  be expected to de-  
compose d i rec t ly  to iodine and  bo ron  be low 1000~ 

A possible a d v a n t a g e  migh t  be rea l ized in  the  
pur i f ica t ion  of bo ron  t r i iod ide  (bp 209.5~ by  dis-  
I i l la t ion.  Aside f rom t e t r a iodoe thy lene  (bp 187~ 

1 P r e s e n t  addres s :  L a m p  Deve lopmen t  Depa r tmen t ,  Genera l  Elec- 
tr ic Company,  Nela Pa rk ,  Cleveland,  Ohio. 

iodine is the  nex t  lower  boi l ing  ma te r i a l  (bp 
184.35~ The possible presence  of t e t r a iodoe thy l -  
ene canno t  be dismissed l igh t ly  because  of the im-  
por tance  of ca rbon  as an  impur i t y ,  bu t  its fo rmat ion  
seems u n l i k e l y  in our  me thod  of p r e pa r i ng  boron  
tr i iodide.  Phosphorus  t r i iod ide  (bp approx.  220~ 
is the nea re s t  h igher  boi l ing  iodide. Its r e mova l  may  
be difficult because  the re  is on ly  a 10 ~ or 11 ~ dif-  
fe rence  in  the boi l ing points .  Dur ing  the  decom- 
posi t ion of bo ron  tr i iodide,  phosphorus  migh t  react  to 
form boron  phosphide  which  would  not  volat i l ize  as 
read i ly  as e l e me n t a l  phosphorus .  The nex t  h igher  
boi l ing c o m p o u n d  an t i c ipa ted  is si l icon te t ra iodide  
(bp 301.5~ which  should no t  be difficult to re -  
move.  

Since phosphorus  wi l l  not  affect the  electr ical  
proper t ies  as much  as si l icon or carbon,  its presence 
in  our  p roduc t  is perhaps  no t  as serious as the la t te r  
two. Efforts to make  v e r y  pu re  boron  f rom frac-  
t iona l ly  dis t i l led  boron  t r i iodide  resu l t ed  in  a new  
c rys ta l l ine  modif icat ion some of which  occurred as 
small ,  t r a n s p a r e n t  red  crystals .  

Preparation and Purification of Boron Triiodide 
Boron t r i iodide  was made  f rom the e lements  ac-  

cording  to the  me thod  descr ibed by  Moissan (8) .  
U.S. Borax  c rys ta l l ine  grade  boron  was  placed in  
ver t ica l  reactors ,  and  r e a ge n t  grade  iodine  was v a -  
porized s lowly  by  boi l ing  in to  a s t r eam of about  50 
c c / m i n  of argon.  

Boron t r i iodide  vapor  a t tacks  quar tz  a nd  a l u m i n a  
reactors  at  the o p t i m u m  t e m p e r a t u r e  of p repara t ion .  
This p r o b l e m  was s o l v e d  on ly  p a r t i a l l y  by  l in ing  
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Table I. Iodination of U. S. Borax crystalline boron 

N E W  C R Y S T A L L I N E  M O D I F I C A T I O N  O F  B O R O N  39 

Ig con- 
W t  o:f v e r t e d  to 

Reac t i on  R e a c t i o n  b o r o n  in  W t  of  I2 c rude  BIa, 
t emp ,  ~ t ime ,  h r  bed ,  g vapor i zed ,  g % 

Batch No. 1 (--4 t o + 1 0 0 m e s h )  
800* 25 173 2869 22 
9005 31.3 151 2060 62 
900* 18.3 165 2639 70 

1050" 14 177 1416 49 

Batch No. 3 (--20 t o + 1 0 0 m e s h )  
900* 14 187 2032 57 
900** 34 812 10,550 17 
900t 9 124 3473 9 

* B o r o n  c o n t a i n e d  in  v e r t i c a l  q u a r t z  r eac to r  198 in. OD b y  12 in, 
l ined  w i t h  m o l y b d e n u m  sheet .  

$ B o r o n  c o n t a i n e d  in  v e r t i c a l  q u a r t z  reac to r  1 in.  OD by  12 in. 
** B o r o n  c o n t a i n e d  i n  v e r t i c a l  q u a r t z  r eac to r  2 in.  OD by  12 in.  

l i ned  w i t h  m o l y b d e n u m  sheet .  
t B o r o n  c o n t a i n e d  i n  v e r t i c a l  q u a r t z  r eac to r  lY8 in.  OD by  12 in. 

w i t h  g r a p h i t e  l i ne r  3/4 in.  ID. 

quar tz  reactors  wi th  m o l y b d e n u m  sheet, because  a 
b r i t t l e  m o l y b d e n u m  bor ide  was  fo rmed  which  
c r u m b l e d  e v e n t u a l l y  in  use. Graph i t e  was  also used, 
bu t  it  is so porous tha t  it did not  pro tec t  the  quar tz .  
T h e r m o d y n a m i c  es t imates  ind ica te  tha t  be ry l l i a  r e -  
actors m igh t  be s table  to boron  tr i iodide,  bu t  these 
were  no t  t r ied.  

The p roduc t  con ta ined  cons iderab le  quan t i t i e s  of 
un reac t ed  iodine which  was  s t r ipped  off in  p r e l i m -  
i n a r y  d is t i l la t ions  in  a 30-p la te  P y r e x  d is t i l la t ion  
column.  Mate r i a l  r e m a i n i n g  in  the  s t i l l  pot was 
weighed  as crude  boron  t r i iodide.  

Table  I p resen t s  da ta  f rom severa l  runs .  In  the 
series wi th  boron  ba tch  No. 1 the  y ie ld  of c rude  
bo ron  t r i iod ide  goes t h r o u g h  a m a x i m u m  at 900~ 
We i n t e r p r e t  the  decrease in  y ie ld  at 1050 ~ to be the 
resu l t  of h a v i n g  achieved e q u i l i b r i u m  condi t ions  for 
an  exo thermic  react ion.  A n  ident ica l  y ie ld  was ob-  
served wi th  ano the r  grade  of bo ron  powder  at 
1050~ As the  t e m p e r a t u r e  increases  for an  exo-  
the rmic  reac t ion  the e q u i l i b r i u m  cons tan t  n o r m a l l y  
decreases.  By combin ing  these da ta  w i th  Brewer ' s  
(9) es t imate  of the free ene rgy  of f o rma t i on  of 
c rys ta l l ine  bo ron  tr i iodide,  an  app rox ima te  free e n -  
ergy equa t ion  

AF~ = --43,000 + 31 T c a l / m o l e  of BL 

(T = ~ r ange  298~ ~ 

can be de r ived  based on the  reac t ion  B~o + 3/2 I ~  ~:~ 
BI~r a f te r  a l lowing  for the  decrease  in  molecu la r  
iodine concen t r a t i on  due  to dissociat ion.  ~ E q u i l i b -  
r i u m  cons tan t s  ca lcu la ted  f rom this  f ree ene rgy  
equa t i on  ind ica te  t ha t  our  yie lds  at  900~ could be 
improved  upon.  

Boron  ba tch  No. 3 was  somewha t  less reac t ive  
t h a n  ba tch  No. 1 in  the  usua l  reactors,  b u t  as ton ish-  
ing ly  less reac t ive  in  l a rge r  reactors  and  g raph i t e  
l ined  reactors.  M o l y b d e n u m  is qu i te  l ike ly  ac t ing  as 
a ca ta lys t  even  though  it  is one of the  most  i ne r t  
ma te r i a l s  t oward  iodine at tack.  

Severa l  lots of c rude  bo ron  t r i iodide  were  com-  
b ined  in  a 2- l i t e r  P y r e x  d is t i l l a t ion  flask which  

e T h e  a u t h o r s  are  i n d e b t e d  to Mr.  A. C. L o o n a m  fo r  s u g g e s t i n g  t he  
correc t  m e t h o d  of c a l c u l a t i n g  t he  f ree  e n e r g y  f r o m  the  e q u i l i b r i u m  
cons t an t  a t  1050~ 

could be a t tached  to a 1-in.  OD P y r e x  d i s t i l l a -  
t ion  co lumn  by  me a ns  of a Teflon gasketed  
s t a n d a r d  t ape r  jo int .  The  r e m a i n i n g  par t s  of the 
co lumn  were  sealed together  in  such a w a y  tha t  
l iqu id  boron  t r i iodide  was  de l ive red  t h r ough  a 
hea ted  t ube  to a rece iv ing  flask wi th  a n i t r o g e n  
b l a n k e t  m a i n t a i n e d  a r o u n d  the  connect ion .  The  col- 
u m n  was  packed  w i t h  helices a nd  had  a n  e s t ima ted  
efficiency e q u i v a l e n t  to abou t  30 theore t ica l  plates.  
The  ref lux ra t io  was ne ve r  less t h a n  30/1. A b o u t  10- 
15% was t a k e n  off in  the  first cut  which  was  r e -  
jec ted  and  60-70% in  the  he a r t  cut  for decompos i -  
t ion  to boron.  

Pur i f ied  boron  t r i iodide  was discolored by  the  
presence  of iodine  wh ich  seemed to fo rm in  smal l  
a m o u n t s  t h r o u g h o u t  the  dis t i l la t ion.  The st i l l  pot 
became  ve ry  da rk  colored a nd  essen t ia l ly  opaque  
d u r i n g  dis t i l la t ion.  U n d o u b t e d l y  it con ta ined  the  
B~I~, where  x > y, tha t  Schumb,  Gamble ,  and  B a n u s  
(10) described.  Lit t le ,  if any,  of this l a t t e r  compound  
appeared  in  the  d is t i l la te  wh ich  sub l imed  c lean ly  
and  comple te ly  in  the  e xpe r i me n t s  descr ibed below. 

Decomposition of Boron Triiodide 
The decompos i t ion  reac t ion  occurs on an  e lec t r i -  

ca l ly  hea ted  wi re  or rod in  an  evacua ted  a ppa ra tu s  
s imi la r  to tha t  used for the  decomposi t ion  of si l icon 
te t ra iod ide  (11, 12). T e m p e r a t u r e s  were  read  w i th  
a n  opt ical  p y r o m e t e r  a nd  have  no t  been  corrected 
for t r ansmis s ion  of qua r t z  or emiss iv i ty  of the boron.  
The  t e m p e r a t u r e  of the  boron  t r i iodide  was  ad jus t ed  
to m a i n t a i n  e s t ima ted  vapor  p ressures  in  the  r ange  
0.1-1.0 mm.  

Tantalum, molybdenum, and tungsten as deposi- 
tion substrates.--Previous w o r k  (2, 7) is in  conflict 
w i th  respect  to t a n t a l u m  as a sa t i s fac tor i ly  n o n r e a c -  
t ive  sur face  for the p r e p a r a t i o n  of ve ry  p u r e  boron.  
Condi t ions  in  this  w o r k  differ f rom the  w o r k  w i th  
bo ron  t r i b r o m i d e  or t r i ch lor ide  in  tha t  h y d r o g e n  was  
no t  used in  the  reduc t ion .  H y d r o g e n  mi gh t  inf luence  
the  f o r ma t i on  of t a n t a l u m  bor ide  ind i rec t ly ,  so th ree  
k inds  of wires  were  coated w i th  boron  in  order  to 
d e t e r m i n e  the i r  su i t ab i l i ty  for iodide bo ron  deposi -  
t ion. Ha i rp ins  fo rmed  f rom 20 in. of 10-mi l  d i ame te r  
wi res  were  hea ted  to 1000 ~ for 1 h r  in  bo ron  t r i -  
iodide vapor  coming  f rom a rese rvo i r  at 0~ (vapor  
p ressure  of the  order  of 0.1 m m ) .  A b o u t  17-18 mg 
of bo ron  was  deposi ted  on each wire.  They  were  
sectioned, polished,  and  a pho tomic rog raph  of each 
was  p repared .  

I n  Fig. 1 two d is t inc t  l ayers  have  fo rmed  on the  
t a n t a l u m .  The  i n n e r  zone is qu i t e  wel l  defined and  
is v e r y  p r o b a b l y  a t a n t a l u m - b o r o n  alloy, bu t  no  
w o r k  was  done to t ry  to iden t i fy  it. Other  ev idence  
ob ta ined  l a te r  indica tes  tha t  the  outer,  r a the r  i r -  
r e gu l a r  zone is pu re  boron.  I t  is so b r i t t l e  tha t  it  has 
f r a c t u r e d  r a t h e r  ba d l y  d u r i n g  the  sect ioning.  A close 
e x a m i n a t i o n  indica tes  the  bo ron  has a c rys ta l l ine  
appearance .  

F igu re  2 is a s imi la r  pho tomic rog raph  for boron  on 
m o l y b d e n u m  fi laments .  The  a l loy zone is m u c h  
broader ,  a nd  r e l a t i ve ly  l i t t le  f ree  boron  is evident .  
F i g u r e  3 shows the  resul t s  ob ta ined  wi th  tungs ten .  No 
a d h e r e n t  a l loy  zone is evident ,  a nd  the  n a t u r e  of the  
m a t e r i a l  t ha t  has  separa ted  f rom the  t u n g s t e n  s u r -  
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Fig. 1. Section of iodide boron deposit on lO-mil tantalum 
wi re. 

Fig. 2. Section of iodide boron deposit on l O-mil molyb- 
denum wire. 

face is u n k n o w n .  La te r  work  wi th  t a n t a l u m  at  a 
lower  t e m p e r a t u r e  p roduced  a s imi lar  flaky deposit  
tha t  con ta ined  subs t an t i a l  a m o u n t s  of t a n t a l u m .  
Since a dense ly  a d h e r e n t  deposit  was desired,  the  
flaky type  of p roduc t  was  una t t r ac t ive .  

T a n t a l u m  me ta l  is no t  an  ideal  deposi t ion  sub-  
s t ra te  for this  work,  b u t  it  seems to be the  best  of 
the th ree  re f rac to ry  me ta l s  inves t iga ted .  T u n g s t e n  
migh t  m a k e  a sa t i s fac tory  surface at h igher  t e m -  
pera tures ,  bu t  it would  r equ i r e  f u r t h e r  inves t iga -  
t ion. 

Deposition of iodide boron on tantalum w i r e . -  
Two 41/2 in. pieces of 3 -mi l  t a n t a l u m  wi re  were  
hea ted  at 1000~ for 41/2 hr  in  the vapor  f rom boron  
t r i iodide  kept  at  room t empera tu r e .  The wi re  grew 

Fig. 3. Section of iodide boron deposit on l O-mil tungsten 
wire. 

to a p p r o x i m a t e l y  70 mils  in  d i ame te r  w h e n  it b roke  
r evea l ing  a c lus ter  of red  crys ta ls  s u r r o u n d i n g  the  
t a n t a l u m  wi re  which  were  c lear ly  v is ib le  to the  u n -  
aided eye. In  this  same sample  Horn  (19) found  a 
wedge - shaped  b a n d  of o range-co lo red  boron  in  a 
f r ac tu red  por t ion  of the rod which  s ta r ted  as a n a r -  
row b a n d  at the  t a n t a l u m  core a nd  expanded  as it 
g rew out to the surface.  Ne i the r  the  o range-co lo red  
b a n d  nor  the  red  crysta ls  were  ev iden t  f rom the 
e x t e r n a l  appearance .  

Deposition of iodide boron on tantalum r o d s . -  
B o r o n  was deposi ted f rom boron  t r i iodide  on 1/s-in. 
x 36-in.  t a n t a l u m  rods in  the fo rm of a ha i rp in  at 
the  three  t e m p e r a t u r e s  shown in  Tab le  II. The de-  
posit  at 800~ was  black, or n e a r l y  so, and ve ry  
flaky. It  peeled off the rod t h r o u g h o u t  the r u n  and  
fel l  into the boron  t r i iodide reservoi r .  X - r a y  p o w -  
der  pho tographs  disclosed the  p resence  of two com-  
ponen t s  in  this ma te r i a l :  a low t e m p e r a t u r e  crys ta l  
fo rm of boron  (13, 14), and  cons iderab le  a moun t s  of 
a t a n t a l u m  boride.  X - r a y  emiss ion  analys is  of this 
sample  conf i rmed the  presence  of a p p r o x i m a t e l y  78 % 
t a n t a l u m ,  which  was unexpec ted .  The or ig ina l  p u r -  
pose in  p r e p a r i n g  this sample  was  to compare  its 
x - r a y  powder  p a t t e r n  wi th  the 900~ sample  which  

Table II. Thermal decomposition of boron triiodide 
(tantalum rods) 

Temp,* BI3 W t  of 
~ t emp,  ~ Time,  h r  depos i t ,  g Yield ,  % 

800 0-~25 73~ 10.3 Not deter-  
mined** 

900 20 23 11 43 

1000 ~25 16 
56.6t 78 

1000 ~25 48.3 

* U n c o r r e c t e d  t e m p e r a t u r e  read  w i t h  a n  op t i ca l  p y r o m e t e r .  
** B o r o n  d id  no t  a d h e r e  we l l  to the  t a n t a l u m  in  th i s  r u n  and  k e p t  

p e e l i n g  and  f a l l i n g  off. 
t C o m b i n e d  w e i g h t  of deposi t .  
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Fig. 4. Fragment of iodide boron made at 900~ 

Fig. 5. Fragment of iodide boron made at 900~ 

Fig. 6. Section across left end of boron fragment from 
Fig. 5. 

was  a c t u a l l y  p r e p a r e d  first.  T h e r e  was  no d i f fe rence  
in  the  p o w d e r  p a t t e r n  f r o m  the  boron,  b u t  the  900~ 
s a m p l e  h a d  on ly  a v e r y  s m a l l  a m o u n t  of t a n t a l u m  
b o r i d e  in it. 

The  b o r o n  s a m p l e  p r e p a r e d  a t  900~ a d h e r e d  to 
t he  rod  we l l  d u r i n g  depos i t i on  and  e x h i b i t e d  s e v e r a l  
f e a t u r e s  not  seen  at  h i g h e r  or  l o w e r  t e m p e r a t u r e s .  
Two  k i n d s  of v e r y  r e g u l a r  g r o w t h s  abou t  0.060 in. in 
d i a m e t e r  d e v e l o p e d  on the  su r f ace  of t he  b o r o n  
d u r i n g  the  r u n  w h i c h  a r e  shown  in Fig .  4 and  5. The  
two  k inds  of g r o w t h  a re  p r o b a b l y  r e l a t ed ,  b u t  those  
shown  in Fig .  4 h a v e  no t  been  i n v e s t i g a t e d  for  t h e i r  
s t ruc tu re .  The  c e n t r a l  p o r t i o n  of the  k i n d  shown  in 
Fig .  5 a p p e a r e d  to be  a d a r k - c o l o r e d  g l a s sy  p h a s e  
w h e n  v i e w e d  f r o m  above .  A f r a c t u r e  in t he  b o r o n  
depos i t  across  one of t he  spots  p e r m i t t e d  e x a m i n a -  
t ion  of a cross  sec t ion  of the  g rowth .  The  mos t  d r a -  
m a t i c  f e a t u r e  r e v e a l e d  was  t h a t  t he  g l a s sy  l a y e r  was  
c l ea r  r e d  b y  t r a n s m i t t e d  l ight .  

This  p a r t i c u l a r  s a m p l e  was  m o u n t e d  by  the  M e t -  
a l l o g r a p h y  Sec t ion  of t he  G.E. R e s e a r c h  L a b o r a t o r y ,  
po l i shed ,  a n d  p h o t o g r a p h e d  as s h o w n  in Fig.  6. T h e  
b o r o n  is so b r i t t l e  t h a t  i t  has  f r a c t u r e d  d u r i n g  the  
po l i sh ing  ope ra t ion ,  b u t  enough  of t he  s t r u c t u r e  r e -  
m a i n s  so t h a t  t h e  ch ie f  f e a t u r e s  a r e  ea s i l y  d i sce rned .  
T h e  g la s sy  l a y e r  r e f e r r e d  to p r e v i o u s l y  is t he  w e l l -  
def ined c u r v e d  p o r t i o n  n e a r  the  top  a b o u t  4 mi l s  in  
w id th .  

The  m a j o r  p o r t i o n  of t he  e x t e r i o r  of the  b o r o n  
depos i t ed  a t  900~ h a d  a dul l ,  m a t t e - l i k e  t e x t u r e  

w i t h  a b rown i sh ,  s l i g h t l y  p u r p l e  cas t  to i t  w h i c h  
c o n t r a s t e d  s h a r p l y  w i t h  the  m o r e  meta l l i c ,  c r y s t a l -  
l ine  a p p e a r a n c e  of the  h e m i s p h e r i c a l  g r o w t h s  of F ig .  
4 and  depos i t s  m a d e  a t  h i g h e r  t e m p e r a t u r e s .  

The  s a m p l e  was  s u b j e c t e d  to s e v e r a l  k i n d s  of 
ana lys i s  a f t e r  r e m o v i n g  i t  f r o m  the  t a n t a l u m  rod  
b y  w r a p p i n g  i t  in a p o l y e t h y l e n e  shee t  and  f lex ing  
gent ly .  The  a n a l y t i c a l  r e su l t s  a re :  ca rbon ,  0.007 
-----0.002% ;' t a n t a l u m ,  0.03% ; iodine,  p r e s e n t  b y  x - r a y  
emiss ion  ana lys i s ;  n ickel ,  t r ace  by  x - r a y  emiss ion  
ana lys i s ,  bu t  not  d e t e c t e d  b y  s p e c t r o g r a p h i c  e m i s -  
s ion ana lys i s ,  <0 .01%.  The  t a n t a l u m  w a s  e s t i m a t e d  
f rom an  u n c a l i b r a t e d  x - r a y  emiss ion  ana lys i s .  

The  s a m p l e  of bo ron  depos i t ed  on the  t a n t a l u m  rod  
a t  1000~ w a r p e d  the  h a i r p i n  so b a d l y  t ha t  i t  m o v e d  
close to the  q u a r t z  w a l l  of t he  depos i t i on  c h a m b e r  
and  w o u l d  have  t o u c h e d  i t  if the  e x p e r i m e n t  had  
cont inued .  The  e x p e r i m e n t  was  i n t e r r u p t e d  to r e -  
pos i t i on  the  t a n t a l u m  r o d  and  t hen  con t inued .  The  
bo ron  was  r e m o v e d  f r o m  the  t a n t a l u m  b y  w r a p p i n g  
in  a l u m i n u m  foi l  and  f lex ing  in o rde r  to e l i m i n a t e  
p o l y e t h y l e n e  as a source  of c a r b o n  c o n t a m i n a t i o n .  
The  c a r b o n  con ten t  of th i s  s a m p l e  was  d e t e r m i n e d  as 
0.003 --+0.002%. 

X - r a y  p o w d e r  p h o t o g r a p h s  of the  1000 ~ s a m p l e  
s h o w e d  some d i f fe rences  in l i ne  i n t ens i t i e s  c o m p a r e d  
to the  900~ sample ,  b u t  the  c h a r a c t e r i s t i c  p h a s e  
s eemed  to be  the  low t e m p e r a t u r e  f o r m  of boron.  
H o r n  (19) f o u n d  t h a t  t he  sol id  s eemed  to consis t  of 
s e v e r a l  phase s  w h e n  e x a m i n e d  u n d e r  a microscope .  
By l each ing  w i th  w a r m  c o n c e n t r a t e d  n i t r i c  ac id  he  
r e c o v e r e d  r e d  sandy ,  r e d  g lassy ,  a n d  r e d  m i c r o c r y s -  
t a l l i n e  m a t e r i a l .  C lea r  r e d  c rys t a l s  a b o u t  0.25 m m  
long  w e r e  co l l ec ted  f r o m  this  p roduc t .  W h e n  e x -  
a m i n e d  b y  x - r a y  emiss ion  the  r e d  c r y s t a l s  showed  
abou t  0.04 w t  % of iodine ,  b u t  no o the r  i m p u r i t i e s  of 
a tomic  n u m b e r  13 or  l a r g e r  in concen t r a t i on  g r e a t e r  
t h a n  0.001% ( the  l i m i t  of de t ec t i on  for  the  a m o u n t  of 
s a m p l e  a v a i l a b l e ) .  The  d e n s i t y  was  m e a s u r e d  as 
2.4595 a t  22.6~ w h i c h  is c o n s i d e r a b l y  g r e a t e r  t h a n  
the  d e n s i t y  of the  h igh  t e m p e r a t u r e  r h o m b o h e d r a l  
f o r m  o b t a i n e d  f r o m  m e l t e d  boron,  2.33 a t  22.6~ 
(13). 

X-ray powder patterns of the various types of 
colored crystals present slTowed no significant differ- 
ences (19), but there are very large differences in the 
electrical resistivities (15). The red colored crystals 
of the low-temperature rhombohedral form of boron 
apparently have impurities occupying very shallow 
levels near the band edge which contrasts with the 
deeper levels found in boron made at higher tem- 
peratures. The black portions of the deposits of low- 
temperature rhombohedral boron are probably more 
impure than the clear red crystals. 

Kasper and Decker determined the crystal struc- 
ture (14) of the red boron which is composed of units 
of nearly regular icosahedra in a slightly deformed 

c u b i c  c l o s e - p a c k i n g .  T h e  space  g r o u p  is R3m w i t h  
ao ~ - 5 . 0 7 A  and  a- - - -58~ '. The  t h e o r e t i c a l  d e n s i t y  
c a l c u l a t e d  f rom the  d imens ions  of th is  s t r u c t u r e  
ag rees  v e r y  we l l  w i t h  H o r n ' s  e x p e r i m e n t a l  va lues .  

3 C a r b o n  ana lyses  p e r f o r m e d  b y  a c o m b u s t i o n - c o n d u c t i m e t r i c  
t e c h n i q u e  f luxed  w i t h  i r o n  i n  a c o m m e r c i a l l y  a v a i l a b l e  a p p a r a t u s .  
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Discussion 
The m a r k e d  a m o u n t  of t a n t a l u m  c o n t a m i n a t i o n  

observed  in  the  800 ~ deposi t ion (cf. Tab le  II)  con-  
t ras ts  sha rp ly  w i th  the  exper ience  of L a u b e n g a y e r ,  
Hurd ,  Newki rk ,  and  Hoard  in  the i r  work  on the  h y -  
d rogen  r educ t ion  of boron  t r i b r o m i d e  (2) .  The for -  
m a t i o n  of t a n t a l u m  bor ide  at  800~ in  the  p resen t  
work  m a y  invo lve  the fo rma t ion  of a t a n t a l u m  iodide 
compound  tha t  is u n s t a b l e  at  h igher  t empera tu re s ,  
whi le  the  co r respond ing  t a n t a l u m  b romide  m a y  s im-  
ply  n e v e r  form because  of the r educ ing  act ion of h y -  
drogen.  

On the  o ther  hand ,  the  smal l  a m o u n t  of c o n t a m i -  
n a t i o n  exper i enced  in  the 900 ~ and  1000~ deposits  
on t a n t a l u m  contras ts  jus t  as m a r k e d l y  wi th  the  ex-  
per ience  of S t e rn  and  Lynds  [cf. Tab le  II, ref. (7 ) ] ,  
who observed cons iderab le  diffusion of t a n t a l u m  into 
bo ron  at 975~176 Grea t e r  t e m p e r a t u r e  g rad i -  
ents  in  the  l a t t e r  work  could have  increased  the  ra te  
of diffusion in  the solid phases, and,  logically,  at  
least  comparab le  a m o u n t s  of t a n t a l u m  should  have  
been  found  in  S te rn  and  Lynds '  1200~176 sam-  
ple, bu t  it is no t  repor ted .  I t  is difficult to reconci le  
the  var ious  observa t ions  on the basis  of a phys ica l  
m e c h a n i s m  such as s imple  diffusion. The chemis t ry  
of the  var ious  phases  tha t  can fo rm at the t a n t a l u m  
surface  m a y  depend  ve ry  s t rong ly  on the pa r t i cu l a r  
ha l ide  used and  the presence  or absence of hydrogen .  

A m o n g  the  e l emen t s  no t  covered by  our ana ly t i ca l  
techniques ,  the most  p robab le  c o n t a m i n a n t s  are n i -  
t rogen  and  oxygen.  Ni t rogen  should not  be a p r ob l e m 
d u r i n g  the deposi t ion  of the boron  in an  evacua ted  
system. Richter  (16) has shown  tha t  evapora ted  
boron  films wi l l  reac t  w i th  n i t r o g e n  of the air, h o w -  
ever,  to fo rm c rys ta l l ine  boron  n i t r ide .  It  would  no t  
be su rp r i s ing  to find a surface film of n i t r o g e n  on 
most  boron  samples.  

Oxygen  is more  of a p rob l em because  of the diffi- 
cu l ty  of r e m o v i n g  wa t e r  vapor  comple te ly  f rom a 
qua r t z  vessel.  The  reac tor  and  boron  t r i iodide  con-  
t a ine r  was p r epa red  for use by  f laming it w i th  an 
a i r -gas  m i x t u r e  whi le  it  was  be ing  f lushed wi th  d ry  
n i t r ogen  wi th  a dew po in t  of less t h a n  --50~ Boron  
t r i iodide  vapor  wou ld  be expected  to react  wi th  most  
of the res idua l  wa t e r  vapor  at  or nea r  the  wal ls  of 
the  vessel.  The  w o r k  of Kaiser ,  Keck,  and  Lange  
(17) on the  q u a n t i t y  of oxygen  dissolved in  f loating 
zone purif ied silicon, suggests tha t  iodide boron  m a y  
con ta in  less t h a n  0.001% oxygen.  

The b a n d  gap in  the h i g h - t e m p e r a t u r e  r h o m b o -  
hedra l  boron  fo rmed  f rom the mel t  is abou t  1.6 
ev (18),  and  this  k ind  of bo ron  should  be t r a n s p a r e n t  
to v is ib le  l ight  in  the far  red  end  of the  v is ib le  
spec t rum w h e n  p u r e  enough.  The " l o w - t e m p e r a t u r e "  
fo rm of boron  ob ta ined  as clear  red  crysta ls  in  this  
work  m a y  have  a b a n d  gap as h igh as 2 ev (15),  which  
could be the chief reason  for the red t r anspa rency .  
I t  is t rue  tha t  h igh  p u r i t y  m a y  be necessa ry  too, bu t  
the  p u r i t y  r e q u i r e m e n t s  are, perhaps,  no t  as s t r i n -  
gen t  as for the  " h i g h - t e m p e r a t u r e "  form in  order  to 
i n su re  red  t r anspa rency .  

The  red crys ta ls  observed w i t h i n  the deposit  on 
the 3 -mi l  t a n t a l u m  wire  were  c lus te red  a r o u n d  the  
wi re  core in  such a way  tha t  the  presence  of the  

t a n t a l u m  m a y  have  inf luenced  the n a t u r e  of the de-  
posit. F r o m  the  ana lys i s  of the  red crysta ls  of ano the r  
deposi t  it  seems clear  tha t  no s ignif icant  a m o u n t  of 
t a n t a l u m  is necessa r i ly  p re sen t  in  the crystals.  There  
r e ma i ns  the  poss ib i l i ty  tha t  t a n t a l u m  m a y  be act ing 
as a "ge t te r"  for impur i t i e s  a nd  thus  p r omo t ing  the 
g rowth  of a red  phase  locally.  Again,  the  presence  
of t a n t a l u m  is no t  a necessa ry  condi t ion  for the red 
glassy phase  was observed  in  the cen te r  of the "bul l ' s  
eyes" which  g rew on the  exter ior  of the deposit  as 
shown in  Fig. 5. 

The ques t ion  of w h y  the  var ious  k inds  of g rowth  
and  dif ferent  colors occur in  these deposits  is a 
f asc ina t ing  subjec t  for speculat ion.  The  color of the 
crysta ls  is v e r y  l ike ly  re la ted  to the i m p u r i t y  con-  
tent .  A p p a r e n t l y  on ly  one c rys ta l l ine  phase is i n -  
volved,  ye t  there  m u s t  be  subt le  differences in  the 
w a y  the crys ta ls  grow in  order  to cause the segre-  
ga t ion  observed.  
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ABSTRACT 

Thor ium metal  was prepared by electrolytic reduct ion of thor ium oxide 
in two systems, a fused KF-T hF ,  mix ture  and a fused NaC1-KC1-ThCL mix-  
ture. The average decomposition potential  measured in both systems was 1.92 v. 
Electrolysis in  the fluoride mel t  proved to be a superior process, the metal 
product  having higher pur i ty  and larger average particle size than  the product  
from the chloride melt. In addition, the recovery of thor ium from recycle 
streams proved to be much simpler in  the fluoride process than in  the chloride 
process. The feasibili ty was demonstrated for all the essential steps of a com- 
plete process for production of the metal  in the fluoride system. 

A sat is factory  me thod  for p roduc t ion  of t h o r i u m  
meta l  r equ i res  (a)  a s imple  p r e p a r a t i o n  of feed m a -  
ter ial ,  (b)  a successful  r educ t ion  of the  t h o r i u m  feed 
compound  to t h o r i u m  metal ,  and  (c) an  efficient r e -  
covery  of the  me ta l  a f ter  reduct ion .  A s imple  recycle  
of non recove rab l e  me ta l  fines and  o ther  t h o r i u m -  
con ta in ing  ma te r i a l s  is also f r e q u e n t l y  desirable .  
Ex is t ing  t echn iques  ut i l ize  e lec t rolyt ic  or m e t a l l o -  
thermic  r educ t ion  of a t h o r i u m  ha l ide  as a m e a n s  of 
p roduc ing  the  metal .  However ,  p r e p a r a t i o n  of an  
a n h y d r o u s  t h o r i u m  hal ide  su i tab le  for feed to a con-  
t inuous  r educ t ion  process is at bes t  a difficult opera -  
t ion. P roduc t i on  of t h o r i u m  me ta l  t h rough  r educ t ion  
of its oxide offers the  a d v a n t a g e  of e l i m i n a t i n g  the  
ha logena t ion  step and  subs t i t u t i ng  for it  the  r e l a -  
t ive ly  s imple  p r e p a r a t i o n  of t h o r i u m  oxide. 

This  inves t iga t ion  was  u n d e r t a k e n  to d e t e r m i n e  
the  feas ib i l i ty  of a process based on e lect rolyt ic  r e -  
duc t ion  of t h o r i u m  oxide. This  technique ,  which  is 
closely ana logous  to the  Hal l  process for p roduc ing  
a l u m i n u m ,  was  suggested as a possible me thod  for 
t h o r i u m  produc t ion  in  a 1931 p a t e n t  by  Driggs (1) .  
Elect rolyt ic  r a the r  t h a n  me ta l l o the rmic  r educ t ion  of 
the oxide was  selected because  the  fo rmer  lends  
itself more  r ead i ly  to con t inuous  opera t ion  and  b e -  
cause other  a t t emp t s  (2) at the  l a t t e r  have  resu l ted  
in  a p roduc t  w i th  an  average  par t ic le  size of on ly  
7-8 I*. P rev ious  work  (3) ind ica ted  tha t  e lec t rolyt ic  
r educ t ion  should  produce  a me t a l  h a v i n g  l a rger  p a r -  
t icle size and  lower  i m p u r i t y  content .  

The resul t s  of this  e x p e r i m e n t a l  s tudy  fo rm the  
basis for a proposed process for p roduc ing  t h o r i u m  
me ta l  by  e lect rolyt ic  r educ t ion  of its oxide. Al l  steps 
essent ia l  to con t inuous  opera t ion  have  been  d e m o n -  
s t rated.  

Experimental 
Apparatus.--Electrolysis ce l l s . - -The  cells, wh ich  

also served as the anodes  d u r i n g  electrolysis ,  were  
CS-312 g raph i t e  crucibles,  18 in. h igh and  5 in. in  
d i ame te r  w i th  0.5-in. walls .  They  were  ob ta ined  
f rom the  Na t iona l  Carbon  Company .  D u r i n g  opera -  
t ion,  the cell was  inse r ted  in to  a s ta in less  steel  s leeve 
to p r e v e n t  loss of the  me l t  in  even t  of cell rup tu re .  

Housing.--The cell was  con ta ined  in  a d ry  box  p ro -  
v ided  wi th  e q u i p m e n t  to h a n d l e  the  i n t e r n a l  m a n i p -  
ula t ions .  D u r i n g  opera t ion  the  box a tmosphere  could 
be m a i n t a i n e d  at 99 + % he l ium.  
Ins trumentat ion. - -The i n s t r u m e n t a t i o n  was  s t a n d -  
ard. The  P t - P t ,  10% Rh the rmocoup le  was  housed in  
a s ta inless  steel wel l  which  was  i m m e r s e d  in  the  
melt .  

Materials.--Potassium thorium ]tuoride.--The 
compound  KThF~ was p r e p a r e d  b y  the  me thod  of 
Driggs and  L i l l i e nda h l  (4) .  The a n h y d r o u s  double  
sal t  p rec ip i t a t ed  u p o n  add ing  an  excess of aqueous  
po tas s ium fluoride to aqueous  t h o r i u m  n i t ra te .  The 
p rec ip i t a t ion  of Th  +4 f rom the so lu t ion  was  v i r t u a l l y  
complete,  the  f i l t rate  ana lyz ing  <6x10-6M Th+t 
Thorium chloride.--The a n h y d r o u s  NaC1-KC1-ThCL 
m i x t u r e  was ob ta ined  f rom Horizons,  Inc., Cleveland,  
Ohio. 

Thorium oxide.--Fisher Scientific Co. C. P. t h o r i u m  
oxide was  used in  al l  runs .  

Cathode metals . - -S ix-mi l l imeter  m o l y b d e n u m  rod 
was used as ca thode m a t e r i a l  in  most  of the  e lec t ro l -  
yses. The m o l y b d e n u m  and  the  t a n t a l u m  were  ob-  
t a ined  f rom the  Fans t ee l  Meta l lu rg ica l  Corpora t ion ,  
Nor th  Chicago, I l l inois .  T i t a n i u m  was ob ta ined  f rom 
R e m - C r u  T i t a n i um,  Inc., Midland,  P e n n s y l v a n i a ;  and  
the t h o r i u m  used for cathodes was  ob ta ined  f rom the 
Atomic  E n e r g y  Commiss ion.  

Procedures.--Electrolysis.--Prior to each e lec t ro l -  
ysis, the  cell was  filled w i th  salt  p lus  the des i red 
q u a n t i t y  of oxide. The cathodes were  h u n g  on racks, 
and  all  e lect r ical  connec t ions  were  made.  The  f ron t  
w i n d o w  t h e n  was  p u t  in  place, and  the  h e l i u m  p u r g e  
and  hea t ing  were  s ta r ted  s imul t aneous ly .  Two to 
th ree  hours  were  r e q u i r e d  to reach ope ra t ing  t e m -  
pera ture .  

Af te r  t h e r m a l  e q u i l i b r i u m  at  the  des i red  t e m p e r a -  
t u r e  had  been  a t ta ined ,  the cathode was  i m m e r s e d  in 
the me l t  and  electrolysis  s ta r ted  immed ia t e ly .  At  the  
conclus ion  of the  electrolysis ,  the  cathode was  w i t h -  
d r a w n  s lowly  to a l low m a x i m u m  d ra inage  of the  
m o l t e n  salt. The cathode w i th  its me ta l l i c  deposit  
was h u n g  on a rack  to cool. A second cathode t h e n  

43 



44 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  January 1960 

Table I. Anode gas analyses during electrolysis of ThO~ in a 

Fig. 1. Typical cathode deposit obtained by electrolysis of 
Th02 in a KF-ThF4 melt. 

could  be  i m m e r s e d  a n d  the  p rocess  cou ld  be  r e p e a t e d .  
A h e l i u m  a t m o s p h e r e  was  m a i n t a i n e d  t h r o u g h o u t  
the  cool ing  p e r i o d  to p r e v e n t  o x i d a t i o n  of t he  d e -  
pos i t ed  me ta l .  F i g u r e  1 is a p h o t o g r a p h  of a t y p i c a l  
c a thode  depos i t .  

Metal recovery.--Fluoride system.--The m e t a l  
p r o d u c e d  b y  e l ec t ro ly s i s  in t he  f luor ide  s y s t e m  was  
r e c o v e r e d  b y  s t r i p p i n g  the  depos i t  f r om the  ca thode ,  
c rush ing ,  sc reen ing ,  and  leach ing .  A f t e r  t he  depos i t  
was  c r u s h e d ,  20 to 40% pas sed  a 200-mesh  screen.  
This  f rac t ion ,  con t a in ing  f r o m  5 to 14% of the  me ta l ,  
was  no t  p roces sed  fu r the r .  The  +200  mesh  f r ac t i on  
was  l e ached  for  10 to 20 min  in bo i l ing  aqueous  a l u -  
m i n u m  n i t r a t e  ( ~ I M ) .  A w h i t e  or  g r a y  n e a r - c o l -  
l o ida l  d i spe r s i on  f o r m e d  in t he  s u p e r n a t a n t  l i q u o r  
d u r i n g  t h e  l each ing  ope ra t ion .  Th is  d i spers ion ,  w h i c h  
cons i s t ed  of f inely  d i v i d e d  t h o r i u m  ox ide  and  t h o -  
r i u m  meta l ,  could  be  c o a g u l a t e d  and  p r e c i p i t a t e d  
b y  cen t r i f uga t i on .  A f t e r  t he  l e a c h i n g  ope ra t i on ,  t h e  
m e t a l  was  v i s i b l y  f r ee  of sal t ,  as shown  in Fig .  2. 

Fig. 2. Thorium metal particles (-I-10 mesh) produced by 
electrolysis of Th02 in a KF-ThF4 melt, following leach with 
hot aqueous aluminum nitrate. 

KF-TbF4 melt* 

8 rain 18 m i n  3 r a i n  16 r a i n  
B e f o r e  a f t e r  a f t e r  af ter  a f ter  

C o n s t i t u e n t  s t a r t  s t a r t  s t a r t  c o n c l u s i o n  conc lus ion  

He 95.4 70.0 72.1 94.1 96.6 
CO 1.77 22.2 25.8 4.62 2.33 
CO2 0.17 7.02 1.23 0.10 0 
N2 0.15 Trace Trace Trace Trace 
O~ 0.03 0 0 0 0 
H~ 2.45 0.69 0.83 1.10 1.10 

F-con ta in ing  0 0 0 O 0 
gas 

* A l l  f i gu re s  g i v e n  in  m o l e  p e r  cen t .  

Table II. Anode gas analyses during electrolysis of ThO2 in a 
NoCI-KCI-ThCh melt* 

I m m e d i -  
5 m i n  20 m i n  a t e l y  10 m i n  

B e f o r e  a f t e r  a f t e r  a f t e r  c o n -  a f t e r  con-  
C o n s t i t u e n t  s t a r t  s t a r t  s t a r t  e l u s i o n  c luston 

He 98.4 71.6 73.2 93.8 98.0 
CO 0 5.33 6.96 2.53 0.15 
COs 0.10 20.4 17.8 1.78 0.24 
N2 0.10 0.41 0.51 0.22 0.09 
O~ 0 0.05 0 0 0 
H2 1.35 2.10 1.55 1.64 1.56 

Cl-conta in ing 0 0 0 0 0 
gas 

* A l l  f i g u r e s  g i v e n  in  m o l e  p e r  cent .  

Metal recovery.--Chloride system.--The r e c o v e r y  
scheme fo l l owing  e l ec t ro ly s i s  in t he  ch lo r ide  me l t  
d i f fe red  f r o m  t h a t  for  t he  f luor ide  sys tem.  The  p r o -  
c edu re  cons i s t ed  of s t r i p p i n g  the  depos i t  f r om the  
ca thode ,  c rush ing ,  a n d  l each ing  w i t h  w a t e r .  S c r e e n -  
ing y i e l d e d  no ef fec t ive  s e p a r a t i o n  of m e t a l  f rom sa l t  
due  to t he  v e r y  s m a l l  a v e r a g e  p a r t i c l e  size of the  
meta l .  L e a c h i n g  was  a c c o m p l i s h e d  eas i ly ,  s ince the  
ch lo r ide  sa l t s  of the  m e l t  a r e  a l l  h i g h l y  so lub le  in 
wa te r .  

Cathode pretreatment.--During the  course  of the  
e x p e r i m e n t a t i o n ,  i t  was  f o u n d  t ha t  p r e t r e a t i n g  the  
ca thode  d e c r e a s e d  the  p o r o s i t y  and  i m p r o v e d  the  a d -  
he r ence  of t he  m e t a l l i c  deposi t .  This  p r e t r e a t m e n t  
cons i s t ed  of s and ing  to  r o u g h e n  the  surface ,  d e -  
g r ea s ing  w i t h  t r i c h l o r o e t h y l e n e  vapor ,  and  p i ck l ing  
for  3-5 m i n  w i t h  an  a g e n t  su i t ab l e  for  t he  ca thode  
m a t e r i a l .  F o l l o w i n g  the  p i ck l ing ,  the  ca thodes  w e r e  
w a s h e d  in d i s t i l l ed  w a t e r  and  d r i e d  in air .  

Results and Discussion 
E~ectro~ysis of thorium oxide.--The compos i t i on  of 

the  a n o d e  gas  evo lved  d u r i n g  e l ec t ro lys i s  in bo th  
the  fused  f luor ide  and  the  fused  c h l o r i d e  sys tems  
e s t a b l i s h e d  t h o r i u m  ox ide  as the  c o m p o u n d  u n d e r -  
going decompos i t ion .  The  o x y g e n  r e s u l t i n g  f rom d e -  
compos i t ion  of the  ox ide  was  l i b e r a t e d  a t  t he  g r a p h -  
i te  anodes  as ca rbon  d i o x i d e  and  ca rbon  monox ide .  
The  l a r g e  i nc rea se  in  t he  ox ide  con ten t  of the  gas  
s u r r o u n d i n g  the  anode  d u r i n g  e l ec t ro lys i s  is ev iden t  
f rom the  a n a l y s e s  l i s t ed  in Tab les  I and  II.  The  anode  
gas c o n t a i n e d  no f luor ine  or  ch lo r ine  compounds .  The  
p re sence  of such c o m p o u n d s  w o u l d  h a v e  been  ob -  
s e rved  h a d  the  ha l i de s  been  decomposed  d u r i n g  the  
e lec t ro lys i s .  
Decomposition potential.---The decompos i t i on  p o t e n -  
t i a l  of t h o r i u m  ox ide  in b o t h  sys tems  was  d e t e r m i n e d  
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Fig .  3 .  C u r r e n t - v o l t a g e  c u r v e  f o r  e l e c t r o l y s i s  o f  m h O 2  in a 

K F - T h F ~  m e l t .  

in the  c o n v e n t i o n a l  m a n n e r  f r o m - c u r r e n t - v o l t a g e  
graphs.  A typ ica l  p lo t  i s  shown  in Fig.  3. A v a r i a t i o n  
f r o m  1.67 to 2.15 v was  found  o v e r  f o u r t e e n  i nde -  
penden t  d e t e r m i n a t i o n s  in the  fused  f luor ide sys tem,  
y ie ld ing  a v a l u e  of 1.92 -----0.11 v. Ten  d e t e r m i n a t i o n s  
in the  fused  ch lo r ide  sys t em gave  a v a l u e  of 1.92 
+--0.27 v. 
SoLubility of thorium oxide.--The so lubi l i ty  of t h o -  
r ium oxide  in a K F - T h F ,  mel t ,  70% ThF~ by we igh t ,  
was  found  to be  a p p r o x i m a t e l y  1%. No r e l i ab l e  r e -  
sul t  was  ob ta ined  for  the  so lub i l i ty  of t h o r i u m  ox ide  

in the  NaC1-KC1-ThC1,  mel t .  
Leaching agents.---A so lven t  was  r e q u i r e d  for  the  
cons t i tuen ts  of each  of the  me l t s  in o rde r  to leach  
the  occ luded  sal t  f r o m  the  meta l .  No p r o b l e m  was  
e n c o u n t e r e d  in the  ch lor ide  sys tem,  since al l  the  

salts  in the  m e l t  a re  w a t e r  soluble.  T h o r i u m  f luor ide  
and its double  salts  w i t h  po t a s s ium f luor ide are  i n -  
so luble  in w a t e r  bu t  d isso lve  sa t i s fac to r i ly  in bo i l ing  
aqueous  a l u m i n u m  n i t ra te .  

Product purity.--The p roduc t  was  ident i f ied  as 
t h o r i u m  m e t a l  by x - r a y  diffract ion.  D e t e r m i n a t i o n  of 
the  H C l - i n s o l u b l e  con ten t  y i e lded  the  a m o u n t  of d is -  
so lved  or occ luded  t h o r i u m  oxide,  wh ich  a v e r a g e d  
0.63% in the  p r o d u c t  f r o m  the  f luor ide process,  bu t  
r an  as h igh  as 12.2% in the  p roduc t  f r o m  the  ch lo r ide  
process.  One  comple t e  spec t roscopic  ana lys is  of t he  
m e t a l  p r o d u c e d  by e lec t ro lys i s  in the  f luor ide m e l t  
(Run  3D) is l i s ted be low:  

600 p p m  A1 
9 p p m  B 

90 p p m  Ca 

35 p p m  Mg 
40 p p m  Mn 

300 p p m  Ni 
<0.5 p p m  Cd 400 p p m  Si 

700 p p m  Cr <1  p p m  U 
250 p p m  Cu 80 p p m  Zn 

1000 p p m  F e  <50  p p m  Zr  

R e m a i n d e r  Th 

The  source of impur i t i e s  was  a s sumed  to be the  
f luor ide salt. 

Operating and perSormance data.--Fused fluoride 
system.--Table I I I  l ists  the  ope ra t ing  and p e r f o r m -  
ance da ta  for  s e v e n t e e n  e lec t ro lyses  ca r r i ed  out  in 
the  fused  f luor ide sys tem.  Runs  w i t h  a c o m m o n  
n u m e r a l  w e r e  m a d e  in the  same sal t  bath.  The  r e -  
c o v e r y  efficiency l i s ted  in t he  t ab le  is the  per  cen t  
r e c o v e r y  of the  m e t a l  t h e o r e t i c a l l y  depos i t ed  by the  
passage  of the  g i v e n  charge ,  a s suming  a q u a d r i v a -  
l en t  t h o r i u m  ion in the  m o l t e n  sal t  solution.  The  
H C l - i n s o l u b l e  con ten t  ind ica tes  the  q u a n t i t y  of ox ide  
d i sso lved  in t he  meta l .  

E x a m i n a t i o n  of the  da ta  r evea l s  t ha t  the  first e lec -  
t ro lys is  w i t h  each sal t  ba th  r e su l t ed  in poor  yields.  
This  effect is a sc r ibab le  to impur i t i e s  in the  salt, the  
p re sence  of wh ich  decreases  the  m e a n  pa r t i c l e  size 

Table III. Operating and performance data for the electrolyses of ThO~ in a KF-ThF4 melt 

C a t h o d e  C a t h o d e  T e m p e r -  
R u n  m a t e r i a l  p r e t r e a t m e n t  a t u r e ,  ~  

Wt.  % 
C u r r e n t  R e c o v -  Wt .  f r a c t i o n  Wt .  % r e c o v -  Wt .  % m e t a l  i n  P e r  c e n t  
d e n s i t y  c r y  effl-  of  r e c o v -  e r e d  m e t a l  d e p o s i t  - -200 m e s h  H C l -  

a m p / d m  2 c i e nc y ,  % e r e d  m e t a l *  + 40 m e s h  --200 m e s h  d e p o s i t  i n s o l u b l e s  

1A Mo None 990 
1B Mo None 1000 
1C Mo None 980 
1D Mo None 950 
1E Mo None 940 
1F Mo None 960 

2A Mo None 1000 
2B Mo None 1000 
2C Mo None 990 

3A Mo 8M HNO~ 950 
3B Mo 8M HNO~ 965 
3C Mo 8M HNO~ 970 
3D Mo 8M HNO8 980 
3E Mo 8M HNO8 1010 
3F Th 6M HC1 1000 
3G Ti 6M HC1 1000 
3H Ta 8M HNO~ 1000 

1 6 0  2 . 5  0 . 0 2 5  0 - -  - -  - -  

2 8 0  9 . 6  0 . 2 2 1  3 8 . 7  - -  - -  2 . 3 0  

5 6  1 4 . 7  0 . 2 2 8  1 6 . 7  - -  - -  - -  

63 8.2 0.276 69.0 - -  - -  1.10 
103 24.6 0.583 95.0 - -  - -  0.43 
280 10.3 0.210 63.4 - -  - -  0.14 

193 0 . . . . .  
380 18.5 0.182 32.4 - -  - -  0.44 
380 21.5 0.473 69.0 34.3 6.9 0.94 

174 12.0 - -  1.5 - -  18.8 2.70 
104 7.8 0.478 63.5 39.2 - -  0.32 
35 19.1 0.596 65.1 27.2 - -  0.26 

174 41.0 0.679 91.4 18.8 - -  0.10 
182 25.8 0.400 74.1 31.4 20.7 0.23 
53 8.2 0.129 2.0 66.7 21.8 0.21 

136 10.2 0.084 0 80.6 39.0 2.60 
167 12.3 0.058 0 88.0 40.0 0.25 

�9 W e i g h t  o f  r e c o v e r e d  m e t a l  

Total w e i g h t  of  d e p o s i t  ( i nc ludes  o c c l u d e d  sa l t  a n d  oxide) 
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Fig. 4. Particle-size distribution for electrolyses with varied 
cathode material. 
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Fig. 5. Particle-size distribution for electrolyses at varied 
current densities. 

(5)  and  c o n s e q u e n t l y  t he  r e c o v e r y  efficiency. The  
first  e l ec t ro ly s i s  w i t h  each  b a t h  a p p a r e n t l y  s e r v e d  
as a s c a v e n g i n g  run ,  a f t e r  w h i c h  p e r f o r m a n c e  i m -  
p roved .  

F r o m  the  d a t a  in  T a b l e  I I I  t he  s u p e r i o r i t y  of m o l y b -  
d e n u m  as a c a thode  m a t e r i a l  ove r  t h e  o the r  m e t a l s  
t e s t ed  is a p p a r e n t .  If  t he  r e su l t s  of t he  s c a v e n g i n g  
runs  a r e  d i scounted ,  t he  r e c o v e r y  efficiency, b a s e d  on 
a q u a d r i v a l e n t  t h o r i u m  cat ion,  for  t he  e l ec t ro ly se s  
w i t h  m o l y b d e n u m  ca thodes  v a r i e d  f r o m  8.2 to 41.0%, 
a v e r a g i n g  18.3%. 1 T h e  r a t i o  of t he  w e i g h t  of t h e  r e -  
c ove red  m e t a l  to the  t o t a l  w e i g h t  of the  depos i t  ( i n -  
c l ud ing  occ luded  sa l t  and  ThO~) a v e r a g e d  39.3%, 
w i t h  a t o t a l  v a r i a t i o n  f rom 18.2 to 67.9%. A n  a v e r a g e  
of 61.7% of t he  r e c o v e r e d  m e t a l  e x c e e d e d  40 mesh  
in size, and  the  a m o u n t  of m e t a l  fines in the  --200 
m e s h  f r a c t i o n  r a n g e d  f r o m  on ly  2 to  7% of t he  t o t a l  
w e i g h t  of the  depos i t .  The  H C l - i n s o l u b l e  con ten t  
v a r i e d  f r o m  0.10 to 2.30%, a v e r a g i n g  0.63%. P e r -  
f o r m a n c e  w i t h  t ho r ium,  t i t a n i u m ,  and  t a n t a l u m  
ca thodes  was  m u c h  less sa t i s f ac to ry .  In  p a r t i c u l a r ,  
t he  p a r t i c l e  size d i s t r i b u t i o n  of t he  p r o d u c t  w a s  less  
f a v o r a b l e  t h a n  w i t h  t he  m o l y b d e n u m  cathodes ,  s ince  
m u c h  l a r g e r  f r ac t ions  of the  t h o r i u m  m e t a l  w e r e  
p r o d u c e d  as i r r e c o v e r a b l e  fines w i t h  the  o t h e r  t h r e e  
ca thode  m a t e r i a l s  t es ted .  F i g u r e  4 i l l u s t r a t e s  the  
d i f fe rences  in p a r t i c l e  size d i s t r i b u t i o n s  for  t he  fou r  
c a thode  ma te r i a l s .  

C u r r e n t  d e n s i t y  w a s  v a r i e d  f r o m  35 to 380 a m p /  
d m  2 for  t he  e l e c t ro ly se s  l i s ted  in T a b l e  III .  No good 
c o r r e l a t i o n  was  obse rved ,  howeve r ,  b e t w e e n  c u r r e n t  
d e n s i t y  and  a n y  of t he  p e r f o r m a n c e  c r i t e r i a .  F i g u r e  
5 shows  the  p a r t i c l e  size d i s t r i b u t i o n s  fo r  e l ec t ro lyses  
r u n  at  d i f fe ren t  c u r r e n t  dens i t ies .  

B e g i n n i n g  w i t h  R u n  3A, the  ca thodes  w e r e  g iven  
a p r e t r e a t m e n t  w i t h  a p i c k l i n g  a g e n t  in an  a t t e m p t  
to i m p r o v e  the  a d h e r e n c e  of t he  deposi t .  I m p r o v e -  
m e n t  w a s  no t  p r o n o u n c e d ;  h o w e v e r ,  t h e  m e t a l  p a r -  
t ic les  p l a t e d  on p i c k l e d  e l ec t rodes  h a d  a f i rmer  s t r u c -  

z A s i zab le  loss r e s u l t e d  f r o m  l a c k  of  p r o p e r  e q u i p m e n t  to  s t r i p  
t h e  t i g h t l y  a d h e r i n g  t h o r i u m  d e p o s i t  e f f i c ien t ly  f r o m  t h e  cathodes.  

tu re ,  w h i c h  f a c i l i t a t e d  s e p a r a t i o n  of t he  m e t a l  f rom 
the  sal t .  

Operating and performance data.--Fused chloride 
system.--Fourteen e l ec t ro ly se s  w e r e  p e r f o r m e d  in the  
ch lo r ide  sys tem.  R e c o v e r y  efficiency, b a s e d  on Th +' 
in  so lu t ion ,  v a r i e d  f r o m  13.9 to 55.0%, a v e r a g i n g  
27.2%. The  r a t i o  of the  w e i g h t  of r e c o v e r e d  m e t a l  to 
the  t o t a l  w e i g h t  of the  depos i t  a v e r a g e d  22.5%, 
r a n g i n g  f r o m  10.9 to 43.3%. The  H C l - i n s o l u b l e  con-  
t en t  was  h igh ,  1.92 to 12.2%. The  p a r t i c l e  size d i s -  
t r i b u t i o n  w a s  c o n s i d e r a b l y  less  f a v o r a b l e  t h a n  t ha t  
r e su l t i ng  f r o m  the  e l ec t ro ly se s  in the  f luor ide  sys -  
tem.  In  on ly  one of t he  f o u r t e e n  runs  d id  a n y  of the  
m e t a l  p a r t i c l e s  exceed  80 m e s h  in size. V i r t u a l l y  a l l  
t he  p r o d u c t  was  --100 mesh,  w i t h  s izable  f r ac t ions  in 
the  10 to 50 F r ange .  

Comparison of Processes in the Fluoride and 
Chloride System 

The  e x p e r i m e n t a l  r e su l t s  i nd ica t e  t ha t  the  p r o -  
duc t ion  of t h o r i u m  m e t a l  b y  e l ec t ro lys i s  of t h o r i u m  
ox ide  in  t he  f u s e d  f luor ide  s y s t e m  is s u p e r i o r  to t he  
ana logous  p rocess  in the  c h l o r i d e  sys tem.  The  ch lo -  
r ide  m e l t  has  a l o w e r  fus ion  t e m p e r a t u r e  ( ,~800~ 
t h a n  the  f luor ide  s y s t e m  (N100O~ p lus  a h igh  
w a t e r  s o l u b i l i t y  of the  b a t h  cons t i tuen ts ,  w h i c h  f a -  
c i l i t a tes  t he  l e a c h i n g  ope ra t ion .  Howeve r ,  these  a d -  
v a n t a g e s  a r e  i n a d e q u a t e  to c o m p e n s a t e  for  t he  l o w e r  
p u r i t y  and  s m a l l e r  p a r t i c l e  size of the  p roduc t .  M o r e -  
over ,  t h e r e  is no s imple  t e c h n i q u e  for  r e c y c l i n g  the  
occ luded  c h l o r i d e  sa l ts  t h a t  a r e  r e m o v e d  w i t h  the  
ca thode  depos i t .  Unless  m e t h o d s  can  be  f o u n d  for  
depos i t i ng  l a r g e r  m e t a l  p a r t i c l e s  f r o m  the  ch lo r ide  
mel t ,  e l ec t ro ly s i s  of t h o r i u m  ox ide  in th is  sy s t em 
does not  a p p e a r  to be  c o m p e t i t i v e  w i t h  t h e  f luor ide  
process .  

Flowsheet for Proposed Process 
F i g u r e  6 is t h e  p r o p o s e d  f lowshee t  of t h e  c o m p l e t e  

process  for  t h e  p r o d u c t i o n  of t h o r i u m  m e t a l  in the  
fused  f luor ide  sys tem.  A b r i e f  d i scuss ion  of  each  
of the  s teps  is p r e s e n t e d  be low.  
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Fig. 6. Proposed flowsheet for production of thorium 
metQI in fused fluoride system. 

Electrolysis.---Electrolysis is p e r f o r m e d  in g r a p h i t e -  
l ined  cas t  i ron  cells.  The  l iners ,  s e rv ing  as anodes ,  
a r e  r e p l a c e d  as t h e y  a r e  consumed .  A n  i n e r t  a t m o s -  
p h e r e  c h a m b e r  m u s t  be  p r o v i d e d  for  r e m o v a l  and  
cool ing of the  ca thodes  fo l l owing  e lec t ro lys i s .  
Cathode stripping.--Conventional t e chn iques  and  
e q u i p m e n t  a r e  a v a i l a b l e  for  s t r i p p i n g  the  depos i t  
f r o m  t h e  ca thodes .  
Crushing and screening.--The gross  p h y s i c a l  s e p a r a -  
t ion of m e t a l  f r o m  sa l t  is ba sed  on the  fac t  t ha t  the  
sa l t  c r y s t a l s  a r e  r e d u c e d  in size eas i ly  b y  c rush ing ,  
w h i l e  t h e  m e t a l  p a r t i c l e s  a r e  not.  I t  is p r o p o s e d  t h a t  
t he  m e t a l  in  t he  4-200 m e s h  (U. S. S t a n d a r d  Se r i e s )  
f rac t ion ,  w h i c h  con ta ins  80 to 95% m e t a l  b y  we igh t ,  
b e  l eached ,  w h i l e  t h e  --200 m e s h  f r a c t i o n  w h i c h  
a v e r a g e s  on ly  15% m e t a l  be  recyc led .  
Leaching.--The sa l t  no t  r e m o v e d  b y  the  p h y s i c a l  
s e p a r a t i o n  can be  d i s so lved  in hot  aqueous  a l u m i n u m  
n i t r a t e .  Bo i l ing  10 to 20 m i n  in 1M a l u m i n u m  n i t r a t e  
g ives  s a t i s f a c t o r y  r e m o v a l  of  sal t .  
Metal processing.---After t h e  l each ing  ope ra t ion ,  t he  
m e t a l  is s e p a r a t e d  f r o m  the  s u p e r n a t a n t  l i quo r  b y  
decan ta t i on .  The  m e t a l  t h e n  is w a s h e d  w i t h  w a t e r  
and  a i r  d r ied .  The  d r y i n g  s tep  is f o l l owed  b y  a p o w -  
d e r  m e t a l l u r g i c a l  f o r m i n g  of e l ec t rodes  fo r  subse -  
q u e n t  a rc  me l t ing .  
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Recycle (--200 mesh screening fraction).--The c o m -  
pos i t i on  of th is  f r ac t i on  a v e r a g e s  15% t h o r i u m  meta l ,  
0.4% t h o r i u m  oxide ,  and  the  r e m a i n d e r  sal t .  Two  
a l t e r n a t i v e s  a r e  a v a i l a b l e  fo r  t r e a t m e n t  of these  
fines. A n  o x y g e n  roas t  conve r t s  t he  m e t a l  to t h o r i u m  
oxide ,  a f t e r  w h i c h  this  f r a c t i o n  can  be  r e t u r n e d  to 
t he  e l ec t ro lys i s  cel ls ;  or  the  - -200 m e s h  f r ac t i on  m a y  
be  r e c y c l e d  d i r e c t l y  to t he  cells ,  and  a pe r iod i c  o x y -  
gen  s p a r g e  m a y  be  e m p l o y e d  to r e - o x i d i z e  t he  t h o -  
r i u m  meta l .  The  l a t t e r  a l t e r n a t i v e  is f avo red ,  s ince 
an  o x y g e n  spa rge  is p r o b a b l y  n e c e s s a r y  to r e - o x i d i z e  
the  n o n a d h e r i n g  m e t a l  p roduc t ,  w h i c h  col lec ts  a t  
t he  b o t t o m  of t he  cel ls  d u r i n g  e lec t ro lys i s .  A n y  such 
t r e a t m e n t  w i t h  o x y g e n  r e q u i r e s  c a r e fu l  c on t ro l  to 
p r e v e n t  excess ive  a t t a c k  on the  g r a p h i t e  l iners .  
Recycle (leach and wash supernatant liquors).---The 
l each  and  w a s h  superna t . an t  l i quo r s  con ta in  t h o r i u m  
in t he  f o r m  of so lub le  T h "  ion p lu s  d i s p e r s e d  ox ide  
and  m e t a l  fines. The  d i s so lved  t h o r i u m  can  be  r e -  
c ove re d  b y  a d d i n g  K F  in q u a n t i t y  suff icient  to p r e -  
c ip i t a t e  a l l  the  t h o r i u m  as KThF~. Some  ca re  m u s t  be  
o b s e r v e d  in o r d e r  no t  to p r e c i p i t a t e  a n y  of t he  p o -  
t a s s i u m  a l u m i n u m  fluorides.  Con t ro l  is no t  too c r i t i -  
cal,  h o w e v e r ,  s ince  less  t h a n  80% of  t he  K F  r e q u i r e d  
for  i nc ip i en t  p r e c i p i t a t i o n  f r o m  a b l a n k  1M a l u m i -  
n u m  n i t r a t e  so lu t ion  p r e c i p i t a t e s  e s s e n t i a l l y  a l l  of 
the  Th § f r o m  a 1M a l u m i n u m  n i t r a t e  so lu t ion  s a t u -  
r a t e d  w i t h  KThF~. A w e l l - a g i t a t e d  p r e c i p i t a t i o n  
shou ld  succeed  in c o a g u l a t i n g  a n d  c a r r y i n g  d o w n  the  
d i s p e r s e d  p a r t i c l e s  as wel l .  F o l l o w i n g  f i l t ra t ion ,  t he  
p r e c i p i t a t e  is d r i e d  and  r e c y c l e d  to the  e l ec t ro ly s i s  
cells.  
Waste.--The on ly  w a s t e  s t r e a m  in t he  p rocess  is t he  
f i l t r a te  f r o m  the  KThF~ r e g e n e r a t i o n  step.  T h o r i u m  
c o n c e n t r a t i o n  in th is  s t r e a m  is less  t h a n  10-~M. 

Manuscr ip t  received May 25, 1959. The informat ion  
contained in this  ar t ic le  was developed dur ing  the 
course of work  under  contract  A T ( 0 7 - 2 ) - I  wi th  the  
U.S. Atomic  Energy  Commission. 

A n y  discussion of this pape r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the December  1960 
~OURNAL. 
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ABSTRACT 

Mass t rans fe r  at the  s t r eaming  or je t  mercu ry  e lect rode has been s tudied 
theoret ica l ly .  Momentum equat ions for both  the me rc u ry  j e t  and the sur -  
rounding  solut ion layer  have  been solved s imul taneous ly  on the assumption 
of l amina r  flow in both mercu ry  j e t  and sur rounding  solut ion envelope.  L imi t -  
ing cur ren ts  were  measured  for the  reduct ion  of T1 § Pb ++, and Zn §247 at  25~ 
wi th  0.1M KC1 as suppor t ing  electrolyte .  Expe r imen ta l  resul ts  are  in good 
agreement  wi th  predic t ions  based on theore t ica l  analysis.  

The  s t r e a m i n g  or  j e t  m e r c u r y  e l ec t rode  has  been  
s t u d i e d  a n d  used  in v a r i o u s  fo rms  of p o l a r o g r a p h y  
(1 -12 ) .  I ts  a p p l i c a t i o n  to r o u t i n e  a n a l y t i c a l  p u r p o s e s  
is r e s t r i c t e d  b y  the  l a r g e  a m o u n t  of m e r c u r y  con-  
sumed ,  t he  h igh  c h a r g i n g  cu r ren t s ,  and  the  incon-  
v e n i e n c e  in r e p r o d u c i n g  s t r e a m  g e o m e t r y .  On the  
o t h e r  hand ,  t he  s t r e a m i n g  e lec t rode ,  if u sed  a long  
w i t h  t he  d r o p p i n g  e lec t rode ,  a p p e a r s  p r o m i s i n g  in 
s tud ies  of k ine t i c  c u r r e n t s  (6, 7) and  i r r e v e r s i b l e  
e l ec t rode  processes  (12) .  F u r t h e r m o r e ,  t he  r a p i d  r e -  
n e w a l  of t he  m e r c u r y  su r face  m a k e s  i t  u se fu l  in  
s tud ies  of t he  m e r c u r y - s o l u t i o n  i n t e r f a c e  (2, 4, 8, 
11).  T o s h i m a  and  Mizuno (13) success fu l ly  a p p l i e d  
a m e r c u r y  s t r e a m  to t he  p r o d u c t i o n  of caus t ic  soda 
f r o m  c r u d e  br ine .  

I t  is of i n t e r e s t  to k n o w  how the  m e r c u r y  j e t  d r a g s  
t he  so lu t ion  a r o u n d  it  and  h o w  the  r a t e  of mass  
t r a n s f e r  of t he  ions ( l i m i t i n g  c u r r e n t )  is r e l a t e d  to 
the  cond i t ions  of ope ra t ion ,  such  as flow r a t e  of 
m e r c u r y ,  l e n g t h  of je t ,  etc. Rius,  et al. (8)  o b t a i n e d  
an  e x p r e s s i o n  for  the  l i m i t i n g  c u r r e n t  b a s e d  on the  
a s s u m p t i o n  t h a t  the  r a d i u s  of the  m e r c u r y  j e t  is 
cons tan t ,  t he  c u r v a t u r e  neg l ig ib le ,  and  the  ve loc i t y  
of t he  j e t  and  of t he  a d j a c e n t  so lu t ion  u n i f o r m  e v e r y -  
where .  W e a v e r  and  P a r r y  (12) showed  the  i n v a l i d i t y  
of these  a s s u m p t i o n s  and  p r e s e n t e d  a s e m i - e m p i r i c a l  
e q u a t i o n  for  t he  l i m i t i n g  cur ren t ,  u s ing  o b s e r v e d  
va lue s  of t h e  j e t  d i a m e t e r ,  i n t e r r a c i a l  ve loc i ty ,  and  
v e l o c i t y  g rad i en t .  The  p r e s e n t  p a p e r  g ives  an  a n a l -  
ys is  of j e t  c h a r a c t e r i s t i c s  b y  m e t h o d s  of fluid d y -  
namics ,  w h i c h  have  a l r e a d y  been  a p p l i e d  success -  
f u l l y  to m a n y  in s t ances  of ionic mass  t r a n s f e r  (14-  
17),  and  desc r ibes  m e t h o d s  for  the  ca l cu l a t i on  of 
l i m i t i n g  c u r r e n t s  w i t h o u t  t he  use  of e m p i r i c a l  i n -  
f o r m a t i o n  on j e t  g e o m e t r y .  

Stream Characteristics 
Theoretical.--Although t he  t u r b u l e n t  flow of gases  

f r o m  nozzles  (18)  and  the  b r e a k u p  of l i q u i d  s t r e a m s  
(19) h a v e  b o t h  been  cons ide red  in f luid mechan ics ,  
no t h e o r y  a d a p t a b l e  to w o r k i n g  cond i t ions  of t he  
s t r e a m i n g  m e r c u r y  e l ec t rode  was  ava i l ab l e .  T h r o u g h -  
out  th i s  p a p e r  i t  w i l l  be  a s s u m e d  t h a t  ( a )  the  flow 

48 

Fig. 1. Model for the- 
oretical analysis; coordi- 
nates and velocity pro- 
files. 

MERCURY I 8rOLUTION ', 
IL/ 

of the  m e r c u r y  w i t h i n  the  c a p i l l a r y  is l a m i n a r  
( H a g e n - P o i s e u l l e  f low w i t h o u t  s l ip ) ,  (b)  the  m e r -  
c u r y  jet ,  a f t e r  l e a v i n g  the  c a p i l l a ry ,  and  the  so lu t ion  
b o u n d a r y  l a y e r  f o r m e d  a r o u n d  it  a r e  c y l i n d r i c a l  and  
u n d e r g o  l a m i n a r  flow, and  (c)  t h e r e  is no sl ip b e -  
t w e e n  the  m e r c u r y  j e t  and  the  Solut ion b o u n d a r y  
l aye r .  The  c y l i n d r i c a l  coo rd ina t e s  a re  chosen as 
shown  in Fig.  1, z be ing  the  l o g i t u d i n a l  d i s t ance  f r o m  
the  c a p i l l a r y  t ip  a n d  r the  r a d i a l  d i s t ance  f rom the  
cen t e r  of the  je t .  1 The  m e r c u r y  j e t  and  the  so lu t ion  
flow a re  d i s t i n g u i s h e d  f rom each o t h e r  b y  subsc r ip t s  
m and  s, r e s p e c t i v e l y .  

As  a r i go rous  s i m u l t a n e o u s  so lu t ion  of the  N a v i e r -  
S tokes  equa t i ons  and  the  c o n t i n u i t y  equa t ions  for  
n o n c o m p r e s s i b l e  f luids  is v e r y  difficult ,  t h e  Kf i rm~n 
m o m e n t u m  e q u a t i o n  m e t h o d  (20, 21) is app l i ed ,  a 
b o u n d a r y  l a y e r  of def in i te  t h i ckness  be ing  assumed .  
In  o r d e r  to s i m p l i f y  the  m a t h e m a t i c a l  model ,  p a r a -  
bol ic  ve loc i t y  prof i les  a r e  a s sumed ,  t h a t  is, t he  r e -  

1 A g lo s sa ry  of s y m b o l s  is g i v e n  a t  t h e  e n d  of  t h i s  p a p e r .  
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loc i ty  c o m p o n e n t s  in the  z d i rec t ion ,  u~ a n d  u ,  a r e  
e x p r e s s e d  b y  

u J u o  = 1 4- [ (t~,/tL~)ro/ (8 - - ro )  ] [ 1 -  (r/ro)~]7 
u , / u o =  [ ( 8 - - r ) / ( 8 - - r o ) ] =  ~ [1]  

w h i c h  sat isf ies  t he  fo l l owing  cond i t ions  

a t r = 0 ,  O u J O r = 0  

at  r = To, u ,  = u, = uo and  
~ . .  a u . , l a r  = ~ , .  a u A a r  [2]  

a t r = 8 ,  u , = O u , / 0 r = 0  

In t he  a b o v e  t~ is the  d y n a m i c  v iscos i ty ,  r ,  t he  r a d i u s  
of t he  m e r c u r y  s t r eam,  a the  t h i ckness  of t h e  b o u n d -  
a r y  l a y e r  m e a s u r e d  f r o m  the  cen t e r  of t he  s t r e a m  
(r---- 0) ,  a n d  u,  t he  i n t e r f ace  ve loc i t y  c o m p o n e n t  in 
the  z d i rec t ion .  The  las t  t h r e e  q u a n t i t i e s  a r e  u n -  
k n o w n  p a r a m e t e r s  d e p e n d e n t  on z a lone  a n d  a re  d e -  
t e r m i n e d  b y  the  m o m e n t u m  equa t ions  

g ( P =  P')r~ L - - d [ p . f ' j  u .  ~ r d r J / d z  4- 

= - - ~ , r ~  . . . .  = - -~ , ro (auJar )  . . . .  [3]  

= d[p,s r d r ] /d z  

and  b y  t h e  e q u a t i o n  of c o n s e r v a t i o n  of m a s s  for  t h e  
m e r c u r y  s t r e a m  

d[f : ,  u , r  d r ] /d z  ---- 0 [4]  

p be ing  the  d e n s i t y  and  g t he  a c c e l e r a t i o n  due  to 
g r a v i t y  (g is n e g a t i v e  w h e n  the  s t r e a m  flows u p -  
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Fig. 2. Mercury jet diameter, interface velocity, and in- 
terface velocity gradient, from top to bottom; comparison 
between calculated and observed results for an upward mer- 

cury jet with a = 0.00525 cm and u= = 325 cm sec% (Al- 
though the dashed curve in the middle figure is not for Uo 
but for the interface velocity, there is no appreciable differ- 
ence except near the base of the stream.) 

w a r d ) .  ~ In  Eq. [3]  the  b r a c k e t e d  t e r m s  a re  e q u i v a -  
l en t  to t he  m o m e n t a  of the  m e r c u r y  j e t  and  of t he  
so lu t ion  enve lope .  The  t h i r d  and  f o u r t h  t e r m s  co r -  
r e s p o n d  to the  s h e a r i n g  s t resses  pe r  un i t  l ength .  
Hence  Eq. [3]  imp l i e s  t ha t  the  m o m e n t u m  of the  
m o v i n g  m e r c u r y  je t ,  a f t e r  e j ec t ion  f r o m  the  c a p i l -  
l a ry ,  is c o n s u m e d  b y  w o r k  a ga in s t  g r a v i t a t i o n a l  
fo rce  (or  vice versa)  or is t r a n s f e r r e d  to t he  s u r -  
r o u n d i n g  so lu t ion  t h r o u g h  the  s h e a r i n g  s t ress  a t  t he  
in te r face .  The  second  e q u a l i t y  in Eq. [3]  m e a n s  a b -  
sence  of s l i p p a g e  at  t he  i n t e r f a c e  [ a s s u m p t i o n  ( c ) ]  
and  so pe r f e c t  m o m e n t u m  t r ans fe r .  I t  fo l lows  f r o m  
a s s u m p t i o n  (a)  t h a t  t he  b o u n d a r y  condi t ions  in t he  z 
c oo rd ina t e  a r e  

at  z---- 0, u , / u ,  = 211 - -  (r/a)~] and  u. = 0 [51 

w h e r e  u ,  is the  m e a n  v e l o c i t y  of the  m e r c u r y  j e t  and  
a t he  i n n e r  r a d i u s  of the  c a p i l l a ry .  

E q u a t i o n  [1]  is i n t r o d u c e d  in to  Eqs. [3]  and  [41, 
w h i c h  t hen  a r e  i n t e g r a t e d  w i t h  r e spe c t  to r and  Eq. 
[5]  is t a k e n  in to  cons ide ra t ion .  One ob ta in s  

d M J d z '  = 3 (u , / u . , )~ '~ / (1  -- r 

M~ 4- M, = 1 4- g' fo' ( r , /a )  ~ dz' I [6]  

( ro /a)~(uo/u , )  [2 + tL'~b/(1 - -  ~) ] = 2 
w h e r e  

z'  = "a  ~ ' = p' = v . z /  u~, t~ tL,It~., pJpm, 6 = r.l~" 
M., = 1/4 (r~176 ~" 

[3 + 3t~'r - -  ~b) + ( , ' )~r  (1 - -  6) ~] 
[7]  

M, = ( # / 2 0 )  ( r J a ) "  ( uo /u . )  L 
(1 - - r  (1 q- 5~b)/42 

g ' =  3/4 ( 1 -  # )  gaVv,u,,, 

v be ing  t h e  k i n e m a t i c  v i scos i ty  (= t~ /P) .  The  q u a n -  
t i t i es  M~ and  M, a r e  the  m o m e n t a  of the  m e r c u r y  j e t  
and  of t he  so lu t ion  enve lope ,  r e spe c t i ve ly ,  e x p r e s s e d  
as f r ac t ions  of t h e  i n i t i a l  m o m e n t u m  of t h e  m e r c u r y  
on e jec t ion  f r o m  the  c a p i l l a ry .  

The  r a t io s  ro/a and  Uo/U, m a y  be  e l i m i n a t e d  f r o m  
Eq. [6]  if t he  g r a v i t y  t e r m  of the  second e x p r e s s i o n  
is le f t  in t he  i n t e g r a l  form.  W h e n  the  effect  of 
g r a v i t y  is a s s u m e d  ne g l i g ib l e  ( g ' =  0),  one has  an 
o r d i n a r y  d i f f e r en t i a l  e q u a t i o n  w i t h  s e p a r a b l e  v a r i -  
ables ,  whose  n u m e r i c a l  i n t e g r a l  is a v a i l a b l e  (22)  if 
v a l u e s  of tL' and  p' a r e  specified.  Ca l cu l a t i ons  i n c l u d -  
ing the  g r a v i t y  t e r m  m a y  be  c a r r i e d  out  b y  m e a n s  
of success ive  a p p r o x i m a t i o n s .  

Resul ts  and Discussion 

The  a b o v e  a n a l y s i s  was  a p p l i e d  to some p r a c t i c a l  
sys tems ,  a n d  the  r e su l t s  w e r e  d i scussed  in  c o m p a r i -  
son w i t h  e x p e r i m e n t a l  f indings  of W e a v e r  and  P a r r y  
(12) .  These  a u t h o r s  o b t a i n e d  the  j e t  d i a m e t e r  p h o t o -  
g r a p h i c a l l y ,  t he  i n t e r f a c e  ve loc i t y  b y  m e a s u r e m e n t s  
of c h a r g i n g  cu r r en t s ,  and  the  i n t e r f ace  v e l o c i t y  
g r a d i e n t  a t  t he  so lu t ion  side b y  add ing  a l u m i n u m  
dus t  t he re in .  T h e o r e t i c a l  r e su l t s  for  t he  fo rego ing  
t h r e e  q u a n t i t i e s  for  a 0.1M KC1 so lu t ion  a t  25~ 2 

2 E q u a t i o n s  [3] a n d  [4]  m a y  b e  o b t a i n e d  by  i n t e g r a t i o n  of t h e  
N a v i e r - S t o k e s  e q u a t i o n s  a n d  t h e  e q u a t i o n s  of  c o n t i n u i t y .  

s T h e  f o l l o w i n g  v a l u e s  w e r e  a d o p t e d  f o r  t h e  p h y s i c a l  p r o p e r t i e s  of  
t h i s  s y s t e m :  #8 = 0 . 0 0 8 2 9 8  g c m  -1 sec-~, t ~  = 0.01527 g cm-Z sec  -1, 
ps = 1.0018 g crn -3, a n d  p,n = 13.534 g c m  -4 ( f r o m  I n t e r n a t i o n a l  
C r i t i c a l  T a b l e s  a n d  L a n d o l t - B 6 r n s t e i n  T a b e l l e n ) .  



50 JOURNAL OF THE ELECTROCHEMICAL SOCIETY J a n u a r y  1960 

Table I. Comparison of observed and calculated results of 
(ro/aF(uo~) 

D e v i a t i o n ,  % 
z' O b s e r v e d  C a l c u l a t e d  calc . - -obs.  

0.01 0.72 
0.02 0.75 
0.04 0.79 
0.06 0.82 
0.1 0.85 
0.15 0~87 
0.2 

( the  g r a v i t y  t e r m  
t o g e t h e r  w i t h  t he  
and  P a r r y .  

0.779 -t-9 
0.837 -F 12 
0.875 - F l l  
0.894 + 9  
0.914 -t-7 
0.927 -t-6 
0.935 

is n e g l e c t e d )  a r e  shown  in Fig .  2 
e x p e r i m e n t a l  v a l u e s  of W e a v e r  

Q u a l i t a t i v e  a g r e e m e n t  is good and  s u p p o r t s  the  
m o d e l  d e s c r i b e d  b y  Eqs. [3 ] - [  5 ]. The  in i t i a l  i nc rea se  
of uo is s i m p l y  a r e s u l t  of a c c e l e r a t i o n  of t he  ou te r  
s low l a y e r s  of t he  m e r c u r y  j e t  b y  the  i n n e r  fas t  
ones t h r o u g h  v iscous  shear .  This  m e a n s  t ha t  t he  
ve loc i ty  d i s t r i b u t i o n  w i t h i n  the  j e t  becomes  m o r e  
and  m o r e  u n i f o r m ;  hence  the  m e r c u r y  j e t  shou ld  
t end  to  c o n t r a c t  in  o r d e r  to conse rve  i ts  mass  v e -  
loci ty ,  so f a r  as  i ts  m o m e n t u m  r e m a i n s  unchanged .  
But ,  s ince m o m e n t u m  t r a n s f e r  f r o m  the  m e r c u r y  
j e t  to t he  so lu t ion  e n v e l o p e  occurs  g r a d u a l l y ,  the  j e t  
s lows d o w n  and  i ts  d i a m e t e r  e n l a r g e s  because ,  in  the  
e x t r e m e  e x a m p l e  of in f in i t e s ima l  m o m e n t u m ,  an  in -  
f in i te ly  w i d e  s t r e a m  a lone  can  sus ta in  def in i te  mass  
ve loc i ty .  

Q u a n t i t a t i v e  f a i l u r e  in  t he  va lue s  of ro a n d  u,  
a r i ses  in p a r t  f r o m  the  p a r a b o l i c  ve loc i ty  d i s t r i b u t i o n  
a p p r o x i m a t i o n  (Eq. [1 ] ) . '  S ince  m o m e n t u m  is be ing  
t r a n s f e r r e d  at  t he  in t e r face ,  the  d e c e l e r a t i o n  of t he  
m e r c u r y  j e t  due  to  d r a g  of the  so lu t ion  moves  f r o m  
the  i n t e r f ace  in to  t he  i n t e r i o r ;  t hus  the  v e l o c i t y  d i s -  
t r i b u t i o n  prof i le  shou ld  h a v e  an  inf lect ion point .  A t -  
t e m p t s  to i m p r o v e  the  v e l o c i t y  d i s t r i b u t i o n  func t ion  
t h r o u g h  i n t r o d u c t i o n  of h i g h e r  t e r m s  (def in i te  in 
n u m b e r )  l ed  to a d i s c o n t i n u i t y  in Eq. [5] .  H o w e v e r ,  
the  m o m e n t u m  e q u a t i o n  m e t h o d  is no t  des igned  to 
g ive  i n d i v i d u a l  v a l u e s  for  ro and  uo b u t  is des igned  
to y i e l d  p r o d u c t s  such  as  r :uo  and  r : u : .  Since  the  
r a t e  of r e v e r s i b l e  r e d u c t i o n  (mass  t r a n s f e r )  of ions 
at  t he  s t r e a m i n g  m e r c u r y  e l e c t r o d e  d e p e n d s  chief ly 
on the  f o r m e r  p r o d u c t  (12)  and  s ince  t he  t h e o r e t i c a l  
va lue s  of th is  p r o d u c t  a r e  in r e a s o n a b l e  a g r e e m e n t  
w i th  the  e x p e r i m e n t a l  ( T a b l e  I ) ,  th is  f a i l u r e  does  not  
p r e c l u d e  an  a p p l i c a t i o n  of the  ana lys i s  to p r o b l e m s  
of mass  t r a n s f e r  ( a n d  t hus  to e l e c t r o c h e m i c a l  m e a s -  
u r e m e n t s ) .  

A l t h o u g h  g r a v i t a t i o n a l  fo rce  was  cons ide red  as a 
v a r i a b l e  in the  o r i g i n a l  ana lys i s ,  i ts  effect on an  ac -  
t ua l  s i t ua t ion  is neg l ig ib l e .  F o r  e x a m p l e ,  c o n s i d e r a -  
t ion  of t he  g r a v i t y  t e r m  ra i ses  ro b y  0.3% and  r e -  
duces  uo b y  0.6% a t  z' = 0.14 in t he  case of Fig .  2. 

Limiting Current 
T h e o r e t i c a l . - - - L i m i t i n g  c u r r e n t s  w e r e  e v a l u a t e d  b y  

the  fo l l owing  fou r  m e t h o d s :  
1. The  a p p r o x i m a t e  so lu t ion  of t he  p r o b l e m  b y  

Rius  and  his  coau tho r s  [ (8)  see also (16) ] 
1 

I = 4nFC~ (~Du, , l )  ~ [8]  
4 A l t h o u g h  t he  e x p e r i m e n t a l  v a l u e s  are  no t  speci f ied as  to  t e m -  

pera ture ,  m i n u t e  c h a n g e  in  p h y s i c a l  p r o p e r t i e s  d o e s  no t  a ccoun t  
for  such  a l a r g e  d e v i a t i o n .  

w h e r e  I is t he  l i m i t i n g  c u r r e n t ,  n t he  n u m b e r  of 
F a r a d a y s  p e r  mo le  or  g r a m - i o n  reac t ing ,  F t he  F a r a -  
day ,  Co the  b u l k  c o n c e n t r a t i o n  of t h e  r e a c t i v e  species  
in  moles  p e r  cubic  c e n t i m e t e r ,  D i ts  d i f fus ion co-  
efficient, and  l t he  ef fec t ive  l e n g t h  of t he  j e t  or 
s t r e a m i n g  m e r c u r y  e lec t rode .  

2. I n t r o d u c t i o n  of t he  j e t  c h a r a c t e r i s t i c s  ob -  
s e r v e d  b y  W e a v e r  and  P a r r y  ( d a s h e d  cu rves  on Fig.  
2) in to  t h e i r  r i go rous  e q u a t i o n  (12) 

I = ~rnFDCo 2f: I ro2uo[~Df: ro~uodz]Tdz 

1 

+ l + ~/~ f~ (ro/uo) (OuJOr)  . . . .  dz  -t- . . .  [9]  

3. I n t r o d u c t i o n  of the  c a l c u l a t e d  cha rac t e r i s t i c s  
( so l id  curves  on Fig.  2) in to  Eq. [9] ,  

4. So lu t ion  of the  e q u a t i o n  of mass  t r a n s f e r  w i th  
an  a p p r o x i m a t e  m e t h o d  s i m i l a r  to t h a t  a p p l i e d  to the  
s t r eam,  as s h o w n  in t he  fo l lowing .  

A prof i le  of  t he  c o n c e n t r a t i o n  C of t he  r e a c t i v e  
species  

C / C o =  1 - -  [ ( 8 ' - - r ) / ( 8 ' - - r o ) ]  ~ [10] 

is adop ted ,  w h e r e  8' is t he  t h i c k n e s s  of the  di f fus ion 
l a y e r  in t he  s ame  sense  as 8 ( 8 ' <  8). I f  Eq. [1]  and  
[10] a re  p u t  in to  

d[ /~i  u , ( C  - -  C , ) r  d r ] / d z  = - -  Dro(OC/Or) . . . .  [11] 

one ob ta ins  ( the  g r a v i t y  t e r m  on Eq. [6]  is n e -  
g l ec t ed )  

60r d f (1 - -  ~) 

~(1 - -  q0 dz' [ 2 ( 1 - - 4 )  + ~'~b] (1 --  ~)q? 

[5q:(l + 3~) -- 4~b(l + 3qJ ~ 6q,') 

+ @2(I + 3qJ + I0~ ~) ] ~ [12] 

where (r = v~/D and qJ = ro/~'. Equation [12] can be 
solved numerically (22), and limiting currents are 
calculated through 

I = n F D f '  ~ 2~ro(OC/Or) . . . .  dz  [13a]  

o r  

I' = Iv~/4~rnFDeoa2u~ = f : '  qJ(1 - -  qJ)-~ dz' [135] 

w h e r e  l' = v~ l /a  u~. 
The  d imens ion l e s s  g roup  I' in Eq. [ 13 ] co r r e sponds  

to a Nusse l t  n u m b e r  d i v i d e d  b y  the  Reyno lds  n u m b e r  
of t he  m e r c u r y  s t r e a m  w i t h i n  t he  cap i l l a ry .  The  mass  
t r a n s f e r  c o r r e l a t i o n  is e x p r e s s e d  as a r e l a t i o n s h i p  
a m o n g  the  d imens ion l e s s  p a r a m e t e r s  1% l', ~, ~', p% 
and  g', the  l as t  t h r e e  be ing  of m i n o r  influence.  I t  is 

no t  e a sy  to m e a s u r e  a and  u~ s e p a r a t e l y ,  b u t  t h e y  

a p p e a r  bo th  in I' and  l' as t h e  p r o d u c t  a'u,,, w h i c h  
m a y  be  r e p l a c e d  b y  the  mass  v e l o c i t y  

m = ~o~a u~ [ 14] 

E x p e r i m e n t a l ,  R e s u l t s  and  Di scus s ion  

V a l e n t a  (9)  r e p o r t e d  t h a t  t he  l i m i t i n g  c u r r e n t  was  

p r o p o r t i o n a l  to t he  squa re  roo t  of m l  in acco rdance  
w i t h  Eq. [8] ,  w h i l e  W e a v e r  and  P a r r y  (12) d e m o n -  
s t r a t e d  t ha t  th i s  p r o p o r t i o n a l i t y  r e q u i r e d  some cor -  
r ec t ion  w i t h  t h e i r  equa t ion ,  Eq. [9]  above.  
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Fig. 3. Moss transfer cor- 
relation. Open symbols refer 
to laminar mercury streaming; 
solid symbols, to turbulent. 

U[THO0 (I)  
idETHOD (2.) 

As ne i the r  of these data  was specified as to t e m -  
pe ra tu re ,  m e a s u r e m e n t s  w e r e  m a d e  w i t h  a n  a p p a r a -  
tus  essen t ia l ly  s imi la r  to tha t  used  by  Bieber  a nd  
T r i imp le r  (5) ,  m o u n t e d  in  a ba th  cont ro l led  at  25~ 
The  solut ions  s tudied  were  0.1M in KC1 and  0.001 
or 0.002M in T1C1, PbCI~, or ZnCI~. These sys tems 
were  chosen since diffusion coefficients of the  t r ace r  
ions of the  reac t ive  species are k n o w n :  10~D (cm ~- 
sec -~) = 1.84 (TI+), 0.970 (Pb*+), 0.729 (Zn  *+) in  0.1M 
KC1 (23).  The  l imi t ing  c u r r e n t  I was  measu red  at  

d i f ferent  va lues  of the  mass  ve loc i ty  m and  the  elec-  
t rode  l eng th  t, and  the  resu l t s  are s u m m a r i z e d  in  
Fig. 3 in  a d imens ion less  cor re la t ion  b e t w e e n  I' and  l'. 

I n  m e a s u r i n g  I, a po la rograph ic  appa ra tu s  was no t  
employed  because  anodic  po la r iza t ion  and  ohmic 
drop were  large. Since charg ing  cu r r en t s  are r e l a -  
t i ve ly  h igh at  s t r e aming  m e r c u r y  electrodes  (7) ,  it 

was  necessa ry  to eva lua t e  t hem separa te ly .  This  was  
ach ieved  b y  m a k i n g  m e a s u r e m e n t s  on so lu t ions  w i t h  
and  w i t h o u t  the  reac t ive  species present .  

The  m e r c u r y  mass veloci ty  m is d e p e n d e n t  bo th  on 
the  charac ter i s t ics  of the  cap i l l a ry  a nd  on the  m e r -  
cu ry  head.  Two capi l lar ies  des igna ted  A and  B were  
used;  a l though  the  m e r c u r y  flow r a t e  for B was  
a lmos t  twice  as large as t ha t  for A u n d e r  the  same 
pressure  head,  no differences b e t w e e n  A a nd  B ap-  

pea r  in  Fig.  3. m w a s  m e a s u r e d  by  we igh ing  the  
e jected m e r c u r y ,  and  resu l t s  were  p lo t ted  aga ins t  the  
p ressure  head  in  order  to check l i n e a r i t y  b e t w e e n  
t h e m  or to conf i rm a s sumpt ion  (a ) .  If this  a s sump-  
t ion  is val id ,  a s sumpt ion  (b)  is expec ted  to be t rue ,  
for the  pa th  of the m e r c u r y  s t r eam is r a t h e r  short.  
On Fig. 3. open symbols  refer  to r u n s  w i t h i n  the  l imi t  
of l a m i n a r  flow, wh i l e  solid symbols  r e fe r  to r u n s  in  
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which  m was l a rger  and  the m e r c u r y  s t r eam was 
t u r b u l e n t .  In  the  l a t t e r  case the  da ta  were  scat tered.  

The l eng th  l (more  precise ly  speaking,  the  l e n g t h  
of the  u p w a r d  m e r c u r y  j e t  b e t w e e n  the  cap i l l a ry  t ip  
and  the so lu t ion  level)  was va r i ed  f rom 0.05 t h r ough  
2.5 cm and  m e a s u r e d  by  use of a ca the tometer .  W h e n  
1 was ve ry  small ,  po la r iza t ion  curves  had  d iscon-  
t inu i t i e s  due to d i sappea rance  of charg ing  cur rents .  
Accord ing  to Va l en t a  (9) it  is caused by  s l ippage at 
the  interface,  and  so has a close connec t ion  w i th  as-  
s u m p t i o n  (c) (accordingly ,  w i t h  Eq. [3 ] ) .  S l ippage  
a t  the  m e r c u r y  so lu t ion  in te r face  is d e p e n d e n t  on 
sur face  tens ion ;  appl ica t ion  of surface  ac t ive  agents  
has been  supposed necessa ry  to p r e v e n t  it, in  con-  
nec t ion  wi th  po la rographic  m a x i m a  (24) and  the 
ro ta ted  d ropp ing  m e r c u r y  e lec t rode  (25).  A l though  
no surface act ive agen t  was  added  in  the p resen t  
s tudy,  the  d i s con t inu i ty  was observed  r a the r  ra re ly ,  
and  besides the e x p e r i m e n t a l  resu l t s  in  Fig. 2 show 
c lear ly  the  drag  of the  so lu t ion;  hence,  s l ippage 
wou ld  no t  i nva l i da t e  the theory.  Bu t  r a the r  low re -  
sul ts  for r u n s  for  l' ~ 0.05 m a y  be  due  to this  s l ippage 
(9) .  A l though  s l ipping  was  no serious problem,  a n -  
o ther  t roub le  appeared.  The  so lu t ion  coned up 
a r o u n d  the m e r c u r y  s t r eam above the  solut ion level  
(9, 12) and  some correc t ion  ( r educ t ion )  was r e -  
qu i r ed  for observed  l imi t ing  cur ren ts .  W h e n  l was 

too large  or m too small ,  t he  l im i t i ng  c u r r e n t  i n -  
creased no more  because  of decay and  b r e a k u p  of the  
s t ream.  The cr i t ical  va lue  of l' was found  to be 
a r o u n d  0.2 at --1.4 v vs. S.C.E. 

W i t h i n  these res t r ic t ions  ( t u rbu lence ,  and  uppe r  
and  lower  l imi ts  of l'), the  observed  va lues  r anged  
themse lves  on a s ingle  cor re la t ion  for a species, 
j u s t i f y ing  the  choice of the  d imens ion less  groups.  

The  l imi t ing  c u r r e n t  was  ca lcu la ted  by  the  four  
methods  l is ted in  the  theore t ica l  par t  and  r ep re -  
sen ted  on Fig. 3 and  Tab le  II (me thod  4 was appl ied  
on ly  to r educ t ion  of tha l lous  ions) .  Equa t ion  [8] by  
Rius  and  his coauthors  (me thod  1) gives va lues  
which  are too high. Methods  3 and  4, based on 
theore t ica l  s t r eam character is t ics ,  gave resul ts  w i t h i n  
abou t  2% of each other,  sugges t ing  tha t  the app rox i -  
ma t ions  used are of fa i r ly  h igh re l iabi l i ty .  Methods  2 
and  3 give curves  which,  a l though  n e a r l y  para l le l ,  
dev ia te  f rom each other  by  abou t  6%. The exper i -  
m e n t a l  da ta  fol low wel l  curves  for these two m e t h -  
ods. But  no correc t ion  for coning  of the  solut ion was  
appl ied  to the  m e a s u r e d  I values .  The  f rac t iona l  cor-  
rec t ion  should  v a r y  wi th  the  e lec t rode  l eng th  ( l a rger  
as l' becomes sma l l e r ) .  It  is no t  easy to ob ta in  the  
m a g n i t u d e  of the  " t a i l - cone  correct ion,"  bu t  W e a v e r  

Table II. Comparison of methods for calculating I '  
(reduction of TI § D ~ 1.84 X I0  -5 cm 2 sec -1) 

l" M e t h o d  1 M e t h o d  2 M e t h o d  3 M e t h o d  4 

0.01 0.442 0.35 0.367 0.373 
0.02 0.625 0.51 0.541 0.552 
0.04 0.884 0.75 0.793 0.810 
0.06 1.082 0.94 0.989 1.009 
0.1 1.397 1.24 1.310 1.333 
0.15 1.711 1.55 1.623 1.649 
0.2 1.976 - -  1.893 1.921 

and  P a r r y  es t imated  it  at  about  5-7% for l '=  0.126 
in  0.1M KC1 solution.  In  conclusion,  the  p resen t  
t heo ry  of the s t r eam character is t ics  a l lows predic t ion  
of l im i t i ng  cu r r en t s  w i th  an  accuracy  of a few per  
cent  at worst .  
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Any  discussion of this paper  will appear in a Discus- 
sion Section to be published in the December 1960 
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GLOSSARY OF SYMBOLS 

a ~ radius of capil lary (cm) 
C ~ concentrat ion of reactive species (moles/cm ") 

C~ ~ bulk  concentrat ion of reactive species (moles/  
c m  8 ) 

D ~ d i f f u s i o n  coefficient of reactive species (cm-"/ 
sec) 

F ~ the Faraday  (amp sec/eq) 
g ~ acceleration of gravi ty (cm/sec 2) 
g ' ~ m o d i f i e d  Froude number ,  defined by Eq. [7] 

(dimensionless) 
I ~ l imit ing current  (amp) 
I ' ~ r e d u c e d  l imit ing current ,  defined by Eq. [13] 

(dimensionless) 
l ~ electrode length (cm) 
l ' ~ r e d u c e d  electrode length, defined by Eq. [13] 

(dimensionless) 
"-m-- mass velocity of mercury  stream (g/sec) 
M ~ fractional momentum,  relat ive to that  possessed 

by the mercury  jet  on ejection from capil lary 
(dimensionless) 

n - - n u m b e r  of Faradays per mole or g ram- ion  (eq/  
mole) 

r - -  radial  distance (cm) 
ro - -  radius of mercury  jet  (cm) 
u -  velocity component  in  the z-direct ion (cm/sec) 

u o -  interface velocity component  in the z-direct ion 
(cm/sec) 

um - -  mean  velocity of mercury  jet  (cm/sec) 
z - -  distance in the direction of s t reaming (cm) 
z ' - -  -~ ~mz/a~um (dimensionless) 

- - t h i c kne s s  of boundary  layer (cm) 
5' ~ thickness of diffusion layer  (cm) 

- -  dynamic viscosity (g/cm-sec)  
~ ' - -  = ~/~, ,  (dimensionless) 

- -  kinematic  viscosity ( =  ~/p) (cm~/sec) 
- -  = v.,/D (dimensionless) 

p -  density (g/cm ~) 
p ' - -  ~ p,/p,~ (dimensionless) 

- -  ~ ro /8  (dimensionless) 
~ ~ ro/8" (dimensionless) 

m - -  mercury  (jet) 
- -  solution (flow) 

On the Parabolic Rate Law 

W. B. Jepson 

D e p a r t m e n t  o f  C h e m i s t r y ,  U n i v e r s i t y  05 E x e t e r ,  E x e t e r ,  E n g l a n d  

ABSTRACT 

The parabolic rate constant  k~ is reformulated in terms of the defect con- 
centrat ion at one interface only by int roducing the free energy change of the 
oxidation reaction AG. The pressure dependence of kp then follows natural ly ,  
and kp is shown to have an exponent ia l  dependence on AG. 

Of the  var ious  ra te  laws which  have  been  found  to 
descr ibe the  ox ida t ion  k ine t ics  of metals ,  the  p a r a -  
bolic r e l a t ion  

X ~ = k~ t  [ 1 ] 

connec t ing  the  th ickness  of the  l ayer  of reac t ion  
p roduc t  X wi th  the  t ime  of ox ida t ion  t is p r o b a b l y  
the most  f ami l i a r  and  wide ly  appl icable .  The  re la t ion  
b e t w e e n  the  parabol ic  ra te  cons tan t  k, and  the  mo-  
b i l i ty  of the  mov ing  par t ic les  has a t t rac ted  cons ider -  
able  in teres t ,  and  the re  have  been  a n u m b e r  of 
der iva t ions  (1-5) .  

The  purpose  of this  pape r  is to r e - f o r m u l a t e  k~, in 
te rms  of the  defect  concen t r a t i on  at one in te r face  
only.  

We consider  a me t a l  whose  ra te  of ox ida t ion  is 
cont ro l led  by  the  ra te  of diffusion of me ta l  ions 
across the  oxide layer ;  the  a t t ack ing  gas is oxygen  
and  any  s imu l t aneous  an ion ic  diffusion is a ssumed  
to be negl ig ible .  The de r iva t i on  by  Mott  (4, 5) of k~ 
is easi ly ex t ended  to give, for an  n - t y p e  oxide, the  
resul t :  

k~ = ADl[n , . (O)  -- n , ( X )  ] 

A = 2(z  + 1 ) a  [2] 

for an in t e r s t i t i a l  ion of va lence  z whe re  D, is the  
diffusion coefficient of the  in t e r s t i t i a l  ion, ~ is the  
vo lume  of oxide per  me ta l  ion, and  n, (O) and  n~ (X) 
are the concen t ra t ions  of in t e r s t i t i a l  m e t a l  ions at 

the  m e t a l / o x i d e  a nd  gas /ox ide  in terface ,  respec-  
t ively .  In  de r iv ing  Eq. [ 2], the  fo l lowing  a s sumpt ions  
are  made:  (a) the  regions  of space charge  at the  two 
in te r faces  can be neglec ted  (4) ; (b)  the  p r o b l e m  can 
be t r ea ted  as one of s t eady- s t a t e  diffusion t h r o u g h  a 
s lab of cons tan t  th ickness  (6, 7) ;  and  (c) the  dis-  
solved me ta l  a toms a re  fu l ly  dissociated in to  ions and  
quas i - f r ee  e lect rons  which  in  t u r n  fo rm an  idea l -  
d i lu te  so lu t ion  in  the  oxide;  to the  same a p p r o x i m a -  
t ion  the  concen t r a t i on  g rad ien t  of in t e r s t i t i a l  ions 
across the oxide l ayer  is l inear .  

Now the defect  concen t r a t ions  at the  two i n t e r -  
faces are d e t e r m i n e d  by  the  equ i l ib r i a :  

2M = 2 M j  + + 2ze [3] 

Z 
- -  O2 + 2Mo *+ + 2ze = M~O.~ [4] 
2 

at the  m e t a l / o x i d e  and  gas /ox ide  interfaces ,  respec-  
t ively ,  the  symbol  M j  + denotes  a me t a l  ion occupying  
an  in t e r s t i t i a l  posit ion.  I t  is easy to show tha t  

2 In n, (X)  no~ (X) --  2 1 n n , ( O ) n j ( O )  = •  [5] 

w he r e  no(O) a nd  no(X)  are  the  concen t ra t ions  of 
quas i - f r ee  e lec t rons  at the  m e t a l / o x i d e  a nd  gas /  
oxide interfaces ,  respect ively ,  and  • is the  free 
e n e r g y  change  pe r  mole  of the ox ida t ion  reac t ion  

Z 
2M ~.~ ~ -  O2 = M~O~ [6] 
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at  t e m p e r a t u r e  T and  an  oxygen  p ressure  of p atm. 
By a s s u m p t i o n  (a ) ,  no = zn ,  so that ,  a f ter  s impl i fy -  
ing Eq. [5] and  in se r t i ng  in  Eq. [2],  we  obta in :  

k p = A D , n , ( O )  1 - - e x p  2 ( I + z ) R T  [7] 

which  shows the dependence  of k~ on the d r iv ing  
force of the  react ion.  

Since n , ( O )  is d e t e r m i n e d  by  the  e q u i l i b r i u m  
rep re sen t ed  in  Eq. [3] ,  the on ly  p ressure  d e p e n d e n t  
t e r m  in  Eq. [7] is AG, 

Z 
AG = a G o - - - - R T  l n p  [8] 

2 

w h e r e  AGo is the  s t a n d a r d  free e n e r g y  change  per  
mole of the  ox ida t ion  r eac t ion .  Hence  

kp : A D , n ,  (O) [1 --  a p  -~ ] [9] 
whe re  

AGo 
a = exp 

2(1 + z)RT 

Z 
s = [10] 

4(1 + z) 

If the  me ta l  ions are diffusing b e t w e e n  vacan t  ca-  
t ion  sites then,  m a k i n g  the same app rox ima t ions  as 
before,  the  resu l t  is 

kp = A D v n ~ ( X )  [1 --  ap-~] [11] 

whe re  D~ is the diffusion coefficient of the  vacancy  
(of va lence  z) and  ~ and  s are as defined in  Eq. [10] ; 
n~(X) the  concen t r a t i on  of v a c a n t  cat ion sites at the  
gas /ox ide  in te r face  is d e t e r m i n e d  by  the  equ i l i b -  
r i um:  

Z 
2M ~+ + 2ze + -~- O~ = M~O~ + 2M~+[:3 + 2zeD [12] 

where M~+[3 and e[3 denote a vacant cation site and 
a positive hole, respectively. Equation [12] is some- 
times formulated with the oxygen in the adsorbed 
state (12). By Eq. [12], 

n~(X)  = n j p "  [13] 

where  n~ ~ is the  concen t r a t i on  of v a c a n t  cat ion sites 
in  e q u i l i b r i u m  wi th  an  oxygen  p ressure  of one a t -  
mosphere .  Equa t ions  [11] and  [13] give 

k~ = A D ~ n J p ' ( 1  - -  ap- ' )  [14] 

The  re la t ions  in  Eq. [9] and  [14] are  of course 
e q u i v a l e n t  to the  a l t e rna t i ve  f o r m u l a t i o n  (8) in  
t e rms  of the  pa r t i a l  p ressures  of oxygen  at  the 

m e t a l / o x i d e  a nd  gas /ox ide  interfaces ,  b u t  in  the  
au thor ' s  op in ion  t hey  have  two advan tages :  the  de-  
pendence  of kp on the  d r iv ing  force of the  reac t ion  
AG is c lea r ly  b r o u g h t  out  (cf. Eq. [ 7 ] ) a nd  bo th  the  
p ressure  d e p e n d e n c e  of k~ for an  n - t y p e  oxide and  
w h a t  m a y  be t e r m e d  the  add i t iona l  p ressure  depend -  
ence for a p - t y p e  oxide fol low n a t u r a l l y  f rom Eq. 
[8]. Thus  if ~ < <  p ' ,  k~ wi l l  e i ther  be i n d e p e n d e n t  
of p ressure  [ n - t y p e  oxide] or wi l l  v a r y  according to 
p '  [ p - t y p e  oxide].1 Values  of ~ are g iven  in  Tab le  I 
for some me t a l  ox ida t ion  reac t ions  which  sa t i s fy  the  
parabol ic  r a t e  l aw and  whose  p ressure  dependence  
has been  examined .  For  the  first th ree  examples  it  is 
clear tha t  the  t e r m  ap- '  is neg l ig ib le  except  at  ve ry  
low pressures :  t a k i n g  n icke l  ox ida t ion  as an  example ,  
the  t e r m  ap  -~ is on ly  0.076 w i t h  p = 10 -~ atm.  For  cop- 
per  ox ida t ion  on the  o ther  hand ,  a ---- 0.163 and  kp is 
not  p ropor t iona l  to p" (wi th  p----10 -~ atm.,  a p - ' =  
0.290) ; the  p rocedure  adopted  by  Baur ,  Bridges,  and  
Fassel l  (12) of p lo t t ing  log k~ aga ins t  log p to de te r -  
m i n e  s as an  e x p e r i m e n t a l  q u a n t i t y  is the re fore  i n -  
correct.  I t  w ou l d  also appear  t ha t  the  genera l ized  
ra te  express ion  for p ressure  sens i t ive  ox ida t ion  reac-  
t ions, deve loped  by  the  same authors ,  should be 
modified to inc lude  the  t e r m  in  ap -~. 

F ina l ly ,  it  is of in te res t  to no te  tha t  if AG is suffi- 
c ien t ly  smal l  for the  e xpone n t i a l  t e r m  in  Eq. [7] to 
be w r i t t e n  

exp 2 ( I + z ) R T  = 1-~ 2 ( I + z ) R T  

the  parabol ic  ra te  cons tan t  becomes 

D,n,(O) 
k~ = A ( - - A G )  

2(1 + z ) R T  

so tha t  k~ is now  propor t iona l  to the d r iv ing  force of 
the  reac t ion  or a l t e r n a t i v e l y  to the  e lec t romot ive  
force of the  e q u i v a l e n t  e lectr ical  cell, a r esu l t  equ iv -  
a len t  to tha t  de r ived  by  Hoar  a nd  Pr ice  (3) for a film 
subs tance  of cons t an t  specific conduct iv i ty .  

Manuscript  received Ju ly  13, 1959. 

Any discussion of this paper wil l  appear in a Discus- 
sion Section to be published in  the December 1960 
JOURNAL. 
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Magnetism of the Electrodeposited Films 
as Revealed by Electron Diffraction 

S. Yamaguchi 

Institute o~ Physical and Chemical Research, Tokyo, Japan 

The pa th  of an  e lec t ron  b e a m  is deflected in  a 
magne t i c  field as the  r e su l t  of the  Loren tz  effect. This  
p h e n o m e n o n  is obse rvab le  in  e lec t ron  dif f ract ion of 
a f e r romagne t i c  subs tance .  The magne t i c  induc t ion  
of a f e r romagne t i c  fi lm was m e a s u r a b l e  f rom the  
diffract ion p a t t e r n  ob ta ined  f rom it. 

Experimental  
A process of double  exposure  was  u t i l ized  in  order  

to measu re  the  deflect ion of an  e lec t ron  b e a m  caused 
by  a f e r romagne t i c  specimen.  The diffract ion p a t t e r n  
f rom a n o n f e r r o m a g n e t i c  subs tance  (gold foil) was 
pho tographed  be forehand ,  and  t h e n  tha t  of a fe r ro -  
magne t i c  spec imen  was  superposed  on it. I n  this  p roc-  
ess the w a v e  l eng th  of the  e lect rons  appl ied  as wel l  
as the pos i t ion  of the pho tograph ic  p la te  were  kept  
fixed. Diffract ion r ings  f rom these two subs tances  
were  no t  cocentric,  because  the  spec imen  had  the  
Loren tz  effect on the  e lectrons,  whe reas  the  n o n f e r -  
romagne t i c  gold foil showed no magne t i c  effect on 
them.  

Nickel Film 

Nickel  was  deposi ted e lec t ro ly t ica l ly  on a foil of 
brass  f rom an  aqueous  so lu t ion  of n i cke l  su l fa te  (1) .  
The deposi ted l ayer  of n icke l  was  d ivorced  f rom the  
brass  foil w i th  a d i lu te  so lu t ion  of n i t r i c  acid. The 
area and  th ickness  of the  n icke l  film p repa red  for the  
e x p e r i m e n t  were  10 x 10 m m  and  abou t  5 ~, respec-  
t ively.  The  spec imen was  magne t i zed  as i l l u s t r a t ed  
in  Fig. la .  A smal l  piece of p e r m a n e n t  m a g n e t  (size: 
about  0.5 mm,  coercive force: 400 Oers ted)  was  a t -  
t rac ted  at the  edge of the  film. A n  e lec t ron  b e a m  
passed t h r o u g h  a p in  hole ( abou t  0.1 m m )  found  in  
the n icke l  film (see Fig. l a ) .  Such p in  holes were  
formed f r e q u e n t l y  in  an  e lec t rodeposi ted  film. F igu re  
2a was  ob ta ined  by  the  double  exposure  process w i th  
the spec imen  and  wi th  a n o n f e r r o m a g n e t i c  gold foil. 
I n  this  double  d i a g r a m  it i s  recognizab le  t ha t  the  
diffract ion r ings  f rom the  spec imen and  those f rom 

11t 

ELECTRO~3 

Ca) 

Fig. 1. Experimental arrangement:  (a) for an isolated film, 
(b) for a composite f i lm. 

Fig. 2a (left). Dif f ract ion pattern of o magnet ized f i lm of 
nickel and that  of gold are superposed. The di f f ract ion rings 
are eccentric as the result of the Lorentz effect. Wave tength: 
0 .0327A ;  camera length: 495 ram: Positive enlarged 2.3 
times before reduction for publ icat ion. Fig. 2b (right). The 
main rings corresponding to Ni and to Au in (a) are indicated. 
N: Ni. A: Au. 

the  gold foil a re  eccentr ic  as the  resu l t  of the  Loren tz  
effect. The  m a i n  r ings  co r respond ing  to the  two s u b -  
s tances  are  ind ica ted  in  Fig. 2b (N: the  n icke l  speci-  
men,  A:  gold) .  

The  deflect ion AZ of the  i n c i d e n t  b e a m  caused by  
the  m a g n e t i c  spec imen is m e a s u r a b l e  f rom the  r i ng  
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Fig. 3. Illustration for the calculation of the magnetic de- 
flection AZ of the incident beam from the ring eccentricity. 

Fig. 4a (left). Diffraction pattern of the composite Fe-Au 
fi lm and that of gold ore superposed. Wave length: 0.0332A. 
Lorentz effect. Fig. 4b (right). S shows the rings from the 
Fe-Au film. 

eccentr ic i ty ,  as i l l u s t r a t ed  in  Fig. 3. Tha t  is 

1 
• = -- (Z~- Z.O 

2 

Under the experimental arrangement in Fig. 1 and 2 
we have a relation between AZ and the magnetic 

induction B: 
e L  ~ '  

A Z  = ~ B d l  
m v  

f _ e L k  B d l  [1] 
h ~ 

where  e is e lec t ron  charge (1.6 x 10 -'~ e m u ) ,  m is 
e lec t ron  mass,  v the  ve loc i ty  of the  electrons,  L the  
camera  l e n g t h  (495 m m ) ,  X the wave  l eng th  of the  
electrons,  and  ! the  magne t i c  field region  t r ave r sed  
by  the  e lec t ron  beam.  X was d e t e r m i n e d  wi th  the  
dif f ract ion r ings  of gold observed in  Fig. 2. As seen 
f rom Fig. 1, l is a p p r o x i m a t e l y  equa l  to the  film 
th ickness  of the  spec imen (5 ~). In  Fig. 2 we m e a su r e  

AZ----0.142 cm a nd  X = 0.0327A. We obtain,  t he re -  
fore, B --~ 7 x l0  s gausses for the n icke l  film according 
to Eq. [1]. 

I r o n  F i l m  

I ron  was  e lec t rodeposi ted  on a gold foil f rom an  
aqueous  so lu t ion  of a m m o n i u m  fer rous  sulfate.  A 
composi te  F e - A u  f i lm thus  p repared ,  in  which  the  
th ickness  of the  i ron  l ayer  and  tha t  of the  gold film 
were  abou t  10"A a nd  5 x 10~A, respect ively,  was  
r ead i ly  inves t iga ted  by  the  p resen t  process (see Fig. 
l b ) .  F igure  4a is a double  d i a g r a m ob ta ined  wi th  the  
spec imen  and  w i t h  a s ingle  film of gold. In  Fig. 4b 
the m a i n  r ings  f rom the  spec imen are ind ica ted  w i t h  
"S." In  this  d i a g r a m  we recognize the r ing  eccen-  
t r i c i ty  resu l t ed  f rom the  magne t i c  effect. Here  we 
measu re  AZ = 0.109 cm and  ~ = 0.0332A. According  to 
Eq. [1], therefore ,  we  ob ta in  B ~ 3 x 104 gausses. 

Discussion 
Figu re  4 shows m a i n l y  the ex is tence  of the diffrac-  

t ion  r ings  f rom gold. In  this  f igure it is difficult to 
d e t e r m i n e  the  r ings  character is t ic  of iron. This is be -  
cause the e lect rodeposi ted  l ayer  of i ron is no t  so 
c rys ta l l ine  as the  gold film. In  the  p resen t  process, 
the  magne t i c  s ta te  of the f e r romagne t i c  l ayer  is 
s tud ied  ind i r ec t ly  t h r ough  the  diffract ion r ings  f rom 
the  c rys ta l l ine  gold l ayer  in  the  composi te  film. This  
me thod  is su i t ab le  for the s tudy  of the m a g n e t i s m  of 
an  amorphous  film. 

The magne t i c  i nduc t ions  of the n icke l  and  the i ron  
film here  m e a s u r e d  (7 x 10 ~ a nd  3 x 104 gausses)  
coincide w i th  the  k n o w n  sa tu ra t ion  induc t ions  of 
these two subs tances  (2) .  As seen f rom Eq. [1],  it 
is possible to m e a s u r e  the th ickness  I of a film if the  
induc t ion  B of the  fi lm is known.  

The successful  r esu l t  of a b l a n k  test  for the p res -  
en t  magne t i c  ana lys i s  was  a l r eady  shown wi th  the  
two n o n f e r r o m a g n e t i c  substances,  i.e., here  all  d i f -  
f rac t ion  r ings  were  cocentr ic  in  a double  exposure  
d i a g r a m (3).  

It  is of s ignif icance tha t  the  B - v a l u e s  d e t e r m i n e d  
in  the p resen t  process are absolute,  because  Eq. [1] 
conta ins  on ly  the  u n i v e r s a l  constants .  

Manuscript  received Oct. 20, 1958. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1960 
JOURNAL. 
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Polarography in Formamide 

I. Some Transition Metal Ions, Zinc and Cadmium Ions 

Glenn H. Brown and Hsiao-shu Hsiung 

Department of Chemistry, University o5 Cincinnati, Cincinnati, Ohio 

F o r m a m i d e  is a good so lven t  for  a l a r g e  n u m b e r  
of i no rgan i c  sa l t s  as w e l l  as  o rgan ic  compounds .  I t  
has  a v e r y  h igh  d i e l ec t r i c  c o n s t a n t  (109.5 a t  25~ 
(1) ,  a c o n v e n i e n t  l i qu id  r a n g e  ( f r eez ing  p o i n t  2.5~ 
bo i l ing  p o i n t  193~ a v e r y  low v a p o r  p r e s s u r e  (1 
m m  Hg at  70.5~ a n d  its so lu t ions  h a v e  a m o d e r a t e  
e l ec t r i ca l  r e s i s t a n c e . . F o r m a m i d e  is v e r y  eas i ly  d e -  
o x y g e n a t e d  thus  m a k i n g  i t  a good so lven t  for  use  
in p o l a r o g r a p h y .  Moreove r ,  f o r m a m i d e  w i t h  a n h y -  
d rous  sod ium p e r c h l o r a t e  as a s u p p o r t i n g  e l e c t r o l y t e  
has  a decompos i t i on  p o t e n t i a l  of --1.6 v vs. a s a t u -  
r a t e d  ca lome l  e lec t rode .  Even  t h o u g h  th is  vo l t a ge  
does not  a l l o w  the  v o l t a g e  r a n g e  of use fu lness  
a f fo rded  b y  N - N ' - d i m e t h y l f o r m a m i d e  (2) (--2.4 v 
vs. a m e r c u r y  pool )  i t  is n e v e r t h e l e s s  a suff ic ient ly  
h igh  vo l t age  to m a k e  i t  a u se fu l  so lven t  for  p o l a r -  
o g r a p h y  of m a n y  i n o r g a n i c  salts .  The  so lven t  has  
a h igh  v i scos i ty  (3.359 cp a t  25~ b u t  th i s  is not  
a se r ious  ob j ec t i on  to i ts  use.  

F o r m a m i d e  is a v e r y  good so lven t  for  a l a r g e  n u m -  
be r  of d i f fe ren t  k i n d s  of i n o r g a n i c  compounds ;  Col -  
ton  and  B r o o k e r  (3)  h a v e  o b t a i n e d  so lub i l i t y  va lue s  
for  47 sal ts .  A l t h o u g h  w e  h a v e  no t  m a d e  q u a n t i t a t i v e  
m e a s u r e m e n t s  of so lub i l i t y  for  our  p o l a r o g r a p h i c  
s tudies ,  w e  h a v e  f o u n d  t h a t  p e r c h l o r a t e s  a r e  q u i t e  
so lub le  in f o r m a m i d e .  Also,  t he  sa l ts  K~NbFT, K~ZrF~, 
K~TaF~, and  K~HfF~ a r e  a l l  s o m e w h a t  so lub le  in t he  
solvent .  

T h e r e  a p p e a r  to be  on ly  fou r  p a p e r s  in t h e  l i t e r a -  
t u r e  conce rned  w i t h  t he  p o l a r o g r a p h y  of i no rgan i c  
sa l t s  in  f o r m a m i d e .  Z a n ' k o  a n d  M a n n s o v a  (4)  s t u d -  
ied  t he  p o l a r o g r a p h y  of c a d m i u m  su l fa te ,  l e a d  n i -  
t r a t e ,  t in  ( I I )  ch lor ide ,  and  z inc  ch lor ide .  No s u p -  
p o r t i n g  e l e c t r o l y t e  was  used  in th i s  s t u d y  s ince  t h e  
a u t h o r s  r e p o r t  t h a t  t h e r e  is sufficient  a m m o n i u m  
ch lo r ide  (o r i g in  in syn thes i s  of f o r m a m i d e )  in  t he  
f o r m a m i d e  to func t ion  as a s u p p o r t i n g  e l ec t ro ly t e .  
L e t a w  and  G r o p p  (5)  i n v e s t i g a t e d  the  p o l a r o g r a p h y  
of o rgan ic  c o m p o u n d s  such  as a c e t o p h e n o n e  and  
a n i s a l d e h y d e  in  f o r m a m i d e .  T h e y  also o b t a i n e d  p o -  
l a r o g r a p h i c  d a t a  on z inc  su l fa te ,  t h a l l i u m  (I)  su l -  
fa te ,  and  l e ad  n i t r a t e .  T h e i r  s u p p o r t i n g  e l e c t r o l y t e  
was  0.1M KC1 for  t he  zinc and  l e a d  and  0.1M KNO,  
for  t h a l l i u m .  Hook,  Le t aw ,  and  G r o p p  (6)  s t ud i e d  
these  s ame  m e t a l  ions  in  f o r m a m i d e - a c e t a m i d e  m i x -  
tures .  T h e i r  E1/~ v a l u e s  in f o r m a m i d e  a r e  close to 
those  for  t h e  s a m e  ions  in w a t e r ,  a n d  those  in t he  
m i x e d  so lven t  a r e  close to t hose  in  f o r m a m i d e .  

Bruss  a n d  DeVr ie s  (7)  in  a s t u d y  of the  effect  of 
so lven ts  on the  p o l a r o g r a p h i c  r e d u c t i o n  of ca t ions  
o b s e r v e d  t h e  E,~ v a l u e s  of b i smu th ,  c a d m i u m ,  c h r o -  
m i u m  ( I I I ) ,  and  zinc ions  aga in s t  a s i l v e r - s i l v e r  

ch lo r ide  e l ec t rode  in a n u m b e r  of d i f fe ren t  so lven t s  
of w h i c h  f o r m a m i d e  was  one. T h e i r  v a l u e s  for  c a d -  
m i u m  a n d  zinc ions  check  w i t h  ours  w h e n  one con-  
s ide r s  t he  d i f fe ren t  r e f e r e n c e  e l e c t rode s  used.  H o w -  
ever ,  t h e y  d id  no t  r e p o r t  on Elj~ v a l u e  for  Cr  ( I I )  to 
Cr (0 ) ,  b u t  d id  r e p o r t  an  EI/~ v a l u e  for  Cr  ( I I I )  to 
Cr  ( I I ) .  W e  f o u n d  the  w a v e  for  the  Cr  ( I I I )  to  
Cr  ( I I )  to be i l l - de f ined  b u t  w e r e  ab le  to ass ign  an  
a p p r o x i m a t e  v a l u e  of --0.9 v vs. S.C.E. to th is  t r a n s i -  
t ion  w h i c h  is c lose to t he  v a l u e  of --0.83 v vs. 
A g - A g C 1  e l ec t rode  r e p o r t e d  b y  Bruss  and  DeVries .  

This  p a p e r  dea l s  w i t h  t he  p o l a r o g r a p h y  of some  
t r a n s i t i o n  m e t a l  ions, zinc and  c a d m i u m  in f o r m -  
amide .  In  th is  s t u d y  w e  chose the  h y d r a t e s  of t he  
sa l t s  of t he  e l e c t r o r e d u c i b l e  ions i n s t e a d  of a n h y -  
d rous  sal ts .  F u r t h e r  s tud ies  of s t a b i l i t y  cons t an t s  in 
n o n a q u e o u s  so lven t s  a r e  now in p r o g r e s s  us ing  d i f -  
f e r e n t  l i ga nds  w i t h  some of t he  ions  r e p o r t e d  here in .  
W h e n  these  s tud ies  a r e  comple t ed ,  d a t a  on  t h e  a n -  
h y d r o u s  sa l t s  w i l l  be  d i scussed  in l i gh t  of t he  sys t ems  
u n d e r  obse rva t ion .  

Experimental 
Materials .--The p r a c t i c a l  g r a d e  of f o r m a m i d e ,  o b -  

t a i n e d  f r o m  M a t h e s o n  C o m p a n y ,  Inc., was  pur i f i ed  
b y  d o u b l e  v a c u u m  d i s t i l l a t i on  (2-3 m m  Hg, bp  
90~ H o w e v e r ,  s m a l l  a m o u n t s  of w a t e r  do no t  
a l t e r  t he  decompos i t i on  p o t e n t i a l  of t he  solvent .  I t  
was  f o u n d  in th is  w o r k  t h a t  up  to 3 m l  of w a t e r  in  
25 m l  of f o r m a m i d e  d id  not  c h a n g e  the  d e c o m p o s i -  
t ion  p o t e n t i a l  of t he  f o r m a m i d e .  

A n h y d r o u s  s o d i u m  p e r c h l o r a t e  was  used  as t he  
s u p p o r t i n g  e l e c t r o l y t e  in th is  s tudy .  A n h y d r o u s  so-  
d i u m  p e r c h l o r a t e  of " r e a g e n t "  q u a l i t y  p u r c h a s e d  
f r o m  the  G. F r e d e r i c k  S m i t h  C h e m i c a l  C o m p a n y  was  
used  w i t h o u t  f u r t h e r  pur i f ica t ion .  The  de c ompos i t i on  
p o t e n t i a l  of a 0.2M so lu t ion  of s o d i u m  p e r c h l o r a t e  
in f o r m a m i d e  is --1.6 v vs. a s a t u r a t e d  ca lome l  e l ec -  
t rode .  

A l l  p e r c h l o r a t e s  used  in th is  s t u d y  w e r e  " r e a g e n t "  
qua l i t y ,  o b t a i n e d  f rom the  G. F r e d e r i c k  S m i t h  
C h e m i c a l  C o m p a n y  and  w e r e  used  w i t h o u t  f u r t h e r  
pur i f i ca t ion .  T h e s e  sa l t s  w e r e  d r i e d  in a c u r r e n t  of 
d r y  a i r  a n d  d i s so lved  as t he  h y d r a t e s .  The  c a d m i u m  
su l f a t e  was  t he  " B a k e r  A n a l y z e d "  r e a g e n t  m a n u -  
f a c t u r e d  b y  the  J. T. B a k e r  C h e m i c a l  C o m p a n y .  I t  
was  u sed  w i t h o u t  f u r t h e r  pur i f i ca t ion .  

In  a f ew  cases,  m a x i m a  o c c u r r e d  in  t h e  p o l a r o -  
g r a p h i c  w a v e  and  w h e n  these  w e r e  found,  t h e y  could  
be  d e p r e s s e d  b y  the  use  of ge la t in .  

Apparatus . - -Al l  p o l a r o g r a m s  w e r e  o b t a i n e d  us ing  
a L&N r e c o r d i n g  " E l e c t r o - C h e m o g r a p h . "  The  e l ec -  
t r o m o t i v e  force  r e c o r d e d  b y  t h e  i n s t r u m e n t  was  
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checked wi th  a "Queen  Model"  E-3040, t h r e e - r a n g e  
p o t e n t i o m e t e r  m a n u f a c t u r e d  by  the  G r a y  I n s t r u m e n t  
Co., Ph i lade lph ia ,  P e n n s y l v a n i a .  Al l  diffusion cu r -  
r en t s  we re  corrected for  r e s idua l  cu r ren t ,  which  
n e v e r  exceeded 1.5 ~amp for a n y  po ten t i a l  at  which  
the  diffusion c u r r e n t  was  measured .  

The  po la rograph ic  cell  was  cons t ruc ted  according 
to one descr ibed by  Kol thoff  and  Coetzee (8) in  
order  to e l imina t e  the t r ans fe rence  of wa t e r  or po-  
t a s s ium chlor ide  in to  the  e lectrolysis  cell d u r i n g  the  
t ime  r e q u i r e d  to comple te  the  po la rogram.  The ha l f -  
wave  po ten t i a l s  were  m e a s u r e d  aga ins t  a s a tu ra t ed  
ca lomel  electrode.  

Al l  diffusion cu r r en t s  were  corrected for iR  drop 
across the  e lectrolysis  cell. The res i s tance  of the  so- 
lu t ions  was  m e a s u r e d  w i th  an  I n d u s t r i a l  I n s t r u -  
ments ,  Inc., Model  R C 16 conduc tance  br idge.  A 
0.2M sod ium perch lo ra te  so lu t ion  in  f o r m a m i d e  gave 
a res i s tance  of 9600 -----50 ohms. I n  the  iR  correct ions  
ave rage  va lues  of i and  R were  used. 

The  cap i l l a ry  was  made  of Corn ing  m a r i n e  b a r o m -  
eter  tub ing ,  which  has a cap i l l a ry  of 28.4 ~ radius ,  
and  was  10 cm in  length .  The  cap i l l a ry  (open cir-  
cui t )  had  the  fo l lowing character is t ics :  m = 1.01 
mg/sec ,  and  t = 5.83 sec /d rop  for h----64 cm. The 
r e l a t ionsh ip  of m ~/8 t 1/~ was  s tud ied  as a func t ion  of 
appl ied  vol tage  for the  capi l lary .  These va lues  for 
severa l  appl ied  vol tages  are:  --0.4 v, 1.34; --0.8 v, 
1.33; --1.20 v, 1.31; a n d - - 1 . 6 0  v, 1.26. These va lues  
were  used at the  appropr i a t e  places in  the  h a n d l i n g  
of the  data.  

The cell  was i m m e r s e d  in  a w a t e r  b a t h  at a t e m -  
p e r a t u r e  of 25 _+0.5~ The e lec t ro ly t ic  solut ions 
were  deae ra ted  by  b u b b l i n g  t a n k  n i t rogen ,  ob ta ined  
f rom the  Na t iona l  Cy l inde r  Company ,  t h rough  them. 

Results and  Discussion 
Wel l -de f ined  waves  were  ob ta ined  for the  meta l  

ions cons idered  in  this  inves t iga t ion .  The concen t r a -  

Table I. Polarographic characteristics of some transition metal 
ions, zinc and cadmium in formamide (0.2M NaCIO4 

as supporting electrolyte). 

D 
conc, --Ell2 v cm~/sec 

Salt mM/l Id vs. S.C.E. x 105 0.059/n 

Cr (C10,) ~.6H=O 2 1.65 1.56" 0.184 0.119 
Mn (C100=-6H~O 2 1.78 1.57 0.216 0.035 
Fe (C10,)3.6H20 2 0.91 1 . 4 0 #  0.056 0.059 
Co (C104) ~. 6H20 1 1.81 1.20 0.292 0.072 
Ni (C10,) ~. 6H20 2 0.99 0.98 0.066 0.083 
Cu (C104)=-6H20 2 1.28 0.12 0.110 0.077 
Zn (ClO,) ~.6H~O 2 1.71 1.07 0.197 0.043 
3CdSO4.8H~O 2 1.85 0.69 0.229 0.049 

* V a l u e  is  for  c h r o m i u m  (II) to  c h r o m i u m  (0) .  
t V a l u e  is  f o r  i r o n  ( I I )  to i ron  (0) .  
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t ions of the  e lec t roreduc ib le  ions were  va r i ed  f rom 
0.6 to 4 mM in  0.2M NaC104 as the suppor t ing  elec- 
t rolyte .  In  all  cases the diffusion cu r ren t s  were  p ro -  
por t iona l  to the  concen t ra t ion .  If one uses the  cr i -  
t e r ion  tha t  an  e x p e r i m e n t a l  va lue  of the  slope of a 

i 0.0591 
plot of --Ed.e. VS. log - -  is ~ vol ts  at 25~ 

i~ --  i n 

and  mus t  agree  w i th  the theore t ica l  va lue  w i t h i n  3-5 
m v  for a sys tem to be revers ib le  (9) ,  t hen  on ly  one 
of the  ions s tud ied  undergoes  a revers ib le  process 
(i.e., m a n g a n e s e ) .  Zinc and  c a d m i u m  approach  re -  
ve r s ib i l i ty  wh i l e  each of the  other  ions shows i r -  
r eve r s ib i l i t y  in  its e lec t roreduc ib le  process. The  cop- 
per  r educ t ion  gave only  a one - s t ep  wave,  the  same 
as in  water .  

The  po la rograph ic  data  on the ions inves t iga ted  
are to be f ound  in  Table  I. The  Id va lues  were  cal-  
cu la ted  us ing  va lues  for t wh ich  were  t a k e n  at the  
decomposi t ion  po ten t i a l  of the  pa r t i cu l a r  ion. 

In  fo rmamide ,  as in  water ,  the r educ t ion  stage of 
i ron which  gives a t r ue  curve  is tha t  f rom i ron  (II)  
to i ron (0) .  O n  s ta r t ing  wi th  i ron  ( I I I )  the  first wave  
is no t  a t r u e  one since the r educ t ion  of i ron  ( I I I )  sets 
in  at a po t en t i a l  which  is more  posi t ive t h a n  the  
anodic  d isso lu t ion  of mercury .  

C h r o m i u m  (I I I )  ion gives a s tepwise reduc t ion  to 
c h r o m i u m  (I I )  a nd  then  to c h r o m i u m  (0).  The first 
wave  is no t  we l l -de f ined  and  makes  the  de te r -  
m i n a t i o n  of the  E1/~ ( a p p r o x i m a t e l y  --0.9 v)  for this  
step unce r t a in .  Also, it migh t  be po in ted  out  t ha t  the 
height  of the  second wave  is somewhat  g rea te r  t h a n  
twice tha t  of the  first. The c h r o m i u m  (II)  to chro-  
m i u m  (0) w a v e  is wel l  defined and  can be used for 
eva lua t ion  of po la rographic  data.  

Manuscript  received May 22, 1959. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1960 
JOURNAL. 
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Techn ca]l Eeview 

Fabrication, Properties, and Applications 
of Some Metallic Silicides 

R. D. Grinthal  

American  Electro Metal  Division of Fir th Sterl ing Inc., Yonkers ,  N e w  Y o r k  

Recent  r e q u i r e m e n t s  for h igher  and  h igher  oper -  
a t ing  t e m p e r a t u r e s  in  the  rocket  and  missi le  field, 
nuc l ea r  reactors,  and  m a n y  other  appl ica t ions  have  
led to the cons idera t ion  of the  so-ca l led  " re f rac to ry  
ha rdme ta l s "  for use as one class of s t r u c t u r a l  m a t e -  
r ials  in  the t e m p e r a t u r e  ranges  whe re  today ' s  s u p e r -  
al loys are no longe r  useful .  

The  t e r m  re f rac to ry  h a r d m e t a l s  inc ludes  com-  
pounds  of the  t r a n s i t i o n  meta l s  w i th  boron,  carbon,  
n i t rogen ,  silicon, and  sulfur .  These ma te r i a l s  are 
charac ter ized  in  genera l  as hard,  b r i t t l e  in t e r s t i t i a l  
compounds  which  have  v e r y  h igh m e l t i n g  points .  
They  differ f rom the  cor responding  oxides m a i n l y  in  
the i r  e lectr ical  and  t h e r m a l  behav io r  which  is d is -  
t i nc t ly  metal l ic .  T h e y  are  good conductors  of elec-  
t r i c i ty  and  heat.  M a n y  are  even  be t t e r  in  this  r e -  
spect t h a n  aus ten i t i c  s ta inless  steel and  t i t a n i u m  
which  are among  the  poorer  conduc t ing  metals .  Thus  
the t e r m  re f rac to ry  h a r d m e t a l s  serves to d i s t ingu i sh  
this  class of ma te r i a l s  f rom h igh  m e l t i n g  meta l s  such 
as t u n g s t e n  and  m o l y b d e n u m  and  f rom the  more  r e -  
f r ac to ry  oxides. 

Table I. Physical properties of some metallic silicides. 

Silicide 
Crystal 

structure 

Elec- 
t r ical  

Hardness, resis- 
kg/mm2 tivity, 

Density Melting (100 g micro-  
g/eroS point,  ~ load) ohm-cm 

Ti~Si~ 
TiSi~ 
ZrSi~ 
V, Si 
VSi2 
NbSi~ 
TaSi~ 
Cr3Si 
CrSi 
CrSi3 
Mo~Si 
MoSi~ 
WSi~ 
ThSi~ 
USi 
USi~ (a) 
USi~ (~) 
YSi~ 
LaSi~ 
EuSi2 
GdSi.~ 
DySi~ 

Orthorhombic 4.4 1540 
Orthorhombic 4.9 1520 
Cubic 5.7 2000 
Hexagonal  4.7 1750 
Hexagonal  5.3 1950 
Hexagonal 8.8 2400 
Cubic 6.5 1730 
Cubic 5.3 1600 
Hexagonal  4.4 1570 
Cubic 9.0 2100 
Tetragonal  6.2 1870 
Tetragonal  9.3 2150 
Tetragonal  7.8 1600 
Orthorhombic 10.4 1600 
Tetragonal  9.0 
Hexagonal  9.2 1700 
Orthorhombic 4.5 1500 
Tetragonal  5.0 1500 
Tetragonal  5.5 1500 
Orthorhombic 6.4 1500 
Orthorhombic 6.8 1500 

986 170 
618 123 

1030 161 

1090 9.5 
1050 6.3 
1560 8.5 
1100 43 
1230 139 
1150 600 
1310 
1260 21.5 
1090 334 
1120 

Thei r  s tab i l i ty  in  oxidiz ing a tmospheres  at  h igh  
t e m p e r a t u r e  fal ls  b e t w e e n  tha t  of the  r e f r ac to ry  m e -  
tals  and  the  oxides. Some of these  h a r d m e t a l s  have  
exce l len t  res is tance  to ox ida t ion  at e leva ted  t e m -  
pe ra tu re s  whi le  others  m u s t  be pro tec ted  or used in  
nonox id iz ing  a tmospheres .  This  discussion is con-  
cerned on ly  w i th  meta l l i c  silicides, which  are  among  
the most  s table  of the  r e f r ac to ry  ha rdme ta l s  u n d e r  
oxidiz ing condi t ions .  

Tab le  I lists phys ica l  p roper t i es  of some silicides 
of the t r a n s i t i o n  meta l s  a nd  meta l s  of the  l a n t h a n i d e  
and  ac t in ide  series. A grea t  va r i e t y  of c rys ta l  s t ruc -  
tu res  are  e nc oun t e r e d  in  these mater ia l s ,  f rom the 
o r tho rhombic  TiSi~ t h r o u g h  the  cubic V~Si, t e t r a -  
gonal  MoSi~, and  he xa gona l  CrSi~. Whi le  most  m o n o -  
carbides  a nd  m o n o n i t r i d e s  are i somorphous  w i th  
each o ther  and  most  d ibor ides  are  i somorphous  wi th  
each other,  this  is no t  t r ue  of the  silicides. 

The me l t i ng  points  of the  silicides wh ich  are 
k n o w n  are qu i te  high, a l t hough  not  as h igh as the  
co r respond ing  borides  or carb ides  in  most  cases. The 
disil icides in  par t i cu la r ,  however ,  have  o u t s t a n d i n g  
chemical  s tabi l i ty ,  and  res i s tance  aga ins t  ox ida t ion  
a nd  a t tack  by  acids is m a i n t a i n e d  over  la rge  t e m -  
p e r a t u r e  ranges.  

Production 
Sil icides are  p roduced  by  severa l  methods,  the  

most  i m p o r t a n t  of which  are  as follows. 

Direct  combina t ion  ol the  m e t a l  and s i l i con . - -Th i s  
can be accompl ished by  e i the r  fus ion  or s in ter ing .  
Fus ion  t e m p e r a t u r e s  are  e x t r e m e l y  high, necess i t a t -  
ing  electr ic  arc or ca rbon  tube  furnaces .  S i n t e r i ng  
of m i x t u r e s  of powders  produces  a v io l en t ly  exo-  
the rmic  reac t ion  at t e m p e r a t u r e s  r a n g i n g  f rom 900 ~ 
1500~ depend ing  on the  mate r ia l .  In  m a n y  i n -  
s tances the me ta l  hyd r ide  can be subs t i t u t ed  for the  
me ta l  powder .  Pro tec t ive  a tmospheres  of argon,  h y -  
drogen,  or v a c u u m  are  necessa ry  to p r e v e n t  ox ida-  
tion. 

Reduc t ion  of  m e t a l  ox ides  w i t h  s i l i con . - -S i l i con  
can reduce  me ta l  oxides in  the  same m a n n e r  as boron  
or carbon,  bu t  e x t r e m e l y  h igh  t e m p e r a t u r e s  (above  
1500~ are  necessary,  a nd  the  silica which  forms as 
a reac t ion  p roduc t  is difficult to r emove  complete ly .  
If the  r educ t ion  is car r ied  out  in  vacuum,  however ,  
the  silica c o n t a m i n a t i o n  is he ld  to a m i n i m u m  by  
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r e m o v a l  of t he  m o r e  v o l a t i l e  SiO be fo re  i t  can  con-  
dense  on the  f u r n a c e  charge .  

Reaction between metal  oxides and silica in the 
presence of carbon.--This process  is s i m i l a r  to d i -  
r ec t  r e d u c t i o n  w i t h  s i l icon e x c e p t  t h a t  t he  c a r b o n  
se rves  to r e d u c e  bo th  t he  m e t a l  ox ide  and  the  si l ica,  
f o r m i n g  CO a n d  CO~ w h i c h  do no t  c o n t a m i n a t e  t he  
r e a c t i o n  p roduc t .  This  p rocess  is bes t  c a r r i e d  ou t  a t  
h igh  t e m p e r a t u r e  in  an  e l ec t r i c  a rc  fu rnace .  

The aluminothermic process.--The r e a c t i o n  of 
m e t a l  oxide ,  qua r t z ,  a n d  e i t h e r  a l u m i n u m  or  m a g -  
nes ium,  p e r f o r m e d  in c l ay  c ruc ib l e s  in t he  p r e s e n c e  
of su l fur ,  y i e ld s  fu sed  s i l ic ides  w h i c h  can  be  t r e a t e d  
c h e m i c a l l y  to r e m o v e  u n d e s i r a b l e  r e a c t i o n  p roduc t s .  
The  su l fu r  s e rves  to f o r m  a l i qu id  s lag  w h i c h  is d e -  
composed  r e a d i l y  b y  w a t e r .  

Reaction of metal wi th  silicon halide.--Silicon 
t e t r a c h l o r i d e ,  w h e n  p a s s e d  ove r  h e a t e d  m e t a l  p o w d e r  
in  t h e  p r e s e n c e  of h y d r o g e n ,  r eac t s  to f o r m  t h e  m e t a l  
s i l ic ide  a n d  HC1 a t  t e m p e r a t u r e s  r a n g i n g  f r o m  
1100~176 d e p e n d i n g  on the  m a t e r i a l .  This  
m e t h o d  is a l so  u sed  to  s i l i con ize  m e t a l  su r f aces  a n d  
p r o d u c e  p r o t e c t i v e  coa t ings  in  p lace .  

Fused salt electrolysis.--By e l ec t ro ly s i s  of fu sed  
a l k a l i  f luos i l ica te  b a t h s  con t a in ing  m e t a l  oxides ,  s i l i -  
c ide  c r y s t a l l i t e s  a r e  d e p o s i t e d  on the  ca thode .  

Fabrication 
Bodies  m a y  be  f a b r i c a t e d  f r o m  t h e  s i t i c ide  p o w -  

de r s  b y  s e v e r a l  p o w d e r  m e t a l l u r g i c a l  me thods .  Ho t  
p r e s s i n g  ( s i m u l t a n e o u s  a p p l i c a t i o n  of h e a t  and  p r e s -  
su re )  is done  in  g r a p h i t e  dies  and  p r o d u c e s  dense  
pa r t s .  L i m i t a t i o n s  of th is  process ,  h o w e v e r ,  on ly  a l -  
low p r o d u c t i o n  of f a i r l y  smal l ,  s imp le  shapes  w h i c h  
h a v e  r e g u l a r  cross  sect ion,  no unde rcu t s ,  and  no th in  
wal l s .  S ince  t h e  g r a p h i t e  dies  canno t  be  used  m o r e  
t h a n  once or  twice ,  th i s  is no t  a m e a n s  of a c h i e v i n g  
h igh  p r o d u c t i o n  ra tes .  

Cold  p r e s s i n g  f o l l o w e d  b y  s in t e r i ng  a l lows  the  use  
of s tee l  or  c a r b i d e  dies  and  can  be  a d a p t e d  for  f a i r l y  
h igh  v o l u m e  p roduc t i on .  The  s ame  l i m i t a t i o n s  in  
size a n d  shape  a p p l y  h e r e  as  w e r e  d e s c r i b e d  fo r  ho t  
p re s s ing .  Long  t i m e  s in t e r i ng  in  a p r o t e c t i v e  a t m o s -  
p h e r e  conso l ida t e s  and  dens i t ies  t he  pa r t ,  b u t  t he  
s h r i n k a g e  w h i c h  occurs  m a k e s  i t  m o r e  diff icult  to  
ho ld  close d i m e n s i o n a l  to le rances .  This  can  be  c o m -  
p e n s a t e d  for  in  long  r u n  p r o d u c t i o n  b y  a l l o w i n g  fo r  
s h r i n k a g e  in t h e  d ie  des ign .  Cold  p r e s s e d  a n d  s in -  
t e r e d  p a r t s  m a y  h a v e  s l i g h t l y  d i f fe ren t  m e c h a n i c a l  
p r o p e r t i e s  t h a n  ho t  p r e s s e d  pa r t s .  

E x t r u s i o n  of  t he  s i l ic ide  p o w d e r  a f t e r  i t  ha s  been  
m i x e d  w i t h  p l a s t i c  is also poss ib le .  This  m e t h o d  is 
l i m i t e d  to s i m p l e  cross  sec t ions  w h i c h  h a v e  s t r a i g h t  
sides,  bu t  for  c e r t a i n  p a r t s  i t  can  be a h igh  v o l u m e  
p r o d u c t i o n  process .  The  s i n t e r e d  p iece  m a y  be  
s l i g h t l y  po rous  due  to vo ids  l e f t  w h e n  t h e  p l a s t i c  
b u r n s  out,  b u t  th i s  is no t  a se r ious  d r a w b a c k  in mos t  
cases.  

S l ip  cas t ing  is a c e r amic  p rocess  w h i c h  is c u r r e n t l y  
be ing  a p p l i e d  succes s fu l l y  to m e t a l  p o w d e r s .  The  
s h a p e  of t h e  p a r t  p r o d u c e d  b y  th is  m e t h o d  is f a r  
m o r e  u n r e s t r i c t e d  t h a n  a n y  p r e v i o u s l y  desc r ibed ,  b u t  
t he  p rocess  a t  p r e s e n t  is in  a d e v e l o p m e n t a l  s t a t e  
and,  a l t h o u g h  some  m a t e r i a l s  a r e  p r o d u c e d  in q u a n -  

t i ty ,  mos t  w o u l d  r e q u i r e  c o n s i d e r a b l e  e x p e r i m e n t a -  
t ion  be fo re  u sab l e  p a r t s  cou ld  be  p r o d u c e d  on a v o l -  
u m e  basis .  Us ing  th i s  me thod ,  h o w e v e r ,  r e - e n t r y  
angles ,  unde rcu t s ,  t h i n - w a l l e d  sec t ions  a r e  a l l  p o s -  
sible.  S ize  is r e s t r i c t e d  on ly  b y  the  w e i g h t  t h a t  t he  
g r e e n  p iece  can  s u p p o r t  w i t h o u t  co l l aps ing  d u r i n g  
s in te r ing .  

A n o t h e r  f a b r i c a t i o n  m e t h o d  w h i c h  m a y  be  e m -  
p l o y e d  in spec ia l  cases  is f lame s p r a y  fo rming .  He re  
t he  s i l ic ide  is e x t r u d e d  in to  rod,  w h i c h  is s in te red ,  
t hen  fed  t h r o u g h  a f l ame s p r a y  gun  a n d  depos i t ed  on 
a p a t t e r n  as a coa t ing .  The  coa t ing  is b u i l t  up  to a n y  
de s i r e d  th i ckness  a n d  the  s u b s t r a t e  r e m o v e d  c h e m i -  
ca l ly ,  l e a v i n g  a s t rong ,  f o r m e d  body  w h i c h  does  no t  
r e q u i r e  f u r t h e r  s in t e r ing .  D e n s i t y  is 80-90% of t h e o -  
re t ica l .  I f  th is  is no t  s a t i s f a c t o r y  for  t h e  app l i ca t ion ,  
i t  can  be  i m p r o v e d  s o m e w h a t  b y  s in te r ing .  This  
m e t h o d  m a y  also be  used ,  of course ,  to p r o d u c e  p r o -  
t ec t ive  coa t ings  on s u b s t r a t e  m a t e r i a l s  w h i c h  a r e  
s u b j e c t e d  to ox id i z ing  cond i t ions  w h i c h  t h e y  canno t  
w i t h s t a n d  n o r m a l l y .  The  coa t ings  a r e  s l i g h t l y  po rous  
a n d  q u i t e  b r i t t l e ,  b u t  t h e  p o r o s i t y  is no t  i n t e r c o n -  
nec t ed  and  is u s u a l l y  sea l ed  b y  the  p r o t e c t i v e  s i l i -  
ca t e  w h i c h  fo rms  d u r i n g  h i g h - t e m p e r a t u r e  ox ida t ion .  

Properties 
The  m e c h a n i c a l  p r o p e r t i e s  of t he se  m a t e r i a l s  a r e  

g e n e r a l l y  s imi la r .  T h e y  a r e  ha rd ,  b r i t t l e ,  and  h a v e  
a p p r e c i a b l e  c o m p r e s s i v e  a n d  t r a n s v e r s e  r u p t u r e  
s t r e n g t h  w h i c h  is r e t a i n e d  at  t e m p e r a t u r e s  up  to 
1000~176 L i k e  mos t  i n t e r s t i t i a l  compounds ,  
t h e y  a r e  sens i t ive  to  i m p a c t  l oad ing  a n d  canno t  be  
r e l i ed  on in a p p l i c a t i o n s  w h e r e  t e n s i l e  s t r e n g t h  is 
necessa ry .  The  p r o p e r t i e s  of a n y  g i v e n  m a t e r i a l  can  
be  v a r i e d  s o m e w h a t  b y  changes  in  t h e  f a b r i c a t i o n  
m e t h o d  or  b y  the  p r e s e n c e  of s m a l l  a m o u n t s  of i m -  
pu r i t i e s  w h i c h  m a y  come f rom va r ious  m e t h o d s  of 
p r e p a r a t i o n .  P o r o s i t y  e x e r t s  a m a j o r  inf luence  in th is  
r e spec t  and,  s ince  mos t  t e s t  s a mp le s  a r e  p r e p a r e d  b y  
p o w d e r  m e t a l l u r g i c a l  me thods ,  some p o r o s i t y  is a l -  
mos t  a l w a y s  p re sen t .  

Some  of t he  p r o p e r t i e s  of MoSi~, chosen  he re  as a 
t y p i c a l  e x a m p l e ,  a r e  l i s t ed  in T a b l e  II .  This  m a t e r i a l  
is p e r h a p s  t h e  be s t  k n o w n  s i l ic ide  a n d  m a y  be c loses t  
to h a v i n g  r ea l  c o m m e r c i a l  app l i ca t ion .  The  f igures  
g iven  shou ld  be  t a k e n  on ly  as r e p r e s e n t a t i v e  va lues ,  
s ince t he  p r o p e r t i e s  can  v a r y  over  a w i d e  r a n g e  w h e n  
v a r i a t i o n s  in f a b r i c a t i o n  t e c h n i q u e  or  i m p u r i t y  con-  
t en t  a r e  e m p l o y e d .  

Modifications 
S e v e r a l  a t t e m p t s  h a v e  been  m a d e  to a p p l y  the  

c e r m e t  p r i n c i p a l  to t he  h a r d m e t a l s  and  i m p r o v e  i m -  
pac t  s t r e n g t h  b y  a d d i t i o n  of a t h i r d  me ta l ,  w h i c h  is 
i n t e n d e d  to act  as a b i n d e r  as in t he  case  of W C - C o  

Table 11. Mechanical properties of MoSi2 

Hardness  
Compressive s t rength  
Modulus  of e las t ic i ty  
Modulus  of t ransverse  rup tu re  20~ 

1000~ 
Tensile s t rength  1300 ~ 
Stress  to r up tu r e  (100 h r  l ife) 1000~ 
Oxidat ion  resis tance Excel lent  

80-87 R A  
100-350,000 psi 
59 • 106 psi 
36-67,000 pst  
51-86,000 psi 
41,000 psi 
13,000 psi 

to 1700~ 
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and  T iC-Ni .  These  two  cases,  h o w e v e r ,  h a v e  p r o v e d  
to be t he  e x c e p t i o n  r a t h e r  t h a n  the  ru le .  S e v e r a l  
fac tors  m u s t  be cons ide red  in  choos ing  a m e t a l  a d d i -  
t ion to a s i l ic ide  sys tem.  F i r s t ,  the  m e t a l  to be  a d d e d  
should be one which does not form silicides readily 
and, second, the silicide should be the lowest possi- 
ble in the system. If, for instance, copper should be 
added to MoSi.., the result would not be a two-phase 
system consisting of MoSi~ in a copper matrix. The 
copper would react with the MoSi2 forming a copper 
silicide and leaving a lower molybdenum silicide 
such as Mo3Si~, or  Mo~Si. These  m a t e r i a l s  a r e  a l l  
b r i t t l e  and,  in add i t ion ,  do no t  h a v e  the  e x c e l l e n t  
o x i d a t i o n  r e s i s t ance  of MoSi~. The  same  r e s u l t s  a r e  
o b t a i n e d  w h e n  cobal t ,  p l a t i n u m ,  n ickel ,  c h r o m i u m ,  or  
t i t a n i u m  a r e  a d d e d  to MoSi~. W h e n  m e t a l l u r g i c a l  
e q u i l i b r i u m  is ob ta ined ,  the  s t a r t i n g  m a t e r i a l s  a r e  
n e v e r  p r e s e n t  in t h e i r  o r ig ina l  f o r m  bu t  a l w a y s  r eac t  
to f o r m  n e w  compounds ,  sol id  solut ions ,  or  t e r n a r y  
c o m p o u n d s  w h i c h  a r e  s o m e t i m e s  even  m o r e  b r i t t l e  
and  less s t ab le  t h a n  the  o r i g i n a l  m a t e r i a l s .  

S e v e r a l  i n v e s t i g a t o r s  h a v e  w o r k e d  w i t h  t h e  s i l i -  
cide-silicide systems which, in many cases, act like 
binary systems between elements. It is possible in 
this manner to produce modifications of some silicide 
structures by addition of only a few mole per cent of 
a second silicide. For instance, TiSi= and MoSi2 are 
not isomorphous, and TiSi, is practically insoluble in 
MoSi~. However, a few mole per cent MoSi2 added to 
TiSi, changes the orthorhombic structure to a hexa- 
gonal one which is intermediate between TiSi, and 
the tetragonal MoSi~. The two compounds form a 
third phase which has a wide range of homogeneity 
and, although similar to the parent compounds, it 
possesses unique properties of its own. 

MoSi2 and WSi= are isomorphous, and behavior 
similar to the above was also noted with TiSi, and 
WSi=. CrSi~ and MoSi= are mutually soluble in one 
another in very large amounts, with a narrow two- 
phase region between them in the center of the dia- 
gram. Other pseudobinary systems investigated in- 
clude ZrSi=-TiSi,, WSi..,-CrSi.~, VSi,-TiSi,, CrSi=-TaSi2, 
USi=-MoSi=, MoSi,-WSi=. The last pair forms a com- 
plete series of solid solutions. Investigation of sys- 
tems like these may lead to methods of changing 
physical, electrical, or mechanical properties of these 
materials so that they can be tailored to suit specific 
applications. 

Applications 
M a n y  of t he  s i l ic ides  h a v e  been  t e s t ed  for  p o t e n t i a l  

a p p l i c a t i o n s  in  va r i ous  fields.  MoSi~ is p e r h a p s  t h e  
bes t  k n o w n  of t h e  g r o u p  and  t h e  one  c losest  to c o m -  
m e r c i a l  use.  A n e w  t y p e  of h e a t i n g  e l e m e n t  has  been  
d e v e l o p e d  w h i c h  is b a s e d  on th i s  m a t e r i a l .  I t  can  be  
h e a t e d  in a i r  for  long  pe r i ods  a t  t e m p e r a t u r e s  up  to 
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1650~ w i t h o u t  d a m a g e .  The  e x c e l l e n t  s t a b i l i t y  of 
MoSi~ has  l ed  to i ts  use  as a p r o t e c t i v e  coa t ing  for  
m o l y b d e n u m .  This  coa t ing  can  be  a p p l i e d  b y  f lame 
s p r a y i n g  or  b y  s i l i con iz ing  a m o l y b d e n u m  surface .  
I t  has  also been  f o u n d  to be  r e s i s t a n t  to  cor ros ion  
b y  m o l t e n  b o r o n  ox ide  a t  e l e v a t e d  t e m p e r a t u r e s .  
O t h e r  p o t e n t i a l  a p p l i c a t i o n s  w h e r e  i m p a c t  l oa d ing  is 
not  a f ac to r  m a y  be  in r o c k e t  nozzles,  a f t e r b u r n e r s  
(as  a coa t i ng ) ,  or  as r e f r a c t o r y  b r i ck .  

Some  i n v e s t i g a t i o n  has  been  c a r r i e d  out  c o n c e r n -  
ing  the  poss ib le  use  of sol id  so lu t ions  of MoSi2 and  
USi2 as n u c l e a r  fue l  e l ements .  This  m a y  a l l o w  h igh  
r e a c t o r  t e m p e r a t u r e s  a n d  m i n i m i z e  the  d i s t o r t i on  
u s u a l l y  e n c o u n t e r e d  w h e n  u r a n i u m  m e t a l  or  a l loys  
a r e  used  as fue l  e l emen t s .  

A g r e a t  dea l  of i n t e r e s t  has  d e v e l o p e d  l a t e l y  in t he  
use  of the  s o - c a l l e d  r e f r a c t o r y  m e t a l s  m o l y b d e n u m ,  
tungs t en ,  t a n t a l u m ,  a n d  n i o b i u m  for  v e r y  h i g h - t e m -  
p e r a t u r e  app l i ca t ions .  I f  t he  a t m o s p h e r e  is ox id iz ing ,  
these  m a t e r i a l s  m u s t  be  p ro t e c t e d ,  a n d  the  p o s s i b i l i t y  
of coa t ing  each  w i t h  i ts  c o r r e s p o n d i n g  s i l ic ide  is c e r -  
t a i n l y  an  i n t e r e s t i n g  one.  

CrSi~ and  TiSi~ m a y  find a p p l i c a t i o n s  w h e r e  the  
c o m b i n a t i o n  of h igh  t e m p e r a t u r e  s t a b i l i t y  and  l igh t  
w e i g h t  a r e  of i n t e re s t .  

A m o n g  the  r a r e  e a r t h  s i l ic ides,  g a d o l i n i u m  d i s i l i -  
c ide  has  been  c ons ide r e d  as a poss ib le  con t ro l  rod  
m a t e r i a l ,  d y s p r o s i u m  d is i l i c ide  has  been  used  as a 
c o u n t e r  for  n e u t r o n  f lux d e n s i t y  m e a s u r e m e n t s ,  and  
e u r o p i u m  d i s i l i c ide  has  been  f a b r i c a t e d  for  a n u c l e a r  
app l i ca t ion .  

As  m o r e  i n f o r m a t i o n  is c o m p i l e d  a b o u t  t he se  m a -  
t e r ia l s ,  o t h e r  a p p l i c a t i o n s  wi l l  u n d o u b t e d l y  be  sug -  
ges ted  a n d  i nve s t i ga t e d ,  and  one  or  two  w i l l  f ind 
c o m m e r c i a l  out le t s .  W h e n  th is  happens ,  t he  w h o l e  
class of h a r d m e t a l  m a t e r i a l s  w i l l  beg in  to come into  
m o r e  p o p u l a r  use,  a n d  i t  is h o p e d  t ha t  t he  f ea r  of 
us ing  b r i t t l e  m a t e r i a l s  w i l l  subs ide  f inal ly .  

Manuscr ip t  rece ived  June  4, 1959. This pape r  was 
p repa red  for  de l ive ry  before  the  Ph i l ade lph ia  Meeting,  
May 3-7, 1959. 

A n y  discussion of this paper  wil l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the  December  1960 
JOURNAL. 
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Nodule Growth on AIO  Coatings 

R. J. Jaccodine 

Bell Telephone Laboratories, Incorporated, Allentown, Pennsylvania 

This  c o m m u n i c a t i o n  conce rns  t h e  g r o w t h  of n o d -  
u les  or  h i l locks  on su r f aces  of h e a t e r s  s p r a y e d  w i t h  
ALO~ coat ings .  

In  s t u d y i n g  h e a t e r - c a t h o d e  b r e a k d o w n  p h e n o m -  
ena,  t he  m e t h o d  used  (1)  i n v o l v e d  h e l i c a l l y  w i n d i n g  
a b a r e  t u n g s t e n  h e a t e r  or  o t h e r  b a r e  m e t a l s  a b o u t  
t he  ALO~ coa ted  h e a t e r :  these  w e r e  p u m p e d  a n d  

Fig. 1. Hillock growth with helically wound outside heater 
in place. 

Fig. 2. Nodules with outside heater removed 

sea l ed  off a t  10 -~ m m  Hg. A v a r i a b l e  h e a t e r  vo l t age  
t h e n  was  a p p l i e d  to bo th  h e a t e r s  to o b t a i n  t h e  d e -  
s i r ed  t h e r m a l  condi t ions  (A120~ coa ted  h e a t e r  a t  
1200~ op t i ca l  a n d  b a r e  t u n g s t e n  h e a t e r  900~ op -  
t i c a l ) ,  and  a d - c  vo l t age  of 180 v w i t h  coa ted  h e a t e r  
pos i t i ve  was  a p p l i e d  b e t w e e n  bo th  h e a t e r s  to set  up  
a p o t e n t i a l  g r ad i en t .  D u r i n g  t h e  course  of th i s  s tudy ,  
i t  was  o b s e r v e d  t ha t  nodu le s  or  h i l locks  of ALO~ s u r -  
face  to t he  ou t s ide  t u n g s t e n  hea t e r .  These  g r o w t h s  
a p p e a r e d  g r a d u a l l y  ove r  a p e r i o d  of s e v e r a l  months .  
The  size of t h e  nodu le  s e e m e d  to be  l i m i t e d  b y  the  
gap  f o r m e d  b e t w e e n  the  ou t s i de  base  t u n g s t e n  h e a t e r  
a n d  the  a l u m i n a  sur face .  F i g u r e  1 shows  t h e  h i l l ock  
g r o w t h  w i t h  t h e  h e l i c a l l y  w o u n d  ou t s ide  h e a t e r  in 
p lace .  F i g u r e  2 shows  t h e  nodu l e s  w i t h  t he  ou t s ide  
h e a t e r  r e m o v e d .  As  can  be  no ted ,  t he  nodu le s  
a r e  a l i gned  h e l i c a l l y  a n d  occur  on ly  u n d e r  t h e  ou t -  
s ide  hea te r .  The  tops  of t h e  h i l l ocks  a p p e a r  loose ly  
p a c k e d  and  p o w d e r e d  as c o m p a r e d  to t he  m o r e  
s u b s t a n t i a l - l o o k i n g  base  reg ion .  H o w e v e r ,  upon  
p r o b i n g  w i t h  a fine m e t a l  p robe ,  t he  w h o l e  h i l lock  
and  the  r eg ion  i m m e d i a t e l y  a d j a c e n t  to and  u n d e r  
i ts  base  was  f o u n d  to be p o w d e r e d ,  less a d h e r e n t ,  
and  more  loose ly  p a c k e d  t h a n  a d j a c e n t  n o r m a l  r e -  
g ions  of the  coat ing .  

The  p r e s e n c e  of h i l locks  m i g h t  be  e x p l a i n e d  b y  
s e v e r a l  poss ib le  m e c h a n i s m s .  T h e r e  m a y  be  an  
A1...O~-W (or  i m p u r i t i e s  in  W )  r eac t ion ;  b u l k  a n d / o r  
su r f ace  d i f fus ion  u n d e r  t he  inf luence  of t h e r m a l  and  
e l ec t r i ca l  g r a d i e n t s  and  also r e a c t i o n  i nvo lv ing  v a p o r  
p h a s e  cons t i tuen ts .  

The  ques t ion  of an  ALO~-W r e a c t i o n  a t  e l e v a t e d  
t e m p e r a t u r e s  r e m a i n s  open.  B r e w e r  and  S e a r c y  (2) 
c l a i m  Mo and  W a re  n o n r e a c t i v e  t o w a r d  ALOe. W a r -  
t e n b e r g  (3)  a n d  also A c k e r m a n n  and  T h o r n  (4)  
c l a im  Al~O~ a n d  W do r e a c t  a t  h igh  t e m p e r a t u r e s  
a n d  fo rm A10. 

V a p o r  phase  r eac t ions  h a v e  b e e n  no ted  b y  va r i ous  
worke r s .  B r e w e r  and  S e a r c y  (2)  g ive  d a t a  on the  
A1-ALO3 sys tem,  p a r t i c u l a r l y  t he  p r e s s u r e  of gaseous  
spec ies  ove r  l i qu id  A120~ and  ove r  l i qu id  A1 a n d  sol id  
ALO~ m i x t u r e .  W e b b  and  F o r g e n g  (5)  accoun t  for  
t he  g r o w t h  of s ingle  c r y s t a l  AI~O~ w h i s k e r s  b y  a 
v a p o r  p h a s e  r e a c t i o n  in w h i c h  A10  is a d s o r b e d  on an  
a l u m i n u m  o x i d e  su r face  w h e r e  d i s p r o p o r t i o n a t i o n  
t a k e s  p lace  acco rd ing  to t h e  r e a c t i o n  

3A10 (g)  = 3A10 ( s u r f a c e )  = ALOe(s)  ~ A1 (1) 
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They  no ted  g lobules  of a l u m i n u m  me ta l  at  the  t ips  of 
the i r  A120~ single  crys ta l  whiskers .  

There  seems a good poss ib i l i ty  tha t  the  nodules  
grow as a r e su l t  of an  in t e rac t ion  of the  above  me c h -  
anisms.  A reac t ion  of AI~O. w i th  t u n g s t e n  or the  i m -  
pur i t i es  in  t u n g s t e n  (carbon,  for example )  to give 
A10 and  other  vapor  species, and  the  chemica l  d is -  
p ropo r t i ona t ion  migh t  be  ind ica ted  b y  the  i de n t i -  
fication of a l u m i n u m  which  coats in spots the  w o u n d  
outs ide hea t e r  and  af ter  longer  per iods s l ight ly  
da rkens  the  ins ide  of the  t ube  bulb .  Chemica l  i de n -  
t if ication of these b r igh t  meta l l i c  spots was  made  
by  r e m o v i n g  the  outside t u n g s t e n  hea te r  and  hav ing  
qua l i t a t i ve  spec t rochemica l  ana lys i s  made  of these  
areas. In  Fig. 1, some of these  spots can be seen on 
the outs ide base t u n g s t e n  heater .  Diffusion me c h -  
an i sm can be invoked  to aid in  the  b u i l d u p  of the  
nodules  and  could account  for the  obse rva t ion  tha t  
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the  regions  i m m e d i a t e l y  ad jacen t  to the  base  of the  
nodules  are  loosely packed  and  in  some ins tances  are  
concave or moa t - l ike .  

These hi l locks have  also been  observed  in  tubes  
in  which  the  outs ide  "hea te r "  was  made  of n ickel .  

Manuscript  received Sept. 3, 1959. 

Any discussion of this paper will  appear in  a Discus- 
sion Section to be published in the December 1960 
JOURNAL. 
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The Reaction of Germanium with Aqueous Solutions 
II. Dissolution Kinetics in Electrolytes and the Role of Specific Adsorption 

Walter W. Harvey and Harry C. Gatos 
Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 

ABSTRACT 

The dissolut ion of s ing le -c rys ta l  ge rman ium has been s tudied in e lec t ro ly te  
solutions containing dissolved oxygen.  The fol lowing e lec t ro ly tes  were  con- 
s idered:  KF,  KC1, KBr,  KI,  NaNOs, Na~SO,, CsC1, BaCh, and LaCh. In the 
range  10 -6 to 1.0N, the dissolut ion ra te  typ ica l ly  goes th rough  a ma x imum as 
the e lec t ro ly te  concentra t ion is increased.  The concentra t ion corresponding to 
m a x i m u m  dissolut ion ra te  is different  for  the  var ious  e lec t ro ly tes  but, in gen-  
eral,  is less than  10~N. In the case of KF,  two dist inct  m a x i m a  were  observed;  
in BaCI.~ solutions the m a x i m u m  is fol lowed by  a min imum.  The act ivat ion 
energy for the react ion in O~-saturated KC1 solutions was found to be about  
19 kca l /mole .  At  ve ry  low oxygen  par t i a l  pressures ,  the act ivat ion energy was 
less than  5 kca l /mole ,  indica t ive  of di f fus ion-control led kinetics.  

For  s ing le -c rys ta l  as wel l  as for powdered  ge rmanium samples,  the react ion 
ra tes  were  not  a l te red  measu rab ly  by changes in mob i l e - ca r r i e r  concentra t ion 
brought  about  by  doping or  i l luminat ion.  The exper imen ta l  resu l t s  a re  r e l a t ed  
to ge rman ium electrode behav ior  and can be in t e rp re t ed  on the  basis of specific 
adsorpt ion  r a the r  than  solut ion conductance and oxygen  solubi l i ty .  The in t e r -  
act ion of ge rman ium surface  atoms with  aqueous solutions is discussed in te rms 
of p robable  electronic configurations. 

In  a p r e v i o u s  c o m m u n i c a t i o n  (1)  i t  was  r e p o r t e d  
tha t ,  in t he  absence  of d i s so lved  oxygen ,  g e r m a n i u m  
is i n e r t  to w a t e r  and  n o n o x i d i z i n g  e l e c t r o l y t e s  up  to 
100~ and  ove r  a b r o a d  r a n g e  of pH. In  o x y g e n -  
s a t u r a t e d  w a t e r ,  the  g e r m a n i u m  d i s so lu t ion  r a t e  a t  
r oom t e m p e r a t u r e  is a p p r o x i m a t e l y  1 ~ g / c m V h r ,  
and  the  r e a c t i o n  is con t ro l l ed  b y  t h e  a c t i v a t e d  r e d u c -  
t ion  of oxygen .  The  d i s so lu t ion  m e c h a n i s m  was  
f o u n d  to be  t he  s ame  for  t he  v a r i o u s  su r f ace  o r i e n t a -  
t ions,  a l t h o u g h  the  abso lu t e  d i s so lu t ion  r a t e s  d e -  
c r eased  in t he  o r d e r  {100) > (110} > {111} [see  also 
El l is  (2)  ]. 

A n  u n u s u a l  f e a t u r e  of the  su r f ace  c h e m i s t r y  of g e r -  
m a n i u m  is t ha t  i ts  c o m m o n  oxide ,  h e x a g o n a l  GeO.~, is 
m o d e r a t e l y  so lub le  in  w a t e r  and  aqueous  e l e c t r o -  
ly te s  [ f o r m i n g  m e t a g e r m a n i c  ac id  ( 3 ) ] ,  w h e r e a s  
g e r m a n i u m  i t se l f  is not  a t t a c k e d  b y  nonox id i z ing  
ac ids  ( i n c l u d i n g  H F )  and  bases .  As  a resu l t ,  i t  is 
poss ib l e  to fo l low the  r e a c t i o n  of p r o p e r l y  p r e p a r e d  
g e r m a n i u m  sur faces  w i t h  m i l d  ox id i z ing  agen t s  in 
aqueous  so lu t ions  w i t h o u t  t he  c o m p l i c a t i n g  effects 
of su r f ace  oxides .  G e r m a n i u m  sur faces  p r e p a r e d  b y  
c o n v e n t i o n a l  e t ch ing  t echn iques ,  h o w e v e r ,  g e n e r a l l y  
a r e  cove red  w i t h  an ox ide  l a y e r  cons i s t ing  at  l eas t  
in p a r t  of an  in so lub le  modi f i ca t ion  ( p o s s i b l y  t e t r a g -  
ona l  GeOD.  W i t h  t he  c h e m i c a l  p o l i s h i n g  a g e n t  
C P - 4  ~ d i f f icu l t ly  so lub le  su r f ace  o x i d e  is l i k e l y  
f o r m e d  b y  c o n t i n u e d  r e a c t i o n  of  t h e  e t c h a n t  on r e -  
m o v a l  of t h e  g e r m a n i u m  f r o m  t h e  e t ch ing  b a t h  
[cf. El l i s  ( 4 ) ] .  The  f o r m a t i o n  of t he  d i f f icu l t ly  so lu-  
b le  o x i d e  is avo ided  b y  d i sp l ac ing  the  e t c h a n t  s w i t h  

x CP-4 consists of conc. HNO~ (8 par ts  by  vo lume) ,  glacial 
CHsCOOH (3 par ts ) ,  48% HF  (3 par t s ) ,  and  Br~ (0.06 par t ) .  

A s imi lar  technique  has  been employed for  c lean ing  silicon 
surfaces  (5). 

a l a r g e  v o l u m e  of w a t e r  or  d i l u t e  HF.  I t  is b e l i e v e d  
t h a t  in th is  way ,  o x i d e - f r e e  g e r m a n i u m  sur faces  a r e  
ob ta ined ,  whose  s u b s e q u e n t  b e h a v i o r  is i n d e p e n d -  
en t  of t h e i r  p r i o r  e t ch ing  t r e a t m e n t .  

The  obv ious  a d v a n t a g e s  of s t u d y i n g  the  su r f ace  
p r o p e r t i e s  of a s e m i c o n d u c t o r  w i t h o u t  the  c o m p l i -  
ca t ing  effects of a su r f ace  oxide ,  as we l l  as t he  
c o n t i n u e d  i m p o r t a n c e  of su r face  r eac t ions  in t he  
sc ience  and  t e c h n o l o g y  of s e m i c o n d u c t o r  ma te r i a l s ,  
m o t i v a t e d  th is  s t u d y  of t he  inf luence  of e l e c t ro ly t e s  
in t he  r e a c t i o n  of g e r m a n i u m  w i t h  aqueous  so lu -  
t ion.  E l u c i d a t i o n  of t he  ro le  of t he  a d s o r p t i v e  p r o p -  
e r t i e s  of v a r i o u s  ions  was  cons ide red  of p a r t i c u l a r  
i m p o r t a n c e .  O u r  e a r l i e r  f inding (1 ) ,  t h a t  changes  
in t he  mob i l e  c a r r i e r  c onc e n t r a t i on  in g e r m a n i u m  
a re  w i t h o u t  effect  on the  k ine t i c s  of the  r e a c t i o n  
w i t h  w a t e r  c o n t a i n i n g  d i s so lved  oxygen ,  in c o n t r a s t  
to t he  r e su l t s  r e p o r t e d  b y  S c h w a b  (6) ,  was  con-  
f i rmed  us ing  bo th  s i n g l e - c r y s t a l  and  p o w d e r e d  g e r -  
m a n i u m  samples .  F u r t h e r m o r e ,  no m o b i l e - c a r r i e r  
effect  was  f o u n d  in t he  p re sence  of  a d d e d  e l e c t r o -  
ly te .  

Experimental 
The  e x p e r i m e n t a l  t echn iques  e m p l o y e d  were ,  in 

m a n y  respec ts ,  s i m i l a r  to those  desc r ibed  e a r l i e r  
(1) .  The  r e a g e n t  g r a d e  sa l t s  e m p l o y e d  w e r e  no t  
f u r t h e r  pur i f ied ,  s ince  cons i s t en t  r e su l t s  w e r e  o b -  
t a i n e d  w i t h  such  sa l t s  f r om d i f f e ren t  sources.  T h e  
KHF~ was  pur i f i ed  b y  r e c r y s t a l l i z a t i o n .  C e r t a i n  i m -  
p r o v e m e n t s  in t he  p r o c e d u r e  for  s i n g l e - c r y s t a l  
samples ,  as w e l l  as t he  t e c h n i q u e  e m p l o y e d  w i t h  
p o w d e r e d  samples ,  w i l l  be  d e s c r i b e d  br ief ly .  

Powdered samples.--These e x p e r i m e n t s  w e r e  
p e r f o r m e d  us ing  a c o n v e n t i o n a l  W a r b u r g  a p p a r a t u s .  
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Fig. 1. Cell for dissolution and electrochemical measure- 
ments. 

The  m e t h o d  is s im i l a r  to t h a t  e m p l o y e d  b y  Schwab ,  
et al. (6 ) .  C o n s u m p t i o n  of o x y g e n  gas  d u r i n g  t h e  
r e a c t i o n  was  m e a s u r e d  b y  m e a n s  of a d i f f e ren t i a l  
m i c r o m a n o m e t e r  to w i t h i n  1 mic ro l i t e r .  Our  i l l u m i -  
n a t i n g  source  cons i s t ed  of two  f luorescen t  l amps ,  
p r o v i d i n g  an  i nc iden t  i n t e n s i t y  of a b o u t  6500 m e t e r -  
candles ,  or  a photof lood  l a m p  p r o v i d i n g  a p p r o x i -  
m a t e l y  20,000 m e t e r - c a n d l e s .  R a d i a t i o n  f rom the  
l a t t e r  source  was  f i l t e red  t h r o u g h  1 in. of w a t e r .  

The  p o w d e r e d  s a m p l e s  w e r e  p r e p a r e d  b y  c r u s h -  
ing g e r m a n i u m  c r y s t a l s  of k n o w n  t y p e  u n d e r  w a t e r  
in an  a g a t e  m o r t a r .  The  p a r t i c l e  size v a r i e d  up  to 
s e v e r a l  h u n d r e d  mic rons ;  e x t r e m e l y  fine pa r t i c l e s  
w e r e  r e m o v e d  b y  wash ing .  F o r  c e r t a i n  runs ,  p o w -  
de r s  of n e a r l y  u n i f o r m  p a r t i c l e  size w e r e  o b t a i n e d  
b y  s ieving.  In  a n u m b e r  of cases,  on comple t i on  of 
t he  run ,  t he  so lu t ion  was  a n a l y z e d  fo r  t o t a l  d i s -  
so lved  g e r m a n i u m  for  t he  p u r p o s e  of c o m p a r i s o n  
w i t h  t h e  t o t a l  a m o u n t  of o x y g e n  consumed .  
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Fig. 2. Typical results of photo experiments with single- 
crystal and powdered germanium samples in oxygen-saturated 
solutions at 30~ and pH 6. O ~ 10-4N No~SO~; [ ]  = 
10-'N KCI. 

Single-crystal samples.--The s ingle  c rys t a l s  e m -  
p l o y e d  w e r e  r e c t a n g u l a r  p a r a l l e l e p i p e d s  m e a s u r i n g  
i n i t i a l l y  1.5 x 1.5 x 2.5 cm, a l l  faces  h a v i n g  {100} 
o r i en ta t ion .  This  g e o m e t r y  was  chosen  for  c o n v e n i -  
ence.  A n  e l e c t r i c a l  l e a d  was  s o l d e r e d  to t h e  c rys t a l ,  
w h i c h  was  m o u n t e d  as s h o w n  in Fig .  1. A th in  l a y e r  
of A p ie z on  W w a x  he ld  the  s a m p l e  a ga in s t  t he  flat  
end  of a h e a v y - w a l l e d  c a p i l l a r y  tube ,  t h r o u g h  
w h i c h  the  e l ec t r i ca l  l e ad  passed .  The  s a t u r a t i n g  gas  
was  i n t r o d u c e d  t h r o u g h  a s ide  t u b e  so as to p r o v i d e  
v igo rous  c i r cu l a t i on  of t he  so lu t ion  pas t  t he  spec i -  
m e n  w i t h o u t  p e r m i t t i n g  d i r e c t  con tac t  b e t w e e n  gas  
b u b b l e s  and  g e r m a n i u m .  T h e  p a r t i a l  p r e s s u r e  and,  
hence,  the  c onc e n t r a t i on  of d i s so lved  o x y g e n  was  
v a r i e d  b y  m e a n s  of m e t e r e d  a d m i x t u r e s  of n i t rogen .  
A p l a t i n u m  a u x i l i a r y  e l e c t r o d e  m a d e  poss ib le  e l ec -  
t r o l y t i c  p r e t r e a t m e n t  of t h e  g e r m a n i u m  w h e n e v e r  
th is  p r o c e d u r e  was  r e q u i r e d  for  t he  e s t a b l i s h m e n t  
of a s t ab l e  r e s t  po ten t i a l .  D u r i n g  p r e t r e a t m e n t  and  
s u b s e q u e n t  equ i l i b r a t i on ,  t h e  so lu t ion  in  t h e  cel l  
was  r e p l a c e d  c o n t i n u o u s l y  w i t h  p r e s a t u r a t e d  so lu -  
t ion  f r o m  the  r e se rvo i r .  

D i s so lu t ion  r a t e s  w e r e  o b t a i n e d  b y  w i t h d r a w i n g  
po r t i ons  of so lu t ion  p e r i o d i c a l l y  and  a n a l y z i n g  for  
g e r m a n i u m .  A t  l eas t  fou r  s a m p l e s  w e r e  t a k e n  for  
each  r a t e  r e p o r t e d .  F o r  i n v e s t i g a t i n g  photoeffects ,  
sequences  of t h r e e  s tages  of a l t e r n a t i n g  d a r k n e s s  
and  s t rong  l i gh t  w e r e  used  in  o r d e r  to d i s t i n g u i s h  
i l l u m i n a t i o n  effects f rom occas iona l  s m a l l  v a r i a t i o n s  
of r a t e  due  to o t h e r  causes.  U n d e r  the  cond i t ions  of 
t he  e x p e r i m e n t ,  i l l u m i n a t i o n  r e s u l t e d  in a c o n s i d e r -  
ab le  e n h a n c e m e n t  of t he  m i n o r i t y  c a r r i e r  dens i t ies .  

Results 
Role of mobile carriers.--In a g r e e m e n t  w i t h  ou r  

e a r l i e r  f indings  w i t h  s i n g l e - c r y s t a l  samples ,  no 
change  in d i s so lu t ion  r a t e  r e s u l t e d  f rom i l ] u m i n a t i o n  
of e i t he r  n -  or  p - t y p e  g e r m a n i u m  p o w d e r .  This  was  
t he  case  no t  on ly  in w a t e r ,  b u t  also in 0.1N and  
IO-'N KC1. S i m i l a r l y ,  l i gh t  was  w i t h o u t  effect on 
the  r e a c t i o n  of n -  and  p - t y p e  g e r m a n i u m  s ing le  
c r y s t a l s  in e l e c t r o l y t e s  g e n e r a l l y .  In  t h e  l a t t e r  e x -  
p e r i m e n t s ,  t o t a l  b u l k  c a r r i e r  dens i t i e s  r a n g e d  f r o m  
5 x 101' ( i n t r i n s i c )  to a b o u t  10 TM c a r r i e r / c m  '. T y p i c a l  
r e su l t s  a r e  shown  in Fig .  2. 

I t  is a lso s ign i f ican t  t h a t  t he  a v e r a g e  a c t i v a t i o n  
e n e r g y  for  t he  d i s so lu t ion  of p o w d e r e d  s a m p l e s  was  
found  to be  20 k c a l / g - a t o m ,  in a g r e e m e n t  w i t h  t he  
v a l u e  p r e v i o u s l y  r e p o r t e d  fo r  s i n g l e - c r y s t a l  s a m -  
p l e s  (1) .  F u r t h e r m o r e ,  a b s o l u t e  d i s so lu t ion  r a t e s  
for  t he  s i eved  p o w d e r s  w e r e  the  s ame  as  for  s ing le  
c rys ta l s ,  w i t h i n  the  u n c e r t a i n t y  of e s t i m a t i n g  a c t u a l  
su r f ace  areas .  The  r a t i o  of m o l e s  of O8 c o n s u m e d  to 
g r a m - a t o m s  of g e r m a n i u m  d i s so lved  h a d  an  a v e r -  
age  v a l u e  of 0.85 in 13 runs .  H o w e v e r ,  in  v i e w  of 
the  e x p e r i m e n t a l  u n c e r t a i n t i e s  in  the  q u a n t i t a t i v e  
d e t e r m i n a t i o n  of o x y g e n  consumpt ion ,  no s igni f i -  
cance  is a t t a c h e d  to  t he  d e v i a t i o n  of t he  a v e r a g e  
v a l u e  f r o m  un i ty .  

Influence oS solution variables.--In a g iven  e lec -  
t r o l y t e  so lu t ion ,  as in  p u r e  w a t e r ,  t he  g e r m a n i u m  
d i s so lu t ion  r a t e  r e m a i n e d  cons t an t  w i t h  t i m e  for  
pe r i ods  e x c e e d i n g  those  e m p l o y e d  in th is  s tudy .  
W i t h  i nc r e a s ing  e l e c t r o l y t e  concen t r a t i on ,  t h e  d i s -  
so lu t ion  r a t e  goes t h r o u g h  a m a x i m u m ,  as s h o w n  
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Fig. 3. Germanium dissolution rote, oxygen solubility, and 
specific conductance in No2SO, solutions. Oxygen solubility 
data from ref. (11). Conductance data from ICT 6:231, 236, 
240. The maximum rates in KI and Na.~SO4 solutions occur 
at the lowest and highest concentrations, respectively, of the 
electrolytes studied. 
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Fig. 5. Effect of oxygen partial pressure on the dissolution 
rate in 10=1N and 10-~N KCI at 30~ and pH 6. 

in  Fig. 3 for Na~SO, solutions.  In  add i t ion  to the  
dependence  on e lec t ro ly te  concen t ra t ion ,  the  effects 
of pH, oxygen  pa r t i a l  pressure ,  and  t e m p e r a t u r e  
were  s tud ied  sys temat i ca l ly  wi th  the  fo l lowing re -  
sults.  

It  was  found  tha t  the d isso lu t ion  ra te  of ge r -  
m a n i u m  is no t  affected by  pH changes  be low ap-  
p r o x i m a t e l y  pH 6. Above  this value ,  the  d issolu t ion  
ra te  increases  w i th  inc reas ing  pH, as shown  in  Fig. 
4 (b )  for O~-saturated 0.1N KC1. The average  of 12 
d e t e r m i n a t i o n s  in  the  pH r ange  3 to 6.5 was 1.09 ---- 
0.11 /~g/cm~/hr. (This  va lue  also indica tes  the  de-  
gree of r ep roduc ib i l i t y  of the data  genera l ly . )  The re  
is ev idence  tha t  in  ce r t a in  more  concen t ra t ed  solu-  
tions, e.g., 1N CsC1, the  ra te  in  a lka l ine  solut ions is 
even  more  s t rong ly  d e p e n d e n t  on pH, b u t  this  be -  
hav ior  was no t  s tud ied  in  detail .  Since w o r k i n g  at 
low pH va lues  wou ld  p rec lude  cons idera t ion  of ve ry  
d i lu te  sal t  solut ions,  al l  s tudies  were  car r ied  out at 
pH 6.0 --*--- 0.1, un less  o therwise  specified. 

The  dependence  of the  d isso lu t ion  ra te  on the  
concen t r a t i on  of d issolved oxygen  is shown in  Fig. 
5 for 0.1N and  10-'N KC1. A l though  ra tes  are h igher  
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in  the  la t ter ,  the  gene ra l  fea tures  of the oxygen  
dependence  are the same in  the  two solut ions,  
name ly ,  an  a p p r o x i m a t e l y  l i nea r  decrease of ra te  
wi th  decreas ing  oxygen  pa r t i a l  pressure ,  down  to 
abou t  0.04 atm,  and  a more  rap id  decrease  (to zero) 
be low this  va lue .  

The t e m p e r a t u r e  dependence  of the  reac t ion  ra te  
in  10-'N KC1 is shown  in  Fig. 6 for two va lues  of 
Po2. The  ac t iva t ion  ene rgy  at  0.4 a t m  was 16 k c a l /  
mole,  in  con t ras t  to the  v a l u e  of less t h a n  5 k c a l /  
mole  at 0.01 atm. These resu l t s  ind ica te  tha t  diffu-  
sion is ra te  l imi t ing  only  at  low concen t ra t ions  of 
dissolved oxygen.  

Nature of the electrolyte.--The n a t u r e  of the  
an ion  has a m a r k e d  inf luence  on the  d issolu t ion  
kinet ics ,  as i l l u s t r a t ed  in  Fig. 7 for the  po tas s ium 
halides.  In  v i ew  of the fact  tha t  in  pu re  w a t e r  the  
d isso lu t ion  ra te  is 0.7 /~g/cmVhr at  t he  same t e m -  
pera tu re ,  the  m a x i m u m  for KI  e v i de n t l y  occurs at 
concen t r a t ions  be low 10-8N2 Cons ide r ing  for the  
p r e se n t  on ly  the  second of the  two m a x i m a  in  K F  

S A c t u a l l y ,  t h e  m a x i m u m  o c c u r s  b e l o w  10-TM I - ,  a s  f o u n d  b y  e x -  
t e n d i n g  t h e  c o n c e n t r a t i o n  r a n g e  t o  t h i s  v a l u e  u s i n g  t t 2SO4 ,  r a t h e r  
t h a n  H I ,  f o r  a d j u s t i n g  t h e  p H  t o  6.  T h e  d i s s o l u t i o n  r a t e  a t  10-TM I -  
w a s  5 . 4  / L g / c m 2 / h r .  

i h I I H I I I I J 
3-3O 3.35 

1 0 0 0 / T  

Fig. 6. Temperature dependence of the dissolution rate in 
10-4N KCI at two concentrations of dissolved oxygen. 
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(ful l  l ine in Fig. 7), a systematic  shift  of the max i -  
mum rate  toward  higher  concentrat ions occurs in 
going f rom KI  to KF. 

The influence of the na tu re  of the cations present  
was s tudied in a series of chlorides (Fig. 8). With  
the except ion of BaCI~, the m a x i m u m  rates  occur at 
near ly  the same C1- ion concentrat ion.  There is, 
however,  a significant va r ia t ion  in the  absolute  
value  of the m a x i m u m  rate.  I t  is also of in teres t  to 
note tha t  for BaCI~, the dissolution ra te  does not 
decrease indefini tely wi th  concentrat ion af ter  the 
ini t ia l  maximum.  

Electrode potential measuremen t s . - -The  electrode 
behavior  of ge rman ium in aqueous solutions presents  
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Fig. 8. Specific effects of cations on the dissolution rate- 
oxygen-saturated chloride solutions at 30~ and pH 6. 
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Fig. 10. Transient behavior of the photopotentiol of o p- 
type germanium electrode in moderately concentrated elec- 
trolyte. 

cer ta in  aspects pecul ia r  to semiconductors.  Effects 
of oxygen and electrolytes  on cer ta in  electr ical  
proper t ies  of the surface have been described else-  
where  (7).  Some observat ions pe r t inen t  to the elec-  
t rochemis t ry  of the  dissolution react ion are p re -  
sented here. In d i lu te  electrolytes,  the s t eady-s ta te  
mixed  potent ia l  becomes more cathodic with in-  
creasing pa r t i a l  p ressure  of oxygen, as shown in 
Fig. 9 for an n - t y p e  electrode in 10-'N KC1. The 
photopotent ia ls  obta ined  in the same solutions under  
s teady i l luminat ion  also are shown in Fig. 9. In 
more concentra ted electrolytes,  however ,  the s teady-  
s ta te  potent ia l  becomes somewhat  more anodic wi th  
increasing oxygen pa r t i a l  pressure,  following a 
cathodic shift  at  ve ry  low oxygen par t i a l  pressures  
( i l lus t ra ted  in Fig. 9 for an n - t y p e  e lect rode in 0.1N 
KC1). 

F rom Fig. 10 it wi l l  be noted tha t  the combinat ion 
of p - t y p e  electrode and modera te ly  concentrated 
e lect rolyte  resul ts  in a mixed potent ia l  which be-  
comes more cathodic wi th  l ight  (i.e., the surface 
region is more n - t y p e  than the bu lk ) .  In the exam-  
ple shown, the potent ia l  under  s teady l ight in nea r ly  
oxygen- f ree  solution undergoes a re laxa t ion  with  a 
t ime constant  of the  order  of tens of seconds. Com- 
pa r a b l y  slow changes of the photopotent ia l  under  
no ex te rna l  polar iza t ion  were not observed in di lute  
e lectrolytes  for ge rman ium of e i ther  type.  

The mixed potent ia l s  recorded dur ing s teady-  
s ta te  dissolution in 10-'h r KC1 at various pH's are  
p lot ted  in Fig. 4 (a )  above the corresponding dis-  
solution rates. The dependence of mixed potent ia l  
on pH was s tudied more quan t i t a t ive ly  in O.~-satu- 
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r a t e d  1.0N Na_oSO, so lu t ions  ( s u l f a t e - b i s u l f a t e  b u f -  
f e r s ) .  H e r e  the  p o t e n t i a l  v a r i e d  l i n e a r l y  w i t h  p H  
(Fig.  11) w i t h  a s lope equa l  to --0.0478 v/pH un i t  
a t  r o o m  t e m p e r a t u r e .  I t  w i l l  be  no ted  t h a t  the  
m i x e d  p o t e n t i a l  is f a r  r e m o v e d  f r o m  the  o x y g e n  
r e v e r s i b l e  p o t e n t i a l  in t hese  solut ions .  

Discussion 
Comparison with Metal Behavior 

The  d e p e n d e n c e  of the  g e r m a n i u m  d i s so lu t ion  
r a t e  on the  c o n c e n t r a t i o n  of i n e r t  e l e c t r o l y t e  r e s e m -  
bles  t he  b e h a v i o r  of m e t a l s  in s im i l a r  e n v i r o n m e n t s .  
In  the  case  of meta l s ,  h o w e v e r ,  t he  m a x i m u m  in 
d i s so lu t ion  r a t e  occurs  in the  v i c in i t y  of 0.5N (8) and  
is a t t r i b u t e d  b y  A k i m o v  (9)  to the  c o m b i n e d  effects 
of so lu t ion  c o n d u c t i v i t y  and  o x y g e n  so lub i l i ty .  
Thus,  t he  i nc rea se  in r a t e  w i th  i nc r ea s ing  e l e c t r o -  
l y t e  c o n c e n t r a t i o n  is a s c r i b e d  to the  i n c r e a s e  in  
so lu t ion  conduc t i v i t y ,  l e a d i n g  in t u r n  to an  inc rease  
in t he  co r ros ion  cu r ren t .  The  s u b s e q u e n t  d e c r e a s e  
in r a t e  in  c o n c e n t r a t e d  so lu t ions  is a t t r i b u t e d  to a 
dec rea se  in  o x y g e n  so lub i l i t y  w i t h  e l e c t r o l y t e  con-  
cen t r a t ion .  E v a n s  (10) t r e a t s  the  sub j ec t  in a m o r e  
q u a n t i t a t i v e  w a y  b u t  on a s im i l a r  basis .  

In  t h e  case  of t he  g e r m a n i u m  d i s so lu t ion  reac t ion ,  
the  m a x i m a  in r a t e  occur  at  e l e c t r o l y t e  c o n c e n t r a -  
t ions b e l o w  10-2N. In  th is  r ange ,  the  s o l u b i l i t y  of 
o x y g e n  is the  s a m e  to w i t h i n  less  t h a n  1% as t ha t  
in p u r e  w a t e r  (11) ,  so t h a t  t he  d e c r e a s e  in r a t e  
w i th  i n c r e a s i n g  c o n c e n t r a t i o n  of e l e c t r o l y t e  canno t  
be a s c r i b e d  so le ly  to d i m i n i s h i n g  o x y g e n  so lub i l i ty ,  
a l t h o u g h  th is  is a c o n t r i b u t o r y  fac to r  a t  c o n c e n t r a -  
t ions g r e a t e r  t h a n  a p p r o x i m a t e l y  0.1N I t  is also u n -  
l i k e l y  t h a t  so lu t ion  conduc t ance  a lone  is r e s p o n s i b l e  
for  the  i n i t i a l  i nc rease  of r a t e  w i t h  concen t r a t i on ,  
since,  a t  v e r y  low c o n c e n t r a t i o n s  of e l ec t ro ly t e ,  
m a r k e d  d i f fe rences  in d i s so lu t ion  r a t e  a r e  o b s e r v e d  
in so lu t ions  of c o m p a r a b l e  c o n d u c t i v i t y . '  F u r t h e r -  
more ,  for  a g i v e n  e l ec t ro ly t e ,  a m a x i m u m  in  r a t e  is 
r e a c h e d  w h i l e  the  so lu t ion  c o n d u c t a n c e  con t inues  
to i n c r e a s e  and  t h e  o x y g e n  so lub i l i t y  r e m a i n s  es-  
s en t i a l l y  unchanged .  Th is  is shown  in Fig .  3 for  
Na~SO4 a n d  K I  solut ions ,  w h i c h  r e p r e s e n t  t he  e x -  
t r e m e s  of b e h a v i o r  o b s e r v e d  in  ou r  e x p e r i m e n t s .  

C lea r ly ,  t he  i n t e r p r e t a t i o n  p r o p o s e d  for  the  d e -  
p e n d e n c e  of t he  co r ros ion  r a t e s  of m e t a l s  on the  
c o n c e n t r a t i o n  of e l e c t r o l y t e  (9, 10) canno t  accoun t  
for  t he  p r e s e n t  f indings.  In  fact ,  i t  a p p e a r s  tha t ,  
even  in the  case  of me ta l s ,  i t  is i ncons i s t en t  w i t h  
some e x p e r i m e n t a l  resu l t s .  F o r  e x a m p l e ,  Schasch l  
and  M a r s h  (12) h a v e  f o u n d  r e c e n t l y  t h a t  in i n e r t  
e l e c t r o l y t e  so lu t ions  a t  concen t r a t i ons  as low as 
10-~N, t h e  d i s so lu t ion  of i ron  is c o n t r o l l e d  b y  the  
a m o u n t  of d i s so lved  o x y g e n  and  is i n d e p e n d e n t  of 
c o n d u c t i v i t y  and  pH. 

Specific Adsorption of Anions 
In  v i e w  of t he  d e p e n d e n c e  of the  d i s so lu t ion  r a t e  

on the  n a t u r e  of t he  an ion  (Fig .  7) and  the  fac t  t h a t  
t he  e l e c t r o l y t e s  cons ide r ed  a r e  c h e m i c a l l y  i n e r t  t o -  
w a r d  g e r m a n i u m  and  oxygen ,  w e  b e l i e v e  t h a t  
an ions  inf luence  the  k ine t i c s  of the  d i s so lu t ion  p r o c -  
ess t h r o u g h  specific adso rp t ion .  Spec i f i ca l ly  a d s o r b e d  

4 The  c o n d u c t i v i t y  of  g e r m a n i u m  is o rders  of m a g n i t u d e  g r e a t e r  
t h a n  t h a t  of  v e r y  d i l u t e  e l ec t ro ly te  so lu t ions .  A t  r o o m  t e m p e r a t u r e  
the  c o n d u c t i v i t y  of  i n t r i n s i c  g e r m a n i u m  is 0.02 m h o / c m .  
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an ions  a r e  c o n s i d e r e d  to be  b o n d e d  c o v a l e n t l y  to  
t he  m e t a l  su r f ace  (13) .  The  p r e s e n t  r e su l t s  sugges t  
t h a t  specific a d s o r p t i o n  of an ions  onto g e r m a n i u m  
m a y  be  r e p r e s e n t e d  as fo l lows  

Ge" -P X- ~ G e - X  -b e- [ 1 ] 

w h e r e  Ge- is a su r f a c e  a t o m  h a v i n g  an  u n p a i r e d  
e l ec t ron  ( d a n g l i n g  b o n d )  r e s u l t i n g  f r o m  t e r m i n a -  
t ion  of the  c o v a l e n t  la t t ice .  The  t r a n s f e r  of t he  
an ion ic  cha rge  acco rd ing  to Eq. [1]  p r e s u m a b l y  
f ac i l i t a t e s  t he  r e d u c t i o n  of o x y g e n  at  an  a d j a c e n t  
si te.  A d s o r b e d  an ions  r e g a i n  t h e i r  cha rge  on d e t a c h -  
m e n t  of u n d e r l y i n g  g e r m a n i u m  a t o m s  a n d  in essence  
func t ion  as c a t a l y s t s  for  the  r e d u c t i o n  of oxygen .  
W i t h  i nc r e a s ing  c o n c e n t r a t i o n  of a d s o r b a b l e  an ions ,  
howeve r ,  c o m p e t i t i o n  for  ac t ive  su r f ace  s i tes  b e -  
t w e e n  an ions  a n d  o x y g e n  mo lecu l e s  r e su l t s  e v e n t u -  
a l l y  in a d e c r e a s e  in  t he  n u m b e r  of s i tes  a v a i l a b l e  for  
t h e  a d s o r p t i o n  a n d  r e d u c t i o n  of o x y g e n  and,  hence,  
in  a d e c r e a s e  in  t he  d i s so lu t ion  ra te .  The  m o r e  
s t r o n g l y  a d s o r b e d  t h e  anion,  t he  m o r e  d i l u t e  the  
so lu t ion  in w h i c h  the  m a x i m u m  d i s so lu t ion  occurs .  
Based  on th is  a r g u m e n t ,  the  d a t a  of Fig .  3 and  7 
i n d i c a t e  t h a t  t h e  an ions  s t ud i e d  adso rb  onto g e r -  
m a n i u m  in t he  o r d e r  

I- ~ Br -  ~ C1- ~ F-  ~ SO4: 

( in  t he  case  of F -  ions  t he  m a x i m u m  occu r r i ng  a t  
10~N is c ons ide r e d  as t he  p e r t i n e n t  one in th i s  r e -  
gard ,  as w i l l  be  d i scussed  b e l o w ) .  The  s ame  o r d e r  
of specific a d s o r b a b i l i t y  of t he  h a l i d e s  has  been  
f o u n d  for  m e r c u r y  (14) and  p l a t i n u m  (15) .  The  
t e n d e n c y  of su l f a t e  ions  to a d s o r b  less  t h a n  the  
h a l o g e n  ions is c o n s i s t e n t  w i t h  d a t a  on o t h e r  sol id  
su r faces  (16) .  In  n i t r a t e  so lu t ions ,  t he  pos i t ion  of 
t he  m a x i m u m  d i s so lu t ion  r a t e  was  p o o r l y  def ined.  
The  u n s a t i s f a c t o r y  r e p r o d u c i b i l i t y  of t h e  m e a s u r e d  
r a t e s  m a y  h a v e  been  due  to t h e  p r e s e n c e  of a d s o r b -  
ab l e  i m p u r i t i e s ,  e spe c i a l l y  NO~- ion. N e ve r the l e s s ,  
t he  d a t a  i n d i c a t e  t h a t  t he  a d s o r b a b i l i t y  of NO~- ion 
on g e r m a n i u m  is c lose  to t h a t  of C1- ion. 

Fluoride Solutions 
W h i l e  i t  is  g e n e r a l l y  c o n s i d e r e d  t h a t  F-  ions  a r e  

no t  spec i f ica l ly  a d s o r b e d  on m e r c u r y  (17) ,  i t  is pos -  
s ib le  t h a t  t h e y  a d s o r b  on g e r m a n i u m ,  e spec i a l l y  
s ince  no t  on ly  t he  t e t r a f l u o r i d e  b u t  also s t ab l e  
f l u o g e r m a n a t e s  (18) a r e  known .  The  p o s s i b i l i t y  e x -  
is ts  t h a t  one  of  t h e  two  m a x i m a  in  K F  so lu t ions  is 
a s soc ia t ed  w i t h  a c h a n g e  in t he  anod ic  m e c h a n i s m ,  
e.g., o x i d a t i o n  of g e r m a n i u m  to H~GeF, r a t h e r  t h a n  
H~GeO,. H o w e v e r ,  th i s  is u n l i k e l y  in  v i e w  of t he  fac t  
t h a t  m e a s u r e d  so lub i l i t i e s  of h i g h - p u r i t y  GeO~ in 
0.1N so lu t ions  of KI ,  KBr ,  KC1, K F ,  as w e l l  as in 
10-'N K F ,  a l l  a t  p H  6, w e r e  t he  s ame  as t h a t  m e a s -  
u r e d  in  p u r e  w a t e r .  The  a bse nc e  of c o m p l e x i n g  ac -  
t ion  b y  the  p r i n c i p a l  an ions  c ons ide r e d  is t hus  i n -  
d ica ted .  

I t  is l i k e l y  t h a t  t he  " a n o m a l o u s "  m a x i m u m  oc-  
c u r r i n g  a t  10-'N in K F  so lu t ions  is a s soc ia t ed  w i t h  
specific a d s o r p t i o n  of H F  mo lecu l e s  r a t h e r  t h a n  
HF~- for  t he  f o l l o w i n g  r ea sons :  (a )  t he  r e s i d u a l  
b o n d i n g  p o w e r  of t h e  H F  m o l e c u l e  is i n d i c a t e d  b y  
t h e  f o r m a t i o n  of H2F~ in t he  v a p o r  and  p u r e  l iqu id  
a n d  b y  the  f o r m a t i o n  of HF~- in  F -  so lu t ions ,  and  



7O 

(b)  in  the  solut ion considered,  the  concen t r a t i on  of 
HF  is abou t  10 ~N whi le  t ha t  of HF.~- is abou t  10-~~ 
(Table  l ) .  The s u b s e q u e n t  increase  of d issolu t ion  
ra te  at h igher  K F  concen t r a t ions  p r o b a b l y  resu l t s  
f rom d i sp l acemen t  of adsorbed  HF. At  sti l l  h igher  
concent ra t ions ,  adsorp t ion  of F- ions resul t s  in  the  
e v e n t u a l  decl ine  of the d isso lu t ion  ra te  (Fig. 7). 

The d i sp lacemen t  of adsorbed  HF is cons idered  to 
result from association with F- to form HF~- 

HF< ... . . . . . . .  ) + F - - >  H F ~ -  [ 2 ]  

The pos tu la ted  in te r face  reac t ion  corresponds  to 
the associat ion of HF and  F- in  the so lu t ion  phase. 
Adsorp t ion  and  d i sp l acemen t  of HF m a y  be con-  
s idered as the ne t  r esu l t  of compet i t ion  b e t w e e n  F- 
ions in  the  double  l aye r  and  surface a toms h a v i n g  

an u n s h a r e d  e lec t ron  pa i r  ( - - G e : -  or Ge: - - s e e  

below.)  

The foregoing i n t e r p r e t a t i o n  was tes ted w i th  
solut ions  of KHF~. In  the  r ange  1O -~ -10-~M F-, the 
concen t ra t ions  of HF and  HF..- are  grea te r  in  the  
K H F ,  solut ions  t h a n  in  the  co r respond ing  K F  so lu-  
t ions and,  moreover ,  increase  much  more  r ap id ly  
wi th  inc reas ing  [F-]  (Tab le  I) .  Accordingly ,  it was  
found  tha t  the anoma lous  m a x i m u m  shif ted f rom 
[F-]  = 10-~M in K F  to F - <  10-~M in KHF.~. The  
" n o r m a l "  m a x i m u m  also was observed  in  KHF... 
solut ions,  bu t  could no t  be mapped  accura te ly  owing  
to chemica l  a t tack  of the  glassware.  

Specific Effects of Cations 
Figu re  8 shows tha t  the  n a t u r e  of the cat ion 

modifies the inf luence  of the  an ion  on the k ine t ics  
of the  g e r m a n i u m  disso lu t ion  react ion.  No differ-  
ences were  observed b e t w e e n  Na + and  K + ions. The 
case for specific adso rp t ion  of inorgan ic  cat ions  is 
no t  n e a r l y  as wel l  es tabl i shed as tha t  for anions.  
Owing  to the g rea te r  po la r izab i l i ty  of anions,  how-  
ever,  it  is l ike ly  tha t  the i r  e lectr ical  centers  are 
displaced closer to the  e lect rode surface  t h a n  those 
of cations.  Thus,  the  l a rge r  the  charge  and  the  
closer the  approach  of the  cation,  the g rea te r  is its 
effect in  opposing the t r ans fe r  of an ionic  charge  
and,  hence,  the  sma l l e r  is the  r a t e  of oxygen  r e d u c -  
t ion  for equa l  concen t r a t ions  of the  same anion.  For  
the  cat ions  considered,  the  c h a r g e - t o - r a d i u s  rat ios 
are  in  t he  o rde r  L a  +++ > Ba  +++ > K + > Cs +. The da ta  

for Cs +, K +, and  La  +++ a r e  cons is ten t  w i t h  th is  i n t e r -  
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pre t a t i on  over  a ve ry  wide  r a nge  of concen t r a t i on  
(Fig. 8). 

Of the cat ions considered,  Cs + ions are most  l ike ly  
to undergo  specific adsorp t ion  (19) and  in  the  pres -  
en t  case this  seems to occur at  concen t ra t ions  
g rea te r  t h a n  abou t  0.05N. The sha rp ly  reduced  dis-  
so lut ion ra tes  m a y  be accounted  for by  specific 
adsorp t ion  of Cs + ions l ead ing  to increased  pola r iza-  
t ion  of the cathodic step, i.e., increase in the poten- 
tial barrier for electron transfer to oxygen (or hole 
transfer to germanium). 

The minimum in the dissolution rate at about 
10-~N BaCl~ suggests a change in sign of the electri- 
cal double layer such as encountered in the coagu- 
lation of collodial particles by electrolytes. Since 
there is nothing unusual in the chemistry of Ba § 
ion, its unique behavior suggests specific interaction 
with the germanium surface. A further study of this 
phenomenon could prove of special interest. 

In view of the predominant role of adsorption in 
the kinetics of the germanium dissolution process, it 
is clear that solution conductance can have no more 
than a minor effect. Rather, it is suggested that in 
the case of metals, the dissolution rates in inert 
electrolytes containing dissolved oxygen are not en- 
tirely controlled by solution conductance and oxy- 
gen solubility, but are also influenced by specific 
adsorption. Recently, in fact, a correlation has been 
made between adsorption of anions and the pitting 
corrosion behavior of stainless steels(20). 

Chemical Model of Interactions at Germanium 
Surfaces 

Surface  a toms 6 t r ip ly  bonded  to the lat t ice ( - -Ge .  

or, s imply,  G e ' )  are  cons idered  to have  each of 
the i r  four  va lence  e lec t rons  in  sp" h y b r i d  orbitals ,  
t h ree  of which  are  invo lved  in  b o n d  fo rma t ion  and  
the four th  cons t i tu t ing  a " d a n g l i n g  bond."  Doub ly  

bonded  surface  a toms ( Ge: or, s imply,  G e : )  are 

u sua l l y  descr ibed as possessing two dang l ing  bonds;  
however ,  it is p r o b a b l y  more  accura te  to consider  
the i r  e lectrons as be ing  in  sp ~ h y b r i d  orbi tals ,  w i th  
two e lec t rons  f o r mi ng  a lone  e lec t ron  pa i r  [cf. 
H a n d l e r  (21) ]. 

6 T a k i n g  in to  accoun t  i r r e g u l a r i t i e s  of a tomic  d imens ions ,  any  
rea l  g e r m a n i u m  su r face  m u s t  cons is t  of a toms  d o u b l y  a n d  t r i p l y  
b o n d e d  to the  l a t t i ce ;  a toms  a t t a c h e d  to t he  c rys t a l  by a s ing le  bond  
are  p r o b a b l y  capab le  of on ly  t r a n s i t o r y  ex i s tence  a t  a su r face  in 
con tac t  w i t h  an a q u e o u s  so lu t ion .  

Table I. Composition of fluoride and bifluoride solutions* 

K F  (pH adj .  to 6.0) KHFs, 

MKF [HF]  [ HF'2-] [F-]  MK jiI~ 2 [HF] I H F._,- I pH 

1.0 X 10 -6 3.0 X 10 -9 2.3 X 10 -I~ 2 X 10 -6 1.0 X 10 -6 3.0 X 10 -6 2.3 X I0 -~' 
9.0 X 10 -6 1.5 X 10 -s 5.8 X 10 -~ 1 X 10 -5 6.0 X 10 -6 7.4 X 10 -8 2.9 X 10 -~ 
9.9 X 10 -6 1.5 X 10 -7 5.8 X I0 -~ 1 X 10 -4 5.3 X 10 -6 6.9 X 10 -6 2.7 X I0 -6 
1.0 X 10 -3 1.5 X 10 -~ 5.8 X 10 -9 1 X 10 -~ 7.1 X 10 -~ 4.3 X 10-' 1.6 X 10 -6 
1.0 X 10 -~ 1.5 X 10 -6 5.8 X 10 -7 1 X 10 -~ 9.7 X 104 8.8 X 10 -~ 3.4 X 10 -~ 
0.10 1.5 X 10 -~ 5.8 X 10 -5 0.1 0.137 9.9 X 10 -~ 3.8 X 10 -2 
1.0 1.5 X 10 -~ 5.8 X 10 -8 1 4.85 1.00 3.86 

6.0 
5.3 
4.3 
3.5 
3.2 
3.2 
3.2 

Note :  A l l  concen t r a t i ons  are  expressed  as g r a m - f o r m u l a  w e i g h t s  pe r  l i t e r  of so lu t ion .  
* C a l c u l a t i o n s  are  based  on  t he  e q u i l i b r i u m  da t a  of  B r o e n e  a n d  DeVries ,  J. Am.  Chem.  Soc., 69, 1644 (1947). 
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Processes  such as t r a p p i n g ,  gene ra t ion ,  and  r e -  
c o m b i n a t i o n  of c a r r i e r s  can  be  v i sua l i z ed  m o r e  
r e a d i l y  in t e r m s  of t r i p l y  b o n d e d  su r face  a t o m s  and  
wi l l  be d e s c r i b e d  acco rd ing ly .  Conduc t ion  e l ec t rons  
a n d / o r  holes  m a y  be  c a p t u r e d  b y  su r face  a toms  
h a v i n g  u n p a i r e d  e lec t rons ;  an  a tom c a p t u r i n g  bo th  
an  e l e c t r o n  and  a ho le  func t ions  as a r e c o m b i n a t i o n  
cen te r :  
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C h a r g e d  su r f ace  a toms  m a y  t r a p  e l ec t rons  or  holes,  
as in Eq. [3] ,  and  so cons t i t u t e  loca l i zed  su r face  
s ta tes .  Su r f ace  s ta tes  on c lean  g e r m a n i u m  g e n e r a l l y  
a re  cons ide red  to be  " fas t , "  w h e r e a s  " s low"  s ta tes  
a r e  b e l i e v e d  to l ie  e i t he r  in the  ox ide  l a y e r  or  a t  the  
o x i d e - g a s  i n t e r f a c e  (22) .  L o n g - t i m e  changes  in  the  
p h o t o p o t e n t i a l  (F ig .  10) in  m o d e r a t e l y  c o n c e n t r a t e d  
e l ec t ro ly t e s  ~ ind ica t e  t ha t  s low s ta tes  m a y  also r e -  
su l t  f r om a d s o r p t i v e  i n t e r a c t i o n  of ions w i t h  an  
o x i d e - f r e e  surface .  

In  w a t e r  or  v e r y  d i l u t e  e l e c t r o l y t e  solut ions ,  o x y -  
gen  m a k e s  the  g e r m a n i u m  e l ec t rode  p o t e n t i a l  m o r e  
ca thod ic  and  the  su r face  m o r e  p - t y p e  (Fig .  9) ;  th is  
b e h a v i o r  is cons i s t en t  w i t h  t he  n a t u r e  of t he  o x y g e n  
molecu le  as an  e l ec t ron  accep tor .  The  t e n d e n c y  of 
d i s so lved  o x y g e n  to d r i v e  t he  su r face  p - t y p e  is op -  
posed  b y  an ions  of the  e l e c t r o l y t e  (ref .  7 and  Fig.  
9 and  10), sugges t ing  t ha t  nonox id i z ing  an ions  b e -  
h a v e  as e l ec t ron  donors  d u r i n g  the  d i s so lu t ion  r e a c -  
t ion.  This  r e s u l t  f u r t h e r  s u p p o r t s  the  v i e w  t h a t  
a d s o r b e d  an ions  a r e  c o v a l e n t l y  b o n d e d  to t he  l a t t i ce ;  
a d s o r p t i o n  of an ions  w i t h o u t  t r a n s f e r  of cha rge  
w o u l d  l e ad  to changes  in e l ec t rode  p o t e n t i a l  and  
su r face  c o n d u c t i v i t y  oppos i t e  to those  obse rved .  

Mechanism of the Dissolution Reaction 

The  i n s e n s i t i v i t y  of t he  r a t e s  to changes  in c a r r i e r  
c oncen t r a t i on  as b r o u g h t  a b o u t  b y  i l l u m i n a t i o n  and  
dop ing  ind i ca t e s  t h a t  holes  and  e l ec t rons  a r e  in a d e -  
q u a t e  s u p p l y  for  t he  r e a c t i o n  of g e r m a n i u m  w i t h  
d i s so lved  o x y g e n  in aqueous  solut ions .  A c t u a l l y ,  the  
h ighes t  r a t e s  o b s e r v e d  c o r r e s p o n d  to a cor ros ion  
c u r r e n t  d e n s i t y  of on ly  a b o u t  15 ~ a m p / c m  ~, w h i c h  
is we l l  b e l o w  the  r eg ion  of m e a s u r e d  l i m i t i n g  c a r -  
r i e r  c u r r e n t s  (23) .  Moreove r ,  t he  ex i s t ence  of an 
e l e c t r o n - l i m i t i n g  c u r r e n t  r e c e n t l y  has  been  d i s -  
p u t e d  (24, 25) .  

Ev iden t l y ,  the  r a t e - l i m i t i n g  s tep  of the  o v e r - a l l  
d i s so lu t ion  r e a c t i o n  l ies  in t he  a c t i v a t e d  t r ans fe r ,  
r a t h e r  t h a n  supp ly ,  of e l ec t rons  to oxygen .  A l t h o u g h  
f o r m a l  m e c h a n i s m s  can b e  w r i t t e n  for  the  r e d u c t i o n  
of O~ at  Ge" and  Ge:  si tes,  the  dec rea se  in su r face  
r e c o m b i n a t i o n  ve loc i t y  on a d s o r p t i o n  of O2 f r o m  
aqueous  so lu t ion  (7)  i nd ica t e s  t ha t  the  f o r m e r  si tes  
a r e  i n v o l v e d  in t he  first  s t age  of t he  r educ t ion .  

The  fo l lowing  m e c h a n i s m  ~ is c o m p a t i b l e  w i th  the  

o D e p e n d i n g  on t h e  t y p e  a n d  r e s i s t i v i t y  of t h e  e l e c t r o d e  a n d  t h e  
c o m p o s i t i o n  o i  t h e  so lu t i on ,  t r a n s i e n t  b e h a v i o r  c a n  be  m o r e  c o m -  
p l i c a t e d  t h a n  f o r  t h e  s y s t e m  s h o w n  in  F ig .  10. 

T h e  s y m b o l  e -  in  t h e  e q u a t i o n s  is u s e d  fo r  v a l e n c e  as w e l l  as  
c o n d u c t i o n  e l e c t r o n s .  I t  is r e c o g n i z e d  t h a t  ho le s  can  b e  c o n s u m e d  by  
t h e  a n o d i c  r e a c t i o n  a n d  t h a t  h o l e s  m a y  b e  i n j e c t e d  by  t h e  c a t h o d i c  
r e a c t i o n ,  b u t  t h e s e  f e a t u r e s  a r e  no t  e s s e n t i a l  to t h e  p r e s e n t  
d i scuss ion .  

results of the previous discussion, including the pH 
dependence of the dissolution rate and mixed po- 
tential: 

I O~ + H + + e- ~ --O2H ( c a t h o d i c )  

ac id  [4]  
so lu t ion  | G e .  + H~O ~ G e - O H  -t- H + + e- ( anod ic )  

L [5] 

t 
O~ + H~.O § e--~ --O=H + OH- ( ca thod ic )  

a l k a l i n e  [6]  
so lu t ion  Ge .  + OH---> G e - O H  + e- ( anod ic )  

[7] 

w h e r e  --O_~H r e p r e s e n t s  t he  su r f a c e  i n t e r m e d i a t e  
H - - O  

- - G e - - O .  S u b s e q u e n t  s teps  in  t he  m e c h a n i s m  can  

l e ad  to the  f o r m a t i o n  of m e t a g e r m a n i c  acid,  O G e -  
(OH)~ [or  HGeO~- in a l k a l i n e  so lu t ion  ( 3 ) ] .  In  th is  
m e c h a n i s m ,  t he  i n t e r m e d i a t e  f o r m a t i o n  of G e O  or  
GeO~ is no t  e s sen t i a l  [cf. RSsner  ( 2 6 ) ] .  

P r o v i d e d  t h e  e q u i l i b r i u m  b e t w e e n  ho les  and  e lec -  
t rons  in  t he  g e r m a n i u m  is no t  d i s t u r b e d ,  as b y  
c a r r i e r  i n j ec t ion  or  i l l umina t i on ,  t he  m e a s u r e d  p o -  
t e n t i a l s  a r e  the  s ame  for  n - t y p e  a n d  p - t y p e  e lec -  
t rodes .  Hence,  t he  q u a n t i t y  aEm/OpH (Fig .  11) m e a s -  
u r e s  the  s a m e  v a r i a t i o n  of p o t e n t i a l  as for  a m e t a l  
e lec t rode ,  i r r e s p e c t i v e  of poss ib l e  changes  of t he  
space  c h a r g e  p o t e n t i a l  d rop  ins ide  t he  g e r m a n i u m .  
G e n e r a l i z i n g  the  t r e a t m e n t  g i v e n  b y  A m m a r  and  
R iad  (20) for  t he  d e p e n d e n c e  u p o n  p H  of the  m i x e d  
p o t e n t i a l  of a m e t a l  co r rod ing  b y  r e a c t i o n  w i t h  d i s -  
so lved  oxygen ,  w e  o b t a i n  for  t he  case  of a c t i va t i on  
c on t ro l l e d  k ine t i c s :  

(vo- ~) RT i n  i 0  
OE,,/OpH= -- X [ 8 ]  

n~flc + n.~fl~ F 

w h e r e  v's a r e  t he  c h e m i c a l  coefficients of H + ( n e g a -  
t i ve  for  OH-)  in t he  r a t e - d e t e r m i n i n g  anodic  and  
ca thod ic  s teps;  n's, the  n u m b e r s  of e l ec t rons  t r a n s -  
f e r r e d ;  fl's, t he  c o r r e s p o n d i n g  s y m m e t r y  fac to rs ;  
and  RT In 10/F---- 0.0591 at  r o o m  t e m p e r a t u r e .  A s -  
s u m i n g  s y m m e t r i c a l  e n e r g y  b a r r i e r s  (rio----fl,---- 
0.5),  t he  m e c h a n i s m  r e p r e s e n t e d  b y  Eq. [4]  and  [5]  
or  b y  [6]  and  [7]  g ives  OE.~/OpH = -  0.0591 v / p H  
uni t .  The  e x p e r i m e n t a l  s lope (Fig .  11) is --0.81 • 
0.0591. The  e x p e r i m e n t a l  v a l u e  of OEJOpH can be  
r e c onc i l e d  w i t h  t he  m e c h a n i s m  p r o p o s e d  and  Eq. 
[8]  if  t he  r e a s o n a b l e  a s s u m p t i o n  is m a d e  t h a t  t h e  
e n e r g y  b a r r i e r  for  g e r m a n i u m  d i s so lu t ion  is l o w e r  
t h a n  t h a t  for  t he  r e v e r s e  process .  

F r o m  a s t u d y  of the  anodic  d i s so lu t ion  of g e r -  
m a n i u m ,  T u r n e r  (27) conc luded  t ha t  the  r a t e - d e -  
t e r m i n i n g  s tep  invo lves  the  c a p t u r e  of two  holes.  
This  has  been  cons ide red  i m p r o b a b l e  b y  Beck  and  
G e r i s c h e r  (28) ,  who  p ropose  t h a t  one ho le  and  one 
OH- a re  r e q u i r e d  in the  l i m i t i n g  s tep  d u r i n g  anodic  
d i sso lu t ion .  These  m e c h a n i s m s  a re  no t  d i scussed  
f u r t h e r  here ,  s ince  t he  anodic  p a r t i a l  p rocess  of t he  
r e a c t i o n  w i t h  O2 and  H~O is not  n e c e s s a r i l y  i den t i ca l  
w i t h  t he  m e c h a n i s m  of e l e c t r o l y t i c  anod ic  d i s so lu -  
t ion.  Moreove r ,  w e  h a v e  m a d e  no a t t e m p t  to d i s -  
t i n g u i s h  on the  bas is  of p u r e l y  c h e m i c a l  e v i d e n c e  
b e t w e e n  the  ro les  of conduc t ion  and  va l e nc e  e lec -  
t rons  in  the  d i s so lu t ion  m e c h a n i s m .  

- - G e  + e + - - G e .  e- - -Ge- :  
-I ~ J ~ J [3 ]  

e-  e + 

e l ec t ron  r e c o m b i n a t i o n  hole  
t r a p  cen t e r  t r a p  
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The increase  of d isso lu t ion  ra te  w i th  inc reas ing  
pH (Fig. 4) is ascr ibed  to depo la r iza t ion  of the  
cathodic reac t ion  in  a lka l ine  solut ions  as a resu l t  of 
specific adsorp t ion  of OH- ions on sites ad jacen t  to 
those of adsorbed  oxygen :  

Ge- + O~ Ge - -  O2H 
+ H,O-+ + OH- [9] 

Ge.  q- OH- G e - -  OH 

This  is s imi la r  to the  scheme proposed ear l ie r  in  
this discussion for the acce le ra t ing  effect of anions.  
However ,  s ince bo th  - -O,H and  - -OH are  consumed  
in  the  fo rma t ion  of H=GeO,, it is r ead i ly  u n d e r -  
s t andab l e  tha t  the g e r m a n i u m  disso lu t ion  ra te  i n -  
creases con t inuous ly  w i th  increas ing  OH- concen-  
t r a t i on  in  cont ras t  to the  behav io r  wi th  other  anions.  
Actua l ly ,  expe r imen t s  showed tha t  differences in 
ra te  for the  va r ious  e lec t ro ly tes  v i r t u a l l y  are e l imi -  
na t ed  in  s t rong ly  a lka l ine  solutions.  

The  on ly  p rev ious ly  pub l i shed  work  on the r e -  
act ion of g e r m a n i u m  wi th  oxygen  in  aqueous  solu-  
t ions is tha t  r epor ted  by  Schwab  (6),  who proposed 
tha t  the reac t ion  takes  place according to 

Ge -~ Ge § q- e- and O2 q- e- -+ O~- [ 10 ] 

This mechanism does not account for the depend- 
ence of mixed potential on pH, and in other respects 
is incompatible with the results of our experiments. 

The barrier-layer theory of chemisorption (29), 
applied with considerable success to reactions at the 
semiconductor-gas interface, leads in charge-trans- 
fer adsorption to a coverage whose magnitude is 
determined by the carrier density in the semicon- 
ductor bulk. For the reacting system germanium- 
aqueous solution, on the other hand, our results 
indicate that the steady-state surface configuration 
in a given environment is the same for n- and p- 
type germanium [cf. Bohnenkamp and Engell (30) ], 
at least under mildly oxidizing conditions. In fact, 
for the reactions studied, the arrangement and pre- 
dominantly covalent character of the bonds in the 
germanium crystal are of considerably greater 
significance than its semiconductor properties. 
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Corrosion Mechanisms in the Reaction of Steel with Water 
and Oxygenated Solutions at Room Temperature and 316~ 
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ABSTRACT 

The corrosion products  deve loped  by  steel  when  reac t ing  wi th  wa te r  of 
va ry ing  oxygen content  at room t empera tu r e  and at  316~ are  described.  The 
reac t ion  was car r ied  out  in sealed steel  capsules and fol lowed by  pH measu re -  
men t  of the solut ion and by  microscopic,  x- ray ,  and e lec t ron diffraction anal -  
ysis of the corrosion produc t  films. Data  on the t r ans format ion  behavior  of the 
corrosion products  involved  and a summary  of some of the i r  physical  p roper t ies  
are  included.  

A l t h o u g h  the  l i t e r a t u r e  dea l i ng  w i t h  aqueous  co r -  
ros ion  in f e r rous  sys t ems  is d i s c o u r a g i n g l y  v o l u m i -  
nous,  t he  a m o u n t  of m a t e r i a l  d e a l i n g  d i r e c t l y  w i t h  
the  n a t u r e  of the  cor ros ion  p r o d u c t  f i lms f o r m e d  has,  
un t i l  r e c e n t  yea r s ,  been  r a t h e r  m e a g e r .  A l i t e r a t u r e  
r e v i e w  (1) in  1955 i n d i c a t e d  t ha t  t h e  a v a i l a b l e  i n -  
f o r m a t i o n  was  fa r  sho r t  of t h a t  n e e d e d  for  ana lys i s  
of co r ros ion  m e c h a n i s m s  of i n t e r e s t  in connec t ion  w i t h  
n a v a l  and  n u c l e a r  s t e a m  g e n e r a t i o n  p r o b l e m s ,  a n d  a 
l o n g - r a n g e  p r o g r a m  for  o b t a i n i n g  some of t he  
n e e d e d  d a t a  was  u n d e r t a k e n .  This  is a r e p o r t  of t h e  
p r e l i m i n a r y  e x p l o r a t i o n s  of t h a t  p r o g r a m .  The  con-  
d i t ions  chosen  for  th is  p r e l i m i n a r y  e x p l o r a t i o n  w e r e  
r o o m  t e m p e r a t u r e  (25~ on t h e  one h a n d  a n d  316~ 
(600~  on the  o ther ,  a choice d i c t a t e d  b y  the  p r a c -  
t i ca l  cons ide ra t i ons  of n a v a l  and  n u c l e a r  p o w e r  
s t e a m  g e n e r a t i o n  app l i ca t ions .  

Be fo re  d i scuss ing  the  e x p e r i m e n t a l  w o r k ,  i t  m a y  
be  u se fu l  to r eca l l  a f ew  of t he  p r o p e r t i e s  of t he  co r -  
ros ion  p r o d u c t s  w i t h  w h i c h  w e  a re  concerned .  These  

p r o p e r t i e s  a r e  l i s t ed  in T a b l e  I. N e g l e c t i n g  FeO,  w i t h  
w h i c h  w e  w i l l  not  be  conce rned  in th is  work ,  w e  see 
t h a t  co lor  can  some t imes  be  use fu l  in  d i s t i n g u i s h i n g  
va r i ous  forms.  The  s t r u c t u r e s  a r e  r e a d i l y  d i s t i n -  
g u i s h a b l e  b y  d i f f rac t ion  t e c hn ique s  w i t h  the  e x c e p -  
t ion  of t he  two  sp ine ls  Fe~O, and  T-Fe~O~ w h i c h  a r e  
b u i l t  on t h e  s ame  f r a m e w o r k .  I t  m a y  b e  n o t e d  t h a t  
these  two  ox ides  a r e  t he  on ly  f e r r o m a g n e t i c  species  
in th is  co r ros ion  p r o d u c t  sys tem.  

Experimental Techniques 
The  t e c h n i q u e  w h i c h  was  the  m a j o r  bas i s  of t h e  

e x p e r i m e n t s  was  t he  use  of m i l d  s tee l  spec imens  in 
t he  f o r m  of s ea l ed  capsu le s  c o m p l e t e l y  f i l led  w i t h  
the  so lu t ion  u n d e r  t es t  (17) .  The  tes t  spec imens  w e r e  
p r e p a r e d  f r o m  m i l d  s tee l  t u b i n g  t h e  compos i t i on  of 
w h i c h  a p p e a r s  in  T a b l e  II. A t t e n t i o n  is d i r e c t e d  to 
the  m a n g a n e s e  con ten t  w h i c h  wi l l  come in to  d i scus -  
s ion l a t e r .  Be fo re  f a b r i c a t i o n  into  capsules ,  t h e  s tee l  
t u b i n g  was  h y d r o g e n  a n n e a l e d  1 h r  a t  875~ cooled 

Table I. Corrosion products of iron 

C o m p o s i t i o n  S t r u c t u r a l  Magne t i c  E lec t r i ca l  
(Mine ra l  name)  Color  t y p e  (3) cha rac t e r  r e s i s t i v i t y  Dens i t y  T h e r m a l  b e h a v i o r  

Feo.~O to Feo.~O Black NaC1 Paramagne t i c  Semiconductor  5.4-5.73 Melts a t  1371~176 
(Wust i te)  (2) (4) (3) (2, 11) Below 570~ decom- 

poses to Fe  and Fe~O~ 
(2) 

Fe  (OH) 2 Whi te  Mg (OH) 2 Paramagne t i c  Insula tor*  3.40 Decomposes at  about  
(Bruci te)  (5) (12) 100~ to FesO~ and 

Hat (14) 
Fe~O, Black Spinel  Fer romagne t ic  Elect ronic  conduc-  5.20 Melts at  1597~ 
(Magnet i te)  (4) tor  (8) (4) (2) 
7 -FeOOH Orange 7 -FeOOH Paramagne t i c  Insulator* 3.97 Dehydra tes  to$ 7-Fe20~ 
(Lepidocroci te)  (Lepidocroci te)  (6) (13) at  about  200~ (16) 
~-FeOOH Yellow ~-FeOOH Paramagne t i c  Insula tor  4.20 Dehydra tes  to$ ~-Fe~O~ 
(Goethi te)  (Goethi te)  (6, 7) (9) (13) at  about  200~ (16) 
7-Fe~O8 Brown Spinel  Fe r romagne t i c  Semiconductor  to 4.88 Transforms  to$ a-Fe~O~ 
(Maghemite)  (wi th  vacancies)  (4) insula tor  (10) (4) above 250~ (16) 
a-Fe20~ Brick red  A 1 2 0 3  Paramagne t i c  Insula tor  5.25 Decomposes to magne-  
(Hemat i te )  to b lack (Corundum)  (4) (10) (4) r i te at  1457~ and 1 

a tm (2) 

* Color  i nd i ca t e s  t h a t  t he se  are  i n su l a to r s .  
7 I n  con tac t  w i t h  t r aces  of o x y g e n  Fe  (OH) ~ is u n s t a b l e  a t  r o o m  t e m p e r a t u r e  and  t r a n s f o r m s  to 7 -FeOOH,  a-FeOOI-I,  or  Fe304 d e p e n d i n g  

on  t he  c o n d i t i o n s  of the  s y s t e m  (15). 
P re sence  of  w a t e r  causes  c o n v e r s i o n  to a-Fe208 a t  l o w e r  t e m p e r a t u r e .  

73 
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Table II. Analysis of steel 

Constituent Weight % 

C 0.09 
P 0.017 
S 0.032 
N 0.007 
Mn 0.57 
Si 0.07 
Cr 0.10 
Ni 0.07 
Fe (by difference) 99.05 

in  the  h y d r o g e n  a tmosphere  to 60~ and  t h e n  re -  
moved  to the  a tmosphere  of the  room; subsequen t ly ,  
the  t u b i n g  was  a n n e a l e d  1 h r  at  875~ in  a v a c u u m  
fu rnace  m a i n t a i n e d  at  a p ressure  of less t h a n  10 -~ 
m m  Hg and  cooled to room t e m p e r a t u r e  in  the  f u r -  
nace. The e lec t ron  diffract ion p a t t e r n  ob ta ined  f rom 
the  me ta l  a f ter  this  t r e a t m e n t  was  tha t  of a - i r o n  
w i t h  occasional  t races  of the  311-l ine,  the s t rongest  
l ine  of the sp ine l  pa t t e rn .  

The  p r epa red  capsule  spec imens  were  exposed in 
sets of 6 to 12 each. The  spec imens  were  prepared ,  
t r ea ted  at  room t e m p e r a t u r e  for selected lengths  of 
t ime, and  t h e n  opened.  Add i t i ona l  capsules were  
t r ea ted  at  room t e m p e r a t u r e  for specific t imes,  t h e n  
placed in  an  oven at  316~ for one week,  or twe lve  
weeks,  cooled to room t e m p e r a t u r e ,  and  opened i m-  
med ia t e ly  thereaf te r .  A typ ica l  capsule  is shown in  
Fig. 1. The capsules  were  opened  by  carefu l ly  filing 
one corner  u n t i l  the  me t a l  was  so th in  tha t  it could 
be p u c t u r e d  w i th  a s ta inless  steel sy r inge  needle.  
The  l iqu id  was  r emoved  f rom each capsule  in to  a 
glass syr inge  and  the pH of the  l iquid  measu red  
p r o m p t l y  to avoid reac t ion  w i th  ca rbon  dioxide f rom 
the  a tmosphere .  The pH m e a s u r e m e n t s  were  made  
us ing  a B e c k m a n  "one drop"  glass electrode and  
Model  G p i t  meter .  The  i n d i v i d u a l  m e a s u r e m e n t s  
showed cons iderab le  scatter.  The  va lue  repor ted  is 
the  average.  In  some cases samples  of the  l iqu id  were  
d ropped  on copper  electrodes coated wi th  Apiezon 
wax,  evapora ted  to d ryness  u n d e r  an  in f r a red  lamp,  
and  ana lyzed  by  emiss ion spectroscopy. W h e n  l iqu id  
was  w i t h d r a w n  f rom a capsule,  a m a g n e t  was  used 
to test  suspended  solids for the  presence  of the sp ine l  
type  oxides, Fe~O4 and  ~,-Fe~O~, which as p rev ious ly  

Fig. 1. Typical copsule 

i nd ica ted  are the on ly  f e r romagne t i c  species in  this  
corrosion p roduc t  system. Solids suspended  in  the  
capsule  l iquids  were  collected on a Mil l ipore  filter 
and  dr ied  in  a desiccator  over Dr ie r i t e  ( a n h y d r o u s  
ca lc ium su l fa te ) ,  x - r a y  diffract ion pa t t e rn s  be ing  
obtained from the dry solids. 

After removal of the liquid from the capsules, the 
walls were prepared for examination by filing away 
the lengthwise edges and shearing the transverse 
edges to yield two opposite wall surfaces. These were 
examined by use of a Geiger counter x-ray spec- 
trometer using cobalt Ka radiation as well as by use 
of the diffraction attachment of an RCA (EMU-2) 
electron microscope. The x-ray patterns served to 
characterize the bulk of the corrosion product film 
when this film was thick enough. The electron dif- 
fraction patterns served for characterization of very 
thin films on the metal surfaces and of the exterior 
surface layers of thicker corrosion product films. 

The corroded capsule walls also were examined 
microscopically to determine the character and ex- 
tent of the corrosive attack as well as the appearance 
of the corrosion products. 

In most cases, no attempt was made in this ex- 
ploratory work to distinguish between Fe304 and 

T-FelOn. 

Corrosion Products Generated in Air-Saturated 
Distilled Water  

The da ta  ob ta ined  in  the  charac te r i za t ion  of the  
corrosion products  fo rmed  at room t e m p e r a t u r e  in 
capsules  in i t i a l ly  filled wi th  d is t i l led  wa te r  are 
shown  in  Table  III. Each  pH va lue  repor ted  in this  
and  s u b s e q u e n t  tab les  is the  ave rage  of a n u m b e r  of 
m e a s u r e m e n t s  u sua l ly  6-12. A n  ind ica t ion  of the  
scat ter  can be seen f rom the fo l lowing  which show 
typ ica l  scat ter  for data  in  Table  III:  

Measu red  pH af ter  6 hr :  9.48, 9.72, 9.57, 9.40, 8.91, 
9.30, average  9.4; a f ter  1 week:  9.7, 9.4, 10.1, 10.0, 
9.7, 9.6, average  9.8; a f ter  52 weeks:  9.93, 9.96, 9.90, 
9.71, 10.02, average  9.9. 

The w a t e r  was in i t i a l ly  a i r - s a t u r a t e d  and  the 
smal l  va r i a t i on  in  pH at the  outset  is p r o b a b l y  due to 
differences in  the ca rbon  dioxide con ten t  of the l a b -  
o ra to ry  a tmosphere .  I t  m a y  be no ted  tha t  af ter  6 hr  
the  pH has r i sen  to 9.4. This is a p p r o x i m a t e l y  the pH 
of a s a tu ra t ed  solut ion of Fe(OH)~.  This  rise in  pH 
indica tes  tha t  all  the  oxygen  has been  consumed 
(20).  The  pH the rea f t e r  s teadi ly  rises to 9.9 where  it 
is found  one year  la ter .  The rise to so high a pH 
puzzled us for some t ime, bu t  seems expl icab le  as due 
to the  s imul t aneous  presence  of Fe(OH)2  and  
Mn(OH)~.  Using the k n o w n  so lubi l i ty  product  data  
for these  two hydrox ides  one m a y  ca lcula te  the pH 
in  the  p resence  of both  to be 9.92. A ca lcula t ion  of 
the  a m o u n t  of m a n g a n e s e  r equ i r ed  (5.5 x 10 -7 g) to 
p roduce  this  a m o u n t  of Mn(OH). .  shows tha t  10 ' g of 
steel wou ld  be r equ i r ed  to be dissolved to give this  
q u a n t i t y  of manganese .  This seems a v e r y  reasonable  
q u a n t i t y  to expect  to have  been  dissolved in  the  12 
week  per iod  where  this  pH is shown  to be developed.  
A n  i n d e p e n d e n t  series of e xpe r i me n t s  confirmed the  
conclus ion  tha t  the ca lcu la ted  e q u i l i b r i u m  of 9.92 
would  be achieved by  a l lowing  m i x t u r e s  of ca rbony l  
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Table III. Corrosion products formed by the action of water* in mild steel capsules at 25~ 

75 

S o l u t i o n  T ime  m e t a l  S o l u t i o n  
p H  be fo re  was  exposed  p H  a f te r  A p p e a r a n c e  A p p e a r a n c e  Cor ros ion  
reac t ion~  to  so lu t i on  reaetion% of so lu t i on  of m e t a l  p r o d u c t s  on m e t a l  

5.9 1 hr  8.5 Yellow tinge Speckled with  brownish 7-FeOOH 
yel low islands 

5.6 6 hr  9.4 Clear, colorless Same as above 7-FeOOH and possibly 
spinel 

6.0 24 hr  9.5 Clear, colorless Same as above 7-FeOOH and spinel 
6.0 1 wk 9.8 Clear, colorless Same as above 7-FeOOH and spinel 
6.0 12 wk 9.9 Clear, colorless Thin gray brown film Spinel and some 7- 

FeOOH 
6.0 52 wk 9.9 Few part icles of Continuous black film Spinel 

spinel 

* The  w a t e r  was  i n i t i a l l y  a i r  s a tu ra t ed .  
t Each  v a l u e  r ep re sen t s  the  m e a n  of 6 capsules .  

Table IV. Corrosion products formed by the action of 0.2% H202 in mild steel capsules at 25~ 

S o l u t i o n  T i m e  m e t a l  S o l u t i o n  So l id  cor ros ion  R e s i d u a l  
pH be fo re  exposed  p H  a f t e r  p r o d u c t s  f i l t e red  A p p e a r a n c e  Cor ros ion  o x y g e n  

r eac t i on  to s o l u t i o n  r e a c t i o n t  f r o m  so lu t i on  of m e t a l  p r o d u c t s  on m e t a l  p r e s su re  

5.9 i hr  7.1 * Yellow islands on 7-FeOOH Yes 
shiny meta l  

5.9 24 hr  6.8 Spinel  and some Same as above 7-FeOOH and spinel No 
7-FeOOH 

5.8 1 wk 7.4 Spinel Yellow islands on Spinel and some 7- No 
black film FeOOH 

5.8 4 wk 8.6 Spinel Few yel low is- Spinel and some 7- No 
lands on black FeOOH 
film 

5.7 52 wk 10.0 Spinel N e a r l y  c o v e r e d  Spinel No 
with  brownish-  
black film 

* Insuf f i c ien t  m a t e r i a l  fo r  ana lys i s .  
Each  v a l u e  r ep re sen t s  the  m e a n  of 8 to 12 capsules .  

Table V. Corrosion products formed by the action of 1% H202 on mild steel capsules at 25~ 

S o l u t i o n  T ime  m e t a l  S o l u t i o n  So l id  cor ros ion  R e s i d u a l  
p H  before  exposed  p H  a f te r  p r o d u c t s  f i l t e red  A p p e a r a n c e  Cor ros ion  o x y g e n  

r eac t i on  to so lu t i on  reac t ion* f r o m  so lu t i on  of  m e t a l  p roduc t s  on  m e t a l  p re s su re  

5.8 1 hr  6.9 None Yellow islands on 7-FeOOH Yes 
shiny meta l  

5.9 24 hr  7.3 7-FeOOH Same as above Yes 

5.7 1 wk 8.0 =-FeOOH Yes 

5.9 4 wk 8.2 ~-FeOOH Yes 

7-FeOOH 

Yellow film covers 7-FeOOH and 
metals  ~-FeOOH 

Same as above 7-FeOOH and 
a-FeOOH 

* Each  v a l u e  r e p r e s e n t s  t he  m e a n  of  8 to  12 capsules .  

Table Vl. Corrosion products formed by the action of 4% H~O2 in mild steel capsules at 25~ 

S o l u t i o n  T i m e  m e t a l  S o l u t i o n  So l id  cor ros ion  R e s i d u a l  
p H  before  exposed  p H  a f te r  p roduc t s  f i l te red  A p p e a r a n c e  Cor ros ion  o x y g e n  
r e a c t i o n  to s o l u t i o n  reac t ion*  f r o m  s o l u t i o n  of m e t a l  p r o d u c t s  on m e t a l  p r e s su re  

5.8 1 hr  7.1 None Shiny metal  7-FeOOH Yes 
6.0 24 hr  7.3 7-FeOOH Near ly  covered with  7-FeOOH Yes 

yel low film 
1 wk 8.2 ~-FeOOH Same as above Yes 
4 wk 8.6 a -FeOOH Same as above Yes 

61 wk  8.5 a -FeOOH Same as above Yes(?)  

5.9 
5.9 
Not 

measured 

7-FeOOH and ~-FeOOH 
7-FeOOH and a-FeOOH 
a-FeOOH and trace of 

7-FeOOH 

* Each  v a l u e  r e p r e s e n t s  the  m e a n  of 8 to  12 capsules .  



76 JOURNAL OF THE ELECTROCHEMICAL SOCIETY February 1960 

i ron  and  e lect rolyt ic  m a n g a n e s e  to corrode in  water .  
These meta ls  had  a to ta l  meta l l i c  i m p u r i t y  con ten t  of 
the  order  of 100 p p m  and  a n i t r o g e n  con ten t  in  the  
ne ighborhood  of 20 ppm. In  these exper iments ,  m e -  
ta l l ic  powders  we re  a l lowed to r e m a i n  in  sealed 
p l a t i n u m - l i n e d  capsules  for 3 weeks  at 25~ pr ior  to 
sampl ing .  The solut ions  t h e n  gave the  fo l lowing pH 
va lues  

pI-I C a l c u l a t e d  
P o w d e r  O b s e r v e d  p H  fo r  s a t u r a t i o n  

Fe 9.37 9.32 
Mn 9.95 9.92 
Fe-Mn mixture  9.95 9.92 

Next ,  a t t en t i on  is cal led to the  fact  tha t  the in i t i a l  
p roduc t  of r eac t ion  is ~,-FeOOH. The  a p p r o x i m a t e l y  
8 p p m  of oxygen  in t roduced  wi th  the  a i r - s a t u r a t e d  
w a t e r  a p p a r e n t l y  has p roduced  the  ferr ic  ions neces-  
sa ry  for its fo rmat ion .  This  phase  shows up as i s lands  
on the  o therwise  u n a t t a c k e d  metal .  

F ina l ly ,  it  m a y  be no ted  tha t  w i t h i n  24 hr, the 
sp ine l  phase has m a d e  its appea rance  and  e v e n t u a l l y  
spreads  over  the  en t i re  surface  of the  specimen.  The  
fact  tha t  the pH of the so lu t ion  has reached 9.4 [ ap -  
p r o x i m a t e l y  the e q u i l i b r i u m  pH of Fe (OH)~] at the  
t ime  tha t  the  spinel  phase appears  suggests tha t  
Fe (OH)~  is p r e sen t  also, and  the  r ise  to 9.9 is t a k e n  
as an  ind ica t ion  of the  presence  of solid Mn(OH)~  
a long wi th  the  Fe (OH) ~. L i n n e n b o m  (18) has shown 
tha t  u n d e r  these  pH condi t ions  Fe(OH)._, does no t  
b r e a k  down  to fo rm Fe304 in  i m p u r i t y - f r e e  solut ions,  
b u t  Evans  and  W a n k l y n  (19),  as wel l  as Shipko and  
Douglas  (14),  have  shown tha t  impur i t i e s  may  ca ta -  
lyze the reac t ion  

3Fe(OH)~-~ Fe:~O4 § 2H.oO + H= 

and  this would  appea r  to be wha t  is h a p p e n i n g  he re  
un less  nuc le i  of Fe304 fo rmed  by  r educ t ion  of 
~ -FeOOH are  se rv ing  a s imi la r  ca ta ly t ic  purpose.  

Tables  IV-VI  show some data  conce rn ing  the  effect 
of the  presence  of more  oxygen  in  these  systems. The 
da ta  were  ob ta ined  by  u t i l i z ing  solut ions  of H~O~ in  
the  capsules.  These solut ions decompose read i ly  in  
the  presence  of fe r rous  or ferr ic  ions to l ibe ra te  oxy -  
gen  and  thus  p rov ide  a s imple  means  for i n t roduc ing  
oxygen  into the capsules.  W h e n  the  capsules  were  
opened,  fluid squ i r t ed  out w h e n e v e r  the res idua l  
oxygen  pressure  was  in  excess of a tmospher ic  a nd  
this  p h e n o m e n o n  was  used to give a qua l i t a t ive  i nd i -  
ca t ion  of oxygen  exhaus t ion  ins ide  the  capsules.  The 
c o l u m n  m a r k e d  res idua l  oxygen  pressure  is based 
on this  cr i ter ion.  

Table  IV shows the  data  ob ta ined  us ing  0.2% H~O~ 
solut ions  at room t empera tu re .  The  pH of 5.7 to 5.9 
exh ib i t ed  by  the  so lu t ion  before reac t ion  is u n d o u b t -  
edly  due to absorp t ion  of ca rbon  dioxide f rom the 
a tmosphere .  No e x p l a n a t i o n  is offered for the  ap -  
p a r e n t  drop in  pH d u r i n g  the  first 24 hr. Pe rhaps  
th is  is e x p e r i m e n t a l  error.  A t t e n t i o n  is, however ,  
ca l led to the fact t ha t  no res idua l  oxygen  p ressure  
was  observed af ter  24 hr  and  tha t  t he rea f t e r  the  
so lu t ion  pH began  to rise as it did p rev ious ly  in  the  
case where  no peroxide  was added. I t  m a y  be no ted  
tha t  ~ -FeOOH is the in i t i a l  reac t ion  p roduc t  which  
gives way  to sp ine l  as the  oxygen  con ten t  decreases  

and  the  pH increases  f inal ly  reach ing  the  v ic in i ty  of 
the  9.9 associated wi th  oxyge n - f r e e  solutions.  

Tab le  V exhib i t s  ana logous  data  ob ta ined  wi th  a 
1% H~O~ solution.  I t  m a y  be Observed tha t  a res idual  
oxygen  p ressure  in  excess of a tmospher ic  was p re s -  
en t  in  al l  cases. We note  tha t  the pH aga in  rises wi th  
t ime  of exposure  bu t  tha t  now  a n e w  corrosion p rod-  
uct, a -FeOOH,  appears  w h e n  the  pH reaches  8. Data  
ob ta ined  us ing  a 4% solut ion of H20~ are shown in  
Table  VI. Aga in  we note  the  appea rance  of ~ -FeOOH 
w h e n  the  pH gets above 8, and  we m a y  now  note tha t  
the pH seems to reach a p l a t eau  in  the  ne ighborhood  
of 8.5-8.6 which  i t  m a i n t a i n s  even  af ter  a year  of 
exposure .  

The  fo l lowing e x p l a n a t i o n  is suggested for the  a r -  
res t  of the  pH in the  8.5 reg ion  w h e n  o x y g e n  is p res -  
ent.  In  the  presence  of oxygen,  s a tu r a t i on  of the 
so lu t ion  w i th  Fe(OH)~ is not  a t t a ined  due to ox ida-  
t ion  of Fe §247 (20) and  the  consequen t  gene ra t ion  of 
FeOOH ins tead  of Fe(OH)~.  FeOOH is so insoluble  
(21) t ha t  a pH in  excess of 7 w ou l d  not  be an t i c i -  
pa ted  f rom this  source. 

In  the  m a n g a n e s e  sys tem we migh t  expect  tha t  
ana logous ly  Mn(OH)~ would  be oxidized by dis-  
solved oxygen  as this is the  basis of the  W i n k l e r  test  
(22) for dissolved oxygen  in  water .  However ,  the 
n a t u r e  of the  corrosion p roduc t  gene ra t ed  and  the 
co r respond ing  pH has a p p a r e n t l y  not  been  inves t i -  
gated. Therefore ,  a br ief  exp lo ra t ion  was  u n d e r t a k e n  
of the  corrosion of m a n g a n e s e  by dissolved oxygen at 
room t empera tu re .  For  this  purpose  f r agmen t s  of 
e lec t ro ly t ic  m a n g a n e s e  were  i m m e r s e d  in  wa te r  in  a 
qua r t z -g l a s s  flask and  exposed to an  a tmosphere  of 
oxygen  which  had  been  purif ied by  be ing  passed 
t h r ough  sul fur ic  acid, water ,  and  basic b a r i u m  chlo-  
ride. A t  week ly  i n t e rva l s  the pH of the  wa te r  was 
measured .  S ta r t ing  a t  6.4, the  pH of the  wa te r  rose 
to 8.8 in  the first week  and  r e m a i n e d  there  for 2 
add i t iona l  weeks. The m a j o r  corrosion product  which  
a c c umul a t e d  out of contact  wi th  the  me ta l  was a 
b r o w n  powder  wi th  an  x - r a y  diffract ion pa t t e rn  not  
inc luded  in  the ASTM card  index.  It  has s imilar i t ies  
to the p a t t e r n  of ~ -FeOOH and  is pe rhaps  the m a n -  
ganese  ana logue  of tha t  s t ruc ture .  

It  seems p robab le  therefore  tha t  the  pH ar res t  
no ted  in  the  capsules in  the  region  of pH 8.5-8.6 was  
due to the  genesis of m a n g a n e s e  ox ida t ion  products .  

As an  aid to i n t e rp re t a t i ons  of observa t ions  f rom 
the capsule  corrosion studies,  exp lo ra to ry  studies of 
the  t r a n s f o r m a t i o n  behav io r  of the  va r ious  oxides 
and  hydrox ides  were  conducted.  Samples  of the de-  
sired compounds ,  ob ta ined  f rom commerc ia l  sources, 
(see, Ta b l e  VII)  we re  sub jec ted  to the  fo l lowing 
t r e a t m e n t s :  (a) t r e a t m e n t  in  mi ld  steel capsules at 
25~ in  the  presence  of water ,  (b)  t r e a t m e n t  in 
p l a t i n u m - l i n e d  capsules  at 316~ in  the  presence 
and  absence  of water ,  (c) t r e a t m e n t  in  mi ld  steel 
capsules  at  316~ in  the  presence  a nd  absence of 
water .  The n a t u r e  of the  t r a n s f o r m a t i o n  products  
was d e t e r m i n e d  by  x - r a y  diffraction,  chemical  a n a l -  
ysis for F e ( I I )  and  F e ( I I I )  and  obse rva t ion  of the  
p resence  or absence of f e r romagne t i sm.  The resul t s  
of these  expe r imen t s  are  shown in  Tables  VI I I -X.  
The  da ta  ind ica ted  tha t  w h e n  in  contact  w i th  corrod-  
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Table VII. Chemical analyses of oxides and hydrated oxides 

M a t e r i a l  Fe~Oa Fe304 W a t e r  A12Oa M n O  SiO2 CoO Sn02 M g O  Tota l  

7- FeOOH 85.24 0.14 13.09 1.07 0.09 0.08 - -  - -  - -  99.71 
~-FeOOH 86.23 0.05 12.56 1.38 0.06 0.03 - -  - -  - -  100.31 
7-Fe~O:~ 90.90 6.52 0.65 1.63 0.03 0.53 - -  0.07 - -  100.33 
a-Fe~O~ 97.51 0.20 0.50 1.86 0.05 0.06 - -  - -  - -  100.18 
Fe~O~ 21.76 77.22 ~ - -  - -  0.22 1.00 ~ 0.20 100.40 

Table IX. Summary of observations on products formed when iron oxides and hydrated oxides ore heated in sealed 
platinum-lined nickel capsules at 316~ 

T i m e  a t  C o l o r  o f  
S u b s t a n c e  T r e a t m e n t  316~ p r o d u c t  F e r r o m a g n e t i c  R e s u l t  os t r e a t m e n t  

7-FeOOH Heated with  H~O 24 hr  Br ick- red  No Conver ted  to ~-Fe20.~ 
7-FeOOH Heated dry with air 24 hr  Br ick- red  No Conver ted to a-Fe20~ 
~-FeOOH Heated wi th  H20 24 hr  Maroon No Conver ted to a-Fe~O~ 
~-FeOOH Heated dry with  air 24 hr  Br ick- red  No Conver ted  to ~-Fe~O~ 
7-Fe~O~ Heated wi th  H~O 24 hr  Maroon Par t ia l ly  All  but a slight amount  

conver ted to ~-Fe~O3 
7-Fe~O3 Heated dry  with air 24 hr  Brown Yes Unchanged 
a-Fe~O~ Heated with  H20 24 hr  Br ick- red  No Unchanged 
~-Fe~O~ Heated with H~O 2 wk Br ick- red  No Unchanged 
a-Fe,~O~ Heated dry with  air 24 hr  Br ick- red  No Unchanged 
Fe~O, Heated with  H~O 24 hr Black Yes Unchanged 
Fe~O4 Heated dry with  air 24 hr  Black Yes Unchanged 

Table X. Summary of observations on products formed when iron oxides and hydrated oxides are heated in sealed 
mild steel capsules at 316~ 

S u b s t a n c e  T r e a t m e n t  T i m e  a t  316~ Color  of  p r o d u c t  F e r r o m a g n e t i c  R e s u l t  of  t r e a t m e n t  

7-FeOOH Heated with H~O Up to 4 hr  (be- Red-b rown  Par t ia l ly  Conver ted  to ~-Fe20~ and 
fore cracking) some Fe~O~ 

7-FeOOH (All  capsules tested cracked and leaked wi th in  6 hr) 
7-FeOOH 24 hr  Red No Conver ted  to a-Fe~O~ and 

~-FeOOH 

~-FeOOH 

7-Fe20~ 

7-Fe~O3 

a-Fe~Os 

~-Fe~O.~ 

a-Fe~O8 

Fe~O~ 

Fe~O~ 

Heated with  H~O 
Heated dry with  

air 
Heated with  H20 

Heated  dry wi th  
air 

Heated with H~O 

Heated dry with  
air 

Heated  with  H.~O 

Heated with  H~O 

Heated dry with  
air 

Heated with H~O 

Heated dry  with  
air 

24 hr  Black- red  Yes 

24 hr Br ick- red  No 

24 hr B lack-brown Yes 

24 hr  Brown Yes 
(unchanged) 

24 hr  Br ick- red  No 
(unchanged) 

7 days Very dark red Par t ia l ly  

24 hr  Br ick- red  No 
(unchanged) 

24 hr  Black Yes 
(unchanged) 

24 h r  Black Yes 
(unchanged) 

trace Fe30, 
Reduced to Fe~O, with 

trace ~-Fe20, 
Conver ted  to ~-Fe_~O~ with  

trace Fe,O, 
Conver ted to a-Fe~O~ and 

Fe~O, 
Slight  reduct ion to Fe30, 

at Fe interface 
Slight reduct ion to Fe~O, 

Considerable reduct ion to 
Fe~O4 

Unchanged 

Unchanged 

Unchanged 

ing s teel  at  r o o m  t e m p e r a t u r e ,  a n h y d r o u s  oxides  
w e r e  m o r e  res i s tan t  to r educ t ion  to Fe,O4 t h a n  the  
hydrous  ones and  tha t  the  a-Fe~O~ was  most  r e s i s t an t  
to this action.  This  r educ t ion  could  be a r eac t ion  w i t h  
c o r r o s i o n - g e n e r a t e d  h y d r o g e n  or a p r ec ip i t a t i on  r e -  
ac t ion  i n v o l v i n g  d i v a l e n t  i ron  f r o m  the  co r rod ing  
s teel  and d i sso lved  species f r o m  the  t r i v a l e n t  solids. 
A p robab l e  m e c h a n i s m  is the  fo l lowing :  Fe+++ 
2FeO2-~ Fe20~. E v i d e n c e  of r ap id  d i rec t  r e ac t i on  of 
this k ind  is found  in the  e x p e r i m e n t s  of For res t ,  
Roethel i ,  and  B r o w n  (23) in wh ich  "ge la t inous  p r e -  
c ipi ta tes  of f e r rous  and fe r r i c  h y d r o x i d e s "  w e r e  
m i x e d  to p roduce  Fe~O,. 

I t  m a y  be  no ted  t h a t  at e l e v a t e d  t e m p e r a t u r e s  in 
the  absence  of co r rod ing  s tee l  the  t r a n s f o r m a t i o n  of 
al l  t r i v a l e n t  species to ~-Fe~O~ is m a r k e d l y  acce l e r -  
a ted  by the  p re sence  of w a t e r  in accord  w i t h  the  ob-  
se rva t ions  of G h e i t h  (16).  The  r educ t ion  of al l  t r i -  
v a l e n t  oxides  to Fe~O, at  the  e l e v a t e d  t e m p e r a t u r e  is 
mos t  p r o b a b l y  due  to r educ t ion  by c o r r o s i o n - g e n e r -  
a ted  hyd rogen .  The  fac t  t ha t  T-Fe~O~ did  not  t r a n s -  
f o r m  to a-Fe~O~ w h e n  h e a t e d  at  316 ~ in t he  d r y  s ta te  
is u n d o u b t e d l y  due  to s tab i l i za t ion  by  the  p r e sence  of 
the  a l u m i n u m  p r e s e n t  as an i m p u r i t y  (24).  The  
c r ack ing  of  the  capsules  w h e n  hea t ed  w i t h  T - F e O O H  
s lur r ies  was  shown to be a stress cor ros ion  p h e n o m e -  
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Table VIII.  
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Behavior of iron oxide and hydrated oxide slurries 
in mild steel capsules at room temperature 

I r o n  
c o m p o u n d  So l ids  p r e s e n t  Sol ids  p r e s e n t  

i n  p re -  i n  s l u r r y  in  s l u r r y  
p a r e d  s l u r r y  a f t e r  48 h r  a f t e r  4 w k  

Fe~O~ Apparen t ly  unchanged No change 
7-FeOOH Apparent ly  unchanged 7-FeOOH and spi- 

nel* 
~-Fe~O~ Apparent ly  unchanged ~-Fe~O~ and traces 

of Fe~O~ 
~-FeOOH Apparent ly  unchanged ~-FeOOH and spi- 

nel* 
a-Fe~O~ Apparen t ly  unchanged Unchanged 

* C h e m i c a l  ana ly s i s  wa s  n o t  used  fo r  t he se  cases s ince Fe804 
seems  to  be  t he  only s p i n e l  species  w h i c h  cou ld  b e  deve loped .  I n  
b o t h  cases, p r i o r  e x p e r i m e n t a t i o n  (16) i nd i ca t e s  comple t e  s t a b i l i t y  
to d e h y d r a t i o n  u p  to t e m p e r a t u r e s  in  t he  n e i g h b o r h o o d  of 100~ 
Thus  ~/-Fe2Oe cou ld  no t  be  d e v e l o p e d  by  d e h y d r a t i o n  of ~ -FeOOH.  
I n  t he  case of ~ -FeOOH,  e v e n  d e h y d r a t i o n  w o u l d  p roduce  on ly  t he  
s t ab le  a-FeeO~. T h u s  t he  on ly  feas ib le  w a y  i n  w h i c h  the  sp ine l  
s t r u c t u r e  cou ld  be  d e v e l o p e d  here  is by  r e d u c t i o n  to FeaO4. 

non  induced  by  the  presence  of a chlor ide impur i t y .  
This wi l l  be discussed in  a s u b s e q u e n t  publ ica t ion .  

Al l  the  da ta  thus  far  discussed are s u m m a r i z e d  in  
Tab le  XI, and  the  resul t s  of hea t ing  capsules  to 
316~ af ter  24 h r  of room t e m p e r a t u r e  exposure  are 
shown in  Tables  XI I  and  XIII .  

The fo l lowing conclus ions  may  be d r a w n :  

1. Steel  in  contac t  wi th  air  s a tu ra t ed  wa t e r  at 
25~ in  these capsules  develops T-FeOOH w i t h i n  an  
hour.  This 7 -FeOOH appears  as i s lands  on the m e -  
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tal l ic  surface.  The pH rises w i t h i n  24 hr  f rom an 
in i t i a l  va l ue  of abou t  6.0 to 9.5, a pp r ox i ma t e ly  the  
e q u i l i b r i u m  va lue  in  contac t  w i th  Fe (OH)~, and  con-  
t inues  to r ise to 9.9 w he r e  it  a p p a r e n t l y  r ema ins  in -  
defini tely.  This  pH of 9.9 is the  e q u i l i b r i u m  pH of a 
solut ion in  contact  w i th  bo th  Fe (OH) ~ and  Mn (OH) ~. 
This rise in  pH is accompan ied  by  the g r a dua l  e l imi-  
na t ion  of 7 - F e O O H  and  its r ep l acemen t  w i th  a spinel  
which  e v e n t u a l l y  covers the  en t i re  spec imen  as the 
oxygen  is used  up a nd  the  pH rises. 

2. Steel  in  contact  w i th  H~O.~ solut ions u n d e r  these 
condi t ions  also develops  ~,-FeOOH which  appears  as 
i s lands  on the  me ta l  w i t h i n  an  hour.  The  rise in pH 
in  this  case, however ,  is m u c h  more  gradual .  Wi th  
sufficient oxygen  p re sen t  ( ~  1% H~O~) T-FeOOH is 
at first produced,  and  t h e n  as the pH rises wi th  t ime  
to a va lue  of 8.0 or above,  a - F e O O H  appears .  Wi th  
sufficient oxygen  p resen t  the  pH reaches a p la t eau  in 
the  ne ighborhood  of 8.5. 

3. On long s t and ing  (1 yea r )  wi th  exhaus t ion  of 
oxygen,  the  spinel  phase  appears  and  the pH rises to 
the  v ic in i ty  of 9.9, the e q u i l i b r i u m  va lue  in  contact  
wi th  Fe (OH) ~ and  Mn (OH) ~. 

4. On hea t ing  at 316~ a ny  Fe(OH)~  or T-FeOOH 
genera ted  by  room t e m p e r a t u r e  exposure  of steel to 
wa te r  is conver ted  to m a g n e t i t e  w i t h i n  24 hr  wi th  a 
cor responding  drop in  pH to the  n e u t r a l  region.  

5. On hea t ing  at 316~ a n y  7- or ~ -FeOOH gener -  
a ted by  room t e m p e r a t u r e  exposure  in H~O,., solut ions 
is conver ted  to a-Fe~O~ w i t h i n  24 hr  w i th  a corre-  

Table XI. Summary of corrosion products formed by the action of water and H~O~ 
solutions in mild steel capsules at 25"C 

T i m e  H20  0.2% H~O~ 1% HeOe 2% H..,O~ 4% H~O2 
of  ex-  
posu re  p H  P r o d u c t  pEI P r o d u c t  pH P r o d u c t  p i t  P r o d u c t  p H  P r o d u c t  

8.5 7.1 6.9 7.3 7.1 
1 hr 

-FeOOH 7-FeOOH ~-FeOOH 7-FeOOH ~-FeOOH 
9.5 6.8 7.3 7.3 7.3 

24 hr 
7-FeOOH and Spinel and some 7-FeOOH 7-FeOOH 7-FeOOH 

spinel ~-FeOOH 
9.8 7.4 8.0 8.3 8.2 

1 wk 
~-FeOOH and Spinel a-FeOOH a-FeOOH ~-FeOOH 

spinel 
- -  8.6 8.2 8.1 8.6 

4 wk 
- -  Spinel a-FeOOH ~-FeOOH ~-FeOOH 

9.9 10.0 - -  - -  8.5 
1 yr  

Spinel  Spinel - -  - -  ~-FeOOH 

Table XII. Corrosion products formed by the action of water in mild steel capsules at 316~ 

S o l u t i o n  p H  T i m e  m e t a l  S o l u t i o n  p H  Cor ros ion  T h i c k n e s s  
before  316~ was  t r e a t e d  a f t e r  316~ A p p e a r a n c e  A p p e a r a n c e  p r o d u c t s  of  sur face  

t r e a t m e n t  a t  316~ * t r e a t m e n t t  of so lu t i on  of m e t a l  on m e t a l  ox ide  

9.5 24 hr  6.9 Clear, colorless Continuous gray Spinel Less than 1~ 
black film 

9.5 1 wk 7.0 Clear, colorless Same as above Spinel Less than 1~ 
9.5 14 wk 7.0 Clear, colorless Same as above Spinel 1 to 3~ 
9.5 52 wk 6.9 Clear, colorless Same as above Spinel 2 to 6~ 

* The  m e t a l  was  exposed  a t  r o o m  t e m p e r a t u r e  fo r  24 h r  be fo re  t r e a t m e n t  a t  316~ 
Each  v a l u e  r e p r e s e n t s  t h e  m e a n  of a t  l eas t  5 capsules .  
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S o l u t i o n  pt-I S o l u t i o n  pH 
S o l u t i o n  a n d  E x p o s u r e  a f t e r  25~ E x p o s u r e  P r o d u c t s  a f t e r  316~ 

i n i t i a l  p H  at  25~ P r o d u c t s  on m e t a l s  t r e a t m e n t  a t  316~ on m e t a l  t r e a t m e n t  

0.2% H,O, 24 hr 7-FeOOH and spinel 6.8 1 wk Spinel and trace 6.8 
-Fe~O~ 

5.8-5.9 1 wk Spinel and some 7-FeOOH 7.4 1 wk Spinel 7.2 
12 wk Spinel 6.7 

1.0% H~O2 24 hr 7-FeOOH 7.3 1 wk ~-Fe,O, and some 6.4 
spinel 

1 wk ~-Fe,O3 and some 6.4 
5.7-5.9 1 wk 7-FeOOH and ~-FeOOH 8.0 spinel 

12 wk Spinel and trace 6.9 
~-Fe~O~ 

2.0% H,O, 24 hr 7-FeOOH 7.3 i wk ~-Fe~O~ and some 6.1 
spinel 

5.4-5.7 1 wk -y-FeOOH and a-FeOOH 

4.0% H~O2 24 hr 7-FeOOH 

i wk ~-Fe~O~ and some 6.0 
8.3 spinel 

12 wk a-Fe,O, and spi- 6.0 
nel  

7.3 1 wk ~-Fe~O~ and some 6.1 
spinel 

5.9-6.0 1 wk 7-FeOOH and a-FeOOH 8.2 
I wk a-Fe~O3 and some 5.9 

spinel 
12 wk a-Fe~O~ and spi- 5.8 

nel 

sponding  drop in pH to the  n e u t r a l  region.  As the  
oxygen  is consumed  by  the  react ion,  this a-Fe.~O~ is 
s lowly reduced  to spinel  (Fe30,) .  
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Corrosion of Nickel Coated Mild Steel 
B. C. Banerjee 1 

National Chemical Laboratory, Poona, India 

ABSTRACT 

A dissolution ra te  s tudy of i ron f rom mild  steel  disks coated wi th  e lec t ro-  
deposi ted nickel  having  (100), (10-1-0)~-(211), (110), and (210) or ienta t ions  
has r evea led  that,  in hydrochlor ic  acid solution, coatings wi th  (210) or ienta t ion  
gave the best  pro tec t ion  to the iron. On the other  hand, in neu t ra l  sodium 
chlor ide  solut ion apprec iab le  difference in the dissolut ion ra te  has not been ob-  
served.  These resul ts  have  been discussed with  re fe rence  to the prec ip i ta t ion  of 
basic i ron  salts, the  e lect rochemical  an iso t ropy of different  faces of a single 
crystal ,  and also to the  t ex tu re  of the deposits.  

The  cor ros ion  of a m e t a l  can  be  m i n i m i z e d  b y  a 
coa t ing  of a n o b l e r  me ta l ,  for  e x a m p l e ,  b y  e l e c t r o -  
depos i t i on  of n i c k e l  on iron.  U n d e r  t he  condi t ions  of 
e l e c t r o p l a t i n g  used  in  p rac t i ce ,  t he  coa t ing  wi l l  be  
m o r e  or  less porous  and  the  p r o t e c t i o n  efficiency is 
s u p p o s e d  to d e p e n d  l a r g e l y  on the  p o r o s i t y  of t he  
coa t ing  (1, 2).  I t  m a y  be  m e n t i o n e d  in th is  connec -  
t ion  t h a t  t he  p o l y c r y s t a l l i n e  n i cke l  coa t ing  is m a d e  
u p  of  a l a r g e  n u m b e r  of s ing le  c rys ta l s .  Such  a coa t -  
ing  may ,  howeve r ,  deve lop  d i f fe ren t  c r y s t a l  o r i e n t a -  
t ions  u n d e r  v a r y i n g  cond i t ions  of depos i t i on  (3, 4) 
and  t hus  affect  t he  cor ros ion  r a t e  of the  base  m e t a l  
due  to e l e c t r o c h e m i c a l  a n i s o t r o p y  of d i f fe ren t  faces  
of a s ing le  c ry s t a l  ( 5 - 8 ) .  I t  was  p r e v i o u s l y  t hough t  
( 3 , 4 )  t h a t  the  l a t e r a l  g r o w t h  of e l e c t r o d e p o s i t e d  
m e t a l s  of t he  f.c.c, type ,  def ined  b y  the  o r i e n t a t i o n  of 
the  m o r e  d e n s e l y  p a c k e d  a tomic  p l a n e s  such as 

(111) ,  (100) ,  or  (1010) ~ (211) p a r a l l e l  to the  sub -  
s t r a t e  su r f ace  g ives  b e t t e r  p r o t e c t i o n  t h a n  the  ou t -  
g r o w t h  t y p e  of  depos i t s  def ined  b y  (110) or  (210) 
o r i en ta t ions .  F o r  i n d u s t r i a l  e l e c t r o p l a t i n g ,  ba th  con-  
d i t ions  c o r r e s p o n d i n g  to t he  f o r m e r  w e r e  t h e r e f o r e  
r e c o m m e n d e d  (4) .  In  w h a t  fo l lows  some p r e l i m i n a r y  
r e su l t s  of d i s so lu t ion  of i ron  f rom a m i l d  s teel  d i sk  
coa ted  w i t h  e l e c t r o d e p o s i t e d  n i cke l  sugges t  a d i f fe r -  
en t  t y p e  of behav io r .  

Experimental Results 
Mild  s tee l  d i sks  of 2 cm d i a m e t e r  w e r e  m a d e  out  

of a rod  s u p p l i e d  b y  " T I S C O "  ( I n d i a ) .  T h e y  w e r e  
c a r e f u l l y  po l i shed  and  the  nons ign i f i can t  po r t ions  
w e r e  t h i c k l y  p l a t e d  w i t h  n icke l ,  a n d  t h e n  covered  
w i t h  col lodion.  The  s igni f icant  su r f aces  ( a r e a  3.14 
cm ~) of  one  set  of such d i sks  w e r e  h a n d  po l i shed  w i t h  
e m e r y  of d i f fe ren t  g r a d e s  r a n g i n g  f rom 1F down  to 
4 /0  a n d  the  su r faces  of a n o t h e r  set  w e r e  m a c h i n e  
po l i shed  on a po l i sh ing  c lo th  con t a in ing  j e w e l l e r ' s  
rouge  soaked  w i t h  a con t inuous  s u p p l y  of x y l e n e  as 
l ub r i can t .  Mach ine  po l i sh ing  of d i f f e ren t  sets  of 
d i sks  also was  c a r r i e d  out  w i t h  j e w e l l e r ' s  rouge  
soaked  c o n t i n u o u s l y  w i t h  benzene ,  to luene ,  d ioxane ,  
deca l ine ,  etc.,  r e spec t i ve ly .  The  m a c h i n e  po l i shed  
d i sks  c o n t a i n e d  no v i s ib le  sc ra tches ,  b u t  a f ew  
sc ra t ches  could  be  seen  in  h a n d  p o l i s h e d  disks.  The  
su r f aces  thus  o b t a i n e d  w e r e  c l eaned  t h o r o u g h l y  w i t h  

1 P r e s e n t  address: Department of Phys ics ,  Pennsylvania State 
Univers i ty ,  Un ive r s i ty  P a r k ,  Pa .  

ace tone  (A.R.  g r a d e )  and  d i s t i l l ed  w a t e r  to m a k e  
t h e m  f ree  f r o m  grease ,  etc., and  t h e n  coa ted  w i t h  
n i cke l  f r o m  a b a t h  cons is t ing  of 280 g/1 of n i cke l  su l -  
fa te ,  48 g/1 of n i cke l  ch lor ide ,  and  31 g/1 of bor ic  
acid.  A l l  c h e m i c a l s  w e r e  of C. P. g rade .  The  b a t h  was  
pur i f i ed  i n i t i a l l y  b y  e l ec t ro lyz ing  the  so lu t ion  at  a 
low c u r r e n t  dens i ty ,  w i t h  a d u m m y  b r a s s  ca thode  
and  a v e r y  p u r e  n i cke l  foi l  as anode.  The  p H  of the  
b a t h  was  a d j u s t e d  b y  a d d i n g  an  a p p r o p r i a t e  q u a n t i t y  
of  the  ac id  or  n i cke l  ca rbona t e .  The  so lu t ions  thus  
p r e p a r e d  w e r e  f i l t e red  to r e m o v e  a n y  s u s p e n d e d  
m a t t e r  in  them.  In  o r d e r  to p r e v e n t  poss ib le  l e a k a g e  
of i ron  t h r o u g h  nons ign i f i can t  su r faces  of a d i sk  d u r -  
ing e x p e r i m e n t s ,  t h i c k  coa t ings  of b e e s w a x  also w e r e  
a p p l i e d  on them.  The  depos i t  o r i en ta t ions ,  (210) ,  

(100) ,  a n d  (1010) + (211) w e r e  o b t a i n e d  at  25~ 
at  pH of 2.1, 3.9, and  5.1, r e spec t i ve ly ,  w h e r e a s  the  
(110) o r i e n t a t i o n  was  d e v e l o p e d  at  a n y  one of t he  
pH ' s  a t  60~ The  c u r r e n t  d e n s i t y  was  10 m a / c m  ~ in 
a l l  t he  a b o v e  cases  of depos i t ion .  The  t i m e  of d e -  
pos i t ion  w h i c h  e n s u r e d  an  a v e r a g e  th i ckness  of 5.75 
of n i cke l  coa t ing  was  no ted  f rom r e f e r e n c e  curves ,  
p r e v i o u s l y  d e t e r m i n e d  for  each  one of t he  c ry s t a l  
o r i en ta t ions ,  b y  a m e t h o d  sugges t ed  b y  B l u m  and  
H o g a b o o m  (1) .  The  o r i e n t a t i ons  w e r e  c he c ke d  f rom 
e l ec t ron  d i f f r ac t ion  p a t t e r n s  ( re f lec t ion  type ,  ~55  k v  
e lec t rons ,  c a m e r a  l e n g t h  ~ 5 0  c m ) .  

The  e x p e r i m e n t s  on d i s so lu t ions  of t he  p l a t e d  
d i sks  w e r e  c a r r i e d  out  in P y r e x  b e a k e r s  con ta in ing  
40 cc of 0.5% HC1 ( p H i l )  or  5% NaC1 ( p H i 7 )  
a t  25~ w i t h  the  d isks  i m m e r s e d  v e r t i c a l l y  for  t he  
specif ied t i m e  i n t e r v a l s  in  t he  s t a g n a n t  solut ions ,  
k e p t  open to a i r  a l l  the  t ime .  The  d i sk  was  w a s h e d  
w i t h  d i s t i l l ed  w a t e r ,  d r i e d  w i t h  f i l te r  pape r ,  and  
d i p p e d  in a f r e sh  so lu t ion  e v e r y  t ime.  The  so lu t ions  
con ta in ing  i ron  m o s t l y  in t he  f o r m  of F e  ~+ ions w e r e  
ox id ized  to t h e  F e  ~§ s ta te  b y  a d d i n g  3 cc of 4N n i t r i c  
ac id  and  bo i l i ng  for  5 min.  Then  the  c onc e n t r a t i on  
of i ron  was  e s t i m a t e d  s p e c t r o p h o t o m e t r i c a l l y  a f t e r  
a d d i n g  K C N S  so lu t ion  w i t h  a U n i c a m  s p e c t r o p h o t o -  
m e t e r  us ing  a l i gh t  of k ---- 500 m~ (10) .  

F i g u r e  1 p r e s e n t s  r e su l t s  fo r  t he  d i s so lu t ions  in 
0.5% HC1 so lu t ions  at  25~ w h e n  the  i n i t i a l  su r face  
was  h a n d  po l i shed ,  Fig.  2 for  m a c h i n e  po l i shed  s u r -  
faces  ( j e w e l l e r ' s  rouge  soaked  w i th  x y l e n e  as l u b r i -  

80 
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cant) ,  and Fig. 3 for dissolution in 5% NaC1 solution 
from the machine polished p la ted  disks. However ,  
results  s imilar  to Fig. 1 also were  obta ined wi th  m a -  
chine polished p la ted  disks if benzene, toluene, d i -  
oxane, decaline, and many  other s imi lar  hyd roca r -  
bons were  used as soaking l iquid for j ewel le r ' s  rouge 
dur ing machine pol ishing of ini t ia l  surfaces of mild  
steel disks instead of xylene.  In all the above cases 
averages from five different  exper iments  are given. 
It may  be seen tha t  the ra te  of dissolution as given 
by the slope is h igher  in i t ia l ly  and becomes s teady 
af ter  a few minutes.  In the case of (210) or ienta t ion 
the ini t ia l  ra te  of dissolution is higher  compared  wi th  
other  or ientat ions (Fig. 1 and 2), but  la ter  the ra te  
becomes the lowest  of all, i r respect ive  of the method 
of polishing of the ini t ia l  i ron surfaces. This indicates 
that  (210) or ienta t ion of nickel  coating or the t ex-  
ture of the coating obtained under  the s ta ted ba th  
conditions on mild  steel u l t ima te ly  gives the be t te r  
protect ion from corrosion in the wet environments  
s tudied above. 

In the salt  solution (Fig. 3), however,  no apprec i -  
able difference in the  corrosion ra tes  was observed 
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Fig. 1. Dissolution of Fe from hand-polished disk, coated 
with orientated nickel in 0.5% HCI solution. 
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Fig. 2. Dissolution of Fe from machine-polished disk 
(xylene as soaking liquid) coated with orientated nickel in 
�9 0.5% HCI solution, (the lowest curve 0.25% HCI). 
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Fig. 3. Dissolution of Fe from machine-polished disk, coated 
with orientated nickel in 5.0% NaCI solution. 

for the var ious  crys ta l  or ientat ions.  The higher  dis-  
solution observed in the case of hand-pol ished,  com- 
pa red  to machine-pol ished,  coated disks is obviously 
due to more  i r regular i t i es  on the surface leading to a 
less efficient protect ion by  the coating. 

Discussion 
The corrosion of meta ls  in acid solution involves 

essent ia l ly  the t ransfer  of one or more electrons by 
the meta l  atom to another  species, fol lowed by  sa lva-  
t ion in the  aqueous solution. It could be assumed tha t  
the ra te  of dissolution will ,  inter alia, be dependent  
on the area of the exposed iron. The impor tan t  ques-  
t ion of the t ex tu re  of the deposit  involving such con- 
s iderat ions as size, grain boundaries,  orientat ions,  
and mutua l  a r rangement  of the discontinuit ies  of the 
in te rcrys ta l l i tes  should be considered p r imar i l y  
(7-9) .  

I t  may  be inferred tha t  ba th  condit ions deposi t ing 
nickel  wi th  (210) plane para l l e l  to the subs t ra te  sur -  
face might  have produced the least  porous surface. 
However,  qual i ta t ive  est imates of poros i ty  by  the 
usual  hot  wa te r  dip and fe r rocyanide  methods reveal  

tha t  deposits wi th  (210) and (1010) + (211) or ien-  
tat ions are dis t inct ly  more porous and the resul ts  are 
in agreement  wi th  those of Rot inyan (13). This also 
can be apprec ia ted  in view of the fact tha t  apprec i -  
able evolut ion of hydrogen  occurs dur ing the deposi-  
t ion of nickel  wi th  (210) crys ta l  or ienta t ion and 
small  gas bubbles  would stick to cathode surface 
when the deposit ion is carr ied  out (3-5) .  Al though 
the above tests for poros i ty  (1) do not give any 
quant i ta t ive  es t imate  of the total  area exposed as a 
resul t  of discontinuities,  etc., in the  deposits, it is 
enough to suggest that  the dissolut ion ra te  (vide Fig. 
1 and 2) is not de te rmined  en t i re ly  by this exposed 
area,  and the crys ta l  or ien ta t ion  might  have influ- 
enced the resul ts  (7-9) .  

I t  may  be noted tha t  the  dissolution behavior  as 
represen ted  in Fig. 1 for (110) and (100) or ien ta -  
tions of nickel  coating is comple te ly  reversed  in Fig. 
2. This may  be due to the adsorpt ion of xy lene  (in 
some form or other)  on the iron surface dur ing  m a -  
chine polishing and the adsorbed mat te r  could not 
possibly be removed by washing. Thus dur ing  elec-  
t rodeposi t ion of nickel  on such surfaces, the adsorbed 
mat te r  might  have been t r apped  in the pores or other  
forms of discontinuit ies  of n ickel  deposits  and hence 
in the local corrosion cells dur ing dissolution expe r i -  
ments.  These t race  quanti t ies  of t r apped  impur i t ies  
(12) might  have been responsible  for influencing 
anodic and cathodic processes in each corrosion cell, 
u l t ima te ly  giving the reversa l  effect. 

It is well  known that  different  single crys ta l  faces 
have  different  e lect rochemical  potent ia ls  (5, 6) and 
hence the oxidat ion and reduct ion rates  differ con- 
s iderab ly  be tween them (7-9) .  We can visualize the 
existence of local cells at  each pore  consisting of 
large cathodes (or iented  nickel )  and small  anodes 
(po lycrys ta l l ine  i ron) .  The poten t ia l s  of such cells 
are dependent  on the or ientat ions  of n ickel  to such 
an extent  as to affect the ra te  of dissolutions in the 
order  suggested by  our results.  Fur ther ,  the signifi- 
cant influence of other  t ex tu ra l  features  as men-  
t ioned ear l ie r  cannot be ruled out. 
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Evans  (2) po in ted  out t ha t  the  combina t ion  of a 
l a rge  ca thode  and  smal l  anode  gives r ise to i n t ense  
a t tack  by  corrosive  agents.  This  wil l  lead to a h ighe r  
c u r r e n t  dens i ty  in  the  local corrosion cells f avor ing  
the d isso lu t ion  of iron. In  the  p r eva i l i ng  s t a g n a n t  
condi t ion  of the  acid solut ion in  the  pore, the re  wil l  
soon arise h igh anodic  po la r iza t ion  due  to the  a c c u m -  
u l a t i on  of Fe - i ons  which  wi l l  oppose d isso lu t ion  of 
i ron progress ive ly .  Fu r the r ,  owing  to the d ischarge  
of h y d r o g e n  at  the cathode the  l iqu id  in the n i c k e l /  
so lu t ion  in t e r rac ia l  reg ion  wi l l  t end  to be a lkal ine .  
Since the  anode  and  the  cathode are so n e a r  each 
other,  i r o n / s o l u t i o n  in te r face  also wi l l  be at a pH 
m u c h  h igher  t h a n  tha t  of the bu lk  solut ion.  The  p re -  
c ip i ta t ion  of basic salts of i ron  in the  pore  thus  are 
faci l i ta ted,  and  this  decreases the  d issolu t ion  ra te  w i th  
t ime.  The  absence  of any  apprec iab le  difference in 
d isso lu t ion  behav io r  of spec imens  h a v i n g  dif ferent  
c rys ta l  o r i en ta t ions  in  5% sodium chlor ide solut ion 
in  cont ras t  w i t h  the i r  behav io r  in d i lu te  hydrochlor ic  
acid solut ions  m a y  be a t t r i b u t e d  to the i n s t a n t a n e o u s  
fo rma t ion  of a pro tec t ive  oxide coat ing on the ex-  
posed areas  in  presence  of n e u t r a l  so lu t ion  in  the  
pores. 

Acknowledgments 
The a u t h o r  expresses his g r a t i t ude  to Dr. A. B. 

Biswas for va r ious  suggest ions  and  e n c o u r a g e m e n t s  
d u r i n g  the  progress  of the  w o r k  and  to Drs. A. P. B. 
Sinha,  M. K. Gha rpu rey ,  and  Hi ra  La l  for s t i m u l a t -  
ing discussions.  

Manuscript  received May 28, 1959. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in  the December 1960 
JOURNAL. 

REFERENCES 
1. W. Blum and G. B. Hogaboom, "Principles of Elec- 

t roplat ing and Electroforming," 3rd Ed., pp. 141 
and 104, McGraw-Hil l  Book Co., New York 
(1949). 

2. U. R. Evans, "An Introduct ion of Metallic Corro- 
sion," Edward Arnold and Co., London (1950). 

3. B. C. Baner jee  and A. Goswami, J. Sci. Ind. Res. 
(India), 14B, 322 (1955). 

4. B. C. Baner jee  and A. Goswami, This Journal, 106, 20 
(1959). 

5. H. Leidheiser, Jr., and A. T. Gwathmey,  Trans. 
Electrochem. Soc., 91, 95 (1947). 

6. W. E. Tragert  and W. D. Robertson, This Journal, 
102, 86 (1955). 

7. F. W. Young, Jr., J. V. Cathcart, and A. T. Gwath-  
mey, Acta Met., 4, 145 (1956). 

8. K. R. Lawless and A. T. Gwathmey, ibid., 4, 153 
(1956). 

9. "Semiconductor Surface Physics," R. H. Kingston 
Editor, p. 336, Univers i ty  of Pennsy lvan ia  Press 
(1956). 

10. A. Vogel, "A Textbook of Quant i ta t ive Inorganic 
Analysis, Theory and Practice," p. 702, Longmans, 
Green and Co., London (1943). 

11. A. L. Rotinyan,  et al, J. Appl. Chem. (U.S.S.R.) 
(English edit ion),  30, 756 (May 9, 1957). 

12. B. C. Baner jee  and A. Goswami, J. Sci. Ind. Res. 
(India), 16B, 144 (1957). 

The Kinetics of the Corrosion of Low-Hafnium 
Zirconium in Aqueous Sulfuric Acid Solutions 

Tennyson Smith 

Atomics International, Canoga Park, California 

ABSTRACT 

The rates of corrosion of low-hafn ium zirconium in aqueous sulfuric acid 
solutions, over the concentration range 9-97% by weight, have been studied. 
Corrosion was detected by measur ing the concentrat ion of zirconium in solu- 
tion with a radioactive tracer, Zr ~. The samples first were etched in an aqueous 
hydrofluoric-nitr ic acid solution, then placed directly into the sulfuric acid 
solution. The in i t ia l  corrosion followed a parabolic rate law which was followed 
by a constant  rate. Corrosion during the constant  reaction rate period was 
faster, by an order of magni tude  or more, than  rates reported in the l i terature 
(1-4) for unetched samples under  similar conditions. This is thought to be due 
to the removal  of the protective oxide film on etching and the subsequent  
growth of some less protective film in the sulfuric acid solution. 

The corrosion rate was found to be first-order with respect to undissociated 
sulfuric acid over the concentrat ion range 0.2-9M, "undissociated sulfuric acid," 
[31.4 to 81.1% H2SO, by weight (5)].  An equation re la t ing the corrosion rate 
and the concentrat ion of undissociated sulfuric acid at 44~ and with pre-e tch-  
ing, is: R -~ 4.0 x 10 -5 x (H2SO0 + 1.0 x 10 -5, g cm -~ hr-L An approximate value 
for the activation energy determined over the tempera ture  range 20~176 is 
7-8 kcal mole -1. A discussion of possible mechanisms is given with suggestions 
for fur ther  research. 

This pape r  repor ts  the  second pa r t  of a s tudy  to 
e luc ida te  the k inet ics  of the  corrosion of l o w - h a f -  
n i u m  z i r con ium in  aqueous  acid solut ions.  P a r t  one 

of this s tudy  has been  repor ted  p rev ious ly  (6) and  
concerned  the d isso lu t ion  of z i r con ium in  aqueous  
hydrof luor ic  acid solutions.  
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Li t t l e  has been  repor ted  in  the  l i t e r a tu r e  abou t  the  
k inet ics  of the  corrosion of z i rconium.  Most of the  
work  has been  repor ted  as eng inee r ing  data,  tha t  is, 
spot checks at  var ious  t e m p e r a t u r e s  and  acid con-  
cent ra t ions .  The work  repor ted  here, a l though  p re -  
l i m i n a r y  in  na tu re ,  th rows  l ight  on the  m e c h a n i s m  
of the corrosion of z i r con ium in  su l fur ic  acid solu-  
t ions and  poin ts  the way  to f u r t he r  expe r imen ta t i on .  

To help  u n d e r s t a n d  the m e c h a n i s m  of the  corro-  
sion p h e n o m e n o n ,  it is i m p o r t a n t  to k n o w  the  con-  
cen t ra t ions  of the  va r ious  species in  solut ion.  Much 
work  has been  done to iden t i fy  the species p resen t  in  
aqueous  su l fur ic  acid solutions.  Most of the work  has 
been  done  wi th  the  use of R a m a n  spectra.  It  has been  
found  tha t  d i f ferent  species have  charac ter i s t ic  l ines,  
which  are pecu l i a r  to t h e m  alone, the  i n t e n s i t y  of 
which  is p ropor t iona l  to the concent ra t ion .  A l though  
most  of the  work  has been  concerned  wi th  i den t i fy ing  
the R a m a n  spectra  wi th  the i n d i v i d u a l  species, two 
pub l i ca t ions  have  been  made  wh ich  r epor t  the  con-  
cen t ra t ions  of the  var ious  species (H +, SO4=, HSOc,  
and  undissoc ia ted  It~SO~, he rea f t e r  r ep re sen t ed  as 
H2SO0 as a f unc t i on  of the  s to ichiometr ic  su l fur ic  
acid concen t ra t ion .  In  1949, Young  and  Blatz  (5) r e -  
por ted  calculat ions ,  based on the  work  of Rao (7) ,  of 
the specific concen t r a t i on  of H +, SO,:, H S O j ,  and  
H~SO, in  aqueous  su l fur ic  acid solutions.  In  1951, 
Young (8) r epor ted  la te r  work  on the concen t ra t ions  
of these species. 

The fo l lowing reac t ion  ra te  data  are ana lyzed  in 
te rms  of the  specific concen t ra t ions  of the var ious  
species in  solut ion.  

Experimental Procedure 
L o w - h a f n i u m  z i rcon ium samples  5 x 5 x 0.32 cm 

had been  i r r ad i a t ed  wi th  n e u t r o n s  at the  Oak Ridge 
Nat iona l  Labora to ry .  The isotope Zr  ~ (ha l f  life 65 
days)  was  used as a t racer  in these exper imen t s .  A 
deta i led  descr ip t ion  of the  z i r con ium h i s to ry  and  the  
isotope de tec t ion  appa ra tu s  is g iven  in  a p rev ious  
paper  (6) .  In  brief ,  we ighed  samples  were  t a ke n  
f rom the  z i r con ium pla tes  and  were  dissolved in  h y -  
drofluoric acid solutions.  These solut ions were  used 
as s t anda rds  for compar i son  wi th  u n k n o w n  concen-  
t ra t ions  of z i r con ium in  solut ion.  The appara tus ,  
which  c o n t i n u o u s l y  recorded the  z i r con ium concen-  
t r a t ion  in  the hydrof luor ic  acid work  (6) ,  was no t  
used because  of the  e x t r e m e l y  slow corros ion ra tes  
in su l fur ic  acid be low 80%. 

The solut ions  were  made  wi th  conduc t iv i ty  w a t e r  
and  r eagen t  g rade  su l fur ic  acid. Al l  concen t ra t ions  
recorded in  per  cent  refer  to per  cent  by  weight .  

F o u r  z i r con ium samples  were  suspended  by  po ly -  
e thy lene  s t r ings  in  four  separa te  beakers  which  were  
in  a cons t an t  t e m p e r a t u r e  bath.  Each b e a k e r  con-  
t a ined  750 ml  of the  appropr i a t e  su l fur ic  acid so lu-  
tion. In i t i a l  e x p e r i m e n t s  showed tha t  the  corrosion 
of une t ched  z i r con ium samples  in  aqueous  su l fur ic  
acid solut ions  was  too slow to be s tudied  in  the  t ime  
ava i lab le  w i t h  the  proposed e x p e r i m e n t a l  t echnique .  
Even  samples  tha t  had been  e tched in  aqueous  h y -  
drofluoric acid solut ions,  t h e n  r insed  in  d is t i l led  
water ,  corroded ve ry  slowly. Except  for a few in i t i a l  
exper iments ,  the z i r con ium samples  were  first e tched 

for 1 min in a 4% hydrofluoric, 30% nitric acid, 
aqueous solution to remove any oxide film. The sam- 
ple was then placed immediately into the sulfuric acid 
solution. Experiment showed that a sample etched 
then placed immediately into water put about 1 x 
i0-' g of zirconium in solution as reaction products 
from the etchant. After placing samples in the sul- 
furic acid solution, samples of the solution were 
taken immediately and at regular time intervals and 
counted in the scintillometer. The amount of zirco- 
nium (I x 10 -4 to 2 x 10 -4 g) in the first solution-sam- 
ple then was subtracted from subsequent measure- 
ments, to determine the amount of corrosion. 

In many of the initial experiments the solution was 
stirred at various rates (stirrer speed 0 to 1500 rpm), 
since no effect from stirring could be detected over 
the concentration and temperature range of the ex- 
periments stirring was discontinued. 

Results 
Figures  1, 2, a nd  3 show a few examples  of 42 ex -  

pe r i me n t s  tha t  were  made  over  a r ange  of 9 to 97% 
su l fur ic  acid. F i g u r e  1 shows the  a m o u n t  of zirco- 
n i u m  tha t  dissolved in  a 16.9% solut ion of su l fur ic  
acid as a f unc t i on  of t ime.  Nine  i n d e p e n d e n t  expe r i -  
me n t s  were  made  at this  concen t ra t ion .  E x p e r i m e n t s  
1, 2, 3, and  4 in  Fig. 1 i l lus t ra te  a p h e n o m e n o n  tha t  
occur red  only  a few t imes  d u r i n g  the s tudy,  tha t  of 
a sudden  increase  in  the  rate,  or b reak  a w a y  for a 
per iod  of t ime,  a f te r  wh ich  the  corrosion ra te  r e -  
t u r n e d  to a p p r o x i m a t e l y  the or ig ina l  value .  These 
four  e xpe r i me n t s  we re  s ta r ted  at  the same t ime  and  
were  all  in  the  same cons tan t  t e m p e r a t u r e  bath.  For  
s impl ic i ty ,  on ly  curves  showing  t rends  are d r a w n  
t h r ough  the  points .  

F igu re  2 i l lus t ra tes  the  shape of the curves  tha t  
r esu l t ed  w h e n  the  we igh t  of dissolved z i r con ium vs. 
t ime  was  p lo t ted  for 24.4% sul fur ic  acid solut ions  at 
44~ I n  most  of the  exper imen t s ,  a cons t an t  ra te  
was  observed  af ter  the  in i t i a t ion  period. 

F igu re  3 shows a plot  of the corrosion of z i r con ium 
in  31.4% and  55% su l fur ic  acid over  a per iod  of 800 
hr. The  t e m p e r a t u r e  was  changed  d u r i n g  some of the  
e xpe r i me n t s  to f ind the  effect on the  reac t ion  rate .  I t  
is seen tha t  the  corrosion of z i r con ium in  su l fur ic  
acid, u n d e r  the  condi t ions  of these  expe r imen t s ,  is 
l i nea r  w i th  respect  to t ime  over  long periods.  

I , I o  I / I ~ / 
2.5 x I 0 '  ~ TEMP = 4 4 ~  - -  i~-=-- '  

l I EXP. / "  / 

I I:: / / J  

T I M E  (hours~ 

Fig. 1. Dissolved zirconium vs. time for o 16.9% sulfuric 
acid solution at 44~ Shows break-away phenomenon. 
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Fig. 2. Corrosion of zirconium in a 24 .4% sulfuric acid 
solution at 44~ Initial reaction follows the parabolic rate 
law. 
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Fig. 3. Corrosion of zirconium in a 3] .4 and 55% sulfuric 
acid solution, as a function of time and temperature. 

F i g u r e  4 is an  A r r h e n i u s  plot  for  two expe r im en t s ,  
one  at  31.4% and the  o the r  at 55% su l fur ic  acid. An  
e s t ima te  of the  ac t i va t i on  e n e r g y  f r o m  the  e x p e r i -  
m e n t  at 31.4% and 55% is about  7-8 k c a l / m o l e .  

Reco rded  in Tab le  I is the  ra te  of corros ion of z i r -  
con ium at va r ious  concen t ra t ions  of su l fur ic  acid, in 
w e i g h t  pe r  cent .  The  m o l a r i t y  of the  su l fu r ic  acid 
and  the  co r r e spond ing  concen t r a t ions  of the  H § 
HSO,-, SO,=, and  H~SO, also h a v e  been  recorded.  
These  concen t ra t ions  w e r e  e s t ima ted  f r o m  the  da ta  
g i v e n  in the  two  r epo r t s  by  Young  and Bla tz  (5) and 
Young  (8) m e n t i o n e d  above.  

Cor ros ion  in solu t ions  9% or less was  too s low to 
be  de t ec t ed  in the  t i m e  of the  expe r imen t s .  B e t w e e n  

4 

oc 

2.9 3.o 3.t 32 3.3 .~.4 

( l i T  ~ )X lO  ~ 

Fig. 4. An Arrhenius plot for zirconium corrosion in a 31.4 
and 55% sulfuric acid solution. 

9 and  about  80 % su l fur ic  acid  t he  r eac t ion  r a t e  was  
r ap id  at first t h e n  s lowed  d o w n  w i t h  t ime  to a s teady  
state.  The  samples  had  a c lean  me ta l l i c  appea r ance  
w h i l e  corros ion occurred ,  bu t  w e r e  not  br ight .  They  
appea red  to h a v e  a v e r y  th in  fi lm tha t  du l l ed  the i r  
luster .  At  h i g h e r  concen t r a t i ons  ( a round  80% or 
above)  a w h i t e  l aye r  f o rm ed ;  some of this  was  
sc raped  off and ana lyzed  by  x - r a y  diffract ion.  The 
x - r a y  d i f f rac t ion  p a t t e r n  m a t c h e d  tha t  of z i r con ium 
d i su l fa te  t e t r a h y d r a t e  as r e p o r t e d  by S t a r t z k y  and 
S ingr  (9) and also l a t e r  by  the  Na t iona l  B u r e a u  of 
S t anda rds  (10) .  At  the  h ighes t  concen t ra t ions  
( above  80% ) t he  reac t ion  r a t e  was  v e r y  fast  and not  
reproduc ib le .  B lack  films f o r m e d  tha t  spa l led  and 
f laked off. The  b lack  m a t e r i a l  p r o v e d  to be a m o r -  
phous,  g iv ing  b road  peaks  on x - r a y  analysis ;  m a n y  
of the  m a j o r  peaks  m a t c h e d  we l l  in " d "  v a l u e  wi th  
those  r epo r t ed  fo r  e z i r con ium hyd r ide  (E-ZrH) by 
H a g g  (11).  

A w e i g h e d  sample  of z i r c o n i u m  tu rn ings  was  r e -  
ac ted  to comple t i on  in 96% su l fu r ic  acid; the  gas tha t  
evo lved  was  co l lec ted  and tes ted  by in f r a red  spec t ro -  
scopy and by  Orsa t  analysis .  The  gas p r o v e d  to be 

Table I. Corrosion rate of zirconium in sulfuric acid solutions as a function of concentration at 44~ 

(H+) (SO4 =) (HSO4-) (H~SOD 
H2SO4, S t o i c h i o m  M M M M R a t e s  
% b y  conc.  g c m  -2 Ra te ,  
w t  I-IeS04, M * t * ~ * ? * ? h r  -1 x 10 -4 m d d  

16.9 1.87 2.6 1.9 0.6 0.1 1.4 1.7 - -  0.08 0.033 7.9 
24.4 2.80 3.8 2.7 0.9 0.1 2.0 2.5 - -  0.18 0.086 20.6 
31.4 3.74 5.0 3.6 1.2 0.2 2.6 3.2 - -  0.29 0.230 55.2 
37.9 4.67 6.2 4.4 1.5 0.2 3.2 4.0 - -  0.47 0.230 55.2 
44.0 5.61 7.2 5.3 1.6 0.3 4.0 4.7 - -  0.67 0.380 91.2 
55.0 7.48 9.1 6.5 1.7 0.3 5.7 5.9 - -  1.22 0.670 160 
64.7 9.35 10.6 7.3 1.4 0.3 7.8 6.7 - -  2.35 1.04 250 
69.1 10.28 11.2 7.3 1.2 0.3 8.8 6.7 - -  3.30 1.46 350 
73.3 11.22 12.2 6.8 1.0 0.2 10.2 6.4 - -  4.71 2.30 552 
77.3 12.15 13.0 5.9 0.8 0.1 11.4 5.7 - -  6.53 2.60 624 
81.1 13.09 13.6 4.0 0.5 0.0 12.6 4.0 - -  8.85 3.60 876 
88.0 14.96 12.6 2.6 0.0 0.0 12.6 2.6 2.0 12.50 - -  - -  
94.0 16.83 8.0 1.3 0.0 0.0 8.01 1.3 8.1 15.60 - -  - -  

100.0 18.70 0.0 0.0 0.0 0.0 0.0 0.0 15.0 18.70 - -  - -  

* C o n c e n t r a t i o n s  e s t i m a t e d  f r o m  F ig .  4, Re f .  (8 ) .  
? C o n c e n t r a t i o n s  e s t i m a t e d  f r o m  T a b l e  I I ,  Re f .  (5 ) .  
S R a t e s  w e r e  d e t e r m i n e d  o v e r  t h e  p e r i o d  20-100 h r ,  a n d  a r e  a n  a v e r a g e  of a n u m b e r  of e x p e r i m e n t s  a t  e a c h  c o n c e n t r a t i o n .  
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pure  hyd rogen ;  the  a m o u n t  was  s to ich iomet r ica l ly  
correct  for the ox ida t ion  of z i r con ium to the  -t-4 
state.  The p roduc t  of the  reac t ion  in  solut ion wou ld  
be z i rconyl  sul fa te  t e t r a h y d r a t e  according to B l u m -  
e n t h a l  (12).  

To d e t e r m i n e  if the  ra te  was affected by  oxygen  
concen t ra t ion ,  an  e x p e r i m e n t  was  conduc ted  for 
which  the solut ion had  been  boiled,  cooled in an  
a rgon  a tmosphere ,  and  sa tu ra t ed  wi th  argon.  No 
change  in  the ra te  could be detec ted  by  thus  chang-  
ing the  oxygen  concent ra t ion .  

M a n y  of the  e x p e r i m e n t s  we re  m a d e  s t i r r ing  the  
solut ions  at d i f ferent  rates,  bu t  no effect on the r e -  
ac t ion  ra te  could be noted.  

One e x p e r i m e n t  was  conducted  w i th  a solut ion 
a p p r o x i m a t e l y  1.5% su l fur ic  acid, for abou t  3 hr  at 
v a r y i n g  t e m p e r a t u r e  and  p ressure  to see if corrosion 
wou ld  increase  apprec iably .  The  t e m p e r a t u r e  r anged  
f rom 38 ~ to 177~ and  the p ressure  f rom 200 to 800 
psig. No corrosion could be detec ted  for z i r con ium 
in  this  short  t ime  expe r imen t ,  a l though  the t i t a n i u m  
l iner  of the  au toc lave  showed m a r k e d  dissolut ion,  
f o rming  a b lue  complex  in solut ion.  

P i t t i ng  corrosion was not  observed  d u r i n g  this  
s tudy.  

Discussion 
Very  low corrosion ra tes  for u n e t c h e d  samples  is 

in  accord wi th  ra tes  repor ted  in  the  l i t e r a tu r e  (1 -4) ,  
and  this  is u sua l l y  ascr ibed to a pro tec t ive  l ayer  of 
oxide on the z i r con ium surface.  

To help u n d e r s t a n d  the m e c h a n i s m  by  which  the  
reac t ion  b e t w e e n  z i r con ium and  su l fur ic  acid is i n -  
hibi ted,  samples  were  placed d i rec t ly  f rom the  a que -  
ous hydrof luor ic  acid solut ion into the  su l fur ic  acid 
solut ion.  I t  was felt  t ha t  in this  m a n n e r  a n y  oxide 
fi lm adhe r ing  to the  z i r con ium wou ld  be s t r ipped  off 
in  the  e tchant ,  l eav ing  a c lean sur face  for the  in i t i a l  
cor ros ion  in  su l fur ic  acid. I n  th is  way ,  the  g rowth  of 
a n y  n e w  film could be fol lowed by  the  ra te  z i rco-  
n i u m  dissolved in  solut ion.  

A l t h o u g h  the  reac t ion  d u r i n g  the  in i t i a l  per iod  
(20-60 hr )  was no t  v e r y  reproducib le ,  the  curves  
g e n e r a l l y  had  the  shape as shown in  Fig. 2. 

A log log plot  of the  data  in  Fig. 2 is l i nea r  w i t h  a 
slope of 0.5. The in i t i a l  corrosion fol lows a parabol ic  
ra te  l aw which  can  be associated t h e n  wi th  the  
g rowth  of a corrosion p roduc t  film (13).  

The  g rea t ly  increased  corrosion ra tes  t ha t  fol lowed 
the  in i t i a t ion  period,  as compared  to ra tes  repor ted  
in  the  l i t e ra tu re ,  ind ica te  tha t  this  film is not  an  
oxide film as found  on une t ched  samples,  bu t  m u c h  
more  pervious.  A n  a t t e m p t  to discover  the  s t ruc tu re  
or composi t ion  of the  film by  x - r a y  ana lys i s  of the  
sur face  of a flat p la te  of z i r con ium proved  unsuccess -  
ful.  One  can specula te  tha t  the  composi t ion  is s imi la r  
to t ha t  found  at  the  h igher  acid concent ra t ions ,  z i r -  
c o n i u m  disu l fa te  t e t r ahydra t e ,  or z i r con ium hydr ide .  
A n o t h e r  poss ib i l i ty  migh t  be the  fo rma t ion  of a fi lm 
wi th  smal l  amoun t s  of f luoride wh ich  acts as a ca ta -  
lys t  to p romote  corrosion.  The  few ins tances  w he r e  
b r e a k - a w a y  took place (1, 2, 3, and  4, Fig. 1) m a y  be 
a t t r i b u t e d  to the  fo rma t ion  of an  u n s t a b l e  film which  
occas ional ly  b reaks  down,  caus ing  h igher  car}asian 
ra tes  for a short  i n t e r v a l  un t i l  the  film reforms.  
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Fig. 5. Rote of corrosion of zirconium as a funct ion of the 
concentrat ion of  H+, HSO(, and S0r = ions. 
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Fig. 6. Rate of corrosion of  zirconium at various concen- 
trations of undissociated H2S04. 

To find the  effect of the  i nd iv idua l  ionic species on 
the  ra t e  of react ion,  the  s t eady- s t a t e  corrosion ra tes  
were  p lo t ted  as a f unc t i on  of the  concen t r a t i on  of 
the  ionic species separa te ly  in  Fig. 5 and  6. The 
art icles  by  Young  and  Blatz  (5) and  the l a t e r  ar t ic le  
by  Young  (8) repor t  that ,  at  low s toichiometr ic  su l -  
fur ic  acid concent ra t ions ,  the m a j o r  species a re  H+ 
and  HSO,-; at h igh acid concen t ra t ions  H~.SO, i n -  
creases rapid ly .  The ar t ic le  by  Young  and  Blatz (5) 
repor ts  t ha t  H § HSO~-, and  SO,= go t h r ough  a m a x i -  
m u m  s t a r t i ng  at a s to ichiometr ic  su l fur ic  acid con-  
cen t r a t i on  of about  6 to 7M. The la te r  ar t ic le  by  
Young  (8) gives the  m a x i m u m  for H + and  HSO~- 
species at  a m u c h  h igher  concen t ra t ion ,  app rox i -  
m a t e l y  14M. 

F i g u r e  5 is a plot  of the  r a t e  as a func t ion  of the  
concen t ra t ions  of the  H*, SO,:, and  HSO~- ions es t i -  
ma t e d  f rom the  two above m e n t i o n e d  art icles.  I t  is 
seen that ,  if the  ear l ie r  r epor t  by  Young  a nd  Blatz 
is correct,  the  ra te  is double  va lued  for all  of these  
species, a nd  it can be conc luded  tha t  the  r a t e  is i n -  
d e p e n d e n t  of a n y  of them.  If the  ar t ic le  by  Young  
(8) is correct ,  the  r a t e  is st i l l  double  va lued  for the  
su l fa te  ion and,  a l though  the  curves  for the  H + and  
HSO~- ions are  no t  double  va lued  un t i l  m u c h  h igher  
concen t ra t ions  a re  reached,  the  shapes of the  curves  
are such tha t  it  seems u n l i k e l y  tha t  the  ra te  is a 
f unc t i on  of these ions in  a n y  case. 

F i g u r e  6 shows a plot  of the  ra id  as a f unc t i on  of 
the undissoc ia ted  su l fur ic  acid concen t ra t ion ,  based 
on the  a r t ic le  by  Young  and  Blatz (5) .  W i t h i n  ex -  
p e r i m e n t a l  error ,  the  ra te  is d i rec t ly  p ropor t iona l  to 
the  concen t r a t i on  of H~SO~. The points  in  Fig. 6 are 
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expe r imen ta l ,  and  the curve  is a v i sua l  fit of these  
points .  

A l though  the  t e m p e r a t u r e  at  which  Rao (7) did 
his work  was not  repor ted  by  h im  (he m e n t i o n e d  
tha t  he cooled his solut ions by  w a t e r ) ,  the  t e m p e r a -  
t u r e  was p r o b a b l y  close to room t e m p e r a t u r e  or not  
far  above this. Young  (8) r epor ted  his l a t e r  work  
was done at  25~ The solut ions  used for the  exper i -  
men t s  r epor ted  in  Table  I were  held  at 44~ In  v iew 
of all  the unce r t a in t i e s  invo lved ,  the  va lues  p lo t ted  
in  Fig. 5 and  6 p r o b a b l y  have  cons iderable  error ;  
however ,  the  re la t ive  va lues  and  the shape of the  
curves  should be rel iable .  

I t  seems reasonab le  to conclude  tha t  the  species 
that controls the reaction rate is the undissociated 
sulfuric acid molecule, at least at the higher con- 
centrations, and probably to as low as 0.5M. An 
equation for the linear portioh of the curve in Fig. 
6 is: R ~ 4.0 x 10 -~ (H,sSO'4) -~- 1.0 X 10 -~ g cm -~ h r  -1, 
whe re  R is the ra te  in  g rams  of z i r con ium dissolv ing 
in to  so lu t ion  per  square  cen t ime te r  of sample  per  
hour.  

By way  of s u m m a r y ,  the  fo l lowing observa t ions  
h a v e  been  made :  u n d e r  the  condi t ions  of these ex-  
p e r i m e n t s  the  in i t i a t ion  reac t ion  usua l ly  lasts f rom 
20-40 hr  and  obeys a parabo l ic  ra te  law. The in i -  
t i a t ion  reac t ion  is fol lowed by  a cons tan t  reac t ion  
ra te  which  is somewha t  h igher  t h a n  for une tched  
z i rconium.  The cons tan t  reac t ion  ra te  appears  to be 
a func t ion  of the  undissoc ia ted  H~SO, concen t ra t ion  
a lone  and  is first order  w i th  respect  to this  species. 
At  44~ the  specific reac t ion  ra te  cons tan t  is 4.0 x 
10 -5 g cm -~ hr -~ moles -I liter. The activation energy for 
the reaction slow step is 7-8 kcal mole -I. No effect on 
the rate could be detected by stirring the solution or 
changing the oxygen concentration. No change in the 
appearance of the samples is detected until the solu- 
tion becomes saturated with corrosion products, 
which crystallize as loose white crystals. The sam- 
ples have a clean metallic appearance while corro- 
sion occurs, but are not bright. They appear to have 
a very thin film that dulls their luster. Reaction of 
zirconium in solutions 80% sulfuric acid or higher 
gives rapidly increasing reaction rates, while loose 
films are formed that proved to be zirconium di- 
sulfate tetrahydrate. At the higher concentrations 
black films that flaked off are also formed; they are 
probably partly zirconium hydride. The gaseous re- 
action product is pure hydrogen; the amount evolved 
corresponds to that needed for zirconium to be oxi- 
dized to the  -}-4 state. 

A l though  these  observa t ions  do not  pe rmi t  a ve ry  
de ta i led  account  of the corrosion mechan i sm,  they  do 
a l low the  e l im ina t i on  of m a n y  of the  possible me c h -  
an i sms  and  po in t  to f u r t h e r  research  which  wi l l  
n a r r o w  down  the  r e m a i n i n g  possibil i t ies.  

The first order  ra te  dependence  on the und i s so -  
c iated su l fur ic  acid molecu le  and  the  low ac t iva t ion  
ene rgy  suggest  the  slow step to be some phys ica l  
p h e n o m e n o n  i nvo lv ing  this  species, such as adsorp -  
t ion  or diffusion. The in i t i a l  r eac t ion  which  fol lows a 

parabol ic  ra te  law indicates  the  g rowth  of a reac t ion  
p roduc t  ba r r i e r  t h r o u g h  which  the reac tan t s  m u s t  
diffuse. W h e n  the film reaches a l imi t ing  thickness,  
the reac t ion  comes to a s teady state  as shown by  the  
cons tan t  reac t ion  ra te  which  fol lows the  in i t i a t ion  
period. A n o t h e r  poss ib i l i ty  could be that ,  as the  r e -  
act ion p roduc t  film grows, it cracks, exposing only  a 
smal l  por t ion  of the  surface  to r eac t an t s  and  tha t  
af ter  the in i t i a t ion  period,  exposure  and  closing off of 
reac t ion  surface reaches a s teady state. 

F u r t h e r  e xpe r i me n t s  tha t  w ou l d  help e lucidate  
the  m e c h a n i s m  of corrosion of z i r con ium in  su l fur ic  
acid so lu t ion  could be: e lect ropoi ish  the  z i rcon ium 
samples  r a the r  t h a n  etch t hem in  hydrof luor ic  acid; 
weigh  a nd  measu re  the  d imens ions  of both  i r r ad i -  
a ted a n d  u n i r r a d i a t e d  samples  d u r i n g  corrosion, as 
a check on the  t r ace r  method,  to see if i r r ad ia t ion  
affected the  rate,  a nd  so tha t  a m a t e r i a l  ba lance  
could be made  accoun t ing  for the  corros ion products  
t ha t  r e m a i n e d  on the  sample  a nd  tha t  which  dis-  
solved in  solut ion;  inves t iga te  the r eac t ion  p roduc t  
film tha t  adheres  to the z i r con ium by  e lec t ron di f -  
f rac t ion  and  chemical  analysis ,  if possible;  and  in -  
ves t iga te  the c u r r e n t  po ten t i a l  r e la t ionsh ips  du r ing  
the d isso lu t ion  of z i r con ium in  su l fur ic  acid solutions.  
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The Relationship between Brightness and 
Structure in Electroplated Nickel 

R. Weil  and R. Paquin 

Department of Metallurgy, Stevens Institute o~ Technology, Hoboken, New Jersey 

ABSTRACT 

Nickel deposits of various brightnesses were plated from Watts baths con- 
taining several different addition agents. The as-plated surfaces of the de- 
posits were examined by electron microscopy. All bright deposits had a very 
fine-grained structure. However, some fine-grained deposits showed surface 
crevices and were therefore not bright. A linear relationship between the 
f ract ion of the  surface a rea  having  a roughness  less than  0.15/~ and the logar i thm 
of l ight  reflected as measured  wi th  a photocel l  was found. There  is no direct  
re la t ionship  be tween  the degree  of p re fe r r ed  or ienta t ion  and brightness,  but  
the fiber axis is re la ted  to the type  of s t ructure  observed,  i.e., p la te le t ,  equiaxed 
crystal l i te ,  or sp i ra l - type ,  and the addi t ion agents in the p la t ing  bath.  

The  r e l a t i o n s h i p  b e t w e e n  the  l i g h t - r e f l e c t i n g  
p r o p e r t y  g e n e r a l l y  r e f e r r e d  to as the  b r i g h t n e s s  and  
the  s t r u c t u r e  of e l ec t rodepos i t s  has  been  the  s u b -  
j ec t  of m a n y  inves t iga t ions .  These  s tud ies  h a v e  l ed  
to two  theor ies .  One t h e o r y  a d v a n c e d  b y  K o h l -  
sch i i t t e r  (1 ) ,  L i e b r e i c h  (2) ,  and  o the r s  s t a t es  t h a t  
e l ec t rodepos i t s  a r e  b r i g h t  if t h e i r  m i c r o s t r u c t u r e  
consis ts  of c r y s t a l l i t e s  s m a l l e r  t h a n  the  w a v e  l e n g t h s  
of v i s ib le  l ight ,  i.e., s m a l l e r  t h a n  0.4 #. H o w e v e r ,  
Read  and  W e l l  (3)  and  Denise  and  L e i d h e i s e r  (4)  
have  shown  t h a t  no t  a l l  v e r y  f i n e - g r a i n e d  depos i t s  
a r e  b r igh t .  

The  second  t h e o r y  which ,  a m o n g  others ,  H u m e -  
R o t h e r y  a n d  W y l l i e  (5) a n d  Blum,  B e c k m a n ,  a n d  
M e y e r  (6)  h a v e  f o r m u l a t e d ,  s ta tes  t ha t  t he  m o r e  
o r i e n t e d  the  g r a i n  s t ruc tu re ,  the  b r i g h t e r  t h e  depos i t .  
Smi th ,  K e e l e r ,  and  R e a d  (7)  and  Den i se  a n d  L e i d -  
he i se r  (4)  f o u n d  th i s  r e l a t i o n s h i p  not  to hold .  

The re fo re ,  t he  need  for  f u r t h e r  s t u d y  to d e t e r m i n e  3000 
w h a t  s t r u c t u r a l  f e a t u r e s  d e t e r m i n e  b r i g h t n e s s  was  3001 

3002 
i nd i ca t ed  a n d  th is  i nves t i ga t i on  was  u n d e r t a k e n .  3003 

3004 
Experimental Procedure 

Nicke l  e l ec t rodepos i t s  h a v i n g  a r a n g e  of b r i g h t -  3005 
nesses  f r o m  dul l  g r a y  to s p e c u l a r  w e r e  p l a t e d  f rom 

3006 
Wat t s  b a t h s  con ta in ing  the  v a r i o u s  a d d i t i o n  agen t s  
l i s t ed  in  T a b l e  I. The  b a t h s  w e r e  a g i t a t e d  b y  p u m p -  3007 
ing so lu t ion  f r o m  the  r eg ion  n e a r  t he  ca thode  in to  3008 
the  anode  bag,  w h i c h  also s e r v e d  as a f i l ter .  T h r e e  3009 
depos i t s  w e r e  p l a t e d  f r o m  each  b a t h  to a t h i c k n e s s  of 

3010 
abou t  50 ~; for  two  deposi ts ,  t he  s t a r t i n g  ca thode  was  
e l ec t ropo l i shed  copper  shee t  and  for  the  t h i rd ,  m e -  3011 
c h a n i c a l l y  po l i shed ,  m i l d  s teel .  

The  m i c r o s t r u c t u r e s  of the  a s - p l a t e d  su r f aces  w e r e  3012 
e x a m i n e d  b y  e l ec t ron  mic roscopy .  Co l lod ion  r ep l i ca s  3013 
m a d e  in t he  m a n n e r  d e s c r i b e d  b y  Wel l  and  R e a d  (8)  3014 
and  c a r b o n  r ep l i ca s  p r e p a r e d  accord ing  to t he  3015 
m e t h o d  of G r u b e  and  Rouze  (9)  w e r e  used.  In  v i ew 3016 
of the  c l a ims  f o u n d  in t he  l i t e r a t u r e  (10) t h a t  t h e  3017 

3018 
m i c r o s t r u c t u r e  of b r i g h t  depos i t s  canno t  be  r e s o l v e d  3019 
b y  e l ec t ron  mic roscopy ,  a th in  su r face  l a y e r  of t he  3020 

depos i t  was  e x a m i n e d  d i r e c t l y  in o r d e r  to e l i m i n a t e  
poss ib le  e x t r a n e o u s  s t r u c t u r a l  f e a t u r e s  r e s u l t i n g  
f r o m  s h a d o w i n g  or  t h e  r e p l i c a t i n g  m e d i u m .  

The  th in  su r f ace  l a y e r s  w e r e  o b t a i n e d  b y  p a r t i a l l y  
i m m e r s i n g  one of t h e  depos i t s  p l a t e d  on coppe r  shee t  
in a c o p p e r - c y a n i d e  b a t h  i m m e d i a t e l y  a f t e r  r e m o v a l  
f rom the  n i c k e l - p l a t i n g  b a t h  and  r in s ing  in wa t e r .  A 
coppe r  l a y e r  a p p r o x i m a t e l y  1000_K t h i c k  was  d e -  
pos i ted .  A f t e r  r i n s ing  aga in ,  p a r t  of t he  c o p p e r -  
p l a t e d  n i cke l  depos i t  was  i m m e r s e d  aga in  in t he  

Table I. Plating conditions and addition agents 
B a t h  c o m p o s i t i o n :  400 g / l  NiSO4 x 6H20, 45 g/1 NiCl~ x 6H~oO, 

45 g/1 HsBOa 
P l a t i n g  cond i t i ons :  pH:4 .0 ;  t e m p e r a t u r e  60 ~ ~ 2 ~  c u r r e n t  

d e n s i t y  5 a m p / d m  ~ 

Spec i -  
m e n  No. A d d i t i o n  a g e n t  

None 
0.2 g/1 
0.4 g/1 
0.6 g/1 
0.6 g/1 

0.6 g/1 

1.0 g/1 

0.2 g/1 
0.6 g/1 
0.6 g/1 

0.6 g/1 

1.0 g/1 

1.0 g/1 

0.09 g/1 
0.18 g/1 
0.31 g/1 
0.08 g/1 
0.20 g/1 
0.40 g/1 
0.60 g/1 
Harshaw 

1-5 Naphtha lene  disulfonic acid 
1-5 Naphtha lene  disulfonic acid 
1-5 Naphtha lene  disulfonic acid 
1-5 Naph tha lene  disulfonic acid -k 0.2 

g/1 chloral  hyd ra t e  
1-5 Naphtha lene  disulfonic acid ~- 0.6 

g/1 chloral  hyd ra t e  
1-5 Naphtha lene  disulfonic acid -]- 0.6 

g/1 chloral  hyd ra t e  
p -To luene  sul fonamide 
p -Toluene  sul fonamide 
p -Toluene  sul fonamide q- 0.2 g/1 chlo-  

ra l  hyd ra t e  
p -Toluene  sul fonamide q- 0.6 g/1 chlo-  

ra l  hyd ra t e  
Zinc + 0.6 g/1 1-5 naph tha lene  disul -  

fonic acid 
Zinc -~ 1.0 g/1 1-5 naph tha lene  d isu l -  

fonic acid 
Ani l ine  
Ani l ine  
Benzoic acid 
Sacchar in  
Sacchar in  
Sacchar in  
Sacchar in  
Chemical  Co. Nubr i te  addi t ion agents  
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Fig. 1. Schematic representation of deposits for obtaining 
transparent nickel films. 

or ig ina l  n icke l  ba th  and  a t h in  n icke l  film, app rox i -  
m a t e l y  100s  thick,  p la ted  over the  copper layer .  
Thus,  the  surface of this  sample  consisted p a r t l y  of 
the  or ig ina l  n icke l  plate,  pa r t l y  of the  t h i n  copper  
layer ,  and  pa r t l y  of the  second n icke l  deposi t  as 
schemat ica l ly  r ep re sen t ed  in  Fig. 1. Col lodion r ep l i -  
cas f rom the  surfaces  of the  or ig ina l  n icke l  deposit ,  
the copper film, and  the  n icke l  film were  e x a m i n e d  
e lec t ron  microscopica l ly  as were  ca rbon  repl icas  
f rom the  or ig ina l  n icke l  deposi t  and  the  n icke l  film. 
The purpose  of these e x a m i n a t i o n s  was  to d e t e r m i n e  
if the n ickel  and  copper  films had  copied the s t ruc -  
tu re  of the or ig ina l  n icke l  deposit. W h e n  this  was  
found to be so, the  n icke l  film was s t r ipped by  dis-  
solving the  copper  l ayer  in  an  aqueous  so lu t ion  of 
50 g/1 H~SO, and  500 g/1 CrO~. 

The l igh t - re f lec t ing  proper t ies  of the deposits  were  
d e t e r m i n e d  by  d i rec t ing  a b e a m  f rom a z i r con ium 
arc t h rough  a slit  onto the  spec imen and  m e a s u r i n g  
the reflected l igh t  w i t h  a photocell .  The inc iden t  
beam made  an  angle  of 10 ~ wi th  the  n o r m a l  to the  
sample  and  the photocel l  was placed along a l ine  
10 ~ to the n o r m a l  on the  other  side. The  br igh tnesses  
of the th ree  areas of the  sample  r ep resen ted  in  Fig. 1 
as wel l  as of the  o ther  two deposits  were  measured .  
In  spite of the po l i sh ing  there  were  some i r r e g u l a r -  

Table II. Experimental results 

P e r c e n t -  
age  of 

Q u a n t i t y  E y e  a r e a  w i t h  
of l i g h t  e v a l u a t i o n  r o u g h -  

S p e e i -  r e f l ec t ed ,  b r i g h t n e s s  h e s s  l e s s  
m e n  No. f t .  c a n d i e s  g r o u p *  t h a n  0.15/~ F i b e r  ax i s$  

3000 4.5 I 7.4 (100)s 
3001 47.5 IV 86.4 ( 3 1 1 ) - F ( l l l ) w  
3002 58.5 IV 93.4 ( 3 1 1 ) + ( l l l ) w  
3003 58.5 IV 95.5 ( 3 1 1 ) - k ( l l l ) w  
3004 95.0 V 99.7 (100)s 
3005 28.0 II 66.8 (100)s 
3006at 80.0 V 81.1 (100)s 
3006b~ 43.0 IV 100 (100)s 
3007 53.5 IV 86.2 (100)s 
3008 48.5 IV 84.5 (100)vs 
3009 50.0 IV 84.9 (100)vs 
3010 50.0 IV 84.0 (100)vs 
3011 66.0 IV 93.4 ( 3 1 1 ) + ( l l l ) w  
3012 >100 V 99.4 ( 3 1 1 ) ~ - ( l l l ) w  
3013 4.0 I 2.8 ( l l 0 ) m  
3014 4.0 I 3.4 ( l l 0 ) m  
3015 6.3 II 1 9 . 4  ( l l 0 ) m  
3016 13.0 II 41.0 (100)m 
3017 35.0 III 74.1 (100)s 
3018 29.0 III  69.2 (100)s 
3019 25.0 III  65.0 (100)s 
3020 >100 V 100 ( 3 1 1 ) + ( l l l ) w  

* B r i g h t n e s s  i n c r e a s e s  w i t h  g r o u p  n u m b e r .  
P a r t  of  d e p o s i t  w a s  h a z y  ( a ) ,  p a r t  b r i g h t  (b ) .  

$ s = s t r ong ,  vs  = v e r y  s t r o n g ,  m ----- m e d i u m ,  w ~ w e a k .  

ities in  the  s t a r t i n g - c a t h o d e  surface  which  resu l ted  
in  lower  b r igh tness  m e a s u r e m e n t s .  Therefore ,  the  
m a x i m u m  read ing  is recorded  in  Table  II. The  va r i -  
ous deposits also were  a r r a n g e d  in  five classifications 
of b r igh tness  as judged  by  eye. These da ta  are also 
inc luded  in  Tab le  II. The order  of b r igh tness  by  eye 
eva lua t ion ,  w i th  one except ion,  was the  same as 
tha t  ob ta ined  wi th  photocel l  measu remen t s .  

The fiber axis  of the deposi ts  was  d e t e r m i n e d  by 
x - r a y  diffraction.  The  n i cke l  deposit  first was  
s t r ipped off the  copper b a s i s - m e t a l  by  dissolving the 
copper in  the su l fur ic  a c i d - c h r o m i u m  oxide m i x t u r e  
m e n t i o n e d  previous ly .  The n icke l  deposit  was  ben t  
into a convex  shape t h r o u g h  an  arc of a circle of 10 
cm rad ius  and  an  x - r a y  b e a m  was  di rec ted  along 
its surface.  The  resul ts  of these  d e t e r m i n a t i o n s  are 
recorded also in  Tab le  II. 

For  reasons  which  wi l l  be  exp la ined  later ,  meas -  
u r e m e n t s  to d e t e r m i n e  the  f rac t ion  of the  surface 
area  which  had  a roughness  less t h a n  0.15 ~ were  
made  on e lec t ron  pho tomic rographs  of col lodion rep-  
licas. P o l y s t y r e ne  la tex  spheres  which  were  0.514 # 
--+0.011 ~ in  d iameter ,  ob ta ined  f rom the Dow Chem-  
ical Company,  Midland,  Michigan ,  were  p laced  on 
the  repl icas  and  p a l l a d i u m  evapora t ed  on t h e m  sub-  
sequent ly .  The  heights  of the  va r ious  s t ruc tu r a l  com- 
ponen ts  were  d e t e r m i n e d  f rom the ra t io  of the i r  
shadows to those of the  la tex  spheres.  The area  oc- 
cupied by  those componen t s  of the  s t ruc tu re  more  
t h a n  0.15 ~ above or be low the  surface t h e n  was 
measu red  w i th  a p l a n i m e t e r  and  the va lue  sub-  
t rac ted  f rom the  tota l  a rea  of the  pho tograph  in  
order  to get tha t  f rac t ion  of the  whole  surface which 
was reflect ing light. The resu l t s  of these m e a s u r e -  
merits also a re  inc luded  in  Tab le  II. 

Experimental Results 
Three  s t ruc tu r a l  types  cor responding  to the  three  

different  fiber axes were  observed  in the deposits 
p la ted  in  the ba ths  c o n t a i n i n g  the var ious  addi t ion  
agents.  The type  of s t r uc t u r e  was affected by  the 
addi t ion  agent ,  bu t  the  s t ruc tu res  of all  deposits 
p la ted  f rom a g iven  b a t h  were  the same regardless  
of the basis meta l .  

The  deposits  h a v i n g  a (100) fiber axis 1 we re  found  
to consist  of platelets .  A n u m b e r  of p la te le t s  were  
s tacked pa ra l l e l  to each o ther  and  comprised a col- 
ony. In  most  of the  deposits  exh ib i t ing  this  type  of 
s t ruc ture ,  a depress ion  in  the  surface r e sembl ing  a 
g ra in  b o u n d a r y  exis ted  b e t w e e n  colonies of platelets .  
The th ickness  and  the  spacing of the p la te le ts  w i th in  
a colony va r i ed  wide ly  b e t w e e n  deposits f rom differ-  
en t  baths.  F i g u r e  2 shows coarsely spaced a nd  re la -  
t ive ly  th ick  p la te le t s  a nd  a la rge  colony size. F igure  3 
shows a f iner spacing a n d  a smal le r  colony size. A 
s t ruc tu re  w i th  sti l l  f iner pla te le ts ,  a l though  possess- 
ing a la rger  colony size t h a n  shown in  Fig. 3, can be 
seen in  Fig. 4. The  x - r a y  dif f ract ion pa t t e rn s  of the 
s t ruc tures  w i t h  the (100) fiber axis showed the  
anoma lous  i n t e n s i t y  m a x i m u m  at  the  m e r i d i a n  
which  Clark  a nd  S i m o n s e n  (11) exp la ined  on the 
basis of a t w i n n i n g  r e l a t ion  b e t w e e n  the  platelets .  
S t ruc tu res  w i th  p la te le t s  we re  found  in  deposits 

T h e  t e r m ,  f i b e r  a x i s  is  u s e d  h e r e  in  t h e  s a m e  sense  as  i n  Ref .  (7) .  
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Fig. 2. Electron micragraph of nickel deposit showing 
coarse platelets and large colony size. 

Fig. 5. Electron micrograph of specular ~ickel deposit 

Fig. 3. Electron micrograph of nickel deposit showing me- 
dium-fine platelets and small colony size. 

Fig. 6. Electron micragraph of hazy nickel deposit showing 
fine-groined structure with crevices. 

Fig. 4. Electron micrograph of nickel deposit showing fine 
platelets, but large colony size. 

from plain Watts bath and from baths with chloral 
hydrate,  p-toluene sulfonamide, and saccharin addi- 
tions. 

The second structural type, which was associated 
with a (311) -t- (111) fiber axis, consisted of fine 
crystallites which appeared equiaxed in the surface 
plane of the deposits. Most of the bright deposits ex-  

Fig. 7. Electron micrograph of dull nickel deposit showing 
spiral-type growth. 

hibited this type of structure, but  so did some hazy 
ones. Figure 5 shows the structure of a specular de- 
posit as seen by transmission through the thin nickel 
surface film. In hazy deposits with this type of struc- 
ture, depressions in the surface were observed. These 
depressions appear as dark areas in Fig. 6, which is 
an electron micrograph of a negative collodion rep- 
lica, shadowed with palladium. The raised portions in 
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Fig. 8. Relationship between amount of l ight reflected end 
the fraction of the area with roughness less than 0.15 /x. 

the  r ep l i c a  r e s u l t  f r o m  dep res s ions  in the  su r f aces  of 
the  e l ec t rodepos i t .  Ba ths  con t a in ing  n a p h t h a l e n e  d i -  
su l fon ic  ac id  w i t h o u t  c h l o r a t e  h y d r a t e  and  the  b a t h  
con t a in ing  the  H a r s h a w  C h e m i c a l  C o m p a n y  p r o p r i -  
e t a r y  b r i g h t e n e r  r e s u l t e d  in depos i t s  of t he  second  
type .  

S p i r a l  g r o w t h  was  f o u n d  in e l ec t rodepos i t s  h a v i n g  
a (110) f iber  axis .  This  s t r uc tu r e ,  r e p r e s e n t e d  b y  
Fig.  7, was  f o u n d  in n i cke l  p l a t e d  f rom W a t t s  b a t h s  
con ta in ing  an i l i ne  a n d  benzoic  acid.  I t  is n o t e w o r t h y  
t h a t  some depos i t s  p l a t e d  in an  a l l - c h l o r i d e  b a t h  
w i thou t  a d d i t i v e s  in connec t ion  w i t h  some o t h e r  
w o r k  p e r f o r m e d  b y  a g r a d u a t e  s t u d e n t  a t  th i s  i n s t i -  
t u t i on  also s h o w e d  s p i r a l - t y p e  g rowth .  These  d e -  
pos i t s  w e r e  f o u n d  to have  a (110) f iber  axis .  B a n e r -  
j ee  and  G o s w a m i  (12) r e p o r t e d  the  same  p r e f e r r e d  
o r i e n t a t i o n  u n d e r  t he  same  p l a t i n g  condi t ions .  A l l  
depos i t s  of th is  t y p e  w e r e  dul l .  

In  a t t e m p t i n g  to r e l a t e  m i c r o s t r u c t u r e  and  b r i g h t -  
ness,  i t  was  n o t e d  t h a t  a l l  b r i g h t  n i c k e l  s amp le s  in 
a d d i t i o n  to h a v i n g  v e r y  sma l l  s t r u c t u r a l  c o m p o n e n t s  
also showed  no crevices ,  deep  g r a i n  bounda r i e s ,  or  
p r o t r u s i o n s  w h i c h  e x t e n d e d  m o r e  t h a n  0.15 ~ f rom 
the  su r f ace  p l ane .  I t  t h e r e f o r e  was  a s s u m e d  a r b i -  
t r a r i l y  t h a t  on ly  t h a t  f r ac t i on  of the  su r f ace  a r e a  
w i t h  a r o u g h n e s s  less t h a n  0.15 ~ s p e c u l a r l y  ref lects  
l ight .  This  l i g h t - r e f l e c t i n g  a r e a  was  m e a s u r e d  in t he  
w a y  p r e v i o u s l y  desc r ibed .  A g r a p h  of b r i g h t n e s s  vs. 
f r ac t i on  of su r f ace  a r e a  w i t h  a r o u g h n e s s  less t h a n  
0.15 ~ is s h o w n  in  Fig .  8. 

Discussion 
I t  is a p p a r e n t  f r o m  Fig.  8 t ha t  t he  b r i g h t n e s s  d e -  

pends  on the  d e g r e e  to w h i c h  the  s t r u c t u r a l  c o m p o -  
nen t s  of the  su r f ace  of e l ec t rodepos i t s  a re  in one 
p lane .  This,  i n  tu rn ,  is d e t e r m i n e d  b y  s e v e r a l  f ac -  
tors  such as g r a i n  size and  o r i en ta t ion ,  t he  d e g r e e  of 
p r e f e r r e d  o r i en ta t ion ,  and  codepos i t ion  of f o r e ign  
subs tances .  The  g r a i n  size is i m p o r t a n t  becau se  t h e  
b o u n d a r i e s  b e t w e e n  l a r g e  g r a i n s  a p p e a r  as deep  
c rev ices  in  the  su r f ace  of e l ec t rodepos i t s .  S t r u c t u r e s  
composed  of l a r g e  p l a t e l e t s  wi l l  show coa r se  s t eps  
b e t w e e n  the  p la tes .  I t  is t h e r e f o r e  n e c e s s a r y  for  
b r i g h t  depos i t s  to be  v e r y  f i ne -g ra ined .  H o w e v e r ,  i t  
is also a p p a r e n t  f rom d a t a  in Tab le  I I  t ha t  a s m a l l  
g r a i n  size is no t  a sufficient  cond i t ion  for  b r igh tness .  

The  depos i t s  showing  s p i r a l - t y p e  s t r u c t u r e s  w e r e  
du l l  even  t h o u g h  some  w e r e  fine g r a i n e d  because  
th is  t y p e  of g r o w t h  r e su l t s  in  c ry s t a l s  w h i c h  have  no 
l i g h t - r e f l e c t i n g  p l a n e  p a r a l l e l  to the  su r f ace  a n d  con-  
s equen t ly  t h e  tops  of t h e  g r a in s  p r o t r u d e  above  the  
i n t e r g r a n u l a r  crevices .  The  o r i e n t a t i o n  of t he  c r y s -  
t a l s  w h i c h  d e t e r m i n e s  w h e t h e r  a l i gh t - r e f l ec t i ng  
p l a n e  is p a r a l l e l  to t he  su r f a c e  t h e r e f o r e  affects t he  
b r igh tness .  

The  size of the  c rev ice  b e t w e e n  n e i g h b o r i n g  g ra ins  
is c e r t a i n l y  inf luenced  b y  t h e i r  r e l a t i v e  o r i en ta t ions .  
I t  is e x p e c t e d  t ha t  a g r o u p  of c ry s t a l l i t e s  w i t h  a com-  
mon  f iber  ax i s  w o u l d  h a v e  v e r y  sma l l  c rev ices  b e -  
t w e e n  them.  As the  d e g r e e  of p r e f e r r e d  o r i en t a t i on  
is on ly  one of  s e v e r a l  f ac to r s  wh ich  d e t e r m i n e s  t he  
su r f ace  roughness ,  i t  is no t  to be  e x p e c t e d  t h a t  t h e r e  
is a u n i q u e  r e l a t i o n s h i p  b e t w e e n  p r e f e r r e d  o r i e n t a -  
t ion  and  b r igh tness .  C e r t a i n l y ,  the  f indings  p r e v i -  
ous ly  c i ted  (4, 7) t h a t  p r e f e r r e d  o r i e n t a t i o n  is not  
p r o p o r t i o n a l  to b r i g h t n e s s  h a v e  been  subs t an t i a t ed .  
Even  for  a g iven  f iber  axis ,  no d i rec t  co r r e l a t i on  has  
been  found.  

The  smoothness  of t he  su r f ace  has  been  shown by  
Beacon  a n d  R i l ey  (13) to be  d e p e n d e n t  on the  d i s -  
t r i b u t i o n  of a d d i t i o n  agents .  By m e a n s  of b r i g h t e n e r s  
con t a in ing  a r a d i o a c t i v e  a tom,  t h e y  s h o w e d  tha t  
p re fe ren t i a l ,  codepos i t ion  t a k e s  p l ace  at  p ro t rus ions ,  
h i n d e r i n g  c r y s t a l  g r o w t h  a t  these  si tes  a n d  t h e r e b y  
t end ing  to e l i m i n a t e  t he  crevices .  This  cou ld  e x p l a i n  
w h y  t h e r e  w e r e  no dep re s s ions  in the  su r face  w i t h  
ce r t a in  a d d i t i o n - a g e n t  concen t ra t ions .  

The  sca t t e r  of d a t a  for  h igh  l i g h t - r e f l e c t i n g  va lues  
in Fig.  8 is p r o b a b l y  due  to t he  fact  tha t ,  w h e n  most  
of the  a r e a  has  a r o u g h n e s s  less t h a n  0.15 ~, sma l l e r  
changes  in the  m o r p h o l o g y  of t he  su r f ace  become 
s ignif icant .  The  p h o t o c e l l  was  also not  as a c c u r a t e  at  
h igh  l igh t  i n t ens i t i e s  as a t  l o w e r  ones. In  t he  depos i t s  
w i th  ove r  99% of t h e i r  a r e a  h a v i n g  a roughnes s  less 
than  0.15 ~, an  i n c r e a s e  in  b r i g h t n e s s  and  dec reas ing  
g r a i n  size was  no ted .  The  n u m b e r  of s a mp le s  was  
not  sufficient  to de f in i t e ly  e s t ab l i sh  a r e l a t i o n s h i p  b e -  
tween  b r i g h t n e s s  and  g r a i n  size. 

Conclusions 
1. A d i r ec t  r e l a t i o n s h i p  exis t s  b e t w e e n  the  f r a c -  

t ion  of t he  su r f ace  r o u g h n e s s  less t h a n  0.15 ~ and  
b r i gh tne s s  in e l e c t r o p l a t e d  nickel .  

2. The  obse rva t i ons  of o the r s  t ha t  f i n e - g r a i n e d  d e -  
pos i t s  n e e d  not  be  b r i g h t  h a v e  been  conf i rmed  and  e x -  
p l a ined .  

3. A c o r r e l a t i o n  b e t w e e n  t y p e  of m i c r o s t r u c t u r e  
and  f iber  ax is  has  been  found .  

4. T h e r e  is no u n i q u e  r e l a t i o n s h i p  b e t w e e n  b r i g h t -  
ness  and  the  degree  to w h i c h  the  f iber  ax i s  is p a r a l l e l  
to the  c o r r e s p o n d i n g  c r y s t a l l o g r a p h i c  d i r ec t ion  in 
each g r a i n  of t he  depos i t .  
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The Adhesion of Electrodeposited Nickel to 
Chromium at Elevated Temperatures 
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Chemistry Division, National Bureau of Standards, Washington, D. C. 

ABSTRACT 

The use of a composite coating of electrodeposited nickel and chromium to 
protect molybdenum from oxidation at elevated temperatures  has certain prac- 
tical limitations. Examinat ion of the composite coating showed that  the prob- 
lems of blister formation, weakening  of the bond between nickel and chro- 
mium, and edge separation were interrelated.  Blister formation was el iminated 
and edge separation reduced slightly by an improved t rea tment  of the chro- 
mium surface prior to nickel plating. The weakening of the bond between 
nickel and chromium appears to be inheren t  in the coating system. 

The  appl ica t ion  of a composi te  coat ing of e lec t ro-  
deposi ted n icke l  and  c h r o m i u m  to pro tec t  m o l y b d e -  
n u m  f rom oxida t ion  at e leva ted  t e m p e r a t u r e s  has 
been  descr ibed by  Couch and  co -worke r s  (1).  The 
use of this  coat ing at e levated  t e m p e r a t u r e s  (800 ~  
1200~ has associated wi th  it ce r ta in  p rob lems  
caused by  the  difference in  the  proper t ies  of the  m e t -  
als involved.  Hea t i ng  and  the rmocyc l ing  tests of the  
composi te  coat ing showed tha t  (a) hea t ing  to 800 ~ 
or 1000~ f r equen t ly ,  bu t  not  consis tent ly ,  r e su l t ed  
in  the  fo rma t ion  of bl is ters  b e t w e e n  the c h r o m i u m  
and  n ickel  layers ,  (b)  p ro longed  hea t ing  w e a k e n e d  
the  bond  b e t w e e n  the  n icke l  and  c h r o m i u m  layers ,  
and  (c) t he rmocyc l i ng  b e t w e e n  room t e m p e r a t u r e  
and  800 ~ or 1000~ caused a separa t ion  of the  n i cke l  
f rom the ch romium,  p r inc ipa l l y  at  sharp  edges or 
corners.  

A n  inves t iga t ion  of these  th ree  closely i n t e r r e l a t ed  
p rob lems  was  necessary ,  since they  r ep resen t  p r a c -  
t ical  l imi ta t ions  to the  use of the  coat ing system. 

Blister Formation 

Blis ter  f o rma t ion  was observed  on a n u m b e r  of 
specimens,  e lec t rop la ted  wi th  0.007 in. of n ickel  over  
0.001 in. of ch romium,  af ter  they  had  been  hea ted  in  
a he l i um a tmosphere  to 850~ These had been  
p la ted  by  the p rocedure  descr ibed by  Couch and  
co-workers .  E x a m i n a t i o n  of the  b l i s te rs  revea led  tha t  

they a lways  formed w i t h i n  the  n i c k e l - c h r o m i u m  dif -  
fus ion  al loy and  not  at the  or ig ina l  n i c k e l - c h r o m i u m  
interface.  Both n icke l  and  c h r o m i u m  were  detec ted  
chemica l ly  on the  en t i r e  i n n e r  surface  of the bl is ter .  
Also the  occurrence  of b l i s te rs  u sua l ly  was  accom- 
pan ied  by  poor adhes ion  of the  n icke l  to c h r o m i u m  
on other  par ts  of the spec imen  where  b l i s t e r ing  had  
not  occurred.  

Since b l i s te r  fo rma t ion  is of ten  caused by  im-  
proper  c lean ing  pr ior  to p la t ing ,  we e x a m i n e d  a 
n u m b e r  of modif icat ions in  the  p la t ing  cycle b e t w e e n  
the c h r o m i u m  and  Wat t s  n icke l  p l a t i ng  steps. Modifi-  
cat ions inc luded  anodic  and  cathodic t r e a t m e n t  of 
the c h r o m i u m  surface in  d i f ferent  solut ions,  e l i m i n a -  
t ion of the  wa te r  r inse,  va r i a t i on  of c u r r e n t  dens i ty  
for the  n icke l  s t r ike,  a n d  the  i m m e r s i o n  t ime in  the  
n icke l  s t r ike  ba th  p r io r  to e lec t ropla t ing .  

The  on ly  change  wh ich  e l i m i n a t e d  b l i s t e r ing  was  
the  subs t i t u t i on  of anodic  e tching  in  an  acetic acid 
so lu t ion  for the  hydroch lo r ic  acid etch. 

Acetic Acid Etch 

Glacia l  acetic acid, to which  had  been  added 10 to 
15% H~SO~ by  vo lume  to increase  the  conduct iv i ty ,  
cons t i tu ted  the  etch solut ion.  A n  ine r t  cathode was  
used. Spec imens  were  e tched anod ica l ly  in  the so lu-  
t ion  at c u r r e n t  densi t ies  of 3-7 a m p / d m  ~ un t i l  the  
surface of the  c h r o m i u m  was covered u n i f o r m l y  wi th  
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a d a r k  b r o w n  film. T h e y  w e r e  r i n s e d  r a p i d l y  in 
w a t e r  and  p l a c e d  in t he  Wood ' s  n i cke l  b a t h  w i t h  
e l ec t r i ca l  con tac t  m a d e  b e f o r e h a n d  so t h a t  p l a t i n g  
b e g a n  as t he  s p e c i m e n  was  i m m e r s e d .  The  spec imens  
we re  p l a t e d  a t  25-30 a m p / d i n  "~ for  2 to 4 rain,  t h e n  
t r a n s f e r r e d  d i r e c t l y  to  a W a t t s  n i c k e l  ba th .  

A b r i e f  s t u d y  of  the  e t ch ing  p rocess  s h o w e d  t h a t  
an  e tch ing  t i m e  of 5 min  at  4 a m p / d m  ~ was  u s u a l l y  
sufficient.  The  t i m e  of e x p o s u r e  of t he  s p e c i m e n  to 
a i r  a f t e r  the  w a t e r  r inse  and  p r i o r  to i n se r t i on  of t h e  
s p e c i m e n  into  t he  Wood ' s  n i cke l  s t r i k e  b a t h  was  not  
c r i t i ca l  as long as i t  was  b r i e f  and  the  s p e c i m e n  d id  
no t  become  dry .  A f t e r  adop t ion  of th is  e tch  p r o c e -  
d u r e  in the  p l a t i n g  cycle,  b l i s t e r  f o r m a t i o n  was  no t  
e ncoun t e r ed .  

Adhesion 
No dif f icul ty  w a s  e n c o u n t e r e d  w i t h  t he  a d h e s i o n  of 

n i c k e l  to c h r o m i u m  in t h e  "as p l a t e d "  cond i t i on  
w h e n  e i t h e r  t he  p l a t i n g  p r o c e d u r e  d e s c r i b e d  b y  
Couch and  c o - w o r k e r s  (1) or  t he  acet ic  ac id  e tch  
was used.  

H e a t  t r e a t m e n t ,  howeve r ,  caused  a w e a k e n i n g  of 
the  bond  b e t w e e n  the  c h r o m i u m  and  n ickel .  This  
occu r r ed  w h e n  the  n i c k e l - c h r o m i u m  p l a t e d  spec i -  
mens  w e r e  h e a t e d  to 850~ in h e l i u m  and  he ld  at  
this  t e m p e r a t u r e  for  1 hr .  V e r y  good a d h e s i o n  was  
o b t a i n e d  w i t h  t h e  ace t ic  ac id  e tch  of c h r o m i u m ,  even  
a f t e r  ex t ens ion  of t he  hea t  t r e a t m e n t  to 24 h r  or  w i t h  
t h e r m o c y c l i n g  (10 ra in  in oven  a t  850~ 10 ra in  at  
r o o m  t e m p e r a t u r e )  in a i r  for  24 hr .  O n l y  a few such 
spec imens  w e r e  s u b j e c t e d  to t hese  m o r e  seve re  tes ts ,  
b u t  each  one  r e t a i n e d  good b o n d i n g  b e t w e e n  t h e  
c h r o m i u m  and  n ickel .  

A s t i l l  m o r e  seve re  hea t  t r e a t m e n t  of t he  s a m e  
spec imens ,  e i t h e r  a t  h i g h e r  t e m p e r a t u r e s  or  for  
l onge r  per iods ,  r e s u l t e d  in a w e a k e n e d  bond.  Thus ,  
w h i l e  i t  has  been  poss ib le  to i m p r o v e  the  p e r f o r m -  
ance  of the  coa t ing  sy s t em w i t h  r e spec t  to bond  
fa i lu re ,  t he  p r o b l e m  s t i l l  ex i s t s  for  p r o l o n g e d  h e a t -  
ing  a t  h i g h e r  t e m p e r a t u r e s .  

To ga in  a d d i t i o n a l  ins igh t  in to  the  w e a k e n i n g  of 
t he  bond,  a few e x p e r i m e n t s  w e r e  conduc t ed  w i t h  
shor t  l eng ths  of c h r o m i u m  p l a t e d  n i cke l  rods  w h i c h  
w e r e  h e a t - t r e a t e d  to a l loy  the  c h r o m i u m  and  n icke l .  
A d d i t i o n a l  n i c k e l  was  p l a t e d  ove r  the  c h r o m i u m  to 
s e r v e  as  a g r ip  for  t h e  m e a s u r e m e n t  of t he  b o n d  
s t r e n g t h  b e t w e e n  the  c h r o m i u m  and  n i cke l  rod  b y  
the  O l l a r d  me thod .  Dup l i ca t e  spec imens  w e r e  h e a t e d  
in h e l i u m  at  850~ for  24 and  66 h r  and  c o m p a r e d  
w i t h  d u p l i c a t e  spec imens  in t he  a s - p l a t e d  condi t ion .  
W h i l e  t he  b o n d  s t r e n g t h  m e a s u r e m e n t s  w e r e  not  
h i g h l y  r e p r o d u c i b l e ,  t h e y  showed  a r e d u c t i o n  in bond  
s t r e n g t h  of 75 to 90%. This  shows  t h a t  b o n d  s t r e n g t h  
is lost  on h e a t i n g  w h e n  c h r o m i u m  is p l a t e d  on n icke l ,  
j u s t  as w h e n  n i c k e l  was  p l a t e d  on c h r o m i u m  in t h e  
e a r l i e r  e x p e r i m e n t s .  Hence,  i t  w o u l d  a p p e a r  t h a t  d e -  
t e r i o r a t i o n  of t h e  bond  is an i n h e r e n t  p r o p e r t y  of t he  
n i c k e l - c h r o m i u m  s y s t e m  no m a t t e r  h o w  the  n i c k e l -  
c h r o m i u m  i n t e r f a c e  is p r e p a r e d  a n d  is t he  r e s u l t  of 
t h e  i n t e rd i f fu s ion  of n i cke l  a n d  c h r o m i u m .  T h e  d i f -  
fus ion  p rocess  l eads  to t he  f o r m a t i o n  oI  a w e a k  
l a y e r  w h i c h  becomes  the  p l a n e  of s epa ra t ion .  This  
w e a k  l a y e r  cou ld  be  s i m p l y  an  a l l o y  of l ow  t ens i l e  
s t r eng th .  I t  cou ld  also consis t  of a l ine  of vo ids  
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f o r m e d  b y  the  d i f fus ion  p rocess  (2)  or  a l ine  of i n -  
c lus ions  as  o b s e r v e d  b y  Couch  and  c o - w o r k e r s  ( i ) .  

In  s u m m a r y ,  two  f ac to r s  can  affect  a d v e r s e l y  the  
a d h e s i o n  of the  coa t ing :  (a )  p a s s i v i t y  of the  c h r o -  
m i u m  sur face ,  a n d  (b )  a l l o y i n g  of t h e  n i cke l  and  
c h r o m i u m .  The  f irst  c an  b e  r e d u c e d  b y  p r o p e r  p r e -  
t r e a t m e n t  of t he  c h r o m i u m ,  bu t  t he  second  a p p e a r s  
to be a p r o p e r t y  of t he  coa t ing  sys tem.  

Adhesion of Chromium to Molybdenum 
As i n d i c a t e d  above ,  the  p r o b l e m  of b l i s t e r  f o r m a -  

t ion  was  a s soc ia t ed  w i t h  t h e  depos i t i on  of n i cke l  on 
c h r o m i u m .  Usua l ly ,  t h e  adhes ion  of c h r o m i u m  to 
m o l y b d e n u m  was  no t  a p r o b l e m ;  h o w e v e r ,  an occa-  
s ional  l a c k  of a d h e s i o n  was  encoun te r ed .  

In  t h e  anod ic  e t ch ing  of m o l y b d e n u m  in the  su l -  
f u r i c - p h o s p h o r i c  ac id  so lu t ion  p r i o r  to p la t ing ,  t he  
m e t a l  becomes  c ove re d  w i t h  a v iscous  f i lm w h i c h  is 
not  e n t i r e l y  r e m o v e d  b y  s imp le  r i n s ing  in  wa t e r .  I t  
was  f o u n d  t h a t  a s u b s e q u e n t  shor t  i m m e r s i o n  in  an  
acidif ied ch romic  ac id  so lu t ion  (3)  r e s u l t e d  in e x -  
ce l l en t  adhes ion .  The  compos i t i on  of t he  i m m e r s i o n  
so lu t ion  is g iven  be low.  O t h e r  compos i t ions  w e r e  not  
cons idered ,  s ince  no case  of poor  a d h e s i o n  was  e n -  
c o u n t e r e d  a f t e r  a d o p t i o n  of th is  c l ean ing  p rocedure .  

Procedure. 
1. C lean  and  a n o d i c a l l y  e tch  m o l y b d e n u m  in 1:1 

H~SO, ( 9 5 % ) - H . P O ~  ( 8 5 % )  at  5-20 a m p / d i n  "~ for  2 
to 3 min.  

2. Rinse  t h o r o u g h l y  in  wa t e r .  
3. I m m e r s e  m o l y b d e n u m  for 3 ra in  in  an  aqueous  

so lu t ion  con ta in ing :  6% of CrO.~ b y  we igh t ,  15% of 
H~SO4 b y  vo lume ,  and  15% of c o n c e n t r a t e d  HC1 b y  
vo lume.  

4. R inse  t h o r o u g h l y  in  w a t e r .  
5. P l a c e  in c h r o m i u m  b a t h  abou t  30 sec be fo re  

m a k i n g  e l ec t r i ca l  contac t .  
6. P l a t e  in t he  c h r o m i u m  b a t h  at  120 a m p / d m  ~ and  

80 ~ to 85~ 

"'Edge Separation" 
The  r e s i s t ance  to t h e r m a l  shock of a n u m b e r  of 

m o l y b d e n u m  spec imens  w i t h  a compos i t e  coa t ing  of 
c h r o m i u m  and  n i c k e l  w a s  e v a l u a t e d  b y  t h e r m o c y -  
cl ing t h e m  in a i r  b e t w e e n  room t e m p e r a t u r e  and  
800~176 The  t h e r m o c y c l i n g  was  a c c ompl i shed  
by  l o w e r i n g  t h e  spec imens  into a t u b e  f u r n a c e  at  t he  
de s i r e d  t e m p e r a t u r e  for  10 min  and  t h e n  w i t h d r a w -  
ing t h e m  to cool for  10 min.  This  cyc le  was  r e p e a t e d  
a u t o m a t i c a l l y  for  t he  d u r a t i o n  of t he  tes t .  

Microscopic  e x a m i n a t i o n  of cross sec t ions  of spec i -  
mens  w h i c h  had  been  cyc led  6 t imes  to  800~ r e -  
v e a l e d  a s l igh t  p a r t i n g  w i t h i n  the  coa t ing  in t he  i m -  
m e d i a t e  v i c i n i t y  of a s h a r p  co rne r  or  edge  of a r ec -  
t a n g u l a r  spec imen .  S p e c i m e n s  cyc led  for  l onge r  p e r i -  
ods of t i m e  or  a t  h i g h e r  t e m p e r a t u r e s  showed  tha t  
the  size of t he  vo id  i n c r e a s e d  and  also e x t e n d e d  a long 
the  flat  surfaces .  In  an  e x t r e m e  case, t he  s e p a r a t i o n  
of t h e  coa t ing  e x t e n d e d  ove r  the  e n t i r e  c i r c u m f e r -  
ence of  a rod  0.25 in. in  d i a m e t e r  a f t e r  b e i n g  cyc led  
16 t i m e s  to l l 0 0 ~  The  coa t ing  was  in tac t ,  b u t  was  
on ly  v e r y  loose ly  h e l d  to t he  rod.  

The  "edge  s e p a r a t i o n "  a l w a y s  was  o b s e r v e d  as 
occu r r i ng  w i t h i n  t he  n i c k e l - c h r o m i u m  diffusion a l -  
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loy.  In  v i e w  of this ,  the  p h e n o m e n o n  of " edge  s e p a -  
r a t i o n "  m a y  be  cons ide red  as a n o t h e r  m a n i f e s t a t i o n  
of t h e  p r o b l e m  assoc ia t ed  w i t h  the  f o r m a t i o n  of a 
w e a k  l a y e r  b e t w e e n  the  n i cke l  and  c h r o m i u m .  

Stresses due to Unequal Expansion o5 the Metals 

A m a j o r  f ac to r  c o n t r i b u t i n g  to  t h e  d e t e r i o r a t i o n  of 
the  b o n d  b e t w e e n  the  n i cke l  and  c h r o m i u m  w h e n  
p l a t e d  on m o l y b d e n u m  is the  d i f fe rence  in t he  coeffi- 
c ien ts  of e x p a n s i o n  of t he  t h r e e  me ta l s .  The  e x p a n -  
s ion coefficient  for  n i c k e l  is abou t  2 V2 t i m e s  t h a t  for  
m o l y b d e n u m .  H e a t i n g  t h e r e f o r e  w o u l d  be  e x p e c t e d  
to cause  s t resses  w h i c h  w o u l d  t e n d  to f r a c t u r e  t he  
compos i t e  coa t ing ,  e spec i a l l y  w h e r e  t h e  r a d i u s  of 
c u r v a t u r e  is smal l .  The  equa t ions  u sed  b y  L a n d e r  
and  G e r m e r  to  e x p l a i n  spa l l ing  (4)  a lso  can be  a p -  
p l i ed  to  th is  p r o b l e m .  

In  t hese  equa t ions  p la s t i c  flow is n e g l e c t e d  and  i t  
is cons ide r ed  t h a t  a c y l i n d e r  of m e t a l  A is p l a t e d  
w i t h  a m e t a l  B. T h e y  g ive  for  t h e  n o r m a l  p r e s s u r e  at  
t he  i n t e r f a c e  

2h 
P = ( ~ B  - -  a~) EBt 

d 

and for  t he  c i r c u m f e r e n t i a l  s t ress  p e r  un i t  a r e a  

S = (.aB--a~) E~t 

w h e r e * :  E is m o d u l u s  of e las t i c i ty ;  a, coefficient  of 
t h e r m a l  expans ion ;  d, d i a m e t e r  of c y l i n d e r ;  h, t h i c k -  
ness  of coa t ing ;  and  t, degrees  C e n t i g r a d e  above  
r o o m  t e m p e r a t u r e .  T h o u g h  these  equa t i ons  do not  
i nc lude  al l  t he  fac tors  invo lved ,  t h e y  do he lp  us  to 
u n d e r s t a n d  the  s t resses  invo lved .  

S ince  in i t i a l  edge  s e p a r a t i o n  is g o v e r n e d  b y  the  
s t resses  n o r m a l  to the  surface ,  the  f irst  e q u a t i o n  is of 
p r i m a r y  in te res t .  Cons ide r  a m o l y b d e n u m  su r f ace  
w i t h  a r a d i u s  of c u r v a t u r e  of 0.3 in. p l a t e d  w i t h  0.008 
in. of n i c k e l  ove r  0.001 in. of c h r o m i u m .  If  th i s  is 
h e a t e d  to 800~ the  c a l c u l a t e d  n o r m a l  s t ress  is 5200 
psi  a t  t h e  n i c k e l - c h r o m i u m  in t e r f ace  and  1000 psi  a t  
t h e  c h r o m i u m - m o l y b d e n u m  in te r face .  Thus  the  n o r -  
m a l  s t ress  is g r e a t e s t  a t  t he  n i c k e l - c h r o m i u m  i n t e r -  
face  and  is of the  o r d e r  of t he  n i c k e l - c h r o m i u m  (5) 
bond  s t r eng th .  The  e q u a t i o n  l eads  us  to expec t  coa t -  

* T h e  f o l l o w i n g  q u a n t i t i e s  a r e  u s e d  i n  t h e  p r e s e n t  d i s c u s s i o n :  

a M .  = 5 .5  x 1 0 - ~ / ~  
~Or = 8.1 x 10  -e  
~NI = 13,7  X 10 -6 
E.~l = 3 0 x  10e p s i  
EOr = 20  X 10e p s i  
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ing s e p a r a t i o n  if  the  r a d i u s  of c u r v a t u r e  is s m a l l  or  
the  coa t ing  is th ick .  

These  p r e d i c t i o n s  a r e  in q u a l i t a t i v e  a g r e e m e n t  
w i th  the  e x p e r i m e n t a l  ev idence .  Edge  s e p a r a t i o n  oc-  
cu r s  i n i t i a l l y  a t  c o rne r s  of r e c t a n g u l a r  spec imens  
w h e r e  t h e  r a d i u s  of c u r v a t u r e  is s m a l l  and  a t  t he  
c h r o m i u m - n i c k e l  in te r face .  I f  t he  co rne r s  a r e  
r o u n d e d  off b y  i nc rea s ing  the  t h i ckness  of c h r o m i u m ,  
edge  s e p a r a t i o n  is less  l ike ly .  F o r  e x a m p l e ,  two  spec -  
imens  w e r e  cyc led  50 t imes  to 980~ One s p e c i m e n  
h a d  been  p l a t e d  w i t h  0.004 in. of c h r o m i u m  a n d  0.006 
in. of n ickel ,  and  the  o t h e r  w i t h  0.001 in. of c h r o -  
m i u m  and  0.006 in. of n ickel .  Edge  s e p a r a t i o n  oc-  
c u r r e d  to a m u c h  g r e a t e r  e x t e n t  on the  s p e c i m e n  
w i t h  t he  t h i n n e r  l a y e r  of c h r o m i u m .  

The  p r e d i c t e d  l o w  n o r m a l  s t ress  a t  t he  c h r o m i u m -  
m o l y b d e n u m  in t e r f ace  is also ver i f ied  b y  e x p e r i -  
m e n t s  for  w h i c h  r e c t a n g u l a r  m o l y b d e n u m  spec imens  
w e r e  p l a t e d  w i t h  0.009 in. of  c h r o m i u m .  A f t e r  c y -  
c l ing 50 t i m e s  to 980~ no coa t ing  s e p a r a t i o n  w a s  
obse rved .  

Once  the  coa t ing  s e p a r a t i o n  has  been  in i t i a t ed ,  the  
ana lys i s  of the  s i t ua t ion  is d i f ferent .  H e a t i n g  of t he  
spec imen  causes  t he  loose n i cke l  l a y e r  to e x p a n d  and  
the  r e s u l t  is a h igh  c onc e n t r a t i on  of s t ress  w h e r e  t he  
n i cke l  jo ins  t he  u n d e r l y i n g  me ta l .  This  s t ress  con-  
c e n t r a t i o n  causes  an  ex t ens ion  of t he  vo id  so t h a t  a 
pee l ing  ac t ion  of t he  coa t ing  occurs  w i t h  c o n t i n u e d  
t h e r m o c y c l i n g .  
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ABSTRACT 

Pre l iminary  results on the residual d-c conduction and space-charge po- 
larization in  n -hexane  and n -hep tane  under  highly inhomogeneous field condi-  
tions ( thin  wire in coaxial cylinder)  are presented. A residual  current  is ob- 
served under  high applied voltage for either polari ty of the test cell. At 20~ 
the current  is one order of magni tude  larger when  the wire is the positive elec- 
trode. As tempera ture  is increased, the residual  current  for the wire positive 
decreases and for the wire negative increases, unt i l  at 50~ it is about the same 
for both polarities. By heat ing only the wire, observations support ing and ex- 
tending these findings were made. The gross features of the current-vol tage  
characteristics can be explained by dissociation of polar impuri t ies  in the re-  
gion of high field strength. The dependence on polarity can be explained by 
space-charge distortion of the field. For negative wire, field emission appears 
to occur from the wire, sur rounding it with a cur ren t - l imi t ing  space charge. 

For  a n u m b e r  of years,  w o r k  in  this  l abo ra to ry  has 
emphas ized  the  impor t ance  of field emiss ion for cer-  
t a in  types  of electric b r e a k d o w n  in  gases (1) ,  l i q -  
uids (2) ,  and  solids (3) ,  and  the  role of space-charge  
bu i ldup  in  f ron t  of the  cathode as a means  of p ro -  
v id ing  the  r e q u i r e d  grad ien t .  Also, the  c h a r g i n g - u p  
of surface  layers  comes in to  play,  as demons t r a t ed  
impress ive ly ,  for example ,  in  the Mal te r  effect (4) 
and  in  the  work  of L l e w e l l y n  Jones  and  c o - w o r k -  
ers (5).  

The  p resen t  inves t iga t ion  deals  wi th  space-charge  
p h e n o m e n a  in  n - h e x a n e  and  n - h e p t a n e ,  in  c o n t i n u a -  
t ion  of the work  by  G r e e n  (2) .  His p r inc ipa l  f indings 
on d-c  cu r ren t s  u n d e r  n e a r l y  homogeneous  field were  
tha t  the c u r r e n t - v o l t a g e  character is t ics  consist  of a 
low-field region,  domina t ed  by  the  ions of the  l iquid,  
and  of a h igh-f ie ld  reg ion  in  which  the decisive role 
is p l ayed  by  the  cathode as a source of field emission.  

The m a i n  purpose  of our  m e a s u r e m e n t s  was to ex-  
t end  the s tudy  to a h igh ly  inhomogeneous  e lect rode 
conf igura t ion ( th in  wi re  in  la rge  coaxial  cy l inde r )  
tha t  a l lows separa t ion  of anodic  and  cathodic effects. 

Experimental 
The test  cell (Fig. 1) consis ted of a p l a t i n u m  wi re  

(1 mi l  d i ame te r )  s t re tched  a long the axis  of a care-  
fu l ly  pol ished p l a t i n u m  cy l inder  (abou t  10 m m  
d iame te r  and  30 m m  long)  wi th  ends r o u n d e d  to 
avoid edge effects. The geomet r ica l  field s t r eng th  on 
the wi re  is r ough ly  400 t imes  g rea te r  t h a n  tha t  on 
the  cy l inder  surface.  The  cy l inder  was  connected,  
t h rough  a 50 -megohm resistor,  to a r evers ib le  h igh-  
vol tage  30-kv  power  supp ly  (Beta  Electr ic  Co.) 
d r iven  by  a Sorensen  a -c  vol tage  regula tor .  The 
m a x i m u m  ripple,  observed  wi th  an oscilloscope, was  
less t h a n  1.5 v peak  to peak  at 10 kv. The  wire  
was  connected  to a v i b r a t i n g - r e e d  e lec t romete r  
whose ou tpu t  was sent  t h r o u g h  a Gene ra l  Electr ic  

1 P r e s e n t  addres s :  L a b o r a t o i r e  C e n t r a l  des I n d u s t r i e s  E lec t r iques ,  
F o n t c n a y - a u x - R o s e s ,  F rance .  

e P r e s e n t  add re s s :  Tor ino ,  I t a ly .  
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Fig. 1. Schematic drawing of the  test  cell 

s e l f -ba l anc ing  po t en t iome te r  into an  E s t e r l i n e - A u g u s  
recorder  (Fig. 2). The  e q u i p m e n t  in  its shielded cage 
was  tes ted up to 20 kv  for the  absence  of corona. 

Test Samples  and Procedures 

" P u r e  grade"  n - h e x a n e  and  n - h e p t a n e  (Phi l ips  
P e t r o l e u m  Co.) were  repur i f ied  by  passage th rough  a 
2-f t  co lumn of sil ica gel and  an  u l t ra f ine  f r i t t ed-g lass  
filter; the in i t i a l  f rac t ion  of the  f i l t rate  was d is-  
carded.  

Ul t rav io le t  absorp t ion  spectra,  t a k e n  wi th  a Cary  
spec t rophotomete r  before  a nd  a f te r  t r ea tmen t ,  show 
tha t  bands  in i t i a l ly  observed a r o u n d  2500A are r e -  
moved.  This t r e a t m e n t  seems to reduce  the in i t i a l  
c u r r e n t  s l ightly,  bu t  no s ignif icant  change  in  res idua l  
c u r r e n t  has been  recorded.  

Before final r ead ings  were  t aken ,  the  cell was  
"condi t ioned"  as fol lows. '  Af te r  s lowly  ra is ing  the  

A s i m i l a r  t e c h n i q u e  h a s  b e e n  u s e d  b y  H o u s e  (6).  
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Fig. 2.  B l ock  d i a g r a m  o f  the  e x p e r i m e n t a l  se tup  

v o l t a g e  to t he  onse t  of an  e r r a t i c  cu r ren t ,  i t  was  k e p t  
cons t an t  to p e r m i t  t he  f luc tua t ing  c u r r e n t  to d e c a y  
g r a d u a l l y  t o w a r d  a s t e a d y  s ta te .  Then  the  cyc le  was  
r e p e a t e d  t h r e e  or  fou r  t imes  u n t i l  v o l t a g e s  of t he  
o r d e r  of 15 k v  w e r e  r eached .  I t  is w o r t h  no t ing  he re  
t h a t  vo l t ages  up  to 18 k v  ( w h i c h  c o r r e s p o n d s  to 2.3 
m v / c m  at  t he  w i r e  for  s p a c e - c h a r g e - f r e e  conf igu ra -  
t ion)  have  been  r e a c h e d  b y  th i s  p rocedu re .  This  
t r e a t m e n t  has  a p a r t i c u l a r l y  s t rong  effect in t h e  n e g -  
a t i v e - w i r e  p o l a r i t y  (Fig .  3) s u p p o r t i n g  the  be l i e f  
t h a t  cond i t ion ing  e l i m i n a t e s  spots  of h igh  emiss iv i ty .  
T h e  r e p r o d u c i b i l i t y  of t h e  f inal  cu rves  is s h o w n  b y  
s h a d e d  a reas  w h i c h  ind ica t e  t h e  s p r e a d  of t he  c u r -  
r e n t  va lue s  ove r  a p e r i o d  of s e v e r a l  weeks .  The  r e -  
s idua l  c u r r e n t  is a l w a y s  noisy ,  e spec i a l l y  w h e n  the  
w i r e  is nega t ive ,  and  s u d d e n  f luc tua t ions ,  s u p e r i m -  
posed  on th is  noise,  occas iona l ly  occur  even  a f t e r  
cond i t ion ing  p e r i o d s  of 15 days .  Hence ,  t h e  c u r r e n t  
m e a s u r e d  a t  i n t e r v a l s  of s e v e r a l  days  was  r a r e l y  r e -  
p r o d u c i b l e  w i t h i n  less t h a n  40%.  

In  a second ser ies  of m e a s u r e m e n t s ,  the  t es t  cel l  
was  t h e r m o s t a t e d  to --0.05~ and  the  s t e a d y  c u r r e n t  
m e a s u r e d  at  cons t an t  vo l t age  for  va r i ous  va lue s  of 
t e m p e r a t u r e  as w e l l  as  a t  c o n s t a n t  t e m p e r a t u r e  for  
d i f fe ren t  a p p l i e d  vo l tages .  4 

In  a t h i r d  ser ies  of e x p e r i m e n t s  the  w i r e  a lone  was  
h e a t e d  b y  a b a t t e r y  c u r r e n t  and  the  a v e r a g e  t e m -  
p e r a t u r e  of t he  w i r e  e s t i m a t e d  f r o m  i ts  i n c r e m e n t  
in r e s i s t ance  and  the  k n o w n  t e m p e r a t u r e  coefficient  
dp/dt for  p l a t i n u m  (4 x 10 -~ o h m  x cm x d e g r e e  -1 b e -  
t w e e n  0 ~ and  100~ In  o r d e r  to m a k e  sure  t h a t  t he  
l e a k a g e  r e s i s t ance  to g r o u n d  was  not  r e d u c e d  w h e n  
the  h e a t i n g  c u r r e n t  was  t u r n e d  on, t he  b a t t e r y  was  
connec ted  p e r m a n e n t l y  b y  one  of i ts  poles,  and  the  
w h o l e  c i rcui t ,  i nc lud ing  the  swi tch ,  c a r e f u l l y  i n s u -  
l a t e d  f r o m  ground .  P o t e n t i a l s  of 1.5, 3, 4.5, a n d  6 v 
w e r e  a p p l i e d  across  the  w i r e ;  a t  h i g h e r  vo l t ages  t h e  
l i qu id  at  t he  w i r e  su r face  s t a r t e d  to boil .  S ince  t h e  
v o l u m e  of t he  w i r e  is s ix o rde r s  of m a g n i t u d e  s m a l l e r  
t h a n  t h a t  of the  l iquid ,  on ly  a v e r y  s m a l l  f r ac t i on  of 
the  l i qu id  n e a r  the  w i r e  su r face  is h e a t e d  a p p r e c i a b l y  
d u r i n g  the  1 - m i n  h e a t i n g  runs .  

T ime  r e c o r d i n g s  of t he  c h a r g i n g  and  d e p o l a r i z a t i o n  
c u r r e n t s  w e r e  also t aken .  

Behavior of the Residual Current 
The  r e s i d u a l  c u r r e n t  subs i s t i ng  u n d e r  b o t h  p o l a r i -  

t ies  a f t e r  c a r e fu l  cond i t ion ing  of t he  cel l  is shown  in 

~Since n-heptane is a liquid between --90.5 ~ and +98.4~ the 
data, thus far taken only over the range + 13" to + 50~ should be 
extended. Some preliminary measurements in the  w ider  range have 
b e e n  made but must be confirmed in detail before being reported.  
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Fig. 3. Current-voltage characteristics in n-hexane show- 
ing the effect of conditioning. The shaded areas contain all 
the data token over o period of several weeks, the points 
referring to the latest measurements .  

Fig.  3 as a f u n c t i o n  of t he  a p p l i e d  vo l tage .  The  t w o  
curves ,  p l o t t e d  on a log scale,  a r e  v e r y  s i m i l a r  in 
shape  b u t  t he  one c o r r e s p o n d i n g  to i+ (pos i t i ve  w i r e  
conf igu ra t ion )  l ies  a b o v e  t h a t  c o r r e s p o n d i n g  to i_ 
( n e g a t i v e  w i r e  con f igu ra t i on ) .  

E s s e n t i a l l y  t he  s ame  resu l t s  w e r e  o b t a i n e d  w i t h  a 
1 - m i l  d i a m e t e r  t u n g s t e n  w i r e  as t h e  c e n t e r  e l ec t rode ,  
a l t h o u g h  i ts  su r f ace  roughnes s  w a s  m u c h  g r e a t e r  
t h a n  t h a t  of t he  p l a t i n u m  wi re .  The  r e s i d u a l  c u r r e n t  
was  l a r g e r  u n d e r  bo th  po l a r i t i e s  b u t  t h e  r a t i o  i+/i_ 
was  n e a r l y  t he  same  as for  p l a t i n u m  (Fig .  4) .  F u r -  
t h e r m o r e ,  f a i r l y  good a g r e e m e n t  b e t w e e n  the  two  
sets  of c u r v e s  w a s  o b t a i n e d  by  sca l ing  a long  the  V 
axis .  This  seems  to ind ica t e  t h a t  t he  h ighe s t  f ie ld 
l oca l ly  p r e s e n t  in t h e  cell ,  r a t h e r  t h a n  the  n a t u r e  of 
t h e  e lec t rodes ,  is t he  s igni f icant  fac tor .  

The  cu rves  of Fig.  5, showing  the  t e m p e r a t u r e  d e -  
p e n d e n c e  of t he  c u r r e n t  in  n - h e p t a n e  for  va r i ous  
a p p l i e d  vo l tages ,  w e r e  o b t a i n e d  d i r e c t l y  b y  v a r y i n g  
the  t e m p e r a t u r e  u n d e r  cons t an t  vo l tage .  The  s ame  
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Fig. 4. Comparison of the current-voltage characteristics 
obtained with platinum and tungsten wire, 
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Fig. .5.  Residual current vs. temperature in n-heptane for 
various applied voltages. 

t y p e  of  curves,  cons t ruc ted  f r o m  a set of  c u r r e n t -  
v o l t a g e  c h a r a c t e r i s t i c s  a t  d i f f e ren t  t e m p e r a t u r e s ,  
a g r e e  f a i r l y  we l l  w i t h  those  of Fig .  4. A l t h o u g h  some 
de t a i l s  in the  curves  a r e  not  s ignif icant ,  t he  g e n e r a l  
t r e n d  shows  t h a t  i§ and  i_ v a r y  o p p o s i t e l y  w i t h  t e m -  
p e r a t u r e .  W h i l e  at  r oom t e m p e r a t u r e  i+ is t en  to 
t w e n t y  t imes  l a r g e r  t h a n  i_, t h e  t w o  c u r r e n t s  a r e  of 
c o m p a r a b l e  m a g n i t u d e  a t  50 ~ 

Current vs. Time (Wire Heated) 
The  r e su l t s  o b t a i n e d  w h e n  the  w i r e  was  h e a t e d  

w i t h  6 v a p p l i e d  a r e  s u m m a r i z e d  in  F ig .  6, w h i c h  r e -  
p r o d u c e s  t he  e s sen t i a l  t r e n d s  of a c t u a l  r ecord ings .  
W h e n  the  h e a t i n g  c u r r e n t  is app l i ed ,  the  c u r r e n t  
d rops  s u d d e n l y  r e g a r d l e s s  of p o l a r i t y ;  t hen  w h i l e  i+ 
k e e p s  dec r ea s ing  s lowly ,  i_ t e n d s  to increase .  W h e n  
t h e  w i r e  c u r r e n t  is s w i t c h e d  off, t h e  cel l  c u r r e n t  
r i ses  s h a r p l y  a t  f irst  and  t hen  r e c o v e r s  i ts  o r ig ina l  
v a l u e  m o r e  s lowly .  

This  effect is i n d e p e n d e n t  of t he  o r i e n t a t i o n  ( v e r -  
t i c a l  or  h o r i z o n t a l )  of the  t es t  cell ,  t he  p o l a r i t y  of t he  
b a t t e r y ,  and  the  c h a r a c t e r i s t i c s  of the  e x t e r n a l  c i r -  
cuit .  Consequen t ly ,  t he  s u d d e n  d r o p  of t he  c u r r e n t  
m u s t  be  caused  b y  the  h e a t i n g  of t h e  w i r e  and  i ts  
i m m e d i a t e  su r round ings .  H o w e v e r ,  t r a n s i e n t  p h e -  
n o m e n a  r e l a t e d  to  t he  a p p e a r a n c e  of the  t h e r m a l  
g r a d i e n t  a r e  p r o b a b l y  i n v o l v e d  and  compl i ca t e  t he  
i n t e r p r e t a t i o n .  The  s low va r i a t i on ,  caused  b y  the  
p r o p a g a t i o n  of h e a t  t h r o u g h  the  cell ,  is cons i s t en t  
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Fig. 6. Current recordings showing the effects of heating 
the wire alone. 
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F i g .  7 .  P o l a r i z a t i o n  a n d  d e p o l a r i z a t i o n  c u r r e n t s  f o r  b o t h  

p o l a r i t i e s .  

wi th  the  r e su l t s  ob t a ined  b y  h o m o g e n e o u s  hea t i ng  
of t he  w h o l e  cell .  Tab le  I shows  the  i n i t i a l  c u r r e n t  
d rop  in  i t s  r e l a t i o n  to t he  w i r e  t e m p e r a t u r e .  

Polarization Currents 
The  cel l  g e n e r a t e s  a s l o w l y  d e c a y i n g  d e p o l a r i z a -  

t ion  c u r r e n t  w h e n  the  a p p l i e d  vo l t a ge  is r e m o v e d  
a f t e r  a s t e a d y  s t a t e  is r eached .  H o w e v e r ,  as  Fig .  7 
shows,  t he  i n i t i a l  r i se  of th is  c u r r e n t  is p o l a r i t y  d e -  
penden t .  W h e n  the  a p p l i e d  vo l t a ge  is r e s to red ,  t he  
cu r ren t ,  a f t e r  an  in i t i a l  j u m p ,  s l o w l y  r ecove r s  i ts 
in i t i a l  va lue .  I t  should  be n o t e d  t h a t  i+ inc reases  s ig-  
n i f i can t ly  w i t h  t ime .  

Discussion 
The s igni f icant  facts  a re :  a b o v e  a c e r t a i n  app l i ed  

vo l tage ,  a r e s i d u a l  c u r r e n t  can  be m e a s u r e d  for  bo th  
po la r i t i e s .  The  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  for  i§ 
and  i_, w h i l e  of s imi l a r  shape ,  v a r y  o p p o s i t e l y  w h e n  
t e m p e r a t u r e  is changed .  The  ra t io  i+/i_, of the  o r d e r  
of 10 at  20~ a p p r o a c h e s  u n i t y  a r o u n d  50~ 

A d e t a i l e d  ana lys i s ,  due  to O n s a g e r  (7 ) ,  of the  
inf luence  of an  e x t e r n a l  f ield E on the  d i ssoc ia t ion  
cons t an t  K of a w e a k  e l e c t r o l y t e  shows  t h a t  for  t he  
h igh - f i e ld  l imi t ,  

K ( E )  = K ( O )  (2/~r) 1/~ (8b)-~/'exp~/8b [1]  

w h e r e  8b = 77.2 E/KT ~. 

Table I. Initial current drop through the cell upon heating 
of the wire 

I n i t i a l  
Vol tage  T e m p e r a t u r e  cu r r en t  

a c r o s s  the  C u r r e n t  in  Res i s t ance  of  at  w i r e  d rop  t h r o u g h  
wire ,  v wi re ,  m a  wire ,  o h m  surface,  ~ cell, % 

0 0 13.409 20.5 (R.T.) 0 
1.5 102.5 14.65 38.7 7 
3.0 189 15.90 64.0 12-22 
4.5 260 17.30 77.5 18-22 
5.95 318 18.75 97 27-30 

* C a l c u l a t e d  f r o m  the  f o r m u l a  RT = 0.725 R~o.5 (I  + a T ) / ( 1  + 
a x 20,5). T h e  f a c t o r  0 .725 a c c o u n t s  f o r  t h e  d i f f e r e n c e  b e t w e e n  t h e  
t e m p e r a t u r e  of t he  w i r e  a t  i t s  p e r i p h e r y  a n d  i ts  a v e r a g e  t e m p e r -  
a ture .  I t  w a s  e s t i m a t e d  f r o m  t h e  f ac t  t h a t  b o i l i n g  s t a r t e d  w h e n  t h e  
a v e r a g e  t e m p e r a t u r e  w a s  a b o u t  135~ 

t O b t a i n e d  b y  g r a p h i c a l  e x t r a p o l a t i o n  for  zero cur ren t .  
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Fig. 8. Final characteristics of Fig. 3 (wire positive), plotted 
for a check of Onsager's theory. 

A s s u m i n g  tha t  the dissociat ion p roduc t s  of both 
s igns con t r i bu t e  equa l ly  to the  c u r r e n t  and  tha t  the  
mob i l i t y  of the  carr iers  does no t  v a r y  in  the  field 
r a n g e  of in teres t ,  the  c u r r e n t  is expected  to v a r y  

wi th  the  field as E ~ / K ( E ) ,  i.e. ( in  h e x a n e  at room 
t empera tu r e ,  8b ---- 4.5 x 10-' E) ,  as 

i ~ E ~ 1 0  . . . . . .  -~ ~/E [ 2 ]  

In  fact, if the  res idua l  charac ter i s t ic  for posi t ive 
wi re  (cL Fig. 3) is rep lo t ted  on a log scale (Fig. 8) 

as iE -~ vs. N/E, the  po in ts  fa l l  on a s t ra igh t  l ine  of 
a n g u l a r  coefficient 4.0 x 10 -~, as compared  wi th  the 
theore t ica l  va lue  of 4.6 x 10% + 

In  v iew of the app rox ima t ions  invo lved  in  Eq. [ 1 ] 
and  of the p resence  of the  space charge  which  m a y  
dis tor t  the  field at the  wire,  the  a g r e e m e n t  can be 
cons idered  v e r y  good and  s t rong ly  indica tes  tha t  the  
car r ie rs  a re  created p r i m a r i l y  by  field ioniza t ion  of 
impur i t i e s  n e a r  the wire.  F u r t h e r m o r e ,  the  resul t s  
ob ta ined  by  o ther  workers  [ in  pa r t i cu l a r  by  House 
( 6 ) ]  w i th  more  homogeneous  field are cons is ten t  
w i th  this model .  However ,  this  m e c h a n i s m  fails to 
predic t  the  t e m p e r a t u r e  dependence  of the  res idua l  
cur ren t ,  in  pa r t i cu l a r  the effect of po la r i t y  (cf. Fig. 
5). Since the  polar iza t ion  and  depolar iza t ion  cu r ren t s  
(Fig. 7) suggest  the  presence  of a d i f ferent  k ind  of 
space-charge  for each polar i ty ,  it is logical  to i n -  
ves t iga te  w h e t h e r  the  po la r i ty  effect can be ascr ibed 
to space -cha rge  p h e n o m e n a .  

Le t  us cal l  E J  the  field a t  the  wi re  surface  in  the  
absence  of space charge,  and  E J  and  E j  the  ac tua l  
field s t r eng ths  at the  wi re  pos i t ive  and  nega t ive ,  r e -  
spect ively.  If the  wi re  is posit ive,  a nega t ive  ionic 
space charge  bu i lds  up  at t he  wi re  surface,  and  
E j >  E J  (Fig. 9). For  inc reas ing  t e m p e r a t u r e  the 
space charge expands  by  diffusion, hence  E J  de-  
creases. For  wi re  negat ive ,  field emiss ion can occur. ~ 

5 T h e  " e f f e c t i v e  r a d i u s "  o f  t h e  c e l l ,  d e f i n e d  a s  

. f rout f ~:l./2 , ~*out { }:t/,~ 
V= _K[E  [r) ] ~ r d r  / ' ~ r , n  K[E(r)  ] dr  

w i t h  E ( r )  = V / [ r  l n ( r o a t / r i . ) ]  a n d  V = 9 0 0 0  v ,  h a s  b e e n  c a l c u -  
l a t e d  and found to be about twice the radius of the wire. Hence ,  
no error in order of magnitude is made by using the geometr ic  
field E (rin) in the plot of Fig. 7. 

Ew o is of the order of 10~ v/cm for 8 to 10 kv applied. Surface 
irregularities make the field locally higher; furthermore, the poten- 
tial barrier at the electrode is decreased by the dielectric .  
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Fig. 9. Hypothetical model for the field distribution under 
both polarities (schemQtic). 

The emitted electrons trapped by the l iqu id  create a 
nega t i ve  space charge,  so tha t  E~- _--< Ew~ as t e m p e r a -  
t u r e  increases,  the  space charge e xpa nds  a nd  E j  i n -  
creases. 

The  i n e q u a l i t y  E + - ~  E J <  E J  predic ts  the  r e l a -  
t ive  va lue  of the  c u r r e n t  for both  polar i t ies ,  and  the  
fact  t ha t  E j  and  E J  become closer to E J  as t e m -  
p e r a t u r e  increases  is also in a g r e e m e n t  w i th  the  ob-  
se rved  t e m p e r a t u r e  dependence .  

To summar ize ,  some ev idence  is g iven  tha t  the  
car r ie rs  are p roduced  b y  f i e ld - induced  dissociat ion 
a n d  tha t  the  po l a r i t y  dependence  i nd i r ec t l y  resu l t s  
f rom the  fact  tha t  field emiss ion is possible  w h e n  the  
wi re  is negat ive .  The species t ha t  dissociate u n d e r  
h igh  field, the  m o b i l i t y  of the  charge  carr iers ,  and  
o ther  p rob lems  of deta i l  r e m a i n  to be inves t iga ted .  
E x p e r i m e n t s  w i th  o ther  l iquids  .and over  a w ide r  
t e m p e r a t u r e  r a nge  should  help in  c l a r i fy ing  the  s i tu -  
at ion.  
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ABSTRACT 

Thin adheren t  nonporous films of pu re  silicon n i t r ide  have been deposi ted 
f rom the vapor  phase on hot  mo lybdenum subst ra tes  by  pyro ly t ic  deposition. 
Such films, when incorpora ted  be tween  mo lybdenum pla tes  to form capacitors,  
were  found to main ta in  sa t is factory  dielectr ic  proper t ies  up to and above 600~ 
Silicon n i t r ide  coatings, deposi ted by  the method here in  described,  also offer a 
convenient  and effective method of encapsula t ion for  pro tec t ing  meta l  surfaces 
from a tmospher ic  oxida t ion  up to and above 1000~ 

As  a r e s u l t  of t he  need  for  h i g h  t e m p e r a t u r e  
r e s i s t a n t  e lec t ron ic  m a t e r i a l s  and  m i n i a t u r i z e d  e lec -  
t ron ic  e q u i p m e n t  for  use  in space  veh ic les  and  s a t e l -  
l i tes ,  t h in  fi lms of s i l icon n i t r i d e  w e r e  depos i t ed  
p y r o l y t i c a l l y  and  d e v e l o p e d  as a n e w  d i e l ec t r i c  m a t e -  
r i a l  for  capac i to r s  c a p a b l e  of o p e r a t i n g  s a t i s f ac to r i l y  
up  to a n d  above  600~ 

P y r o l y t i c  depos i t i on  m a y  be def ined  to inc lude  the  
fo l l owing  t h r e e  c h e m i c a l  p rocesses  of depos i t i on  of 
m a t e r i a l s  on the  su r f ace  of hot  s u b s t r a t e s :  (a )  t he  
t h e r m o c h e m i e a l  decompos i t i on  of a p r o p e r l y  se lec ted  
c h e m i c a l  c o m p o u n d  ex i s t i ng  in t he  v a p o r  s ta te ,  (b)  
the  r e a c t i o n  b e t w e e n  two  or  m o r e  c h e m i c a l  vapo r s  at  
the  hot  surface ,  and  (c)  the  r e a c t i o n  of a v a p o r  wi th  
the  hot  s u b s t r a t e  i tself .  In  t he  p r e s e n t  case  a p r o c -  
ess l i ke  (b )  a b o v e  was  used.  

The  l i t e r a t u r e  shows  no r e c o r d  of t he  use of t h in  
a d h e r e n t  nonporous  f i lms of p u r e  s i l icon  n i t r i de  as a 
d i e l ec t r i c  for  capac i to r s  c a p a b l e  of s a t i s f a c t o r y  o p e r a -  
t ion  at  600~ F r o m  the  t h e r m o d y n a m i c  d a t a  of 
K e l l o g g  (1) ,  B rewer ,  B r o m l e y ,  Gi l les ,  and  L o f g r e n  
(2) ,  P o w e l l  (3)  in a sea rch  for  h i g h - t e m p e r a t u r e  
p r o t e c t i v e  coa t ings  for  m e t a l s  p r e d i c t e d  t h a t  s i l icon 
n i t r i d e  m i g h t  be v a p o r  p l a t e d  b y  m e a n s  of t he  r e a c -  
t ion of t he  c o m b i n e d  v a p o r s  of s i l icon t e t r a c h l o r i d e ,  
h y d r o g e n ,  and  n i t r o g e n  at  a s u b s t r a t e  t e m p e r a t u r e  
of 1000~176 P o w e l l  f u r t h e r  s t a t es  tha t  t he  
p r o b a b l e  depos i t  w o u l d  be  composed  of a m i x t u r e  of 
e l e m e n t a l  s i l icon and  s i l icon n i t r ide .  

In  t he  p r e s e n t  i nves t i ga t i on  it was  i m p e r a t i v e  t h a t  
a h igh  t e m p e r a t u r e  r e s i s t a n t  d i e l ec t r i c  m a t e r i a l  
shou ld  no t  on ly  be  of h igh  p u r i t y  b u t  shou ld  be  
p o r e - f r e e  in o r d e r  to func t ion  p r o p e r l y  in a th in  f i lm 
capac i to r .  To p r e v e n t  t he  f o r m a t i o n  of pores  in the  
depos i t  and  to ob t a in  a p u r e  s i l icon n i t r i d e  film the  
fo l l owing  p r e c a u t i o n s  and  r e q u i r e m e n t s  w e r e  
a d o p t e d :  (a )  The  m e t a l  s u b s t r a t e  su r f ace  m u s t  be  
smoo th  and  t h o r o u g h l y  c leansed .  (b )  I t s  t e m p e r a -  
t u r e  m u s t  be a c c u r a t e l y  con t ro l l ed  d u r i n g  the  d e -  
pos i t ion .  (c) A vo l a t i l e  s i l icon c o m p o u n d  is r e -  
qu i r ed ,  such  as  s i l icon t e t r a b r o m i d e ,  c a p a b l e  of be ing  
r e l a t i v e l y  eas i ly  r e d u c e d  to s i l icon w h i c h  should  r e -  
act  w i t h  n i t r o g e n  at  t e m p e r a t u r e s  b e l o w  1000~ to 
fo rm p u r e  Si3N,. (d)  The  r e a c t a n t  c a r r i e r  gases,  h y -  
d r o g e n  and  n i t rogen ,  m u s t  be  t h o r o u g h l y  p u r g e d  of 
w a t e r  v a p o r  and  oxygen .  

Deposition of Silicon Nitride Dielectric 
The s i l i con n i t r i d e  d ie lec t r i c  f i lms were  deposited 

on smooth po l i shed m o l y b d e n u m  disks 1 in.  i n  d i am-  
eter and  0.005 in. t h i c k  b y  m e a n s  of t he  a p p a r a t u s  
shown in Fig.  1. Before  i n t r o d u c i n g  the  m o l y b d e n u m  
d i sk  into  t he  p l a t i n g  a p p a r a t u s ,  i ts  su r f ace  is c l eaned  
in success ion w i t h  acetone,  a hot  w a t e r  so lu t ion  of 
sod ium h y d r o x i d e ,  hot  ch romic  acid,  d i s t i l l ed  wa te r ,  
and  f ina l ly  w i p e d  d r y  w i t h  a fine c l ean  g r a d e  of u n -  
t r e a t e d  t i s sue  pape r .  The  d i sk  is t hen  p l a c e d  on the  
g r a p h i t e  core  of the  p l a t i ng  c h a m b e r  ( G ) ,  h e a t e d  to 
the  des i r ed  t e m p e r a t u r e s  to be  d i scussed  la te r ,  d e -  
ox id i zed  w i t h  h y d r o g e n ,  and  f ina l ly  p l a t e d  w i t h  s i l i -  
con n i t r i d e  d ie lec t r ic .  

In  t he  a c t u a l  p l a t i ng  p rocess  for  s i l icon n i t r i de  
d i e l ec t r i c  i l l u s t r a t e d  in Fig.  1, c o m m e r c i a l  g rades  of 
h y d r o g e n  and  n i t r o g e n  a re  a l l o w e d  to flow t h r o u g h  
c a l i b r a t e d  f l owmete r s  (A)  a t  t he  fo l lowing  flow r a t e s  
e x p r e s s e d  in m i l l i l i t e r s  p e r  m i n u t e :  300 for  h y d r o g e n  
and  1100 for  n i t rogen .  Both  h y d r o g e n  and  n i t r o g e n  
gases  t hen  pass  t h r o u g h  deox id i z ing  un i t s  (B) and  
(C) ,  r e spe c t i ve ly ,  for  the  p u r p o s e  of r e m o v i n g  con-  

t 

t'l 

Fig. 1. Apparatus for depositing silicon nitride: (A) Flow- 
meters for hydrogen and nitrogen; (B) and (C) deoxidizers; 
(D) back-flush valve; (E) calcium hydride drying towers; (F), 
(I), (J), and (K) vapor control valves; (G) deposition chamber; 
(H) substrate; (L) silicon bromide evaporator; (M) induction 
heater with temperature controller; (N) deoxidizer temperature 
control. 
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t a m i n a t i n g  oxygen.  For  the hyd rogen  pur i f ica t ion  a 
Bake r  and  C o m p a n y  Deoxo u n i t  Model  D is e m-  
ployed.  The n i t r ogen  gas is purif ied by  pass ing over  
copper  t u r n i n g s  m a i n t a i n e d  at  a t e m p e r a t u r e  of 
750~ The  advan t age  of us ing  a separa te  deoxidiz ing 
u n i t  for the n i t r ogen  is tha t  the  copper  can be r e -  
ac t iva ted  b e t w e e n  runs  by  back f lushing hyd rogen  
t h rough  the hot oxidized copper tu rn ings .  As a r e -  
sult ,  a large q u a n t i t y  of wa te r  is r emoved  f rom the  
sys tem th rough  out le t  va lve  (D) .  This  wa te r  wou ld  
o therwise  r ap id ly  consume the d r y i n g  agent  in sub -  
sequen t  d ry ing  towers  (E) .  The h y d r o g e n  and  n i t r o -  
gen both flow toge ther  t h rough  th ree  d ry ing  towers  
each of which  conta ins  a bed of --4 to 40 mesh  ca lc ium 
hydr ide  tha t  is 7 in. in  depth  and  2 in. in  d iameter .  The 
mixed  pur i f ied car r ie r  gases t hen  flow th rough  va lve  
(F)  and  en te r  the p la t ing  chambe r  (G)  t h rough  V y-  
cor nozzle. Thus  the  car r ie r  gases b low d i rec t ly  on 
the c lean m o l y b d e n u m  disk subs t ra te ,  the uppe r  su r -  
face of which  is m a i n t a i n e d  at a t e m p e r a t u r e  of 960 ~ 
----2~ as measu red  by  an optical  pyrometer .  The 
source of hea t  is a 7.5 kw induc t ion  hea te r  whose 
wa te r -coo led  coils s u r r o u n d  a cy l indr ica l  g raph i te  
core. By induc t ion  the  graphi te  core is hea ted  to ap-  
p r o x i m a t e l y  1000~ which  in  t u r n  heats  the  m o l y b -  
d e n u m  disk subs t ra te  (H) res t ing  on top. F i n a l l y  the  
exhaus t  gases leave  the  hea t ing  c h a m b e r  t h rou gh  the  
exhaus t  stack. 

In  s t a r t ing  the  p la t ing  opera t ion  the car r ie r  gases 
are  a l lowed to flow un t i l  all  air  and  mois tu re  are 
flushed f rom the p la t ing  chamber .  The i nduc t ion  
hea te r  is t u r n e d  on and  the t e m p e r a t u r e  of the sub -  
s t rafe  raised to and  m a i n t a i n e d  at 600~ for 10 rain 
d u r i n g  which  t ime the n i t rogen  flow is t u r n e d  down  
to a t r ickle  and  h y d r o g e n  va lve  is opened to a l low a 
flow of 1000 m l / m i n .  The purpose  of this short  op-  
e ra t ion  is to deoxidize and  clean the subs t ra te  su r -  
face wi th  hydrogen .  

Af te r  the  above pu rg ing  opera t ion  the hyd rogen  
and  n i t r ogen  flow rates  are r e a d j u s t e d  to 300 and  
1100 m l / m i n ,  respect ively ,  and  the  gas flow a l lowed 
to con t inue  u n t i l  e q u i l i b r i u m  of the  gas m i x t u r e  is 
es tab l i shed  in  the  P y r e x  glass p l a t i ng  chamber .  The 
t e m p e r a t u r e s  of the  g raph i te  core and  m o l y b d e n u m  
disk are t hen  increased  un t i l  a subs t ra te  surface  
t e m p e r a t u r e  of 960 ~ • 2~ is reached  and  m a i n -  
ta ined .  To s tar t  the  deposi t ion of si l icon n i t r i de  on 
the subs t ra te ,  va lves  ( I ) ,  ( J ) ,  and  (K)  are opened  
and  va lve  (F)  is pa r t i a l l y  closed. By m a n i p u l a t i o n  
of va lves  (F)  and  (I)  s i m u l t a n e o u s l y  the a m o u n t  of 
ca r r i e r  gas by -pas sed  th rough  the  si l icon b romide  
evapora to r  (L) is ad jus ted  to 100 m l / m i n .  As the  gas 
m i x t u r e  passes over  the surface of the  l iquid,  s i l icon 
b romide  vapor  is p icked up  and  b l o w n  d i rec t ly  on the  
m o l y b d e n u m  disk subs t ra te  which  is located 41/4 in. 
f rom the nozzle. S u b s e q u e n t l y  a deposit  of si l icon 
n i t r i de  (Si3N~) appears  i m m e d i a t e l y  on the  m o l y b -  
d e n u m  subs t ra te  d i scern ib le  on ly  by  the m o v i n g  
r a i n b o w  format ions  which  con t inue  to grow as the 
deposi t ion  progresses.  Af te r  c o n t i n u i n g  the  depos i -  
t ion  process for 1 hr, a si l icon n i t r i de  dielectr ic  film 
of 0.5 mi l  a p p r o x i m a t e  th ickness  has g rown  on the  
m o l y b d e n u m  subst ra te .  F ina l ly ,  a f ter  t u r n i n g  off the  
si l icon b romide  vapor  flow and  in  a few m i n u t e s  
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shu t t i ng  down  the heater ,  the subs t ra te  wi th  de-  
posited film is a l lowed to cool and  m a y  be removed.  

A l though  e x p e r i m e n t  showed tha t  s i l icon n i t r ide  
films can be deposi ted over  a t e m P e r a t u r e  span  of 
930~176 the  best  qua l i t y  dielectr ic  films were  
ob ta ined  at a subs t ra te  surface t e m p e r a t u r e  of 
960~ These were  smooth,  clear, t r anspa ren t ,  color-  
less, ve ry  adheren t ,  free of pores, and  su i tab le  for 
capaci tor  cons t ruc t ion .  I t  was  f u r t he r  d e t e r m i n e d  
that ,  by  increas ing  the f low-ra te  of the car r ie r  gases 
and  si l icon t e t r a b r o m i d e  vapor,  the deposi t ion ra te  
can also be increased.  However ,  the best  qua l i t y  d i -  
electric films were  those which  r equ i r ed  at least  1 hr  
to ob ta in  a th ickness  of 0.4-0.6 rail. 

Construction of Silicon Nitride Capacitor 
In  order  to me a su r e  the dielectr ic  p roper t ies  of 

sil icon n i t r i de  a n u m b e r  of t h in  film capaci tors  were  
cons t ruc ted  and  tes ted u t i l i z ing  the dielectr ic  films 
deposi ted on m o l y b d e n u m  disks as descr ibed above. 

Before cons t ruc t ing  the  capaci tor  the  m o l y b d e -  
n u m  disk wi th  a dielectr ic  film of si l icon n i t r i de  0.5 
rail th ick  on one side is t u r n e d  over  and  p la ted  on the  
opposite side wi th  a coat ing of si l icon n i t r i de  0.3 rail 
th ick which  serves to encapsu la t e  the m o l y b d e n u m  
pla te  af ter  it is incorpora ted  in  a capacitor .  

Th ickness  of the  films were  m e a s u r e d  by  a m e t a l -  
lu rg ica l  microscope w i th  a mechan ica l  stage g r a d u -  
ated wi th  one scale d iv is ion equa l  to 1 ~ of stage 
movemen t .  

To cons t ruc t  the capacitor ,  a t h in  film of m o l y b -  
d e n u m  of 0.5 mil  th ickness  is p la ted  on the  si l icon 
n i t r ide  dielectr ic  which  was  p rev ious ly  deposi ted on 
the  m o l y b d e n u m  subst ra te .  As a source of m o l y b -  
d e n u m  its pen tach lo r ide  vapor  carr ied  by  hyd rogen  
gas to the  subs t ra te  is employed,  a p rocedure  rec-  
o m m e n d e d  by Powel l  (4) .  In  the p re sen t  case the  
a ppa r a t u s  of Fig. 1 is modified by  r e m o v i n g  the  head 
assembly  of the  p l a t i ng  c ha mbe r  and  rep lac ing  w i th  
ano the r  (not  shown)  which  conta ins  an  evapora to r  
for f u r n i s h i n g  m o l y b d e n u m  pen tach lo r ide  vapor  at  
a t e m p e r a t u r e  of 195~ to the h y d r o g e n  car r ie r  gas 
b lowing  at 1000 m l / m i n .  The sil icon n i t r i de  sub -  
s t ra te  surface  t e m p e r a t u r e  is 800~ Five  m i n u t e s  
are r equ i r ed  to deposit  a m o l y b d e n u m  film of 0.5 rail 
th ickness .  Af te r  cooling and  r emov ing  the  capaci tor  
f rom the  p la t ing  c h a m b e r  the  edge of the  m o l y b -  
d e n u m  film is e tched back  f rom the ou te r  c i r cum-  
ference  for a d is tance  of 1/32 in. Also a spot is 
etched a w a y  w he r e  it  is des i red to scra tch t h r o u g h  
the  si l icon n i t r ide  dielectr ic  in  order  to solder a lead 
to the base  plate.  

P l a t i n u m  wi re  leads are  t h e n  soldered wi th  m e t a l -  
lic gold, one to the  m o l y b d e n u m  base p la te  and  the  
other  to the  m o l y b d e n u m  film. To accompl ish  the  
gold so lder ing  the capaci tor  is p laced in  the  p la t ing  
c ha mbe r  and  p l a t i n u m  wi re  leads are suppor ted  in  
such a m a n n e r  t ha t  one t ip  of each res ts  aga ins t  the  
ba re  m o l y b d e n u m  and  ad jacen t  to a t i n y  bead  of 
gold p laced  at the a t t a c h m e n t  areas.  So lder ing  is 
t hen  accompl ished  in  an  a tmosphere  of h y d r o g e n  by  
hea t ing  the  whole  capaci tor  to the f luxing t e m p e r a -  
tu re  of gold. 

Af te r  the  leads are a t tached  the  capaci tor  r ema ins  
in  the  p l a t i ng  c ha mbe r  and  a final encapsu la t ing  film 
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Table I. Dielectric properties of silicon nitride 

R e s i s t a n c e  V o l u m e  Die lec tr i c  Dissipat ion RC product ,  Die lec tr ic  
Temp,  in m e g o h m s  res is t iv i ty ,  Capaci ty  cons tant  f a c t o r  m e g o h m -  s trength ,  

~ at  100 V.D.C. o h m - c m  at 1 kc at 1 kc  at 1 kc mic ro fa rads  v / m i l  

25 1.5 X 108 4.1 X 1016 2714 12.7 <02001 407,000 1000 
i00 8.5 X 107 2719 <0.0001 231,000 
200 1.7 X 107 2725 <0.0001 46,300 
300 1.7 X l0 s 2737 <0.0001 4,600 
400 5.0 X 105 2747 0.0003 1,375 
500 3.2 X 105 2757 0.0006 881 
600 5.7 X 104 1.6 X 10 TM 2763 13.5 0.0033 157 660 

of sil icon n i t r i de  0.3 mil  th ick  is p la ted  over  the  
m o l y b d e n u m  film and  the  a t t a c h m e n t  areas  of the  
leads. The cons t ruc t ion  of an  encapsu la t ed  high 
t e m p e r a t u r e  t h in  fi lm sil icon n i t r i de  capaci tor  is now 
complete.  

Summary of Dielectric Properties of Silicon Nitride 
Severa l  of the capaci tors  were  recycled s tepwise  

th ree  t imes in  a muffle f u rnace  over  a t e m p e r a t u r e  
r ange  of 25~176 Each capaci tor  was  suppor ted  
by  two Vycor tubes  t h rough  which  the leads were  
passed. The tubes  ex tended  separa te ly  f rom the  ca-  
paci tor  in the fu rnace  t h rough  the  port  hole to the  
outs ide w i thou t  touch ing  each other  or the  wal ls  of 
the  furnace .  Rep re sen t a t i ve  resu l t s  of the  t e m p e r a -  
t u r e  exposures  up to 600~ are p resen ted  in Tab le  I. 

F u r t h e r m o r e  it is i n t e re s t ing  to note  tha t  in  one case 
a capaci tor  was  hea ted  to 1000~ in  a flame wi thou t  
damage.  

Manuscript  received Sept. 18, 1959. 

Any discussion of this paper  will appear in a Discus- 
sion Section to be published in  the December 1960 
JOURNAL.  
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Tin-Activated Calcium Orthosilicate Phosphors 
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Chemical and Metallurgical Division, Sylvania Electric Products Inc., Towanda, Pennsylvania 

ABSTRACT 

A study of the t in-act ivated calcium orthosilicates disclosed two phosphors: 
a b lue-emi t t ing  phosphor with a very broad excitation band having the 
~-Ca.~SiO, s t ructure  and a ye l low-emit t ing  phosphor with fair response to high- 
pressure mercury-vapor  radiat ion having the ~'-Ca~SiO~ structure. The 
~-Ca_~SiO,: Sn phosphor is the more efficient of the two, comparing very favor- 
ably with other we l l -known blue phosphors. The efficiency of ~-Ca~SiO,: Sn was 
studied as a funct ion of activator concentrat ion and compared with similar re-  
sults for ~-CaSiO,:Sn. The difference in behavior  between ~-Ca~SiO,:Sn and 
~-CaSiOz: Sn is a t t r ibuted to differences in crystal structure. 

The or thosi l icates  of ca lc ium hav ing  the  compo-  
s i t ion 2CaO-SiO~ or CasSiO, have  been  the  subjec t  of 
m a n y  inves t iga t ions ,  since they  are found  c o m m o n l y  
in  blas t  fu rnace  and  o p e n - h e a r t h  slags and  used ex-  
t ens ive ly  in P o r t l a n d  cemen t  and  cer ta in  types  of 
refractor ies .  The p resen t  ideas on the  chemis t ry  and  
c rys t a l log raphy  of d ica lc ium orthosi l icate  be ga n  in  
1943 wi th  the  work  of Bredig  (1) whose ideas since 
have  been  conf i rmed and  ex t ended  by  m a n y  au thors  
(2 -6) .  It  is now gene ra l l y  accepted tha t  d ica lc ium 
or thosi l ica te  occurs in  four  po lymorph ic  modif ica-  
t ions:  namely ,  an  a lpha  (~) or h i g h - t e m p e r a t u r e  
modif icat ion s table  above  1450~ an  a lpha  p r i m e  
(~') modif icat ion occur r ing  b e t w e e n  850 ~ and  1450~ 
a beta  (fl) modificat ion,  me ta s t ab l e  at room t e m p e r a -  

tu re ;  and  a g a m m a  (~,) modificat ion,  which  is s table  
at  room t empera tu r e .  The :~-, fl-, a n d  a ' -modi f ica-  
t ions are found  in n a t u r e  and  have  the  minera log ica l  
names :  calc io-ol ivine ,  la rn i te ,  and  bredigi te ,  r e -  
spect ively.  It  has been  shown also tha t  the addi t ions  
of smal l  amoun t s  of m a n y  of the common oxides 
change  the t e m p e r a t u r e s  of bo th  the  a-f l  and  the  
fl-7 invers ions ,  r e su l t ing  in  some cases in  the  s tab i l i -  
za t ion of h i g h - t e m p e r a t u r e  forms (7, 8). For  i n -  
stance,  less t h a n  0.2 mole  % of Na~O wil l  inh ib i t  the  
fl-7 t r a n s f o r m a t i o n  (9) .  Thus  the specific c rys ta l lo -  
graphic  species fo rmed  by  h i g h - t e m p e r a t u r e  sol id-  
s tate  reac t ion  wi l l  be d e t e r m i n e d  not  on ly  by  the  
t e m p e r a t u r e  of firing, b u t  also b y  the  pa r t i cu l a r  
mod i fy ing  compounds  present .  
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The only  ca lc ium orthosi l icate  phosphor  p r e v i -  
ously  repor ted  was  fl-Ca_~SiO,: Pb  which,  according to 
S tude r  and  Fonda  (10),  emits  at 334 m/~ u n d e r  254 m/L 
exci ta t ion.  The p resen t  i nves t iga t ion  was  u n d e r t a k e n  
as pa r t  of a gene ra l  s tudy  of the  t i n - a c t i v a t e d  ca l -  
c ium silicates. The  p r e p a r a t i o n  and  optical  p r ope r -  
t ies of the t i n - a c t i v a t e d  ca lc ium metas i l ica tes  we re  
repor ted  in  a prev ious  paper  (11) whi le  this paper  
gives cor responding  da ta  on the  ca lc ium or thos i l i -  
cates ac t iva ted  by  tin.  

Experimental Procedure 
Calc ium ca rbona te  and  silicic acid were  mixed  in  

mole  rat ios which  var ied  f rom 2CAO/0.95 SiO~ to 
2CAO/1.50 SiO2 wi th  0.01-10.0 mole  % of s t ann ic  or 
s t annous  oxide. The m i x t u r e  was p e b b l e - m i l l e d  in  a 
deionized wa te r  s lur ry ,  dr ied  at 110~176 and  
fired in sil ica t r ays  at t e m p e r a t u r e s  v a r y i n g  f rom 
870~176 F o r  m a x i m u m  efficiency it was  neces-  
sa ry  to fire in  a s team a tmosphere ,  and  since t i n -  
ac t iva ted  phosphors  luminesce  on ly  w h e n  the t in  is 
in  a lower  va lence  state, a r educ ing  a tmosphere ,  u s u -  
a l ly  a m i x t u r e  of hydrogen ,  n i t rogen ,  and  s team, 
was  ma in t a ined .  Al l  gas flows were  cont ro l led  care-  
fu l ly  in  order  to ob ta in  r ep roduc ib le  resul t s  wi th  op-  
t i m u m  efficiencies be ing  ob ta ined  at a n i t r o g e n  to 
h y d r o g e n  ra t io  of a p p r o x i m a t e l y  un i ty .  

The methods  used for s t ruc tu re  ident i f ica t ion by  
x - r a y  diffraction,  m e a s u r e m e n t  of exc i ta t ion  and  
emiss ion spectra,  and  d e t e r m i n a t i o n  of per  cent  t i n  
by  q u a n t i t a t i v e  ana lyses  were  the  same as those p r e -  
v ious ly  repor ted  (11).  In  this  pape r  the ac t iva tor  
conten ts  are expressed  as g r a m - a t o m  t in  per  g r a m -  
a tom of ca lc ium in  the  fired phosphor .  

Rela t ive  efficiency m e a s u r m e n t s  u n d e r  254 m~ ex-  
c i ta t ion  were  made  on a p l aque  tes ter  of c o n v e n -  
t iona l  des ign (12).  Efficiency m e a s u r e m e n t s  u n d e r  
h i g h - p r e s s u r e  m e r c u r y - v a p o r  (HPMV)  exci ta t ion  
were  made  on a s imi la r  i n s t r u m e n t  us ing  as sources 
two Gene ra l  Electr ic  C85H3 l amps  wi th  u l t r a v i o l e t -  
t r a n s m i t t i n g  envelopes.  The p r e d o m i n a n t  w a v e  
l eng ths  p resen t  in  the  HPMV source were  313 and  
365 m/~. The  i n s t r u m e n t  was so cons t ruc ted  tha t  
efficiencies of var ious  phosphors  could be compared  
at  room t e m p e r a t u r e ,  or the t e m p e r a t u r e  dependence  
of f luorescence of a sample  could be measu red  by  
ra i s ing  the  t e m p e r a t u r e  of the sample  at a cons tan t  
hea t ing  ra te  of a p p r o x i m a t e l y  2 ~  The ou tpu t  
of a 1P21 pho tomul t i p l i e r  detector  was amplif ied by  
a Photovol t  Model  520-M u n i t  and  fed in to  the  
Y-ax i s  of a Mosely Au togra f  X - Y  recorder .  The sig-  
na l  f rom a c h r o m e l - a l u m e l  the rmocoup le  imbedded  
in  the  phosphor  sample  was fed to the  X-ax i s ,  thus  
g iv ing  a con t inuous  plot  of efficiency vs. t e m p e r a t u r e  
for a pa r t i cu l a r  sample.  

Results with B-Ca~SiO,:Sn 
A deep b l u e - e m i t t i n g  phosphor  hav ing  the 

fl-Ca~SiO, s t ruc tu re  was  fo rmed  over  wide  t e m -  
p e r a t u r e  and  composi t ion  l imi ts  wi th  t e m p e r a t u r e s  
b e t w e e n  1150 ~ and  1230~ and  composi t ions  be -  
t w e e n  2.0 CaO/1.00 SiO, and  2.0 CaO/1.10 SiO, g iv -  
ing the  best  resul ts .  There  was no ev idence  in  a ny  of 
the  fir ings of the  presence  of 7-Ca,SiO~. The most  
efficient phosphors  were  p roduced  at a SiO~ con ten t  
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Fig. t. Excitotion and emission spectro of fl-Co~Si04:0.O03 
Sn and d-Ca=Si04:0.O03 Sn. 

t ha t  gave a sl ight  excess of SiO, over  the  theore t ica l  
Ca.oSiO, composit ion.  The presence  of a s l ight  excess 
of CaO was e x t r e m e l y  de le te r ious  to phosphor  
br ightness .  

The exc i ta t ion  and  emiss ion  spect ra  of fl-Ca~SiO4:Sn 
are shown in  the top hal f  of Fig. 1. The  emiss ion 
spec t rum consists of a s ingle  b a n d  pe a k i ng  at 22,000 
cm -1 or 455 m/~ regard less  of the  ene rgy  of exci ta t ion.  
The  exc i t a t ion  spec t rum is broad,  g iv ing  efficient 
exc i ta t ion  by  both  254 m/~ and  HPMV radia t ion .  The 
b r igh tness  of fl-Ca~SiO, compares  v e r y  f a vo rab ly  
wi th  tha t  of other  b l u e - e m i t t i n g  phosphors.  For  i n -  
stance, wi th  254 m/~ exc i ta t ion  fl-Ca,SiO4:0.003 Sn  is 
25% b r igh t e r  t h a n  Sr,P~OT:Sn, which  has  its peak  
emiss ion  at 452 m#, and  u n d e r  HPMV exc i ta t ion  it is 
15 % b r igh t e r  t h a n  m a g n e s i u m  tungs ta te .  Both  com-  
par isons  were  made  at room t e m p e r a t u r e .  

Results with ~'-Ca~SiO4:Sn 
As the  fir ing t e m p e r a t u r e  exceeded 1200~ for 

phosphors  h a v i n g  a compos i t ion  close to the  theo-  
re t ica l  CafSiO, composi t ion,  the re  was a g r a dua l  de-  
crease in  b lue  emiss ion  and  an  equa l ly  g r a dua l  i n -  
crease in  ye l low emission.  This  effect was  most  p ro -  
nounc e d  as the  composi t ion  approached  the  CafSiO, 
s to ichiometr ic  f o r m u l a t i o n  and  decreased as the  ex-  
cess SiO2 increased.  C o n c u r r e n t  w i th  the  shift  in  
emission,  the re  occurred  a co r respond ing  shift  in  the  
exc i ta t ion  spec t rum wi th  the  ye l low componen t  be -  
ing exci ted  more  eas i ly  by  HPMV rad i a t i on  t h a n  by  
254 /~ exci ta t ion.  The y e l l o w - e m i t t i n g  phosphor  was  
ident if ied by  x - r a y  dif f ract ion as a'-Ca~SiO4: Sn  wi th  
emiss ion and  exc i ta t ion  spect ra  as g iven  in  the  bo t -  
tom hal f  of Fig. 1. 

The emiss ion  is d e p e n d e n t  on the  w a v e  l eng th  of 
exci ta t ion,  g iv ing  a s ingle  b a n d  at  17,300 cm -1 
(578 m~) w h e n  exci ted by  341 m/~. As the  ene rgy  of 
the exc i t ing  wave  l eng th  is increased,  the  pos i t ion  of 
the m a i n  emiss ion b a n d  shifts  f rom 578 m/~ u n d e r  
341 m~ exc i ta t ion  to 559 m~ u n d e r  268 m~ exci ta t ion,  
and  in add i t ion  a v e r y  w e a k  emiss ion  b a n d  develops  
at abou t  370 m/~. F r o m  the exc i ta t ion  da ta  it is ap -  
p a r e n t  tha t  the i n t e ns i t y  of the b a n d  in  the n e i g h -  
borhood of 570 m/~ is g rea tes t  at the peak  in  the ex-  
c i ta t ion  curve,  i.e., u n d e r  285 m/, rad ia t ion .  
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I t  was also found  tha t  the subs t i t u t i on  of smal l  
a m o u n t s  of Mg, Zn, Sr, or Ba, in  the  r ange  0.10 
g r a m - a t o m  of mod i fy ing  Group  II  metal ,  for an  
e q u i v a l e n t  a m o u n t  of Ca in  the  ca lc ium orthosi l icate  
f o r m u l a t i o n  t ended  to p romote  the  t r ans i t i on  to the  
y e l l o w - e m i t t i n g  ~'-Ca~SiO,:Sn. A compar i son  of the  
resu l t s  showed tha t  the  g rea te r  the difference in  
ionic size b e t w e e n  ca lc ium and  the  mod i fy ing  cation,  
the  g rea te r  the effect, i.e., b a r i u m  and  m a g n e s i u m  
were  more  efficient in  p romot ing  the  t r ans i t i on  t h a n  
zinc or s t r o n t i u m  whi le  c a d m i u m  had  l i t t le,  if any,  
effect. The most  efficient y e l l o w - e m i t t i n g  phosphor  
h a v i n g  the a'-Ca~SiO, s t ruc tu re  had  the  composi t ion  
Ca~.~Baoo~SiO,:0.003 Sn. The exc i ta t ion  spec t rum of 
the  Ba-modi f ied  d-Ca~SiO~: Sn phosphor  as shown in  
the  bo t tom hal f  of Fig. 1 is v e r y  di f ferent  f rom the  
unmodif ied  sample  as ev idenced  by  the s t rong ab -  
sorpt ion  of r ad ia t ion  at about  30,000 cm -~ (333 m~) 
caused by  the  add i t ion  of ba r ium.  The addi t ion  of 
smal l  a m o u n t s  of a lka l i  meta l s  as, for example ,  0.013 
g r a m - m o l e  of LL_CO~ to a Ba-modi f l ed  Ca~SiO~:Sn 
phosphor  was  also effective in  inc reas ing  the effi- 
c iency to HPMV rad ia t ion  by  increas ing  the absorp-  
t ion  of 30,000 cm -~ r ad ia t ion  sti l l  fu r ther .  Ca lc ium 
or thosi l ica te  phosphors  fired at 1316~ d isp layed  no 
ev idence  of fus ion  even  in  the  presence  of we l l -  
k n o w n  fluxes such as Li~CO, or BaCOn. 

Effect of Activator Concentration on fl-Ca~SiO,:Sn 
The effect of ac t iva tor  concen t ra t ion ,  expressed as 

a tom Sn found  in  the fired phosphor  per  a tom Ca, 
on the re l a t ive  efficiency of f l-Ca~SiO,:Sn was  
s tud ied  and  compared  to s imi la r  resul t s  on the more  
efficient of the  t i n - a c t i v a t e d  ca lc ium metasi l icates ,  
name ly ,  fl-CaSiO~: Sn. The resul ts  for 254 m~ exc i ta -  
t ion  for bo th  fl-Ca,~SiO~:Sn and  f l -CaSiO~:Sn are 
shown  in  the  top ha l f  of Fig. 2. The no rma l i zed  effi- 
c iency da ta  were  fitted to the equa t ion  

c(1 - - c )  ~ 

c + (~/~ ' )  (1 - c) 

whe re  v is the r e l a t ive  efficiency, c is the ac t iva tor  
concen t r a t i on  in  a tom Sn per  a tom Ca, and  Z and  
o-/~' are ad jus t ab l e  p a r a m e t e r s  (13).  The p a r a m e t e r  
o-/~' is the ra t io  of the cap ture  cross sections of n o n -  
ac t iva tors  to the cap ture  cross sections of l u m i n e s -  
cent  act ivators ,  whi le  the p a r a m e t e r  Z is defined as 
the  n u m b e r  of la t t ice  posi t ions s u r r o u n d i n g  a g iven  
ac t iva tor  such that ,  if any  one of these sites is 
occupied by  ano the r  act ivator ,  l uminescence  is 
quenched .  The  efficiency of fl-Ca~SiO~:Sn is r e l a -  
t i ve ly  insens i t ive  to ac t iva tor  concen t r a t i on  over  the 
r ange  0.001-0.020 a tom S n / a t o m  Ca for 254 m~ ex-  
ci tat ion,  whereas  the  efficiency of f l -CaSiO~:Sn is 
sha rp ly  peaked  at an  ac t iva tor  concen t ra t ion  of abou t  
0.001 a tom S n / a t o m  Ca. The ra t io  of the cap tu re  
cross section of nonac t iva to r s  to ac t iva tors  is ap -  
p r o x i m a t e l y  cons tan t  for bo th  phosphors ,  whe reas  Z 
increases  by  a factor  of six in  going f rom 10 for 
B-Ca~SiO,: Sn  to 60 for fl-CaSiO~: Sn. 

Since fl-Ca~SiO4: Sn  is also exci ted  by  HPMV r a d i -  
at ion,  the  effect of ac t iva tor  concen t r a t i on  on the  
H P M V  response  was  also s tudied,  wi th  resu l t s  as 
g iven  in  the  bo t tom ha l f  of Fig. 2. The efficiencies at 
e leva ted  t e m p e r a t u r e s  we re  ca lcu la ted  f rom the  
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Fig. 2. Relat ive e f f i c iency  vs. ac t i va to r  concent ra t ion  for  
(~-Ca2SiO~:Sn with u l t rav io le t  exc i ta t ion .  

r o o m - t e m p e r a t u r e  efficiencies and  m e a s u r e m e n t s  of 
the t e m p e r a t u r e  dependence  of fluorescence. The 
fl-Ca,~SiO,:Sn phosphors  showed a g r a d u a l  decrease 
in efficiency wi th  t e m p e r a t u r e  wi th  the  phosphor  
hav ing  the  highest  t i n  concen t ra t ion  giving the  
greates t  drop in  efficiency. Since the  decrease in 
b r igh tness  is v e r y  gradua l ,  the er ror  due to n o n -  
e q u i l i b r i u m  m e a s u r e m e n t s  should be negl igible .  As 
would be expected the  m a x i m u m  in the plot of effi- 
c iency vs. ac t iva tor  con ten t  shifts to lower  act ivator  
concen t ra t ions  wi th  inc reas ing  t empera tu re .  

Values  of Z and  ~ /~ '  for fl-Ca~SiO~: Sn  at  25 ~ 200 ~ 
and  400~ were  calculated.  The cr/~r' values  for all  
th ree  t e m p e r a t u r e s  were  a pp r ox i ma t e l y  equal,  i.e., 
about  0.001 or an order  of m a g n i t u d e  grea te r  t h a n  
the ~/~' values  for 254 m~ exci ta t ion.  The Z va lue  
found  was  the same at room t e m p e r a t u r e  for low and  
HPMV exci ta t ion,  bu t  increased  f rom 10 at room 
t e m p e r a t u r e  to 50 at 400~ for H P M V  excitat ion.  

It  is i n t e re s t ing  tha t  most  of the t in  added to the  
phosphor  mix  is lost d u r i n g  the firing process. Thus,  
for fl-Ca~SiO4: Sn, 44% of the  or ig ina l  t i n  presen t  is 
r e t a ined  at  the lowest  ac t iva tor  concent ra t ion .  This 
a m o u n t  decreases to a v a l u e  of 13% in  the  ne ighbor -  
hood of the  o p t i m u m  ac t iva tor  concen t ra t ion  and  
then  increases  r ap id ly  aga in  to 40% for 0.10 g r a m -  
a tom Sn added per  g r a m - m o l e  of Ca.~SiO~. The per  
cent  t i n  r e t a ined  in  f l -CaSiO3:Sn goes th rough  a 
s imi lar  m i n i m u m  s t a r t i ng  at 45%, decreas ing  to a 
m i n i m u m  of 2.5%, and  increas ing  aga in  to 42%. 

Discussion 
The p r e d o m i n a n c e  of the  B-Ca2SiO, s t ruc tu re  and  

the complete  lack of a n y  evidence  of the  ~,-Ca~SiO~ 
s t ruc tu re  in  the  Ca~SiO,: Sn phosphors  indica te  tha t  
t i n  has a s t rong s tabi l iz ing  effect on the  metas tab le  
fl-Ca.~SiO, crys ta l  latt ice.  A no t he r  s tab i l iz ing  inf lu-  
ence on the  fl-Ca~SiO~ s t ruc tu re  m i gh t  be  the smal l  
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p a r t i c l e  size s ince  G u i n i e r  and  Y a n n a g u i s  (5) found  
tha t ,  w i th  c r y s t a l s  less t h a n  10 ~ in size, the  f l -phase  
on ly  was  s tab le .  A t  v e r y  h igh  t e m p e r a t u r e  i t  is n e c -  
e s s a r y  to i n t r o d u c e  a d i s to r t i ng  ca t ion  whose  r a d i u s  
is m a r k e d l y  d i f fe ren t  f rom tha t  of ca l c ium in o r d e r  to 
p r o m o t e  t he  fl-~'  t r a n s i t i o n  and  s t ab i l i ze  the  a ' - s t r u c -  
t u r e  at  r o o m  t e m p e r a t u r e .  The  neces s i t y  of a s l igh t  
excess  of SiO, ove r  t he  Ca,SiO~ compos i t ion  for  op -  
t i m u m  efficiency is g e n e r a l l y  accep ted  in p h o s p h o r  
t e chno logy  as is t he  use of r e d u c i n g  a t m o s p h e r e s  for  
the  f i r ing of t i n - a c t i v a t e d  phosphors .  

I t  is i n t e r e s t i n g  to c o m p a r e  t h e  ~ /~ '  and  Z v a l u e s  
o b t a i n e d  on f l -Ca ,S iO , :Sn  and  f l - C a S i O , : S n  w i t h  
those  of a n o t h e r  t i n - a c t i v a t e d  phosphor ,  n a m e l y  
Sr~ ,sZno.~o (PO,)  ~: Sn,  r e c e n t l y  s t u d i e d  (14) .  F o r  254 m~ 
exc i t a t i on  a t  r o o m  t e m p e r a t u r e ,  t he  ~/~'  v a l u e s  a r e  
a l l  a p p r o x i m a t e l y  cons tan t ,  v a r y i n g  f rom 0.0001 and  
0.0002 for  the  t i n - a c t i v a t e d  s i l ica tes  to 0.0005 for  t he  
t i n - a c t i v a t e d  phospha t e .  The  Z va lues  of 10 and  60 
for  the  s i l i ca tes  a r e  h i g h e r  t h a n  the  p r e v i o u s  Z ~ 1 
v a l u e  for  t he  a b o v e  phospha te ,  a l t h o u g h  a s t r i c t  c o m -  
pa r i son  of t he se  f igures is not  e n t i r e l y  va l id ,  s ince in 
t h e  p r e v i o u s  p a p e r  (14) the  a c t i v a t o r  c o n c e n t r a t i o n s  
w e r e  e x p r e s s e d  in t e r m s  of t he  unf i red  mix ,  w h e r e a s  
in the  p r e s e n t  p a p e r  t h e y  a r e  g iven  in t e r m s  of t he  
t in  a c t u a l l y  p r e s e n t  in t he  p h o s p h o r  a f t e r  f ir ing.  The  
l a t t e r  m e t h o d  is m u c h  to be p r e f e r r e d  due  to t he  
l a rge  and  v a r i a b l e  loss of t in  d u r i n g  firing. 

A c o m p a r i s o n  of the  r e sponse  of fl-Ca~SiO~:Sn 
w i t h  Sr~.~Zno.~o(PO,)~: Sn u n d e r  H P M V  exc i t a t i on  
g ives  s im i l a r  resu l t s .  Thus,  ~ / ~ '  is no t  c h a n g e d  v e r y  
much ,  be ing  in  t he  n e i g h b o r h o o d  of 0.001 for  t he  
t i n - a c t i v a t e d  s i l i ca tes  and  v a r y i n g  w i t h  t e m p e r a t u r e  
f r o m  0.003 to 0.005 for  t he  t i n - a c t i v a t e d  phospha t e .  
The  inc rease  in Z w i t h  t e m p e r a t u r e  is accord ing  
to expec t a t i on ,  and  at  e l e v a t e d  t e m p e r a t u r e s  
t h e r e  is good c o r r e l a t i o n  b e t w e e n  the  Z v a l u e  for  
Sr~.,~Zno~o(PO~)~: Sn  of 36 at  377~ and  the  va lue s  of 
30 and  50 for  t e m p e r a t u r e s  of 200 ~ and  400~ r e -  
spec t ive ly ,  for  f l -Ca,  SiO,: Sn. 

G e n e r a l i z i n g  these  resu l t s ,  i t  w o u l d  a p p e a r  t h a t  
the  r a t io  of t he  c a p t u r e  cross sec t ion  of n o n a c t i v a t o r s  
to l u m i n e s c e n t  a c t i va to r s  is r e l a t i v e l y  una f fec ted  b y  
e n v i r o n m e n t ,  be ing  a func t ion  l a r g e l y  of the  a c t i v a -  
to r  i t se l f  and  the  e n e r g y  of t he  exc i t i ng  r ad i a t i on .  
H o w e v e r ,  the  p a r a m e t e r  Z, w h i c h  is r e l a t e d  to t he  
n u m b e r  of n e i g h b o r i n g  s i tes  occup ied  suff icient  to 
cause  c o n c e n t r a t i o n  quench ing ,  is a func t ion  of t he  
p h o s p h o r  m a t r i x .  

More  speci f ica l ly ,  w h y  is f i - C a S i O , : S n  w i t h  a Z 
v a l u e  of 60 m u c h  m o r e  sens i t ive  to a c t i v a t o r  concen -  
t r a t i on  t han  is fi-Ca~SiO~:Sn w i t h  a Z v a l u e  of 10. 
One  poss ib l e  e x p l a n a t i o n  for  t he  d i f fe rence  l ies  in  t he  
f u n d a m e n t a l  d i f fe rence  in s t r u c t u r e  b e t w e e n  w o l -  
l a s ton i t e  (f l-CaSiO~) and  l a r n i t e  (fl-Ca~SiO~). Thus  
t h e  s t r u c t u r e  of l a r n i t e  has  been  shown  b y  M i d g l e y  
(15) to consis t  of i so la ted  SiO, t e t r a h e d r a  and  Ca 
ions. On the  o t h e r  hand,  the  w o l l a s t o n i t e  s t r u c t u r e  
has  r e c e n t l y  been  r e i n v e s t i g a t e d  (16, 17) a n d  f o u n d  
to consis t  of inf in i te  cha ins  of S i , O ,  r ad i ca l s  a r r a n g e d  
a long  end less  co lumns  of C a - o c t a h e d r a .  Thus  the  ac -  
t i v a t o r  s i tes  in wol l a s ton i t e ,  a s s u m i n g  i s o m o r p h o u s  
r e p l a c e m e n t  of c a l c ium b y  tin,  a r e  found  in these  Ca -  
o c t a h e d r a  co lumns ,  w h e r e a s  t he  s i tes  in B-CasSiO,:  Sn  
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a re  m o r e  or  less r a n d o m l y  d i s t r i b u t e d  a m o n g  the  
i so l a t ed  ca l c ium si tes  in the  c rys ta l .  I t  is p r o p o s e d  
t ha t  the  assoc ia t ion  of the  a c t i v a t o r  s i tes  b y  th is  
c o l u m n - t y p e  s t r u c t u r e  l eads  to a g r e a t e r  i n t e r a c t i o n  
b e t w e e n  n e i g h b o r i n g  a c t i va to r s  and  t h e r e f o r e  a 
g r e a t e r  s e n s i t i v i t y  to c o n c e n t r a t i o n  quench ing  as 
e v i d e n c e d  b y  a Z v a l u e  of 60 for  f l -CaSiO, :  Sn  vs. a 
Z v a l u e  of 10 for  fl-Ca~SiO~: Sn. 

The  a p p r e c i a b l e  loss of t in  d u r i n g  f i r ing is u n -  
d o u b t e d l y  e x p l a i n e d  b y  the  w o r k  of  P l a t t e e u w  and  
M e y e r  (18) who  s h o w e d  t h a t  a t  h igh  t e m p e r a t u r e s  
SnO is a s t ab le  gas  w i t h  an  a p p r e c i a b l e  v a p o r  p r e s -  
sure.  The  p r e s e n c e  of H~ in t he  gas  m i x t u r e  w o u l d  
u n d o u b t e d l y  f a v o r  t he  f o r m a t i o n  of S n O  and  thus  
l e ad  to i ts  s u b s e q u e n t  d i s p e r s a l  t h r o u g h  the  s y s t e m  
and  p a r t i a l  loss to t he  su r round ings .  The  p r e s e n c e  
of t h e  a c t i v a t o r  in the  v a p o r  s ta te  m i g h t  also e x p l a i n  
the  g e n e r a l l y  h igh  efficiencies of  t i n - a c t i v a t e d  p h o s -  
pho r s  due  to u n i f o r m  i n c o r p o r a t i o n  in  t he  la t t ice .  The  
inc rease  in t he  t in  r e t a i n e d  at  the  h i g h e r  c o n c e n t r a -  
t ions  is e v i d e n t l y  due  to t he  i n a b i l i t y  of t he  p h o s p h o r  
to r i d  i t se l f  of excess  t in  d u r i n g  the  p e r i o d  of f i r ing 
used.  

A n  ana lys i s  of t he  spe c t r a  of the  S n - a c t i v a t e d  ca l -  
c i u m  o r thos i l i c a t e s  is c o n s i d e r a b l y  m o r e  diff icult  t h a n  
t ha t  fo r  the  me tas i l i ca t e s .  S t u d e r  and  F o n d a  (10) 
f o u n d  one emiss ion  b a n d  at  334 m~ for  fi-Ca~SiO~: Pb.  
H o w e v e r ,  r e c e n t  m e a s u r e m e n t s  in th is  l a b o r a t o r y  in -  
d ica te  t ha t  t h e r e  a r e  a t  l eas t  fou r  emiss ion  b a n d s  w i t h  
a c o r r e s p o n d i n g  n u m b e r  of e xc i t a t i on  bands .  As  a 
consequence ,  i t  is c o m p l e t e l y  imposs ib l e  to r e l a t e  t he  
e xc i t a t i on  or  emiss ion  b a n d s  in fl-CafSiO~: Sn to those  
in fl-Ca.~SiO~: Pb  at  th i s  t ime.  
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ABSTRACT 

S i lve r -ac t iva ted  magnes ium bora te  phosphors  are  ex t r eme ly  sensi t ive to 
reducing  agents in the  presence of wa te r  or moist  air. Wi th  progress ive  reduc-  
tion, the  color of fluorescence turns  f rom bluish whi te  to green, yel low, orange, 
and  red  under  exci ta t ion  by  3650A. A t  the  same t ime the color of the  phosphor  
powders  changes f rom whi te  to g ray  or  black. S imi la r  proper t ies  were  found in 
some other  crys ta ls  containing Ag. The character is t ics  of these phosphors  show 
some s imilar i t ies  wi th  photographic  mater ia ls .  

The  f luorescence  due  to a tomic  s i lve r  in g lasses  
and  c rys t a l s  con t a in ing  s i lve r  has  a l r e a d y  been  r e -  
p o r t e d  b y  W e y l  and  o the r s  (1 ) .  R e d u c t i o n  of the  s i l -  
ve r  ions in these  subs t ances  was  ef fec ted  b y  m e a n s  of 
h y d r o g e n ,  e l ec t ron  b o m b a r d m e n t ,  and  e x p o s u r e  to 
x -  or  ~,-rays. I t  was  found  b y  the  p r e s e n t  a u t h o r s  
t ha t  A g - a c t i v a t e d  m a g n e s i u m  b o r a t e  can be  r e d u c e d  
b y  c o m m o n  r e d u c i n g  agen t s  in the  f o r m  of so lu t ions  
and  thus  be  m a d e  s t r o n g l y  f luorescent .  These  p h o s -  
p h o r s  a r e  e x t r e m e l y  sens i t ive  to r e d u c i n g  agents ,  a n d  
t h e i r  f luorescence  color  u n d e r  exc i t a t i on  b y  3650A 
r a d i a t i o n  va r i e s  f rom an o r ig ina l  w h i t i s h  b lue  to 
o r a n g e  or  r e d  w i th  i nc rea s ing  d e g r e e  of r ed uc t i on ;  
e v e n t u a l l y  t h e y  become  nonf luorescen t  and  d a r k  
g ray .  These  p h o s p h o r s  a re  of i n t e r e s t  in p r o v i d i n g  
an  a n a l o g y  to p h o t o g r a p h i c  processes .  

Preparation of Phosphor 
S i l v e r - a c t i v a t e d  m a g n e s i u m  b o r a t e  p h o s p h o r s  of 

v a r i o u s  compos i t ions  w e r e  p r e p a r e d  b y  f i r ing m i x -  
t u r e s  of pur i f i ed  bor ic  ac id  (H3BO~), bas ic  m a g n e -  
s i um c a r b o n a t e  (3MgCO~-MgO.4H~O),  and  s i lve r  
n i t r a t e  w i t h  or  w i t h o u t  a d d e d  a l u m i n u m  h y d r o x i d e ,  
for  two  0.5 or  1 h r  pe r i ods  a t  950~ The  in i t i a l  f i r ing 
was  a l w a y s  m a d e  in  air ,  and  the  second  f i r ing w a s  
c a r r i e d  out  in va r i ous  a tmosphe re s ,  such as in air ,  
oxygen ,  or  n i t rogen ,  a f t e r  an  i n t i m a t e  g r i n d i n g  b e -  
t w e e n  firings.  P u r e  m a g n e s i u m  bo ra t e s  w i t h o u t  
a d d e d  i m p u r i t i e s  w e r e  also p r e p a r e d  b y  the  s ame  
me thod .  The  compos i t ions  s t ud i ed  w e r e  as fo l lows :  
bor i c  acid,  2 moles ;  bas ic  m a g n e s i u m  ca rbona te ,  0.5, 
0.375, 0.25, and  0.125 moles ;  s i l ve r  n i t r a t e ,  0-2x10 -~ 
moles ;  and  a l u m i n u m  h y d r o x i d e ,  0-5x10 -" moles .  
F u r t h e r m o r e ,  m a g n e s i u m  bo ra t e s  of compos i t ion  
M g O . B , O ,  con ta in ing  1 mo le  % Cu, Li, Be, Hg, A1, 
La,  T1, Ti, Ge, Zr ,  Sn, Pb,  V, As, Sb, Bi, Se, Mn, Ce, 

Sin, U, and  Th w e r e  p r e p a r e d  by  the  s a m e  method ,  
excep t  for  p h o s p h o r s  w i t h  Ce and  Sn w h i c h  w e r e  
f i red in a i r  or  in  a r e d u c i n g  a t m o s p h e r e  in t he  second 
hea t  t r e a t m e n t .  

Reduction of phosphors . - -A smal l  a m o u n t  of the  
p h o s p h o r  is p l a c e d  in a g lass  d ish  and  w e t t e d  w i th  an  
e x t r e m e l y  d i l u t e  so lu t ion  of a r educ ing  agent .  F o r  
mos t  of the  e x p e r i m e n t s ,  10-~N s o d i u m  sulfi te 
(Na~SO3.7H~O) so lu t ion  or  t he  so lu t ion  p r e p a r e d  b y  
d i s so lv ing  1 cc E l o n - H y d r o q u i n o n  B o r a x  (D-76 )  d e -  
ve lope r  in 100 l i t e r s  of w a t e r  w e r e  used  as r educ ing  
agents .  W i t h  these  d i l u t e  so lu t ions  of r educ ing  
agents ,  the  f luorescence  color  of A g - a c t i v a t e d  phos -  
phors  changes  f rom an  o r i g i n a l  w h i t i sh  b l u e  to green ,  
ye l low,  o range ,  or  r e d  w i t h i n  a few minu tes ,  wh i l e  
w i th  c o n c e n t r a t e d  so lu t ions  of r educ ing  agents ,  such 
as D-76 d e v e l o p e r  i tself ,  t he  phospho r s  t u r n  into 
nonf luo rescen t  b l a c k  p o w d e r s .  On the  o t h e r  hand ,  
p u r e  m a g n e s i u m  b o r a t e s  of va r i ous  compos i t ions  r e -  
m a i n e d  u n c h a n g e d  b y  the  same  r e d u c i n g  agents .  

F i l t e r  p a p e r  or  c o m m o n  w h i t e  p a p e r  can  also be 
used  as c o n v e n i e n t  r e d u c i n g  agents .  I f  a sma l l  
a m o u n t  of t he  d r y  p h o s p h o r  p o w d e r s  is s p r e a d  on a 
shee t  of d r y  w h i t e  p a p e r  in  a l a y e r  of a f ew  m i l l i -  
m e t e r  th i ckness ,  t he  r e d u c t i o n  of the  p h o s p h o r  due  to 
t r aces  of r e d u c i n g  agen t s  such as sulfite,  w h i c h  m a y  
be o r i g i n a l l y  con ta ined  in  t he  pape r ,  occurs  g r a d u -  
a l ly  and  p rog re s se s  f r o m  t h e  i n t e r f ace  b e t w e e n  p o w -  
d e r  l a y e r  a n d  p a p e r  to t he  u p p e r  l a y e r  of t he  p o w -  
ders.  F o r  e x a m p l e ,  the  b l u i s h  w h i t e  f luoresc ing  p h o s -  
pho r  s p r e a d  on a shee t  of p a p e r  t u r n e d  c o m p l e t e l y  
in to  a g r e e n  f luorescent  p h o s p h o r  d u r i n g  a f ew  hour s  
in a i r  of a b o u t  70% r e l a t i v e  h u m i d i t y  at  r oom t e m -  
p e r a t u r e ,  w h i l e  t he  s a m p l e  s p r e a d  in a c l ean  glass  
d ish  and  w e t t e d  w i t h  d i s t i l l a t e d  w a t e r  showed  no 
change  of f luorescence  color  for  a long t ime .  
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If  the  p h o s p h o r  is first  p l a c e d  on a shee t  of p a p e r  
for  s e v e r a l  t ens  of m i n u t e s  a n d  t h e n  s to red  in a c lean  
g lass  bot t le ,  i t  t u r n s  in to  the  r e d u c e d  p h o s p h o r  d u r -  
ing  a f e w  m o n t h s '  t ime.  Indeed ,  a p h o s p h o r  s p r e a d  
on a shee t  of p a p e r  for  30 m i n  and  t hen  s t o r ed  in a 
bo t t l e  in t he  d a r k  for  abou t  five y e a r s  t u r n e d  in to  a 
d a r k  g r a y  p o w d e r  p r o d u c i n g  on ly  e x t r e m e l y  w e a k  
r e d  f luorescence  u n d e r  exc i t a t i on  b y  3650A, w h i l e  t he  
s ame  p h o s p h o r  s t o r ed  f r o m  the  b e g i n n i n g  in  a c l ean  
glass  bo t t l e  t u r n e d  into  a s t r o n g l y  g reen  f luorescen t  
p o w d e r  d u r i n g  the  same  l e n g t h  of t ime.  The  speed  of 
r e d u c t i o n  of t he  p h o s p h o r  d e p e n d s  on t e m p e r a t u r e  
and  moi s tu re ,  as we l l  as on the  c o n c e n t r a t i o n  of r e -  
duc ing  agents .  I f  the  p h o s p h o r  on a shee t  of p a p e r  
is m o i s t e n e d  w i t h  hot  s team,  the  color  of f luorescence  
u n d e r  e x c i t a t i o n  b y  3650A changes  f r o m  w h i t i s h  
b lue  to g reen ,  ye l low,  o r ange  or  red,  and  f ina l ly  to 
r e d d i s h  d a r k  g r a y  w i t h i n  a few minu te s .  F o r  t he  
m e a s u r e m e n t s  of t he  op t i ca l  p r o p e r t i e s  of the  r e -  
duced  phosphor ,  t he  s a m p l e  r e d u c e d  on p a p e r  in a i r  
a t  r oom t e m p e r a t u r e  was  used  s ince i t  was  diff icult  
to s top the  r e d u c t i o n  at  t he  d e s i r e d  s t age  w i t h  r e d u c -  
ing solut ions .  

S i l v e r - a c t i v a t e d  p h o s p h o r s  r e d u c e d  b y  e l ec t ron  
b o m b a r d m e n t  or  b y  m e a n s  of h y d r o g e n  d i l u t e d  w i t h  
n i t r o g e n  in a t h i r d  h e a t  t r e a t m e n t  a t  t e m p e r a t u r e s  
f r o m  100 ~ to  200~ showed  w e a k  f luorescence  of 
va r ious  colors  d e p e n d i n g  on the  d e g r e e  of r educ t ion .  
W h e n  these  p h o s p h o r s  w e r e  e x p o s e d  to 2537 or  3650A 
r a d i a t i o n  and  x -  or  7 - r a y s  for  1 h r  a t  r oom t e m p e r a -  
t u r e  t h e y  showed  no changes  of f luorescence  color.  

Emission and rej2ection spectra.--The s p e c t r a l  d i s -  
t r i b u t i o n  of f luorescence  u n d e r  e x c i t a t i o n  b y  3650A 
and  t ha t  of re f lec t ion  w e r e  m e a s u r e d  at  r o o m  t e m -  
p e r a t u r e  b y  t h e  s ame  m e t h o d  as r e p o r t e d  in  a p r e -  
v ious  p a p e r  (2) .  

Experimental Results 
Emission Characterist{cs 

S i l v e r - a c t i v a t e d  m a g n e s i u m  b o r a t e  p h o s p h o r s  of 
a p p r o x i m a t e  compos i t ion  MgO.  B~O~: A g  (10 -~ mo le )  
and  p r e p a r e d  by  f i r ing in a i r  show a w e a k  w h i t i s h  
b lue  f luorescence  u n d e r  exc i t a t i on  b y  2537 or  3650A, 
bu t  no t  u n d e r  exc i t a t i on  b y  ca thode  rays .  T h e  d e -  
t a i l ed  hue  of co lor  and  t h e  i n t e n s i t y  of f luorescence  
f luc tua te  f r o m  s a m p l e  to sample ,  even  w h e n  t h e y  a r e  
p r e p a r e d  u n d e r  as n e a r l y  i den t i ca l  cond i t ions  as pos -  
sible.  Th is  f luc tua t ion  of t he  l u m i n e s c e n t  p r o p e r t i e s  
m a y  be  due  to s l igh t  d i f fe rences  of t he  a t m o s p h e r e  
d u r i n g  p r e p a r a t i o n .  The  p h o s p h o r s  p r e p a r e d  b y  f i r -  
ing  in o x y g e n  or  n i t r o g e n  in the  second  h e a t  t r e a t -  
m e n t  a r e  s im i l a r  to  those  p r e p a r e d  b y  f i r ing in  air .  
A t  l i qu id  a i r  t e m p e r a t u r e ,  a l l  of t he se  p h o s p h o r s  p r o -  
duce  s t rong  b l u i s h  g r e e n  or  g r e e n  f luorescence  u n d e r  
exc i t a t i on  b y  2537A and  3650A. The  f luorescence  of 
A g - a c t i v a t e d  p h o s p h o r s  w i t h  d i f f e ren t  mo le  r a t io s  
of MgO:  B~O~ was  s im i l a r  in co lor  to t h a t  of t he  p h o s -  
p h o r  m e n t i o n e d  above,  b u t  w e a k  in in t ens i ty .  P u r e  
m a g n e s i u m  b o r a t e  showed  no f luorescence  u n d e r  
exc i t a t i on  b y  u l t r a v i o l e t  or  ca thode  r a y s  at  r o o m  or  
l i qu id  a i r  t e m p e r a t u r e .  

S i l v e r - a c t i v a t e d  p h o s p h o r s  t r e a t e d  w i t h  r e d u c i n g  
agen t s  show a s t rong  f luorescence  whose  color  va r i e s  
f rom b l u i s h  g reen  to d a r k  r e d  d e p e n d i n g  on the  d e -  
g ree  of r e d u c t i o n  of t he  phospho r ,  b u t  on ly  u n d e r  

e xc i t a t i on  b y  3650A. The  b r i g h t e s t  f luorescence  a f t e r  
r e d u c t i o n  was  o b t a i n e d  w h e n  the  compos i t ion  was  
MgO-  B~O~: A g  (1-2x10  ~ mo le s ) .  The  f luorescen t  i n -  
t e n s i t y  of the  p h o s p h o r s  e m i t t i n g  green ,  y e l l o w  or  
o r a n g e  f luorescence  is c o m p a r a b l e  to t h a t  of C u -  
a c t i v a t e d  zinc or  z i n c . c a d m i u m  sulf ide p h o s p h o r s  
u n d e r  e xc i t a t i on  b y  3650A. Since  t h e  b o d y  color  of 
t he  p h o s p h o r  p o w d e r  de e pe ns  f r o m  w h i t e  to b l a c k  
w i t h  i nc r e a s ing  d e g r e e  of r educ t ion ,  t he  i n t e n s i t y  of 
t h e  e m e r g i n g  r e d  f luorescence  of t he  g r a y  co lo red  
p o w d e r  is w e a k .  The  f luorescen t  i n t e n s i t y  of A g - a c -  
t i v a t e d  p h o s p h o r s  of d i f fe ren t  mo le  r a t io s  of 
MgO:B~O~ is w e a k  a f t e r  t r e a t m e n t  w i t h  r e d u c i n g  
agen t s  as before .  P u r e  m a g n e s i u m  b o r a t e  w i t h o u t  
a d d e d  i m p u r i t i e s  shows  no f luorescence  at  a l l  a f t e r  
r e d u c t i o n  b y  the  s a m e  r e d u c i n g  agents .  

A m o n g  m a g n e s i u m  bo ra t e s  c on t a in ing  v a r i o u s  e l e -  
m e n t s  o t h e r  t h a n  Ag,  s e v e r a l  p h o s p h o r s  such as t h e  
ones  con ta in ing  M n  ( r e d  f luorescence  u n d e r  e x c i t a -  
t i on  b y  3650A or  ca thode  r a y s ) ,  T1 ( w e a k  b lue ,  
2537A),  S m  (o range ,  ca thode  r a y s ) ,  Ce(Ce~+: s t rong  
v io le t ,  2537A) a n d  Sn (Sn~* :weak  y e l l o w  whi t e ,  
2537A) ,  p r o d u c e d  f luorescence,  b u t  none  of these  
p h o s p h o r s  showed  a change  of f luorescence  color  
a f t e r  t r e a t m e n t  w i t h  t he  s ame  r e d u c i n g  agen t s  as 
before .  P h o s p h o r s  w i t h  1 mole  % A g  and  i nc r ea s ing  
a m o u n t s  of A1 f r o m  0.1 to 5 mo le  % showed  a d e -  
c r ea s ing  s e n s i t i v i t y  to r e d u c i n g  agen t s  as t he  A1 con-  
c e n t r a t i o n  was  inc reased .  Thus  a s a m p l e  w i t h  0.1 
mo le  % A1 was  s t i l l  s t r o n g l y  g r e e n  f luorescen t  a f t e r  
t h e  r educ t ion ,  w h i l e  one w i t h  1% A1 was  a l r e a d y  
v e r y  w e a k .  

The  f luorescen t  s p e c t r u m  of t he  b l u i s h  g r e e n  p h o s -  
p h o r  o b t a i n a b l e  b y  s l igh t  r e d u c t i o n  on p a p e r  is 
s h o w n  b y  c u r v e  1 in Fig.  1. A f t e r  t he  p h o s p h o r  was  
a l l o w e d  to s t and  in a i r  for  3 h r  a t  r o o m  t e m p e r a t u r e ,  
i t  gave  the  f luorescen t  s p e c t r u m  s h o w n  b y  c u r v e  2. 
As  seen  in th is  d i a g r a m ,  t he  n o r m a l i z e d  f luorescen t  
s p e c t r a  consis t  of a t  l eas t  two  m a i n  b a n d s  p e a k i n g  a t  
a b o u t  4200 and  5300A. W i t h  i nc r e a s ing  d e g r e e  of 
r educ t ion ,  the  i n t e n s i t y  of t he  b l u e  b a n d  decreases ,  
w h i l e  t h a t  of t he  g r e e n  b a n d  increases .  

The  f luorescen t  s p e c t r u m  of t h e  g r e e n  phospho r ,  
w h i c h  was  r e d u c e d  on p a p e r  in air ,  is shown  b y  c u r v e  
1 in  Fig.  2. The  p e a k  pos i t i on  is a t  a b o u t  5200A in 
a p p r o x i m a t e  a g r e e m e n t  w i t h  t h a t  of t he  g r e e n  b a n d  
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Fig. 1. Fluorescent spectrum of bluish white fluorescent 
magnesium borate phosphors with 1 mole % Ag, fired for 
two 0.5 hr periods at 950~ in air, under excitation by 
3650A at room temperature. 
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Fig. 2 was made,  are shown by  curves  3 and  4 in Fig. 
2, respect ively .  The  t ime  r equ i r ed  for the  m e a s u r e -  
m e n t  of the respect ive  f luorescent  spectra  m e n t i o n e d  
above was  abou t  30 rain.  The  spect ra  shown by  curves  
3 and  4 in  Fig. 2 are essen t ia l ly  iden t ica l  and  the 
peak  wave  l eng th  of the  spect ra  is abou t  5800A. 

The f luorescent  spec t rum of a phosphor  reduced  on 
paper  u n d e r  i r r ad i a t i on  by  2537A for 30 hr  at room 
t e m p e r a t u r e  is shown in  Fig. 3. The  peak  wave  
l eng th  of the spec t rum is abou t  6300A. 
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Fig. 2. Fluorescent spectrum of magnesium borate phos- 
phors with ] mole % Ag, fired for two 0.5 hr periods at 
950~ in air, producing green (curve ]), yellow (curve 2) and 
orange (curves 3 and 4) fluorescence after reduction, under 
excitation by 3650A at room temperature. 
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Fig. 3. Fluorescent spectrum of magnesium borate phos- 
phor with I mole % Ag, fired for two 0.5 hr periods at 
950~ in air, producing red fluorescence after reduction, 
under excitation by 3650A at room temperature. 

shown in  Fig. 1. The f luorescent  spec t rum of the same 
phosphor  exposed to 3650A rad i a t i on  for 6 hr  i n  air  at  
room t e m p e r a t u r e  a f te r  the  m e a s u r e m e n t  of curve  1 
in  Fig. 1 is shown by  curve  2 in  Fig. 2. This  spec t rum 
shows two bands  peak ing  at about  5400 and  5700A 
which  cor respond to the  bands  peak ing  at about  5200 
and  5800A to be descr ibed below. The shift  in  peak  
posi t ion of the two bands  m a y  be due to the over lap  
of the  two bands  peak ing  at about  5200 and  5800A. 

The f luorescent  spect ra  of samples  which  were  
a l lowed to s tand  in  the  da rk  in air  for 24 hr, or for 18 
hr  fol lowed by  exposure  to 3650A for 12 hr, a f ter  the  
m e a s u r e m e n t  of the  spec t rum shown  b y  curve  2 in  

Reflection Spectra 
The spect ra l  reflect ion of p u r e  m a g n e s i u m  bora te  

of composi t ion  MgO.B~O~ is shown by  curve  1 in  
Fig. 4, r e l a t ive  to tha t  of m a g n e s i u m  oxide. The re -  
flection spect ra  of typ ica l  phosphors  whose fluores- 
cence spect ra  are  i l l u s t r a t ed  by  curve  1 in  Fig. 1, by  
curves  1 and  2 in  Fig. 2, and  by  Fig. 3 are shown by  
curves  2, 3, 4, and  5 in  Fig. 4. Al l  of these curves 
have  a r a the r  s imi la r  shape a nd  show no n a r r o w  ab-  
sorpt ion bands  over  a wide  r ange  of the spec t rum 
f rom abou t  2400 to 4800A. 

Discussion 

Since the  change  of f luorescence color of phosphors  
t r ea ted  wi th  r educ ing  agents  was  confined to the 
phosphors  ac t iva ted  wi th  Ag, the  or igin  of this  phe-  
n o m e n o n  m u s t  be ascr ibed to the  presence  of Ag. In  
A g - a c t i v a t e d  m a g n e s i u m  bora te  phosphor  p repared  
in oxidiz ing or n e u t r a l  a tmosphere ,  s i lver  m a y  be in -  
t roduced  in to  the  m a t r i x  in  the  fo rm of Ag § ions re -  
p lac ing  Mg ++ ions at the  la t t ice  sites. A n  O-- ion va -  
cancy m a y  be gene ra t ed  by  the  r e p l a c e me n t  of two 
Mg +§ ions by  two Ag + ions in  order  to sat isfy the 
condi t ion  of charge  n e u t r a l i t y  in  the  phosphor ,  as has 
a l ready  been  suggested for the  Cu-ac t i va t ed  ca lc ium 
or thophospha te  (2) .  The b lue  f luorescence band  
peak ing  at 4200A m a y  be ascr ibed  to an Ag § act i -  
va tor  cen te r  ad j acen t  to an  O-- ion vacancy.  

E x t e n d i n g  the  a s sumpt ion  m a d e  above,  the  green,  
orange,  and  red  bands  in  the  reduced  phosphor  m a y  
be a t t r i b u t e d  to ac t iva tor  cen te rs  ad jacen t  to O-- ion 
vacancies  in  which  one, two, and  three  e lect rons  are 
t rapped,  respect ively .  I t  is p laus ib le  to assume that  
one of the t r a ppe d  e lect rons  wi l l  combine  wi th  an 
Ag + ion and  fo rm an  Ag-a tom.  If A g - a t o m s  aggre-  
gate into the  colloidal  form the  phosphor  powder  wil l  
become g ray  or b lack  colored. 

It  is f u r t h e r  proposed tha t  the  surface O-- ions of 
the  phosphor  crysta ls  react  chemica l ly  wi th  adsorbed 
reduc ing  agen ts  in  the  p resence  of water .  For  ex-  
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Fig. 4. Reflection spectrum of pure and 
Ag-activated magnesium borates: curve 
1, pure magnesium borate; 2, bluish 
white fluorescent phosphor; 3, green 
fluorescent phosphor; 4, yellow fluores- 
cent phosphor; and 5, red fluorescent 
phosphor. 
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ample ,  sulfite ions are thus  oxidized to su l fa te  ions 
wi th  the s i m u l t a n e o u s  re lease  of free electrons.  
These free e lec t rons  t h e n  en te r  into the crys ta l  via  
the  conduct ion  b a n d  and  become t r apped  at O-- va -  
cancies  ad jacen t  to Ag § ions. This  m a y  lead to a re -  
duc t ion  of Ag § ions to Ag atoms. As a resul t ,  the  con-  
cen t r a t i on  of surface  O-- ions is g rea t ly  decreased.  
This  es tabl ishes  a steep g rad ien t  of O -  ion concen-  
t r a t i on  in  the reg ion  nea r  the crys ta l  surface,  caus ing  
more  O-- ions f rom the crys ta l  in te r io r  to diffuse to 
to the  surface.  Repe t i t ion  of these processes t h e n  
leads to the progress ive  d i s in teg ra t ion  of the  c rys ta l  
un t i l  the last  s tage of reduct ion ,  n a m e l y  the  fo rm of 
a b lack  powder ,  is reached.  

The s t rong in t e rac t ion  b e t w e e n  ac t iva tor  cen te r  
and  lat t ice in  the  phosphor  or the  loose b i n d i n g  of 
t r apped  e lec t rons  wi th  Ag ~ ions in  the ac t iva tor  cen-  
ters  wil l  be respons ib le  for the r a the r  flat reflect ion 
spectra  shown in  Fig. 4. S ince  the  i n t ens i t y  of fluo- 
rescence of the phosphors  p roduc ing  green  to o range  
f luorescence is comparab l e  wi th  tha t  of C u - a c t i v a t e d  
zinc or z i n c . c a d m i u m  sulfide whose q u a n t u m  effi- 
ciencies have been  repor ted  to be about  0.5 at 3650A, 
the q u a n t u m  efficiency of these A g - a c t i v a t e d  m a g n e -  
s i um bora te  phosphors  wi l l  be close to u n i t y  at 
3650A. This is e s t ima ted  on the basis of the i r  m u c h  
lower  absorp t ion  of 3650A rad ia t ion  compared  wi th  
the  sulfides. 

Wi th  the  incorpora t ion  of a l u m i n u m  into A g - a c -  
t iva ted  m a g n e s i u m  borate,  the  n u m b e r  of O -  ion 
vacancies  wi l l  decrease,  since a l u m i n u m  wil l  be  in -  
t roduced  into the  m a t r i x  as A1 §247 ions rep lac ing  Mg *+ 
ions at the  la t t ice  sites. The effect of a l u m i n u m  in 
lower ing  the  i n t ens i t y  of f luorescence of the  reduced  
phosphor  is thus  expla ined .  

The proper t ies  of these phosphors  resemble  some-  
what  those of A g - a c t i v a t e d  a lka l i  hal ides  or of pu re  
s i lver  hal ides  as repor ted  by  Weyl  and  others  (1, 3), 
bu t  they  are more  complicated.  In  addi t ion  to the 
phosphors  described,  a n u m b e r  of other  A g - a c t i v a t e d  
phosphors  were  p r epa red  and  reduced  by  the  same 
method.  M a n y  phosphors ,  such as Ca or Sr si l icate 
con ta in ing  Ag, showed s imi la r  propert ies ,  bu t  the i r  
i n t ens i t y  of f luorescence af ter  r educ t ion  was lower  

t h a n  tha t  of A g - a c t i v a t e d  m a g n e s i u m  borate .  F u r -  
thermore ,  it was found  tha t  s i lver  n i t r a t e  crysta ls  
pur i f ied by  repea ted  recrys ta l l i za t ions  a nd  stored in  
a c lean  glass bot t le  for about  five years  in  the  da rk  
developed a n u m b e r  of b r igh t  specks u n d e r  exc i ta -  
tion by  3650A, whi le  nonpur i f i ed  s i lver  n i t r a t e  c rys-  
tals t u r n e d  into nonf luorescen t  g ray  crysta ls  u n d e r  
the same condit ions.  The  color and  i n t e ns i t y  of the  
f luorescent  specks  in  the  pure  crysta ls  were  s imi la r  
to those of m a g n e s i u m  bora te  phosphors  shown by  
curves  3 or 4 in  Fig. 2. These crys ta ls  con ta in ing  
o range  f luorescent  specks t u r n e d  into nonf luorescen t  
da rk  g ray  crysta ls  a f ter  r educ t ion  by  the  same re -  
duc ing  agents  as m e n t i o n e d  before. The l u m i n e s c e n t  
centers  of these crystals ,  therefore ,  seem to be i den -  
t ical  wi th  those of A g - a c t i v a t e d  m a g n e s i u m  borates.  
We suggest  tha t  Ag § ions ad jacen t  to nega t ive  ion 
vacancies  in  the  phosphors  cor respond to the l a t en t  
image  in  the  photographic  emuls ion.  
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Chemical Etching of Silicon 
II. The System HF, HNOa, H 0, and HCH:O 

H. Robbins and B. Schwartz 

Hughes Semiconductors, Newp.or~ Beach, California 

ABSTRACT 

The kinetics of the reaction of silicon with solutions of hydrofluoric acid, 
nitr ic acid, and acetic acid are reported as a funct ion of the composition of the 
etchant. The system qual i tat ively behaves in the same manne r  as the system 
hydrofluoric acid, nitr ic acid, and water, which has been reported previously. 
Quanti tat ively,  the acetic acid diluted system shows a much higher tolerance 
for the di luent  than  does the water  diluted system. The greater tolerance for 
acetic acid has been explained on the basis of the lesser ionization of nitr ic acid in 
acetic acid than in  water. The reaction mechanisms postulated for the water 
di luted system have been found to apply equally well  to the acetic acid di- 
luted system. 

Acetic acid is used  wide ly  as an  addi t ive  to si l icon 
e tch ing  solut ions composed of hydrof luor ic  acid and  
n i t r ic  acid. This s tudy  was  u n d e r t a k e n  wi th  the  ob-  
ject  of d e t e r m i n i n g  the role p l ayed  by  the acetic acid 
in  the  react ion,  and  also in the expec ta t ion  tha t  an  
u n d e r s t a n d i n g  of the  behav io r  of the acetic acid d i -  
lu ted  sys tem wou ld  lead to a be t t e r  u n d e r s t a n d i n g  
of the  w a t e r  d i lu ted  sys tem (1).  

Experimental Procedure 1 
The kinet ics  of the  sys tem were  d e t e r m i n e d  by  

m e a s u r i n g  the change  in  the d imens ions  of a si l icon 
die, in i t i a l ly  0.125 x 0.125 in. in  area  and  0.025 in. 
thick,  as a f unc t i on  of the composi t ion  of the e t chan t  
at cons tan t  in i t i a l  t e m p e r a t u r e  (25~ The  da ta  
were  t aken  over  the  composi t ion r ange  where  the  
dec r emen t  in  die th ickness  exceeded 0.0001 i n . / m i n .  
The dice were  n - t y p e  of a p p r o x i m a t e l y  3 o h m - c e n t i -  
me t e r  res is t iv i ty ;  the  two large surfaces were  or i -  
en ted  a long the  (111) p l ane  w i th  an  accuracy  of ap -  
p r o x i m a t e l y  90 min ,  whereas  the  r e m a i n i n g  four  
surfaces were  r a n d o m l y  or ien ted  in  the 111 zone. Al l  
surfaces were  lapped  wi th  an  abras ive  gri t ;  t hey  
were  work  damaged  to an es t imated  depth  of abou t  
1/4 rail. 

The  e tching  solut ions  consisted of mix tu res ,  in  
var ious  propor t ions ,  of n i t r ic  acid, hydrof luor ic  acid, 
and  glacial  acetic acid. No wa t e r  was  added to the  
solut ion.  The  on ly  w a t e r  in  the  solut ion was  tha t  
con ta ined  in  the concen t ra t ed  hydrof luor ic  acid 
(51% H20) and  n i t r i c  acid (30% H~O). Before e tch-  
ing was  begun,  20 ml  of e tching  solut ion was  p laced  
in  a smal l  Teflon beake r  and  b rough t  to 25~ in  a 
cons tan t  t e m p e r a t u r e  bath .  

Two dice were  p laced  in  a smal l  pe r fo ra ted  po l y -  
e thy lene  baske t  and  etched s imul t aneous ly .  T u r b u -  
l en t  ag i ta t ion  was  p rov ided  by  r ap id ly  swi r l ing  the  
baske t  t h rough  the  solution,  and  q u e n c h i n g  at the  
p roper  t ime  was  effected by  r ap id ly  t r a n s f e r r i n g  the  
baske t  to a la rge  v o l u m e  of w a t e r  in  a separa te  

1 Essent ia l l y  the  s a m e  e x p e r i m e n t a l  p r o c e d u r e  w a s  u s e d  h e r e  as  
w a s  d e s c r i b e d  in  t h e  f irst  p a p e r  of  t h i s  series .  

beaker.  The de c r e me n t  in  die th ickness  was meas -  
ured  wi th  a mic rome te r  to --+0.0001 in. 

The dice were  etched th ree  times, in  separa te  por -  
t ions of the  same solut ion,  and  they  were  measured  
af ter  each etch. The first etch was pe r fo rmed  on an  
in i t i a l ly  w o r k  damaged  surface.  The second etch was 
pe r fo rmed  on a surface free f rom work  damage,  and  
the th i rd  etch was pe r fo rmed  in the presence  of a 
cata lyt ic  t race  of sodium ni t r i te .  ~ 

Results and Discussion 
Figu re  1 depicts  the etch ra te  cor responding  to the 

cata lyzed sys tem as a func t ion  of the composi t ion of 
the e tchant .  The solid curves  cor respond to the e tch-  
ing sys tem in which  acetic acid is the  d i luent ,  
whereas  the  dashed curves  cor respond to the system 
in  which  wa te r  is the d i luent .  The curves  are seen to 
converge  on the zero d i l ue n t  line, and  to d iverge  aS 
the a m o u n t  of d i l uen t  is increased.  

.2 S m a l l  a m o u n t s  o f  s o d i u m  n i t r i t e  h a v e  b e e n  f o u n d  to e n h a n c e  
the  r a t e  of  r e a c t i o n  in  t h o s e  i n s t a n c e s  w h e r e  t h e  s u p p l y  of r e a g e n t  
by  d i f fu s ion  w a s  no t  r a t e  l i m i t i n g  (see b e l o w ) .  L a r g e r  a m o u n t s  of  
s o d i u m  n i t r i t e  c a u s e d  i n h i b i t i o n  of t h e  r e a c t i o n  b y  f o r m a t i o n  of a 
p r o t e c t i v e  f i lm.  T h i s  f i lm is f o r m e d  a l so  in  t h e  p r e s e n c e  of KNO2 or  
NH4NO2, a n d  on  t h e  bas i s  of  x - r a y  d i f f r a c t i o n  i t  h a s  b e e n  identif ied 
as a f luos i l i ca t e .  

~FI4 .Za% I 

e o i HC2 HmOz DILUENT 

,o  . . . . . . .  

DILUENT 9~0 .St ~) 

Fig. 1. Curves of constant rate of change of die thickness 
(mils/rain) as o function of etchant composition in the sys- 
tem 49% HF, 70% HNO~, and diluent. 
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Fig. 2. Curves of constant rote of change of die thickness 
(mils/rain) as o function of etchant composition in the sys- 
tem 60% HF, 90% HNO:~, and H20. 

The etching behavior  of the acetic acid d i lu ted  
system is s imilar  qua l i ta t ive ly  to tha t  of the wa te r  
di luted system. The s imi la r i ty  is more s t r ik ing  when 
the acetic acid d i lu ted  system is compared  wi th  the 
more concentra ted wa te r  d i lu ted  system shown in 
Fig. 2. There are  three  areas of genera l  in teres t :  the 
high ni tr ic  acid region, the  high hydrofluoric acid r e -  
gion, and the region in the vic ini ty  of the m a x i m u m  
etch rate.  In the high ni tr ic  acid region the curves run 
para l le l  wi th  l ines of constant  hydrofluoric acid, in-  
dicat ing tha t  the hydrofluoric acid plays  the k ine t -  
ical ly impor t an t  role here. In the high hydrofluoric  
acid region the course of the curves para l l e l  wi th  
lines of constant  ni t r ic  acid indicates  tha t  here  the 
k ine t ica l ly  impor t an t  reagent  is n i t r ic  acid. In the 
region near  the  m a x i m u m  etch ra te  both reagents  
p lay  an impor tan t  kinet ic  role. 

The in te rpre ta t ion  of the mechanism of the r eac -  
t ion in the wa te r  d i lu ted  system appears  to be ap-  
pl icable  also to the acetic acid d i lu ted  system. The 
mechanism involves a diffusion l imi ted  supply  of r e -  
agents to the silicon surface, modified by  au toca ta -  
lyt ic  factors as descr ibed ear l ie r  (1).  

El[ect of Diluent  on the Reaction 

The pr inc ipa l  difference be tween  the wate r  d i lu ted  
system and the acetic acid d i lu ted  system lies in the 
much grea ter  to lerance  of the la t te r  for the  di luent .  
Both systems in i t ia l ly  show an indifference toward  
the addi t ion of di luent  in both the high hydrofluoric  
acid region and the high ni tr ic  acid region. When a 
cri t ical  amount  of d i luent  has been added,  however ,  
the  rates  vanish r ap id ly  upon the fu r the r  addi t ion of 
a small  amount  of diluent.  In the  high hydrofluoric  
acid region, the  wate r  di luted sys tem of Fig. 1 a l -  
ready  contains the cr i t ical  amount  of d i luent  so tha t  
no addRional  wa te r  can be to le ra ted  if the etch ra tes  
are to re ta in  the i r  diffusion l imi ted  values. 

Br iner  and co-workers  (2, 3) have  shown tha t  the  
oxidizing power  of ni t r ic  acid in concentra ted solu-  
tions depends on the undissociated species, p robab ly  
in the form of the  pseudo acid I-IONO~, which is in-  
volved d i rec t ly  in the oxidation.  Crete l la  a n d  Gatos 
(4) take  a s imi lar  posit ion wi th  respect  to the neces-  
sary  role of undissociated ni t r ic  acid. They find tha t  
the ra te  of oxidat ion of ge rman ium is propor t iona l  to 
the  product  of HNO~ and undissociated HNO~. They 

base thei r  a rgument  on the mechanism postula ted  by 
Vet ter  (5) as follows: 

HNO.~ q- HNO~ ~=~ N~O4 + H~O 

(slow and rate determining) [i] 

N~O, ~ 2NO.~ (fast)  [2] 

NO.~ + e- ~-  NO~.- (fast)  [3 ] 

Here the active species is NO,~, which takes an elec-  
tron f rom the ge rman ium to form the n i t r i t e  ion. The 
n i t r i te  ion then combines wi th  a proton to regenera te  
the ni t rous acid requi red  for step [1]. This mechan-  
ism is in accord with  the observed autocata ly t ic  be-  
havior  of the reaction. 

An addi t ional  possible in te rp re ta t ion  of the me-  
chanism is based on a paper  by Schmid and Spahn (6) 
which considers the var ious  equi l ibr ia  involving 
ni t rogen oxides and ni t rous  acid. The la t te r  authors  
accept the basic ideas of Abel,  et al. (7-9) that  the 
act ive oxidizing agent  is HNO.. such tha t  

2HNO.., + R ~ RO + 2NO + H~O 

(R = reducing agent)  [4] 

and that  the format ion of HNO.., is ra te  determining.  

HNO~ + H + + NO~-~ N~O~ q- H~O 

(slow, ra te  de te rmin ing)  [5] 

N,O4 q- 2NO q- 2H20 ~=~ 4HNO~ (fast)  [6] 

A port ion of the HNO~ is recycled th rough  [5], and 
the r ema inde r  e i ther  reacts  wi th  the reducing agent  
to form more NO, which is again involved in the re -  
genera t ion  of HNO, as in [6],  or diffuses away  into 
the bu lk  of the solution. The net  resul t  is: 

HN0. q- R = RO q- HN0= [7] 

On the basis of these equilibria which involve water, 
Schmid and Spahn come to the conclusion that there 
must be a maximum in the oxidizing ability of nitric 
acid at an optimum water content, since the removal 
of water past that point causes the reversal of Eq~ 
[6] and thus a decrease in the concentration of the 
actual reactive species. As applied to the present re- 
search, this peak in the oxidizing ability of nitric 
acid would be leveled into a plateau by the diffusion 
mechanism, but would, in accord with our results to 
be discussed below, account for the ultimate falling 
off of the etch rates as the amount of water is de- 
creased. We are not inclined to favor the point of view 
of Schmid and Spahn, since we have observed that in 
many instances the slowdown of the oxidation by 
nitric acid as the water content is decreased can be 
attributed to the formation of an insoluble film, 
and that in instances where the formation of the 
film does not take place, e.g., in the oxidation of 
substances such as sulfur, selenium, or phosphorus, 
the rates continue to increase monotonically as the 
amount of water is decreased. A further complica- 
tion is the fact that the etching of silicon will take 
place in the presence of a slight excess of perman- 
ganate or cerate ions, which quantitatively remove 
all of the nitrogen existing in lower valence states, 
and which themselves attack silicon but slowly, if at 
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all. Under these conditions only the mechanism 
of Briner is possible. We are inclined to consider that 
it is this process that initiates the reaction, generat- 
ing a surface concentration of catalyst that leads to 
the build-up of the etch rate to the steady-state 
value. In the steady state, the reaction probably 
takes a parallel path through the intermediate for- 
mation of HNO.~ within the boundary film in a mech- 
anism similar to that postulated by Schmid and 
S p a h n  (6) .  

The  d i f fe rence  b e t w e e n  the  two  sys t ems  t o l e r a n c e  
for  d i luen t ,  shown  in Fig.  1, ref lects  the  d i f fe rence  
in  t he  b a s i c i t y  a n d  d i e l ec t r i c  cons t an t  of t h e  d i l u -  
ents .  S ince  the  ox id i z ing  p o w e r  of n i t r i c  ac id  has  
been  shown  to d e p e n d  on the  u n d i s s o c i a t e d  HNO3 
molecule ,  the  e t ch  r a t e s  a t  cons t an t  n i t r i c  ac id  con-  
c e n t r a t i o n  shou ld  d e c r e a s e  as w a t e r  is a d d e d  to t he  
sys tem.  H o w e v e r ,  as long  as t h e  r e a c t i o n  is d i f fus ion  
gove rned ,  t he  r e a c t i o n  r a t e s  wi l l  r e m a i n  cons t an t  in 
sp i t e  of the  d e c r e a s i n g  ox id iz ing  p o w e r  of the  n i t r i c  
ac id  as d i l uen t  is added .  Upon  the  f u r t h e r  a d d i t i o n  of 
w a t e r ,  h o w e v e r ,  a p o i n t  is r e a c h e d  u l t i m a t e l y  w h e r e  
t h e  o x i d a t i o n  p o t e n t i a l  has  been  r e d u c e d  to t he  e x -  
t e n t  t h a t  t he  r a t e  of o x i d a t i o n  of t he  suface  d u r i n g  
the  i nduc t ion  p e r i o d  becomes  s l i g h t l y  less t h a n  the  
poss ib l e  r a t e  of s u p p l y  of r e a g e n t s  b y  diffusion.  A t  
th is  poin t ,  t h e  r e d u c t i o n  p r o d u c t s  of n i t r i c  ac id  b e -  
g in  to p l a y  a k i n e t i c a l l y  o b s e r v a b l e  role ,  and,  s ince  
the  r eac t i on  is n o w  sens i t ive  to t he  c a t a l y s t  c onc e n -  
t r a t ion ,  t h e r e  r e su l t s  a v e r y  r a p i d  dec rease  in t he  
r a t e  of t he  i n i t i a t i on  r eac t i on  on the  f u r t h e r  a d d i -  
t ion  of on ly  a s m a l l  a m o u n t  of d i luen t .  S ince  a 49% 
H F  so lu t ion  a l r e a d y  con ta ins  t h e  c r i t i ca l  a m o u n t  of 
wa t e r ,  i t  is n e c e s s a r y  to e m p l o y  a 60% so lu t ion  to 
obse rve  th i s  b e h a v i o r .  

W h e n  acet ic  ac id  is t he  d i luen t ,  i t  m u s t  be r e -  
m e m b e r e d  t h a t  in t he  h igh  H F  r eg ion  and  at  con-  
s t an t  HNO~ concen t r a t ion ,  d i l u e n t  is be ing  s u b s t i -  
t u t e d  for  an  aqueous  H F  solut ion.  Thus  a v e r y  w e a k  
base  of low d i e l ec t r i c  cons t an t  is be ing  s u b s t i t u t e d  
for  a s o m e w h a t  s t r o n g e r  base,  wa t e r ,  and  a s u b -  
s t ance  h a v i n g  m o d e r a t e l y  ac id ic  p rope r t i e s ,  HF.  I n i -  
t i a l l y  th i s  shou ld  r e s u l t  in a d e c r e a s e  in  t h e  d i s -  
soc ia t ion  of the  n i t r i c  acid,  s ince  t he  so lven t  is i n i -  
t i a l l y  m o r e  t h a n  50% w a t e r .  Because  of t he  d i f fus ion 
l imi t a t ion ,  t he  e t ch  r a t e s  do no t  r e s p o n d  to t he  i n -  
c r ea sed  f ree  n i t r i c  ac id  concen t r a t i on .  On f u r t h e r  
d i l u t i on  w i t h  ace t ic  acid,  t he  r e m o v a l  of I-IF, w h i c h  is 
a s t r o n g e r  ac id  t h a n  ace t ic  acid,  p r o b a b l y  c o u n t e r -  
acts  t he  effect of t he  s u b s t i t u t i o n  of acet ic  ac id  for  
wa t e r ,  so t ha t  t he  c o n c e n t r a t i o n  of und i s soc i a t ed  
HNO~ p r o b a b l y  goes t h r o u g h  a m a x i m u m  and  t h e n  
decreases .  A c r i t i ca l  compos i t i on  w i t h  r e spec t  to d i -  
l u e n t  thus  is r e a c h e d  u l t i m a t e l y ,  and  the  r a t e s  v a n i s h  
on t h e  s l ight  f u r t h e r  a d d i t i o n  of acet ic  acid,  for  t he  
s ame  reason  as in t h e  w a t e r  d i l u t e d  sys tem.  

The  s ame  a r g u m e n t  can  be  u sed  to i n t e r p r e t  t he  
a b r u p t  change  of t h e  c u r v a t u r e  of t he  r a t e  con tours  
w i t h  i nc rea s ing  d i l u e n t  in the  h igh  n i t r i c  ac id  region .  
The  ques t ion  m a y  be  r a i s e d  tha t ,  if in the  h igh  H F  r e -  
g ion  the  r e a c t i o n  can  be  n o n c r i t i c a l  a t  5 % HNO~, w h y  
does  i t  become  c r i t i ca l  a t  50% HNO~ in the  h igh  n i t r i c  
ac id  r eg ion  of t he  ace t ic  ac id  d i l u t e d  sys tem,  and  at  a 
s t i l l  h i g h e r  v a l u e  of HNOs in t he  w a t e r  d i l u t e d  sys -  

tern? W e  can  on ly  sugges t  t h a t  the  d i f fe rence  l ies in  t he  
n a t u r e  of t h e  s i l icon sur face .  In  t he  h igh  H F  reg ion  
the  su r f ace  is e s s e n t i a l l y  s t r i p p e d  of oxide ,  and  the  
r a p i d  d e c r e a s e  in t he  e tch  r a t e  is t he  r e s u l t  of t he  
s l o w d o w n  of t he  o x i d a t i o n  reac t ion .  In  t he  h igh  
HNO3 r eg ion  the  su r f ace  is e s sen t i a l l y  covered  w i th  
an  ox ide  mask .  As the  c onc e n t r a t i on  of HNO~ is d e -  
c reased ,  th i s  ox ide  becomes  m o r e  t enuous ,  un t i l  a 
po in t  is r e a c h e d  a t  w h i c h  the  H F  r e a c t i o n  begins  to 
s low down.  The  s l o w d o w n  in the  H F  r e a c t i o n  causes  
a s l o w d o w n  in t he  o v e r - a l l  r e a c t i o n  w h i c h  t hen  f u r -  
t he r  affects  the  o x i d a t i o n  s tep  t h r o u g h  the  m e c h a n -  
i sm of r e d u c e d  c a t a l y s t  p roduc t ion .  Th i s  condi t ion  
then  r e q u i r e s  an i n c r e a s e d  H F  c onc e n t r a t i on  to r e -  
s tore  t h e  e tch  r a t e  to i ts  p r ev ious  va lue .  I t  can be  
seen t ha t  in t he  c r i t i ca l  r eg ion  the  r a t e  con tours  run  
in the  d i r ec t ion  of cons t an t  acet ic  ac id  concen t ra t ion ,  
sugges t ing  t ha t  the  d e c r e a s e  in r e a c t i v i t y  of the  n i t r i c  
ac id  as t he  l a t t e r  is d e c r e a s e d  in c o n c e n t r a t i o n  m a y  
be  c o m p e n s a t e d  b y  the  inc rease  in the  H F  c o n c e n t r a -  
t ion.  In  th i s  r eg ion  the  r eac t i on  is p r o b a b l y  not  
strictly diffusion limited, since there is a finite sur- 
face concentration of both reagents. However, diffU- 
sion still plays a role in that the surface concen- 
tration does not equal the bulk concentration of re- 
agents, and both the surface concentration of re- 
agents and the nature of the surface itself affect 
the kinetics. 

Chemical etching in solutions the compositions of 
which lie in the critical regions of Fig. 1 can be ex- 
tremely frustrating. As an example, a mixture of 
4.50 ml HF, 7.50 ml HNO~, and 8.00 ml of HC~H~O, 
has always been found to etch a work damaged 
specimen, and etching always continued at the same 
rate even after all of the damage had been removed. 
A fresh solution did re-etch the specimen if the solu- 
tion had been made up from 48.9% HF, but it did not 
re-etch the specimen if it had been made up from 
48.5% HF. Furthermore, the addition of one drop of 
acetic acid to 20 ml of the solution that had been 
made up from 48.9% HF caused the solution to lose 
its ability to re-etch. The addition of a few milli- 
grams of sodium nitrite then caused the solution to 
regain its etching ability. If an etching die were 
transferred to a fresh solution made up from 48.5% 
HF, it usually would continue to etch at the same 
rate, since a trace of catalyst reinitiates the reaction. 
If this die were transferred rapidly to a solution of 
the same composition, swirled to dissipate the cata- 
lyst, and then transferred to a third solution of the 
same composition, etching invariably would be 
quenched. In all cases, the etching rate was either in 
the vicinity of 1.8 mil/min or 0. 

In view of this behavior, the reaction must pro- 
ceed first through an induction period in which the 
autocatalytic factors cause a build-up of the etch 
rate to the steady-state value. The induction period 
depends greatly on the condition of the silicon sur- 
face. A work damaged surface has a short induction 
period, whereas an undamaged surface has a rela- 
tively long induction period, owing to the absence of 
catalyst initially. Whether or not the etch rate can 
build up to the steady-state value then depends on 
whether the catalyst can be conserved in the vicinity 
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of the surface  in sufficient q u a n t i t y  to assure  its i n -  
v o l v e m e n t  in  the  p ropaga t ion  of the react ion.  The 
etch rates  thus  seem to be the  resu l t  of a ba lance  
s t ruck  b e t w e e n  the  au toca ta ly t ic  factors, which  are 
explosive in  na tu re ,  and  some ra te  l imi t ing  m e c h a n -  
ism. Since the ra tes  are the resu l t  of the  difference 
b e t w e e n  these  two la rge  quant i t i es ,  the sys tem m a y  
be i n h e r e n t l y  uns tab le ,  and  this  may  cause the me a s -  
u red  etch ra tes  to be nonreproduc ib le .  

Conclusions 
The role of acetic acid in  the  e t chan t  is p r i m a r i l y  

tha t  of a d i luent .  As such it is able  to p rov ide  control  
over  the  ra te  of the reac t ion  by  reduc ing  the  concen-  
t ra t ion  of the k ine t i ca l ly  i m p o r t a n t  species. H o w -  
ever,  this f unc t i on  also can be pe r fo rmed  wi th  n i t r ic  
acid as d i l uen t  in  the  composi t ions  r ich  in  n i t r i c  
acid, or wi th  hydrof luor ic  acid in  the  composi t ions  
r ich in hydrof luor ic  acid. Excessive addi t ion  of acetic 
acid can cause the  etch ra tes  to become er ra t ic  and  
ex t r eme ly  cr i t ical  wi th  respect  to smal l  changes  in  
composit ion.  Wa te r  also can be used as a d i luen t ,  ex -  
cept tha t  in the  h igh hydrof luor ic  acid reg ion  the  
sys tem is cr i t ical  w i th  respect  to the  add i t ion  of 
d i luent .  

The  k ine t ics  in  the  acetic acid d i lu ted  sys tem are 
governed  by  the  same factors  tha t  opera te  in  the  
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wa te r  d i lu ted  system. Thus  the reac t ion  ra tes  are de-  
t e rmined  by  the  ra te  of diffusion of the  k ine t i ca l ly  
i m p o r t a n t  species to the surface  of the specimen.  The  
au toca ta ly t ic  factors tha t  opera te  in  the  w a t e r  d i -  
lu ted  sys tem p lay  the  same  role in  the  acetic acid 
d i lu ted  system. The q u a n t i t a t i v e  differences b e t w e e n  
the  two sys tems can be exp la ined  on  the  basis  of the  
difference in  the bas ic i ty  a nd  dielectr ic  cons tan t  of 
the  two di luents .  

Manuscript  received April  6, 1959. This paper was 
prepared for del ivery before the Ottawa Meeting, Sept. 
28-Oct. 2, 1958. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1960 
JOURNAL. 
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High-Purity Silicon from an Iodide Process Pilot Plant 

Carlyle S. Herrick and James G. Krieble 1 

Research Laboratory, General Electric Company, Schenectady, New York 

ABSTRACT 

Silicon tetraiodide is formed from commercial silicon and iodine in a fluid- 
bed reactor. Impuri t ies  are rejected by solvent recrystal l ization followed by 
fractional distillation. High-pur i ty  silicon is formed by thermal  decomposition 
of the iodide on a silicon surface. Silicon made this way has a resist ivity over a 
1000 ohm-cm. Reproducible results are obtained which suggest the product 
qual i ty is controlled by back-contaminat ion  from the decomposition and crystal 
growing steps. Data from the decomposition of silicon tetraiodide at 1000~ 
and low pressure are correlated by the relation: 

m 
log p ---- 2.18 

0.305 

where p ~ lb SiL vapor feed /hr / f t  2 heated surface and m = fraction of SiL~) 
converted to SLs>. It  is postulated that  this reaction reaches equi l ibr ium. 

Iodide chemis t ry  was developed by  Van  Arke l  and  
de Boer (1) in to  a usefu l  me thod  for r educ ing  the  
oxygen,  n i t rogen ,  or ca rbon  con ten t  of such re f rac -  
tory mate r i a l s  as t i t an ium,  z i rconium,  ha fn ium,  and  
silicon. Other  impur i t i es ,  a l u m i n u m ,  b e r y l l i u m ,  
boron, iron, and  copper, are  no t  re jec ted  effect ively 
by this s imple  iodide cycle and,  as a resul t ,  f u r t h e r  

Present  address: L a m p  Metals & Components  Depar tment ,  Gen-  
eral Electric Company,  Cleveland, Ohio. 

de ve l opme n t  of the  iodide me thod  has been  neces-  
sary  to p roduce  the p u r i t y  r e q u i r e d  in  semiconduc to r  
silicon. The most  f ru i t fu l  approach  has been  to r e -  
move  the  iodide i n t e r m e d i a t e  f rom the  reac t ion  
system, sub jec t  it  to add i t iona l  pur i f icat ion,  t h e n  de -  
compose it to form a p u r e r  mate r ia l .  

Recrys ta l l i za t ion  (2) ,  d i s t i l l a t ion  (2 -4) ,  s u b l i m a -  
t ion  (5) ,  and  zone ref in ing (5, 6) have  been  repor ted  
to be usefu l  for the  i n t e r m e d i a t e  purificatiol~ of s i l t -  
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Fig. 1. Iod ide process f l owshee t  

con t e t r a i od ide .  M c C a r t y  (2)  in th is  l a b o r a t o r y  has  
shown  t h a t  s i l icon of  500 o h m - c m  r e s i s t i v i t y  can be  
p r e p a r e d  b y  us ing  a r e c r y s t a l l i z a t i o n  s tep  fo l lowed  
b y  a d i s t i l l a t i on  step.  The  p r e s e n t  w o r k  has  been  d i -  
r e c t e d  t o w a r d  f inding a n s w e r s  to  t he  ques t ions :  

1. Can  s i l icon of even  h i g h e r  p u r i t y  be m a d e  b y  
c h e m i c a l  m e a n s ?  

2. Can  th is  s i l icon be m a d e  in l a r g e  quan t i t i e s?  
Bo th  ques t ions  can be  a n s w e r e d  in t he  a f f i rma t ive  
when  an  iod ide  p rocess  is used.  

Process Descr ipt ion 

The  flow shee t  for  th is  iod ide  process ,  Fig.  1, shows  
r e a c t i o n  of s i l icon and  iod ine  to fo rm si l icon t e t r a -  
iodide,  pur i f i ca t ion  of t e t r a i o d i d e  b y  r e c r y s t a l l i z a -  
t ion,  t hen  d i s t i l l a t ion ,  and  decompos i t i on  to h i g h -  
p u r i t y  e l e m e n t a l  s i l icon and  iodine.  This  s ame  se-  
quence  of even t s  was  used  by  M c C a r t y  (2) ; h o w e v e r  
t he  c h a r a c t e r  of the  r e a c t i o n  step,  d i s t i l l a t i on  and  d e -  
compos i t ion  s tep  used  he re  have  been  modi f ied  s u b -  
s t a n t i a l l y  to i m p r o v e  t h e i r  ef fec t iveness .  

S i l i con  t e t r a i o d i d e  is f o r m e d  in a f luid bed  r e a c to r  
us ing  c o m m e r c i a l  99.9% si l icon and  r e s e a r c h  g r a d e  
iod ine  at  a t m o s p h e r i c  p res su re .  The  bed,  c h a r g e d  
w i th  44-100 F d i a m e t e r  s i l icon p o w d e r  is f lu idized 
e n t i r e l y  b y  iod ine  vapor ,  a l t h o u g h  an  ine r t  gas  d i -  
l u e n t  m a y  be used  if  des i red .  F l u i d i z a t i o n  p r o v i d e s  
e x c e l l e n t  hea t  t r a n s f e r  b e t w e e n  p a r t i c l e s  and  c rea te s  
a u n i f o r m  t e m p e r a t u r e  t h r o u g h o u t  t he  bed .  I t  has  
t he  a d v a n t a g e  t ha t  an  e x o t h e r m i c  r e a c t i o n  i nvo lv ing  
a poor  hea t  conduc t ing  sol id  can  t a k e  p l ace  a t  con-  
s t an t  t e m p e r a t u r e .  Of course ,  cons t an t  r eac t i on  t e m -  
p e r a t u r e  m e a n s  a cons t an t  r e a c t i v i t y  for  s i l icon and  
i ts  i m p u r i t i e s  and  a b e t t e r  s e p a r a t i o n  b e t w e e n  t h e m  
based  on r e a c t i o n  energ ies .  P r e v i o u s l y  de sc r ibed  
s m a l l  scale  r eac to r s  h a v e  used  the  f ixed bed  p r i n c i -  
p l e  and  thus  h a v e  no t  r e a l i z e d  the  fu l l  s e p a r a t i n g  p o -  
t e n t i a l  of t he  r e a c t i o n  step.  Close o b s e r v a t i o n  of a 
f ixed b e d  us ing  iod ine  and  s i l icon disc loses  t h a t  l a ck  
of t e m p e r a t u r e  con t ro l  causes  a r e a c t i o n  zone to 
t r a v e l  t h r o u g h  the  bed  as a "ho t  spot , "  u s u a l l y  i n -  
candescen t .  Such  l a c k  of con t ro l  is c h a r a c t e r i s t i c  of 
f ixed beds .  U n r e a c t e d  s i l icon e n r i c h e d  in i m p u r i t i e s  
is d i s c h a r g e d  f rom the  f luid bed  a t  t he  end  of an  e x -  
p e r i m e n t .  

Iod ine  r e s idence  t i m e  in the  bed  is short ,  1-2 sec; 
h o w e v e r  t he  r eac t i on  is r a p i d  enough  for  the  y i e l d  to 
be  q u a n t i t a t i v e .  As  iod ine  is c o n s u m e d  f rom the  
v a p o r  s t r eam,  the  s i l icon t e t r a i o d i d e  p r o d u c t  t a k e s  

over  the  j ob  of f lu idiz ing the  bed.  S ince  the  r eac t ion  
a p p e a r s  to i nvo lve  on ly  iod ine  a toms  a n d  sil icon, 
t h e r e  is a 4 to 1 v o l u m e  change  d u r i n g  t h e  r e a c t i o n  
accord ing  to Eq. [ 1 ]. 

4 I(s.> + S i , > ~  SiI,s., [1]  

This  dec rea se  in t o p - b e d  f lu id iz ing  ve loc i t y  he lps  r e -  
duce  p o w d e r  e n t r a i n m e n t .  

Si l icon t e t r a i o d i d e  l e a v ing  the  r e a c to r  condenses  in 
the  r e c r y s t a l l i z e r  w h e r e  n - h e p t a n e  is a d d e d  in 1 to 1 
mo le  ra t io .  The  r e s u l t a n t  s l u r r y  is w a r m e d  and  then  
cooled to d i s so lve  and  r e c r y s t a l l i z e  t he  t e t r a i od ide .  
The  n - h e p t a n e  con ta in ing  d i s so lved  i m p u r i t i e s  is d e -  
canted ,  t hen  the  o p e r a t i o n  is r epea t ed .  The  o v e r - a l l  
y i e ld  for  two  r e c r y s t a l l i z a t i o n s  is abou t  80%. 

In  the  d i s t i l l a t i on  co lumn  t h e  t e t r a i o d i d e  is d i v i d e d  
into a b o t t o m  f r ac t ion  c on t a in ing  the  less  vo la t i l e  
impur i t i e s ,  a top  f r ac t ion  c on t a in ing  the  m o r e  v o l a -  
t i le  impur i t i e s ,  and  a second  d i s t i l l a t e  of pur i f i ed  
t e t r a i o d i d e  c o m p r i s i n g  50% of t he  co lumn  charge .  

This  pur i f i ed  t e t r a i o d i d e  is fed  to the  v a p o r i z e r  
w h e r e  e v a c u a t i n g  and  h e a t i n g  p r o d u c e  a l o w - p r e s -  
su re  t e t r a i o d i d e  a t m o s p h e r e  a r o u n d  a h e a t e d  s i l icon 
rod.  Now the  t e t r a i o d i d e  d i ssoc ia tes  to the  d i iod ide  
(7)  and  t hen  to sol id  s i l icon accord ing  to r eac t ions  
[2]  and  [3] .  

SiI,~>-~ SiI~> + 2 I,s.> [2]  

Sil,.,(,) -~ SLs> + 2 I(~> [3] 

A deposit of high quality product silicon forms on 
the heated rod while the iodine atoms recombine 
after cooling and flow to the vacuum condenser along 
with unreacted tetraiodide. The diffusion rates of 
many impurities in silicon are comparable with the 
rate of product accumulation. Commercial semicon- 
ductor silicon was used for the heated decomposer 
surface to minimize diffusional contamination of the 
product silicon. The yield for this step was about 
50%. 

In the stoichiometry of Fig. i, 20 ib of silicon and 
150 ib of iodine are fed to the reactor for each 3 Ib 
deposit of product silicon. It does not take account of 
the existing opportunities to reuse and recycle waste 
streams to bring consumption and production into 
better balance. 

Except for impurities added during processing, it 
is assumed that impurities are present as iodides in 
silicon tetraiodide. Vapor pressure data from Brewer 
(8) and from Sch~fer and HSnes (9) are shown in 
Fig. 2. Vapor pressures of Nb, Hg, Ga, Ge, Al, As, 
and Sb iodides fall in a band between those of tin 
and tantalum. Vapor pressures of most metal iodides 
are lower than for silicon tetraiodide so they will re- 
main in the reboiler during distillation. Phosphorus 
and boron iodides are more volatile and must be re- 
moved at the top of the distillation column before 
purified silicon tetraiodide can be distilled overhead. 
At 1 atm CL boils 19~ higher than SiI4 and PI~ 63~ 
lower. The calculated relative volatilities are 3.4 for 
Pig with respect to SiL and 1.4 for SiI4 with respect 
to CL. Both volatilities are large enough to permit 
extensive separations with a moderate number of 
theoretical distillation plates. 

This process scheme imposes stringent require- 
ments on the materials of construction. Silicon tetra- 
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iodide in process is usua l ly  accompanied by some 
iodine and hydrogen  iodide and this mix ture  is quite 
aggressive toward  container  mater ia l s  at e levated 
temperatures .  Quartz, due to its high chemical  s ta-  
bil i ty,  was selected for the reactor,  the dis t i l la t ion 
column, and the decomposer.  

Process Equipment 
The fluid bed reactor  is a 4-in. d iamete r  quartz  

tube 8 ft long mounted ver t ica l ly  in a furnace,  Fig. 3. 
A porous - type  gas d is t r ibu tor  was used to e l iminate  
s tagnant  zones and get uni form fluidization (10). 
Heat  of react ion is removed  from the bed by direct  
rad ia t ion  to the furnace walls  which are main ta ined  
about 50~ cooler than  react ion tempera ture .  The 
electr ic heat ing elements  in the furnace are in te r -  
na l ly  exposed to get m a x i m u m  heat  t r ans fe r  and 

Fig. 3. Fluid bed reactor: 1, reactor furnace; 2. iodine 
boiler. 

Fig. 4. Disti l lation column: 1, column upper sections; 2, 
product receiver; 3, condenser. 

control labi l i ty .  Iodine is vapor ized in a 10-gal glass-  
l ined steel iodine boi ler  j acke ted  wi th  230~ hot oil. 

The recrys ta l l izer  is a 20-gal  g lass- l ined  steel agi-  
ta ted  vessel j acke ted  for s team heat ing or wa te r  
cooling. I t  is mounted on a base which permi t s  
weighing wi thout  d is turbing the quartz  piping con- 
nections. 

The a l l -qua r t z  dis t i l la t ion column consists of r e -  
boiler,  four lengths  of 3-in. d iamete r  tubing,  and a 
condenser,  wi th  an over -a l l  he ight  of 24 ft. At  the  
bot tom the 10-gal reboi ler  is heated by Calrod| 
units inser ted in quartz  tubes sealed lengthwise  
through the lower  sector of the  vessel. Direct  r a -  
d iant  heat  t r ans fe r  f rom hea te r  to boil ing SiI4 gives 
fast  response and min imum superheat ing.  

At  the top of the dis t i l la t ion column, Fig. 4, a 3-f t  
length of 4-in. tubing serves as a condenser.  I t  is 
provided  with  a 6-in. stainless steel j acke t  and a 
circulat ing hot oil coolant system. Each of the four 
column sections is packed wi th  3/s-in. quar tz  rashig  
rings wi th  quar tz  packing supports  and d is t r ibu tor  
plates.  The ent i re  asesmbly is suppor ted  by  a system 
of weights  and pul leys  and is a r ranged  for adiabat ic  
operation.  Th i r t y - t w o  theore t ica l  plates  were  meas-  
ured  at 1 a tm using a n -hep tane  methylcyc lohexane  
test  mix tu re  (11) and the Fenske  equat ion (12). 

Silicon te t ra iodide  is removed from the column in 
a 3-gal  quartz  receiver  and placed in the vapor izer  
to become the bot tom port ion of the decomposer  as-  
sembly.  F igure  5 shows a Py rex  receiver  of the same 
size holding 45 lb of te t ra iodide.  The discolorat ion is 
caused by  iodine re leased by  a photochemical  ox ida -  
tion which has not yet  been identified. Heat ing  si l i -  
con te t ra iod ide  f rom room t empera tu r e  to 100~ 

| Registered Trademark. 
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Fig. 5. Product receiver 

Fig. 6. Decomposer assembly: 1, induction beater; 2, va- 
porizer; 3, decomposer. 

causes  e x p a n s i o n  forces  s t rong  enough  to b r e a k  glass  
or  q u a r t z  con ta ine r s .  M e l t i n g  the  o u t e r  l a y e r  of t he  
SiL cake  a n d  r e f o r m i n g  a long  one s ide  of t he  vesse l  
c rea te s  a m p l e  room for  e x p a n s i o n  w i t h o u t  b r e a k a g e .  

The  d e c o m p o s e r  consis ts  of a v e r t i c a l  2- in .  q u a r t z  
t ube  m o u n t e d  a top  a 3 ga l  SiI ,  r e c e i v e r  j u s t  d e -  
scr ibed .  A s i l icon rod,  % in. in d i a m e t e r  a n d  14 in. 
long,  m o u n t e d  ins ide  t he  tube ,  is h e a t e d  to 1000~ 
b y  e x t e r n a l  coils connec t ed  to an  i nduc t i on  hea te r ,  
Fig .  6. As  SiL decomposes  in con tac t  w i t h  t he  h e a t e d  
sur face ,  s i l icon depos i t s  on the  rod  w h i c h  inc reases  
in d i a m e t e r .  A d j u s t m e n t  of t he  hea t i ng  coils  a long  
the  rod  is n e c e s s a r y  to o b t a i n  a u n i f o r m  depos i t .  

F i g u r e  7 shows  a t y p i c a l  depos i t  o b t a i n e d  b y  h e a t -  
ing a 10 in. l e n g t h  of  rod.  I t  is 1.25 in. in d i a m e t e r  

Fig. 7.~Product silicon 

and  con ta ins  1 lb  of new si l icon.  Depos i t  and  rod  a re  
s e p a r a t e d  b y  a s awing  o p e r a t i o n  w h i c h  p r o d u c e s  
sizes and  shapes  r e q u i r e d  for  c r y s t a l  g rowing .  

Product Silicon Evaluation 
Res i s t i v i t y  m e a s u r e m e n t s  w e r e  m a d e  on s ing le  

c r y s t a l s  p r e p a r e d  b y  the  C z o c h r a l s k i  t e chn ique  (13) .  
The  fou r  po in t  p r o b e  m e t h o d  (14) was  used  to m e a s -  
u r e  r e s i s t i v i t y  profi les .  M i n o r i t y  c a r r i e r  l i f e t ime  was  
m e a s u r e d  b y  the  i n f r a r e d  p h o t o c o n d u c t i n g  d e c a y  
m e t h o d  (15) .  

E x p e r i m e n t a l  r e su l t s  a r e  l i s t ed  in Tab le  I. I t  
shou ld  be r ecogn i zed  t ha t  the  fou r  po in t  p r o b e  m e a s -  
u r e m e n t  is sub j ec t  to l a rge  e r r o r s  above  1000 o h m -  
cm. F u r t h e r m o r e ,  t he  c ruc ib l e  m e t h o d  of c r y s t a l  
g r o w i n g  c o n t a m i n a t e s  the  si l icon,  and  at  h igh  r e -  
s i s t iv i t i e s  th is  causes  the  seed  end  r e s i s t i v i t y  to 
c h a n g e  r a p i d l y  a long  the  c r y s t a l  so t h e  r eg ion  of 
m a x i m u m  r e s i s t i v i t y  is diff icult  to locate .  This  effect 
is no t i ceab l e  in T a b l e  I w h e r e  r e s i s t i v i t y  va lues  a re  
r e p o r t e d  at  a p p r o x i m a t e  1-in.  i n t e r v a l s  a long the  
c rys ta l s .  

Res i s t iv i t i e s  as h igh  as 3500 o h m - c m  h a v e  not  
been  r e p o r t e d  p r e v i o u s l y  for  c r u c i b l e  g r o w n  si l icon.  
Disso lu t ion  of q u a r t z  in m o l t e n  s i l icon d u r i n g  c r y s t a l  
g r o w t h  is k n o w n  to occur  (16, 17),  and  the  a c c o m -  
p a n y i n g  i m p u r i t i e s  a r e  e x p e c t e d  to  l imi t  t he  m a x i -  
m u m  o b t a i n a b l e  r e s i s t i v i t y  va lues .  P r a c t i c a l  va lue s  
for  such a l imi t  h a v e  not  ye t  been  r epo r t ed .  H a n n a y  
(17) r epo r t s  t h a t  t he  l imi t  is h i g h e r  t h a n  300 
o h m - c m  p - t y p e  w h i l e  Ta f t  and  H o r n  (16) r e p o r t  
e x c e e d i n g  300 o h m - c m  in p rac t ice .  The  p r e s e n t  w o r k  
sugges t s  t h a t  t he  p r a c t i c a l  l i m i t  is above  1000 
o h m - c m  p - t y p e  u n d e r  the  mos t  f a v o r a b l e  e x p e r i -  
m e n t a l  condi t ions ,  i.e., m i n i m u m  t ime  e lapses  b e -  
t w e e n  the  onse t  of m e l t i n g  and  t h e  cool ing-of f  of t h e  
seed end of t he  p u l l e d  c rys ta l .  

E x a m i n a t i o n s  in a c r y o s t a t  for  deep  l eve l  c o m p e n -  
sa t ion  showed  these  effects to be  absen t .  Each  c r y s t a l  
d id  e x h i b i t  a p h o t o - e m f  in a m b i e n t  l ight ;  h o w e v e r ,  
t y p e  r e v e r s a l s  w e r e  not  d e t e c t a b l e  b y  p o t e n t i o m e t -  

Table I. Product silicon resistivity and lifetime 

Decom-  
poser  Recti-  Life* 

Lot  Rod fication Speed Resis t iv i ty ,  Sprout  t ime ,  
No. mater ia l  type end o h m - c m  end ]~see 

1 ZR p 3400 1100 500 200 100 
2 C n 70 78 65 130 50 
3 ZR p 3500 700 400 130 100 
4 ZR p 3200 900 400 140 350 

Z R ~ Z o n e  refined silicon, 130 o h m - c m  p-type.  
C---Commercial  g rade  silicon, 2 ohm-era  n- type .  
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ric p rob ing  or by  app ly ing  an  electric field to a b a -  
r i u m  t i t ana t e  coated surface.  The source of the 
p h o t o - e m f  is no t  unde r s tood  at  present .  Whi le  it  did 
in te r fe re  somewha t  w i th  l i fe t ime m e a s u r e m e n t s ,  the  
va lues  ob t a ined  are  in  a m e d i u m  range  for h i gh -  
qua l i ty  c ruc ib le  g rown  silicon. 

Wi th  all  factors considered,  it is conc luded  tha t  
the p roduc t  si l icon qua l i t y  corresponds  to a res i s t iv -  
i ty  over  1000 ohm-cm.  M e a s u r e m e n t s  on cruc ib le  
g rown  sil icon in  this  res i s t iv i ty  r ange  do not  w a r r a n t  
a more  q u a n t i t a t i v e  s t a t emen t  at the p resen t  t ime. 

The Tab le  I da ta  are a fu l l  sequence  of lots w i t h -  
out  dele t ions  or selections;  thus  the a g r e e m e n t  be -  
tween  3400, 3500, and  3200 o h m - c m  res is t iv i t ies  is 
r e m a r k a b l e  in  v iew of the m e a s u r e m e n t  u n c e r t a i n -  
ties and  m a y  be for tui tous.  The weigh t  of ev idence  
indicates  to the  authors ,  however ,  tha t  this  agree -  
m e n t  is more  rea l  t h a n  c i rcumstan t i a l .  It  is be l ieved  
to resu l t  f rom improved  effect iveness and  r ep roduc i -  
b i l i ty  in  the  process ing steps and  f rom ski l l fu l  h a n -  
d l ing  of the  crys ta l  g rowing  prob lem.  

Two dif ferent  grades  of si l icon were  used for the 
decomposer  surface.  One, the zone refined, had  a r e -  
s is t iv i ty  of 130 o h m - c m ;  the o ther  was  a p r e m e l t  rod 
of 2 o h m - c m  commerc ia l  g rade  silicon. Both were  
p repa red  by  the  t echn iques  of Taf t  and  Horn  (16).  
The low res i s t iv i ty  of p roduc t  si l icon in  the  second 
e x p e r i m e n t  correla tes  wi th  the  low res i s t iv i ty  of the  
sil icon rod used in  the  decomposer .  Since re l a t ive  
vo lumes  of si l icon and  t ime  of deposit  were  r ough l y  
equal  in  the four  exper iments ,  the  data  suggest  tha t  
a p ropor t iona l  d i lu t ion  effect controls  p roduc t  re -  
s is t iv i ty  at abou t  27 t imes  g rea te r  t h a n  the s t a r t ing  
rod res is t iv i ty .  I t  f u r t he r  suggests tha t  the  effect is 
rough ly  i n d e p e n d e n t  of res i s t iv i ty  over the  r ange  
covered by  the exper iments .  

Macroscopic e x a m i n a t i o n  of a t r ansve r se  f rac t ion  
in the  p roduc t  si l icon gives the  impres ion  of close- 
packed need le l ike  crysta ls  w i th  ma jo r  axes r ad i a t i ng  
ou twa rd  f rom the  cen te r  of the  rod. HSlb l ing  (18) 
shows s imi l a r ly  o r ien ted  c o l u m n a r  crysta ls  f rom the 
hyd rogen  reduc t ion  of SiL on a carbon  rod. Sangster ,  
Maver ick,  a n d  Croutch  (19) ,  on the  o ther  hand ,  
show p ropaga t ion  of the  o r ig ina l  c rys ta l  s t r uc t u r e  
w h e n  SiBr~ is h y d r o g e n  reduced  on a hea ted  si l icon 
f i lament .  

The p roduc t  si l icon in this  work  was  found  to 
propaga te  the  crys ta l  s t ruc tu re  of the  o r ig ina l  si l i-  
con rod. F igu re  8 shows severa l  c rys ta l  faces p res -  
ent  af ter  2 x 10 ~ a tom layers  of si l icon have  been  de-  
posited. The same crys ta l  p a t t e r n  was p resen t  in  the  
rod before deposit ion.  Microscopic e x a m i n a t i o n  of the 
product  shows the i n d i v i d u a l  crysta ls  to have  a 
la rge  n u m b e r  of defects, p r e s u m a b l y  twins ,  Fig. 9. 
These t w i n  l ines  are  h igh ly  o r ien ted  in  the  g rowth  
direct ion.  This degree  of defect  a l i g n m e n t  wou l d  ac-  
count  for the  observed f rac t ion  p a t t e r n  as wel l  as 
for the obse rva t ion  tha t  the  p roduc t  ma te r i a l  is m u c h  
weake r  w h e n  stressed in  the  t r ansve r se  d i rec t ion  
t h a n  is the  o r ig ina l  rod. 

Impurity Separations During Processing 
A res is t iv i ty  of 3500 o h m - c m  requ i res  the  elec-  

t r i ca l ly  act ive i m p u r i t y  con ten t  of the si l icon to be 
about  8 a toms per  h u n d r e d  b i l l ion  atoms. The con-  
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Fig. 8. Crystal faces preserved during deposition 

Fig. 9. Product silicon crystal structure. Magnification 200 
X before reduction for publicotion. 

t r i b u t i o n  of each process step to the  tota l  separa t ion  
has been  es t ima ted  in  Tab le  II  to ind ica te  w h e t h e r  
this  p u r i t y  level  is a r ea sonab le  a c h i e v e m e n t  for the  
process. I m p u r i t y  concen t ra t ions  are  ind ica ted  on ly  
as to order  of m a g n i t u d e  which  is abou t  the accuracy  
w a r r a n t e d  by  m u c h  of the  suppor t ing  data.  The 
s t a r t ing  si l icon was  commerc ia l  ac id - l eached  99.9% 
silicon. Spec t rographic  analyses  of this  m a t e r i a l  gave 
resul t s  in  a g r e e m e n t  w i th  those repor ted  by  Szekely  
(4).  The  most  concen t ra t ed  i m p u r i t y  was  p resen t  
less t h a n  1 x 10 -~ a toms per  a tom St. Ana lys i s  of the  
SiL p roduc t  f rom the  fluid bed reac tor  by  the  same 
me a ns  shows the  m a x i m u m  i m p u r i t y  concen t r a t i on  
to be a few par ts  per  mi l l ion .  S i mi l a r l y  af ter  the  r e -  
c rys ta l l i za t ion  step the  i m p u r i t y  con ten t  is be low the  
sens i t iv i ty  of the ana ly t i ca l  method.  It  is i n t e re s t ing  
to note  tha t  de tec tab le  a moun t s  of boron  are r e -  
jec ted in  the solvent .  

A n  ind i rec t  approach  is necessa ry  to es t imate  d is -  
t i l l a t ion  co lumn  o u t p u t  pur i ty .  Ca lcu la t ions  for the  
PL-S iL  sys tem us ing  the Fenske  equa t ion  (12) and  
a r e l a t ive  vo la t i l i ty  modified to d i lu te  so lu t ion  con-  
d i t ions  according to the  exper ience  of G r e en  and  
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Table II. Impurity separating ability of process steps 

Process s tep  

A t o m s  of  mos t  
c o n c e n t r a t e d  i m p u r i t y  

pe r  s i l i con  a t o m  Sepa -  
r a t i o n  

I n p u t  O u t p u t  f ac to r  

Fluid bed reactor 1 • 10 -'~ 10 -~ 10 ~ 
Recrystallizer 10 -~ 10 -~ 10 ~ 
Disti l lat ion column 10 -8 10 -~ 10 ~ 
Silicon surface decomposer 10 -~ 10 -~ 10--" 

Kafa la s  (20) ind ica te  a m a x i m u m  separa t ion  factor  
of 5.5 x 106 for this  c o l u m n  and  feed. I t  is p robab le ,  
however ,  tha t  c o l u m n  pe r fo rmance  is l imi t ed  to a 
factor  of 10 ~ by  a n  aerosol  e n t r a i n m e n t  m e c h a n i s m  

�9 according  to Manowitz ,  Bret ton,  and  Hor r igan  (21) .  
This  factor  applies  to all  iodide impur i t i e s  except  
CL. Since ca rbon  is one of the  e l ements  most  effec- 
t i ve ly  re jec ted  by  iodide chemis t ry  the  lower  sepa-  
r a t ion  factor  for this  compound  has no t  caused spe-  
cial problems.  

The decomposer  separa t ion  factor  ca lcu la ted  as 
the difference b e t w e e n  k n o w n  i n p u t  and  ou tpu t  i m -  
p u r i t y  levels  gives 10-' or a h u n d r e d f o l d  c o n t a m i -  
na t ion .  This is cons is ten t  wi th  the observed  d e p e n d -  
ence of p roduc t  p u r i t y  on sil icon rod pur i ty .  More-  
over, the  m a g n i t u d e  of the  effect is r easonab le  for 
the  i m p u r i t y  level  of this  step. 

Two conclusions  can be d r a w n  f rom this analysis .  
First ,  p roduc t  si l icon in  the 10-11 i m p u r i t y  r ange  is 
w i t h i n  the capab i l i ty  of this  process. Second,  i m -  
p r o v e m e n t s  in  the  decomposi t ion  step wi l l  p r o b a b l y  
yie ld  p roduc t  si l icon of sti l l  h igher  pur i ty .  

Sil,  Decomposition 

The e x p e r i m e n t a l  obse rva t ions  on the decomposi -  
t ion  step made  at  the  Gene ra l  Electr ic  Research L a b -  
o ra to ry  i nc lud ing  this  work  and  tha t  of McCar ty  are  
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corre la ted  in  Fig. 10. E q u a t i o n  [4] expresses the  
l inear  cor re la t ing  func t ion .  

m 
log p = 2.18 [4] 

0.3O5 

w h e n  p : pounds  of SiI, vapor  feed to the  decom- 
poser per  hou r  per  square  foot of hea ted  surface 
( a r i thmet i c  average)  and  m : f rac t iona l  convers ion  
of SiL to St. 

The cor re la t ion  holds for the  ove r -a l l  reac t ion  of 
Eq. [5] at  1000~ and  a condense r  p ressure  of 1 to 
10~. 

Sil,~> ~ St(,> + 2 I~(~ [5] 

The basic significance of this correlation is not 
understood at present, and no theoretical treatment 
exists to support it. Undeniably it correlates the data 
well. The results of Litton and Andersen (3), who 
have published the only data on thermal decomposi- 
tion of SiI4, have been recalculated and are com- 
pared with Eq. [4] in Fig. 10. Although the Litton 
and Andersen data show some scatter, the quantita- 
tive agreement is good. The decomposer vessels used 
in these three investigations differ widely in geom- 
etry. In this work decomposition occurred on a %-in. 
diameter rod in a 2-in. diameter vessel. McCarty de- 
composed inside a 1.25-in. diameter cylinder while 
Litton and Andersen decomposed on a 0.l-in. diam- 
eter wire formed into an open helix inside a 2.75-in. 
diameter vessel. The fact that data taken under such 
widely different circumstances fit the same correla- 
tion suggests that chemical equilibrium exists in 
each type of equipment over the experimental range 
covered. 

It  is i n t e res t ing  to no te  tha t  in all  th ree  studies 
each d a t u m  is rea l ly  the average  resu l t  of an  en t i re  
e x p e r i m e n t  conducted  at a con t inuous ly  chang ing  
iodide vapor iza t ion  rate,  hence  the  i n s t an t aneous  
condi t ions  cor responded  wi th  the average  for a short  
t ime  only.  The form of the  cor re la t ing  equa t ion  
p = e" is such tha t  the  de r iva t ive  dp/dm is also 
equa l  to e ~. In  this case, if the  average  d i ame te r  is 
replaced by  the i n s t a n t a n e o u s  d iameter ,  the  corre-  
la t ion  wi l l  app ly  to the va r i ab le s  on an  i n s t a n t aneous  
basis. This  condi t ion  is a p re requ i s i t e  to hav ing  Eq. 
[4] r ep resen t  an  e q u i l i b r i u m  rela t ion.  

One should note  tha t  the  uni ts ,  pounds  per  hour  
per  square  foot hea ted  area,  are  ac tua l ly  u n c o n v e n -  
t iona l  un i t s  of pressure.  A l t h o u g h  no  inves t iga to r  has 
yet  r epor ted  decomposer  p ressure  m e a s u r e m e n t s  for 
reasons of c o n t a m i n a t i o n  and  corrosion, in p r inc i -  
ple sufficient da ta  are now  ava i lab le  to calcula te  an 
e x p e r i m e n t a l  e q u i l i b r i u m  constant .  The cons tan t  for 
e q u i l i b r i u m  Eq. [5] is g iven  by  [6]. 

[ L ]  ~ 
K~ -- [6] 

[SiI ,]  

In  Table  III  e x p e r i m e n t a l  p ressure  va lues  t aken  
f rom the  cor re la t ion  have  been  reca lcu la ted  to the 
more  f ami l i a r  un i t s  mic rons  Hg. K~ has been  cal-  
cula ted on the  hypothes is  tha t  the e x p e r i m e n t a l  
p ressure  is the  tota l  p re s su re  in  the system, i.e., the 
p lug  flow case or flow wi th  no b a c k - m i x i n g .  The 
va r i a t ion  b e t w e e n  va lues  of K~ is less t h a n  a factor  
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Table Ill. Experimental equilibrium constant 

Lb SiI~/hr/ft~ Pressure ,  ~Hg /4~, m m  

0.20 0.94 1.3 X 10 -~ 
0.30 1.4 1.2 
1.0 4.4 1.4 
3.0 13 1.9 
6.0 25 2.2 

of 2 which  is f i rm ev idence  for e q u i l i b r i u m  condi -  
t ions du r ing  the  decomposi t ion  react ion.  
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The Preparation and Properties of Aluminum Antimonide 
W. P. AIIred, W. L. Mefferd, and R. K. Willardson 

Battelle Memorial Institute, Columbus, Ohio 

ABSTRACT 

An improved method of growing single crystals of a luminum ant imonide is 
described. Oxide from the a luminum has been el iminated by a vacuum heat-  
t reat ing technique which also removes volatile impurities. The mobil i ty of the 
positive carriers in A1Sb at 300~ is found to be greater than  400 cm2/v-sec. 
Values as high as 5000 cm2/v-sec have been measured at 50~ The p- type  im- 
puri t ies have an activation energy of about 0.02 ev in A1Sb. A ma x i mum is ob- 
served at 4000 gauss in the magnetic-field dependence of the Hall  coefficient 
at 77~ 

Cons iderab le  in te res t  has been  shown over  the  
past  few years  in  the  deve lopmen t  of semiconduc tors  
which  are  capable  of opera t ing  at h igh  a m b i e n t  
t empera tu res .  The  e lect r ical  p roper t ies  of some of 
the  Group  I I I - V  compounds  are especial ly  i n t e r e s t -  
ing for this appl ica t ion .  A m o n g  these compounds ,  
a l u m i n u m  an t imonide ,  wi th  an ene rgy  gap of 1.6 
e lec t ron volts  (ev)  shows pa r t i cu l a r  promise.  The  
ma jo r  p rob l em in  p roduc ing  d e v i c e - q u a l i t y  a l u m i -  
n u m  a n t i m o n i d e  is concerned  wi th  the  r emova l  of 
impur i t i e s  f rom the compound  or its cons t i tuen t s  
(1) .  Schell  (2) repor ts  tha t  zone ref in ing A1Sb has 
produced  p - t y p e  m a t e r i a l  w i th  res is t iv i t ies  as h igh  as 

14 o h m - c m  and  ca r r i e r  concen t ra t ions  of 3 x 101~/ 
c mt  However ,  these samples  have  low car r ie r  mo-  
bil i t ies,  150 cm2/v-sec.  A l u m i n u m  a n t i m o n i d e  c rys -  
tals  w i th  res is t iv i t ies  as h igh as 30 o h m - c m  have  
been  ob ta ined  by  dop ing  p - t y p e  A1Sb wi th  s e l e n i u m  
(3).  Again,  the mob i l i t y  of the posi t ive car r ie rs  in  
the  base p - t y p e  A1Sb was  low, about  100 cm2/v-sec.  
Resis t ivi t ies  as h igh as 200 o h m - c m  have  been  ob-  
ta ined  by  add ing  l i t h i u m  to a l u m i n u m  a n t i m o n i d e  
(4) .  In  this  case, the  mob i l i t y  was  e x t r e m e l y  low, 
about  0.02 cmVv-sec .  Whi le  doping  can produce  i n -  
t e res t ing  samples  for optical  studies,  it d ras t ica l ly  de-  
creases the  ca r r i e r  mobi l i t i e s  and  the  p u r i t y  of the  
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Fig. 1. Crystal growing furnace 

Not drawn to scale 

a l u m i n u m  an t imonide .  Nas ledov and  Slobodchikov 
(5) have  p r e p a r e d  p - t y p e  a l u m i n u m  a n t i m o n i d e  
wi th  hole mobi l i t ies  as h igh as 240 cm-"/v-sec and  
car r ie r  concen t ra t ions  of n e a r l y  1018/cmt 

Resul ts  of this  inves t iga t ion  show tha t  the  m a -  
jo r i ty  of the p - t y p e  impur i t i e s  found  in  a l u m i n u m  
a n t i m o n i d e  come f rom the a l u m i n u m .  I t  also shows 

tha t  the concen t r a t i on  of the  ma j o r  p - t y p e  i m p u r i t y  
in  a l u m i n u m  a n t i m o n i d e  can be reduced  by  heat  
t r ea t ing  the  a l u m i n u m  at 1000~ in a vacuum.  A 
re l a t ive ly  easy me thod  for hea t  t r ea t ing  the  a l u m i -  
n u m  and  p roduc ing  p - t y p e  a l u m i n u m  a n t i m o n i d e  
single cystals  wi th  mobi l i t ies  as high as 400 cmV 
v-sec  and  car r ie r  concen t r a t ions  in  the 101~/cma 
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r a n g e  is desc r ibed .  The  p u r i t y  of t he  a l u m i n u m  a n t i -  
m o n i d e  is i n d i c a t e d  b y  t h e  t e m p e r a t u r e  d e p e n d e n c e  
of the  Ha l l  coefficient and  the  m o b i l i t y  da ta .  

Growing of Single Crystals 
The  c r y s t a l - g r o w i n g  fu rnace  s h o w n  in Fig.  1 is a 

s tee l  v a c u u m  t a n k  (a)  s u r r o u n d e d  b y  cool ing  coils 
( b ) .  H e l i u m  gas used  for  a t m o s p h e r e  w h i l e  g r o w i n g  
c r y s t a l s  en t e r s  t he  f u r n a c e  t h r o u g h  v a l v e  (c ) .  A 
v a c u u m  p u m p  is connec ted  to v a l v e  ( d ) .  F u s e d  
q u a r t z  is used  for  sh ie ld ing  (e)  in th i s  sys tem,  and  
the  t h e r m o c o u p l e  w e l l  (f)  is porce la in .  

The  v i e w i n g  p o r t  (g)  a t  the  top  is so l oca t ed  as to 
r e d u c e  condensa t i on  of vo la t i l e  m a t e r i a l s  on the  
v i e w i n g  glass.  A n  e lec t r i c  m o t o r  (h )  r o t a t e s  t he  
s t a in less  s teel  seed  h o l d e r  ( i ) .  This  m o t o r  is a t t a c h e d  
to a p l a t f o r m  t h a t  is r a i s ed  or  l o w e r e d  b y  the  r o t a -  
t ion of two  long sc rews  w h i c h  a r e  t u r n e d  b y  a cha in  
( j )  d r i v e n  b y  a v a r i a b l e - s p e e d  m o t o r  ( k ) .  The  e lec -  
t r i c a l  f e e d - t h r o u g h s  (1) a re  s t a in less  s tee l  w h i c h  
con tac t  t he  g r a p h i t e  h e a t i n g  e l e m e n t  ( m )  t h r o u g h  
m o l y b d e n u m  rods.  One side of the  h e a t i n g  e l e m e n t  
is m e c h a n i c a l l y  s u p p o r t e d  b y  a p o r c e l a i n  rod  (n ) .  
The  M o r g a n i t e  AI~O~ c ruc ib l e  (o)  is m o u n t e d  on an  
AUC g r a p h i t e  p e d e s t a l  (p)  and  r o t a t e d  c o u n t e r -  
c lockwise  b y  m o t o r  (q ) ,  w h i l e  t he  seed  ( r )  ro t a t e s  
c lockwise .  Bo th  the  seed  and  the  c ruc ib l e  a r e  n o r -  
m a l l y  r o t a t e d  at  6 rpm,  g iv ing  a ne t  r o t a t i o n a l  r a t e  
of t he  seed  w i t h  r e spec t  to the  m e l t  of 12 rpm.  

A l t h o u g h  a l u m i n u m  is e t ched  p r i o r  to i ts  r eac t i on  
w i th  a n t i m o n y ,  i t  s t i l l  r e t a i n s  an  o x i d e  su r f a c e  t ha t  
floats on t h e  a l u m i n u m  a n t i m o n i d e  m e l t  a n d  p r o v i d e s  
n u c l e a t i o n  cen te r s  w h i c h  p r o d u c e  a d d i t i o n a l  c r y s -  
t a l s  w h e n  the  ox ide  pa r t i c l e s  come in con tac t  w i t h  
t he  seed  or  the  c r y s t a l  be ing  pu l led .  

O r i g i n a l l y  th is  ox ide  was  r e m o v e d  b y  l o w e r i n g  the  
a l u m i n u m  ox ide  p a d d l e  (s)  in to  t he  me l t .  The  en t i r e  
su r f ace  of a l u m i n u m  a n t i m o n i d e  w a s  a l l o w e d  to 
f r eeze  to  t h e  padd l e .  T h e n  th is  su r f ace  p lu s  t he  
ox ide  could  be  l i f t ed  out  of t he  c ruc ib le ,  l e a v i n g  a 
m e l t  c l ea r  of oxide .  

The  ox ide  coa t ing  on the  seed  is a second  source  
of nuc l ea t ion .  In  o r d e r  to m i n i m i z e  th i s  nuc l ea t ion ,  
the  c r y s t a l  be ing  g r o w n  is n e c k e d  d o w n  to a p p r o x i -  
m a t e l y  1/s in. be fo re  i t  is a l l owed  to g r o w  out  to t h e  
d e s i r e d  d i a m e t e r .  This  n e c k i n g  d o w n  fo rces  out  c r y s -  
t a l s  n u c l e a t e d  b y  the  ox ide  on the  su r f ace  of t he  
seed. 

D u r i n g  t h e  p u l l i n g  of a l u m i n u m  a n t i m o n i d e  c r y s -  
ta ls ,  i t  was  o b s e r v e d  t h a t  s ingle  c r y s t a l s  could  not  be  
g r o w n  w h e n  p u l l i n g  a t  speeds  a b o v e  3 i n . / h r .  P u l l i n g  
r a t e s  e x c e e d i n g  this  v a l u e  caused  the  ingo t  to g row 
as if p u l l e d  f r o m  a n o n s t o i c h i o m e t r i c  me l t .  Th is  and  
o the r  e x p e r i m e n t s  i nd ica t e  t h a t  t h e  m a x i m u m  p u l l -  
ing r a t e  for  s ingle  c r y s t a l  g r o w t h  d e p e n d s  on the  
m a g n i t u d e  of the  d e v i a t i o n  of t he  m e l t  f r o m  the  
s to i ch iome t r i c  ra t io .  The  g r e a t e r  t he  d e v i a t i o n  f rom 
s t o i c h i o m e t r y  the  m o r e  s l owly  the  c r y s t a l  m u s t  be  
pu l led .  

A t  p u l l i n g  speeds  less t h a n  1/2 i n . / h r  i t  w a s  ob -  
s e rved  f r e q u e n t l y  t h a t  t he  ingot  was  cove red  w i t h  a 
y e l l o w - w h i t e  g l a s s l ike  subs tance .  Th is  coa t ing  was  
iden t i f i ed  as v i t r e o u s  a n t i m o n y  t r i o x i d e  b y  i n d e x - o f -  
r e f r a c t i o n  m e a s u r e m e n t s .  The  v i t r e o u s  coa t ing  of 
Sb~O~ v a r i e d  f rom 8 to 26 ~ in t h i ckness .  I t  is e x -  

pec t ed  t h e r e f o r e  t ha t  a l l  of the  a l u m i n u m  a n t i m o n i d e  
c r y s t a l s  p u l l e d  f r o m  the  m e l t  h a v e  a th in  coa t ing  of 
a n t i m o n y  t r i o x i d e  glass.  B a s e d  on ox ide  coa t ing  
th i ckness  f o u n d  at  d i f fe ren t  pu l l i ng  ra tes ,  ingots  
p u l l e d  at  2 i n . / h r  w o u l d  h a v e  a coa t ing  of Sb~O~ 
abou t  4 ~ th ick .  This  t h i cknes s  w o u l d  of course  v a r y  
w i t h  t he  p r e s s u r e  of the  i n e r t  gas  and  the  a m o u n t  of 
o x y g e n  p re sen t .  

Starting Materials 
Since  n e i t h e r  the  a n t i m o n y  no r  the  a l u m i n u m  was  

of sufficient p u r i t y  as a s t a r t i n g  ma te r i a l ,  pu r i f i ca t ion  
by  zone re f in ing  was  a t t e m p t e d .  The  a l u m i n u m  was  
g iven  20 z o n e - m e l t i n g  passes  at  2 i n . / h r ,  w h i l e  the  
a n t i m o n y  was  g iven  20 passes  at  1 i n . / h r .  Bo th  the  
a l u m i n u m  a n d  the  a n t i m o n y  were  zone re f ined  in 
AUC g r a p h i t e  boats .  F o l l o w i n g  the  zone ref ining,  
bo th  e l e m e n t s  w e r e  e t ched  to r e m o v e  ox ides  f rom 
the i r  sur faces .  The  a l u m i n u m  was  e tched  in a so lu -  
t ion  composed  of 95% p h o s p h o r i c  ac id  and  5% n i t r i c  
acid,  and  the  a n t i m o n y  was  e tched  in CP-4 .  D e -  
ionized  w a t e r  was  used  for  w a s h i n g  the  m a t e r i a l s  
a f t e r  e tch ing .  

In  gene ra l ,  p u l l e d  a l u m i n u m  a n t i m o n i d e  c r y s t a l s  
p r o d u c e d  f r o m  zone - r e f ined  a l u m i n u m  and  a n t i -  
m o n y  r e a c t e d  in an  a l u m i n u m  ox ide  c ruc ib l e  con-  
t a in  p - t y p e  i m p u r i t i e s  on the  o r d e r  of 6 x 101~/cm ~. 
S ince  h i g h - p u r i t y  i n d i u m  a n t i m o n i d e  can b e  m a d e  
w i t h  a n t i m o n y  of t he  s ame  q u a l i t y  as t ha t  u sed  in 
t he  p r e p a r a t i o n  of a l u m i n u m  an t imon ide ,  t he  i m -  
p u r i t y  c on t e n t  of t he  a n t i m o n y  is a t  l e a s t  two  o r d e r s  
of m a g n i t u d e  b e l o w  this  6 x 101~/cm ~ level .  

To i n v e s t i g a t e  the  p o s s i b i l i t y  of t he  me l t  be ing  
d o p e d  w i t h  c o n t a m i n a n t s  in the  a l u m i n u m  ox ide  
cruc ib les ,  two  a l u m i n u m  a n t i m o n i d e  c rys t a l s  w e r e  
p u l l e d  f r o m  a h i g h - p u r i t y ,  s i n g l e - c r y s t a l  s a p p h i r e  
c ruc ib le .  These  c rys t a l s  showed  no s igni f icant  d i f f e r -  
ences in e l e c t r i c a l  p r o p e r t i e s  f rom the  p r e v i o u s l y  ob -  
t a i n e d  m a t e r i a l .  I t  was  conc luded  t h a t  th i s  l e v e l  of 
p - t y p e  impur i t i e s ,  i.e., 6 x 101~/cm ~, does  no t  come 
f r o m  the  c ruc ib le .  

There fo re ,  i t  is p r o b a b l e  t h a t  t he  source  of t he  o b -  
s e r v e d  i m p u r i t i e s  in a l u m i n u m  a n t i m o n i d e  is t he  
a l u m i n u m .  V a r i o u s  i m p u r i t i e s  w h i c h  shou ld  act  as 
accep to r s  in a l u m i n u m  a n t i m o n i d e  a r e  f o u n d  ( s p e c -  
t r o g r a p h i c a l l y )  in t h e  a l u m i n u m .  S ign i f ican t  q u a n -  
t i t ies  of m a g n e s i u m  and  copper  a r e  a m o n g  these  
impur i t i e s .  A n  ingot  of a l u m i n u m  a n t i m o n i d e  was  
p u l l e d  f r o m  a m e l t  d o p e d  w i t h  1 p a r t  m a g n e s i u m  to 
10' p a r t s  a l u m i n u m .  As  w o u l d  be expec ted ,  the  ac -  
cep to r  c o n c e n t r a t i o n  i n c r e a s e d  f r o m  6 x 101~ to 2.5 
x 1018/cm~. More  s ign i f ican t ly ,  l i t t l e  change  in c a r r i e r  
c o n c e n t r a t i o n  a long  the  c r y s t a l  was  obse rved ,  i n d i -  
ca t ing  t h a t  m a g n e s i u m  seg rega t e s  s l owly  in a l u m i -  
n u m  a n t i m o n i d e .  

Heat Treatment of the Aluminum 
The  a l u m i n u m  was  hea t  t r e a t e d  in v a c u u m  a t  

1000~ for  s e v e r a l  hours  in an  a t t e m p t  to r e d u c e  t h e  
c o n c e n t r a t i o n  of vo l a t i l e  impur i t i e s .  M a g n e s i u m  
should  be  one  of these  i m p u r i t i e s  r e m o v e d ,  s ince  t h e  
v a p o r  p r e s s u r e  of m a g n e s i u m  is qu i t e  h igh  w i t h  r e -  
spec t  to t h a t  of a l u m i n u m .  A f t e r  e v a c u a t i n g  and  
f lushing the  s y s t e m  w i t h  d r y  h e l i u m  s e v e r a l  t imes ,  
the  s y s t e m  was  m a i n t a i n e d  at  1 x 10 -~ m m  Hg. Then  
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Table I. Electrical properties of crystals 
pulled from AISb Melts (300~ 

Mobil- 
Hall coefIi- i ty,  N u m b e r  of 

Crys-  cient, cmS/ cm~/ carriers~ P repa ra t ion  of 
tal coulomb v-sec n / c m  a a l u m i n u m  

1 10.3 230 6.0 • 10 TM As received 
4 11.0 230 5.6 X 10 ]~ Zone refined 
8 14.6 250 4.5 X 10 ~' Heat treat  1000~ 

for 7 hr 
10 41.0 300 1.5 X 1O ~ Heat treat  1000~ 

for 16 hr 
16 53.3 340 1.2 X 10 ~7 Heat t reat  1000~ 

for 40 hr 
15 66.2 330 9.4 • 10 TM Heat t reat  1000~ 

for 54 hr 

the  a l u m i n u m ,  in  an  a l u m i n u m  oxide crucible,  was 
hea ted  to 1000~ for severa l  hours .  Af te r  hea t ing  the  
a l u m i n u m  abou t  3 or 4 hr, the  oxide skin  which  a l -  
ways  appears  on the  a l u m i n u m  began  to disappear .  
The  m e c h a n i s m  invo lved  is p r o b a b l y  the  AI~O~ re -  
duc t ion  by  a l u m i n u m  to AI..O, which  s u b s e q u e n t l y  
evapora tes  (6) .  

Af te r  the  heat  t r e a t m e n t  of the  a l u m i n u m ,  the  
sys tem was filled wi th  d ry  h e l i u m  and  a posi t ive  
p ressure  of 10 psi m a i n t a i n e d .  The  a n t i m o n y  which  
had  been  fas tened  to the  a l u m i n u m  oxide probe  
d u r i n g  the  h e a t - t r e a t m e n t  of the  a l u m i n u m  was 
lowered  into the hot  zone and  a l lowed to me l t  in to  
the  crucible.  This  me thod  a l lowed the a l u m i n u m  and  
the  a n t i m o n y  to react  w i thou t  the  necess i ty  of open-  
ing the  sys tem;  a surface  comple te ly  clear  of oxide 
par t ic les  was  produced.  

Table  I shows the  e lect r ical  proper t ies  of crysta ls  
pu l led  f rom a l u m i n u m  a n t i m o n i d e  mel ts  w h e n  us ing  
as- received,  zone refined, and  h e a t - t r e a t e d  a l u m i -  
num.  It is a p p a r e n t  f rom these  proper t ies  tha t  zone 
ref in ing the  a l u m i n u m  does v e r y  l i t t le  to reduce  the  
p - t y p e  impur i t i e s  in  a l u m i n u m  a n t i m o n i d e  crystals .  
However ,  the  crysta ls  pu l l ed  f rom mel ts  con ta in ing  
a l u m i n u m  tha t  had  been  hea t  t r ea ted  had  p - t y p e  
i m p u r i t y  concen t ra t ions  a lmost  an  order  of m a g n i -  
tude  lower  t h a n  those observed  for crysta ls  made  
f rom as l r ece ived  a l u m i n u m .  

F i g u r e  2 is a g raph ica l  p r e s e n t a t i o n  of a po r t ion  of 
the data  in  Table  I. The  concen t r a t i on  of p l t y p e  i m -  
pur i t i es  in  pu l led  a l u m i n u m  a n t i m o n i d e  crys ta ls  is 
p lo t ted  as a func t ion  of h e a t - t r e a t m e n t  t ime  of the  
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Fig. 2. Concentration of p-type impurities in pulled crystals 
of AISb as a function of heat-treating time. 

o 

g 
~= ~oo 

t ~  ~017 

j r "  
J Theoretical curve 

Experlmenta( po~nts 
Dielectric constant I0 
Effective moss (~4 
Lotttce rnObdlty 450 
Temperoture 300 ~ 

I0 m iO Is i014 
Carrier Concentrot~n, cm "s 

Fig. 3. Hole mobi l i ty  at 300~  vs. carrier concentration of 
AISb. 

a l u m i n u m .  As has been  noted,  i n i t i a l ly  the  surfaces  
of the  a l u m i n u m  mel ts  are covered wi th  oxide, 
which  g r a dua l l y  d isappears  as the  a l u m i n u m  is r e -  
t a ined  in  the  m o l t e n  state. The vapor iza t ion  of m a g -  
n e s i u m  and  other  vola t i le  impur i t i e s  f rom the mel t  is 
i nh ib i t ed  u n d o u b t e d l y  by  the  oxide coating, which  
m a y  be a cause of the  scat ter  of po in ts  observed in  
the  in i t i a l  pa r t  of the  curve  in  Fig.  2. Since the  r a t e  
of the  r emova l  of p - t y p e  impur i t i e s  seems to de-  
crease r ap id ly  at  h e a t - t r e a t m e n t  t imes  above 16 hr,  
it is p robab le  tha t  most  of the  vola t i le  impur i t i e s  
have  been  r emoved  by  this  t ime  and  tha t  the  r e -  
m a i n i n g  impur i t i e s  are  not  h igh ly  vola t i le  and t h e r e -  
fore  are  difficult to r e m o v e  by  this  method.  Such  an  
i m p u r i t y  could be copper, which  is k n o w n  to be 
p re sen t  in  the a l u m i n u m  also. 

In  Fig. 3 the mob i l i t y  of the  pos i t ive  carr iers  in  
a l u m i n u m  a n t i m o n i d e  is shown  as a func t ion  of ca r -  
r ie r  concent ra t ion .  The theore t ica l  cu rve  was ca l -  
cu la ted  on the  basis  of a. d ie lectr ic  cons tan t  of 10 for 
a l u m i n u m  an t imonide ,  an  effective mass  of 0.4 mo, 
and  a lat t ice mob i l i t y  of 450 cm2/v-sec  at 300~ The 
close a g r e e me n t  of the  e x p e r i m e n t a l  points  to the  
theore t ica l  curve  indicates  tha t  v a c u u m  heat  t r e a t -  
m e n t  of the a l u m i n u m  s igni f icant ly  reduces  the  i m -  
pur i t i e s  in  a l u m i n u m  an t imon ide .  The  observed re -  
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Fig. 4. Resistivity as a function of temperature for single 
crystals of AISb. 
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Fig. 5. Hall coefficient as a function of temperature for 
single crystals of AISb. 

duc t ion  in car r ie r  concen t ra t ions  therefore  is not  due 
to compensa t ion .  

F igure  4 shows the  res i s t iv i ty  as a f unc t i on  of t e m -  
p e r a t u r e  of Hal l  samples  cut  f rom pu l l ed  a l u m i n u m  
a n t i m o n i d e  crystals.  Samples  A, B, and  C were  
t a k e n  f rom crys ta ls  pu l led  f rom mel ts  con ta in ing  
a l u m i n u m  tha t  had  been  v a c u u m  hea t  t r ea ted  at 
1000~ for 16 hr. Sample  D is f rom an  a l u m i n u m  
a n t i m o n i d e  crys ta l  made  f rom a l u m i n u m  tha t  had  
been  zone ref ined bu t  no t  hea t  t reated.  Crys ta ls  
g rown  f rom mel t s  con ta in ing  zone- re f ined  a l u m i n u m  
show li t t le,  if any,  i m p r o v e m e n t  over crysta ls  g r ow n  
f rom mel t s  con t a in ing  a l u m i n u m  in as - rece ived  con-  
dit ion.  Sample  E was  cut  f rom the a l u m i n u m  a n t i -  
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monide  crys ta l  tha t  had  been  doped wi th  1 pa r t  
m a g n e s i u m  to 1 x 10 ' par t s  of a l u m i n u m .  

F igu re  5 shows the  Hal l  coefficient as a func t ion  
of t e m p e r a t u r e  for the  five crysta ls  in  Fig. 4. The 
slope of curve  A was used to compute  the  ene rgy  
level  of the acceptor  impur i ty .  The ene rgy  leve l  ca l -  
cu la ted  f rom this slope is 0.018 ev. The m i n o r i t y  i m -  
p u r i t y  concen t r a t i on  ca lcu la ted  is cons is ten t  w i th  
the a m o u n t  of compensa t ion  pred ic ted  by  a com-  
par i son  of the mob i l i t y  data  wi th  the  theore t ica l  
cu rve  in  Fig. 3. 

The Hal l  sample  cut  f rom the m a g n e s i u m - d o p e d  
crys ta l  g iv ing  curve  E is degene ra t e  t h r o u g h o u t  the  
en t i re  t e m p e r a t u r e  r a nge  of m e a s u r e m e n t .  The c r i t i -  
cal concen t ra t ion  of p - t y p e  impur i t i e s  in  A1Sb for 
which  the  ioniza t ion  ene rgy  d isappears  is abou t  
2 x 1018/cm ~, compared  w i th  6.5 x 1018/era ~ for si l icon 
(7) .  I t  is expected  tha t  the  effective ac t iva t ion  en -  
ergy wi l l  increase  somewha t  f rom 0.018 ev as the ac-  
ceptor concen t ra t ion  is decreased and  tha t  it wi l l  be 
di f ferent  for the va r ious  p - t y p e  impur i t ies .  However ,  
it appears  l ike ly  tha t  the  acceptor  levels  in  A1Sb are, 
in  genera l ,  n e a r e r  to the  va lence  b a n d  t h a n  those in  
sil icon; p r o b a b l y  the  ac t iva t ion  energies  in AISb are 
about  a factor  of two less t h a n  those in silicon. 

F igu re  6 is a plot  of mob i l i t y  as a f u n c t i o n  of t e m -  
pera ture ,  as computed  f rom the  res i s t iv i ty  and  Hal l  
coefficient curves  in  Fig. 4 and  5. The  mob i l i t y  of the 
posi t ive carr iers  decreases  more  s teeply  t h a n  T -~/~ in  
the  l a t t i ce - sca t t e r ing  range.  In  fact, the  slope of the  
la t t ice  mob i l i t y  vs. t e m p e r a t u r e  appears  to be 
g rea te r  t h a n  T -~. Magne to res i s t ance  data  suggest  the  
presence  of both  l ight  and  heavy  mass  va lence  bands  
in  A1Sb. Thus,  wi th  the r e l a t i ve ly  i m p u r e  samples  
p r e sen t ly  ava i l ab le  a nd  the  u n c e r t a i n t y  in  the  va lues  
of r r e l a t ing  the  Hal l  coefficient at a g iven  magne t i c  
field to the car r ie r  concen t ra t ion ,  the  on ly  conclus ion 
possible is tha t  the  t e m p e r a t u r e  dependence  of the  
mob i l i t y  in  p - t y p e  A1Sb is s imi la r  to tha t  of p - t y p e  
g e r m a n i u m  and  silicon. 

M e a s u r e m e n t s  of the  Hal l  coefficient as a f unc t i on  
of magne t i c  field b e t w e e n  600 and  20,000 gauss have  
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Fig. 6. Mobi l i ty as a function of temperature for single 
crystals of AISb. 
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been  made  at 77 ~ and  51~ on a 1.6 o h m - c m  sample  
of p - t y p e  a l u m i n u m  a n t i m o n i d e  w i th  an  R(r-value of 
400 cm~/v-sec at room t empera tu re .  These m e a s u r e -  
men t s  ( shown in  Fig. 7) ind ica te  a m a x i m u m  in the  
Hal l  coefficient at abou t  4000 gauss at 77~ and  2000 
gauss at 51~ A m a x i m u m  also has been  repor ted  in  
the Hal l  coefficient of si l icon at 77~ and  a magne t i c  
field of 20,000 gauss (8) .  In  the case of si l icon this  
m a x i m u m  appears  to be caused by  a w a r p i n g  of the  
heavy  mass band .  One migh t  expect  a s imi lar  s i tua -  
t ion  in  p - t y p e  A1Sb. I t  should be po in ted  out h o w -  
ever  tha t  the  m a x i m u m  in the Hal l  coefficient occurs 
at a m u c h  lower  magne t i c  field in A1Sb. This  could 
imp ly  tha t  the  m a x i m u m  in  the  Hal l  coefficient in  
p - t y p e  A1Sb is r e la ted  to the  s t ruc tu re  of the  l ight  
mass b a n d  (9) .  Other  factors,  such as the  polar  cha r -  
acter  of the zinc b l ende  s t ruc ture ,  migh t  affect the  
magne t ic - f i e ld  dependence  of the  Hal l  coefficient. 

Summary 
The p - t y p e  impur i t i e s  in  A1Sb have  been  reduced  

by  an  order  of m a g n i t u d e  by  heat  t r ea t ing  the  a lu -  
m i n u m .  The ma jo r  i m p u r i t y  r e m a i n i n g  is p robab ly  
copper;  therefore,  methods  for r e m o v i n g  m i n u t e  
a m o u n t s  of copper and  other  nonvo la t i l e  impur i t i e s  
f rom the  a l u m i n u m  need  to be developed.  The oxide 
tha t  h inders  the  g rowth  of s ingle crysta ls  of a l u m i -  
n u m  a n t i m o n i d e  can be e l imina t ed  comple te ly  by  
v a c u u m  heat  t r e a t m e n t  of the a l u m i n u m .  The ac t iva -  
t ion  energies  of p - t y p e  impur i t i e s  in A1Sb are about  
one -ha l f  those for silicon. The mob i l i t y  and  the t e m -  
p e r a t u r e  dependence  of the mobi l i ty  of the m a j o r i t y  
car r ie r  in  p - t y p e  A1Sb are almost  ident ica l  wi th  
those in  silicon. F ina l ly ,  as in  silicon, a m a x i m u m  is 

observed in  the  magne t i c - f i e ld  dependence  of the 
Hal l  coefficient in  p - t y p e  A1Sb. 
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A Phase Equilibrium Study of the System NaWO:Na CO::H O 
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Division of Union Carbide Corporation, Niagara Falls, New York 

ABSTRACT 

A phase equi l ibr ium diagram represent ing the b inary  system Na~WO,-H~O 
be tween- -7 .5  ~ and ~35~ was constructed. This curve shows the regions of 
stabili ty of the dihydrate  and decahydrate of sodium tungstate. There is a 
eutectic point for the system ice-Na.~WO4.10H~O at --7.5~ and 30.1% Na~WO4, a 
t ransformat ion point for Na~WO4.10H20-Na~WO4.2H~O at 6.2~ and 42.5% 
Na~WO4 and a metastable eutectic point for ice-Na~WO~.2H20 at --13~ and 
42.5% Na~WO~. Phase equil ibria for the te rnary  system Na2CO~-Na~WO,-H~O 
between --8 ~ and ~35~ are represented by a te rnary  diagram. Projections 
showing temperature  contours and crystall ization paths are given. The regions 
of ini t ial  crystallization of the various salts are presented. Applications of the 
diagram to fractional crystallizations are discussed. 

A l though  solut ions  of sod ium tungs t a t e  and  of 
sodium tungs t a t e  plus  sodium ca rbona te  p lay  an  i m-  
p o r t a n t  pa r t  in  the  m e t a l l u r g y  of tungs ten ,  i n f o r m a -  
t ion conce rn ing  phase equ i l ib r i a  of these  sys tems is 
sti l l  incomple te .  Pub l i shed  va lues  for the  so lubi l i ty  
of sod ium tungs t a t e  in  wa te r  at low t e m p e r a t u r e  
(1, 2) are based on w o r k  done by  F u n k  in 1900 (3) .  

He ind ica ted  the  exis tence  of sodium tungs t a t e  de-  
cahydra te  bu t  did no t  s tudy  the  exact  r ange  of s ta-  
b i l i ty  of this salt. F u r t h e r m o r e ,  his so lubi l i ty  meas -  
u r e m e n t s  are no t  sufficient to cons t ruc t  phase  d ia -  
g rams  r ep re sen t i ng  phase equ i l ib r i a  of the sys tem 
Na~WO~-H.~O at low t empera tu re s .  

The only  recent  i nves t iga t ion  of the t e r n a r y  sys-  
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tern Na~CO~-Na~WO~-I-I~O was  r e p o r t e d  by  Sei  and 
c o - w o r k e r s  (4) in 1954 and concerns  solubi l i t ies  
only  at 19 ~ and  29~ 

The  first  o b j e c t i v e  of the  p re sen t  w o r k  was  to 
s tudy  the  phase  equ i l i b r i a  of the  sys tems  Na~WO4-I-I~O 
and Na~WO,-NafCO~-H~O in the  t e m p e r a t u r e  and 
c oncen t r a t i on  reg ions  close to those  found  in indus -  
t r i a l  appl ica t ions .  A second ob jec t ive  was  to use the  
da ta  for  i nves t i ga t i ng  the  f r ac t iona l  c rys ta l l i za t ion  
of sod ium ca rbona t e  f r o m  aqueous  solut ions  con ta in -  
ing both  sod ium ca rbona t e  and sod ium tungs ta te .  

General  Procedures 
To d e t e r m i n e  the  solubil i t ies ,  so lu t ions  of r e a g e n t -  

g rade  s o d i u m  ca rbona t e  and sod ium t u n g s t a t e  con-  
ta in ing  an excess  of one  salt  w e r e  ag i t a t ed  for  s e v -  
e ra l  hours  at  cons tan t  t e m p e r a t u r e  and the  r e su l t i ng  
solut ions  ana lyzed .  

Fo r  e x p e r i m e n t s  at or  above  0~ the  samples  w e r e  
e q u i l i b r a t e d  in a w a t e r  bath,  the  t e m p e r a t u r e  of 
wh ich  was  kep t  cons tan t  w i t h i n  0.1~ For  e x p e r i -  
men t s  be low  0~ a g lycol  b a t h  in a l o w - t e m p e r a t u r e  
c h a m b e r  was  used. A f t e r  a t t a i n m e n t  of equ i l i b r ium,  
samples  of the  so lu t ion  w e r e  w i t h d r a w n  and f i l tered  
in the  c h a m b e r  at cons tan t  t e m p e r a t u r e .  The  l eng th  
of t i m e  necessa ry  to a t t a i n  e q u i l i b r i u m  was  d e t e r -  
mined by analyzing aliquots from a number of solu- 
tions at regular intervals. 

The densities of the solution samples were meas- 
ured with a Westphal balance at room temperature. 
The dissolved sodium tungstate was determined by 
p rec ip i t a t i ng  the  t ungs t en  as WO~ in an  acidif ied 
so lu t ion  in  the  p re sence  of c inchonine ,  ign i t ing  and 
w e i g h i n g  the  oxide.  S o d i u m  ca rbona t e  was  d e t e r -  
m i n e d  by  w e i g h i n g  the  BaCO~ f o r m e d  by  absorp t ion  
of the  ac id -d i sp l aced  CO~ in Ba (OH)~  solution.  
W a t e r  was  d e t e r m i n e d  by  difference.  A l l  ana ly t i ca l  
r esu l t s  w e r e  c o n v e r t e d  to w e i g h t  p e r c e n t a g e s  for  the  
g raph ica l  r ep re sen ta t ion .  These  resu l t s  w e r e  found  
to be r e p r o d u c i b l e  w i t h i n  a p rec i s ion  of 0.5%. The  
h y d r a t e  f o r m u l a s  w e r e  ca lcu la ted  f r o m  chemica l  
ana lyses  of the  crys ta ls  wh ich  s epa ra t ed  on cool ing 
the  solut ions.  A n y  solut ion a t t ached  to these  crys ta ls  
was  c a r e f u l l y  s epa ra t ed  by  absorp t ion  w i t h  f i l ter  
paper .  Crys ta l s  of ice w e r e  also ana lyzed  to v e r i f y  
tha t  t h e y  did not  con ta in  any  Na~WO, or  Na~CO~. 

In o rde r  to v e r i f y  the  course  of c rys ta l l i za t ion ,  
p a r t i c u l a r l y  in the  " ice"  reg ion  of the  t u n g s t a t e - c a r -  
bona te  d i ag ram,  a n u m b e r  of t h e r m a l  ana lyses  w e r e  
made.  In  these  expe r imen t s ,  so lu t ions  con ta in ing  
k n o w n  quan t i t i e s  of Na~CO~ and NafWO, w e r e  cooled 
and t i m e - t e m p e r a t u r e  cu rves  d rawn .  In  most  cases, 
a 4~ supercoo l ing  was  observed .  The  t e m p e r a t u r e s  
of in i t i a l  c rys ta l l i za t ion  w e r e  d e t e r m i n e d  f r o m  the  
curves .  

E x p e r i m e n t a l  resu l t s  of t he  so lub i l i ty  m e a s u r e -  
men t s  a re  g iven  in Tab le  I and r e p r e s e n t e d  by the  
phase  d i a g r a m  of Fig.  1. 

The  e x p e r i m e n t s  showed  tha t  in mos t  cases only  
crys ta ls  of Na~WO~.2H~O w e r e  ob ta ined  e v e n  w h e n  
sa tu ra t ed  so lu t ions  of sod ium t u n g s t a t e  w e r e  cooled 
to - -5~ The  points  r ep r e sen t i ng  the  compos i t ion  of 
the  so lu t ion  w e r e  then  on b r a n c h  F G  of the  c u r v e  in 
Fig. 1. H o w e v e r ,  by  comple t e ly  f r eez ing  a sodium 
tungs t a t e  so lu t ion  at - -15~  and then  s lowly  ra i s ing  

OF NafWO4-NafCO~-H20 

Table I. Solubility of Na~WO, in water 
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Weight % 
Temp,  Density 

~ d26~ Na~WO~ Water  Solid phase  

--1.7 - -  9.6 90.4 Ice 
--3.5 - -  17.2 82.8 Ice 
--4.7 1.27 23.6 76.4 Ice 
--4.8 - -  24.3 75.7 Ice 
--5.6 - -  25.7 74.3 Ice 
--6.1 - -  27.2 72.8 Ice 
--6.8 - -  28.2 71.8 Ice 
--6.7 - -  28.4 71.6 Ice 
--7.2 - -  29.4 70.6 Ice 
--7.6 - -  30.4 69.6 Ice 
--8.0 - -  32.2 67.8 Ice 
--8.6 1.41 33.2 66.8 Ice 
--9.8 - -  35.5 64.5 Ice 

--6.7 1.35 31.1 68.9 NafWO4-10H20 
--6.0 1.37 31.4 68.6 Na~WO~. 10H~O 
--4.7 1.39 32.5 67.5 Na~WO4.10H~O 

0.5 - -  37.5 62.5 Na~WO,. 10H20 
5.0 - -  41.5 58.5 Na~WO~- 10H~O 

29.9 - -  42.2 57.8 Na~WO~. 2H~O 
15.0 - -  42.5 57.5 NafWO~. 2H~O 
20.0 - -  42.9 57.1 Na~WO~. 2H~O 

5.0 1.56 42.7 57.3 NafWO,. 2H20 
metastable  

5.0 1.57 42.5 57.5 NafWO,. 2H~O 
metastable  

0.0 1.56 43.0 57.0 Na~WO~. 2H~O 
metastable  

0.0 1.56 42.5 57.5 Na~WO,- 2H~O 
metastable  

--2.5 1.56 42.5 57.5 NafWO4-2H~O 
metastable  

--4.5 1.56 42.4 57.6 Na~WO,. 2H~O 
metastable  

the  t e m p e r a t u r e  to 0~ long need les  of a n e w  h y -  
d ra t e  w e r e  obta ined .  This  c o m p o u n d  was  ident i f ied  
as Na~WO~-10 H~O by  chemica l  analysis .  The  co lo r -  
less c rys ta ls  of th is  h y d r a t e  t u r n e d  w h i t e  and con-  
v e r t e d  to Na~WO4.2HfO and w a t e r  at -~6.2~ By  
keep ing  the  d e c a h y d r a t e  at a low t e m p e r a t u r e ,  i t  
was  poss ible  to p r e v e n t  its decompos i t ion  and to 
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Fig. 1. Phase diagram for the system sodium tungstate- 
water. 
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Fig. 2. Crystals of No2WO~ �9 10H20. Magni f icat ion ,~10X 

use the  crys ta ls  to seed o the r  solutions.  B r a n c h  EF  of 
the  c u r v e  was  ob ta ined  by  the  p r o c e d u r e  of seeding 
the  so lu t ion  a f t e r  cool ing be low  6~ Crys ta l s  of 
Na~WO,. 10 H~O and Na~WO~. 2H~O are  shown  in Fig.  

2 and 3. 
The  d i a g r a m  shows t h a t  the  f reez ing  points  of the  

solut ions  v a r y  f r o m  0 to - -7 .5~ a long b r a n c h  AE of 
the  c u r v e  w h e n  the  sod ium tungs t a t e  concen t r a t i on  
is l ower  t h a n  30.1%. A n  aqueous  solut ion con ta in ing  
30.1% Na~WO, by  w e i g h t  f reezes  i n v a r i a n t l y  at  

Fig. 3. Crystals of No~WO~ �9 2HsO. Magni f icat ion , - ,10X 

- -7 .5~  to g ive  a b i n a r y  eu tec t i c  E consis t ing of c ry s -  
ta l s  of ice and of Na~WO,- 10 H~O. W h e n  the  compos i -  
t ion  is l o w e r  t h a n  42.5% and  h ighe r  t han  30.1% 

N a , W O ,  crys ta ls  of Na~WO~.10 H~O m a y  f o r m  b e -  
t w e e n  --7.5 ~ and -~6.2~ a long b r a n c h  EF of t he  

d iag ram.  H o w e v e r ,  in m a n y  cases, because  of a 
" m e t a s t a b l e  supercoo l ing"  p h e n o m e n o n ,  c rys ta ls  of 

ice are  f o r m e d  a long EG or c rys ta l s  of Na,WO,.  2H~O 

a long b ranch  FG. Po in t  F g ives  t he  t e m p e r a t u r e  and 

Table II. Solubility of Na~COs-Na2W04 in water 

Temp,  
~ 

Dens i ty  
d~5~ 

So lub i l i t y -we igh t  % 

Na2CO8 Na~WO4 W a t e r  Solid phase  

--2.5 - -  1.7 9.1 89.2 
--3.0 - -  3.5 9.2 87.3 
--3.8 1.12 5.0 9.1 85.9 
--4.1 - -  1.7 17.0 81.3 
--4.6 - -  3.1 16.7 80.2 
- - 5 . 9  - -  1.5 24.7 73.8 
--6.0 1.53 1.8 24.7 73.5 

-}-20 1.40 11.7 20.9 67.4 
-k20 1.33 13.6 15.3 71.1 
~-20 - -  15.8 8.1 76.1 
+ 15 1.40 8.7 24.6 66.7 
~-15 1.31 10.0 17.5 72.5 
Jr 15 1.22 11.9 9.2 78.9 
~-15 1.52 5.3 33.2 61.5 
-~ 10 1.40 5.6 26.7 67.7 
~- 10 1.30 7.3 20.2 72.5 
Jr 10 1.20 8.6 9.6 81.8 
-bl0 1.25 9.1 9.8 81.1 
-}- 10 1.52 3.9 36.2 59.9 
~- 10 1.52 5.4 29.8 64.8 

~-5 1.39 4.1 27.8 68.1 
-t-5 1.29 4.8 19.7 75.5 
~-5 1,18 6.8 11.3 81.9 
~-5 1.25 9.3 6.6 84.1 
~-5 1.56 4.0 35.6 60.4 
-t-5 1.54 3.9 34.2 61.9 

0 1.38 3.7 29.2 67.1 
0 1.29 4.2 22.0 73.8 
0 1.17 5.9 11.8 82.3 
0 1.25 7.7 9.4 82.9 

--3.8 - -  5.0 9.1 85.9 
--4.6 - -  3.1 16.7 80.2 
--6.7 - -  3.0 22.0 75.0 

-~15 1.51 2.6 38.8 58.6 
-t- 10 1.51 2.4 37.3 60.3 

0 1.54 1.4 34.9 63.7 
--2 1.54 1.5 33.2 65.3 
--4 1.54 1.2 31.8 67.0 

I c e  
Ice 
Ice 
Ice 
Ice 
Ice 
Ice 

Na~CO,. 10H~O 
Na~CO," 10H~O 
Na~CO,. 10H~O 
Na~CO,. 10H~O 
Na~CO,. 10H~O 
Na~COs. 10H~O 
Na2CO,. 10H20 
Na~CO,. 10H~O 
Na~C O3" 10H~O 
Na~CO~. 10H20 
Na~CO3-10H~O 
Na~CO,. 10H~O 
Na,CO,- 10H~O 
Na~CO.. 10H~O 
Na~CO,. 10H,O 
Na,CO.. 10H20 
Na,CO,. 10H,O 
Na,CO,. 10H,O 
Na~CO,. 10H~O 
Na~CO.. 10H~O 
Na._,C O3.10H,O 
Na.,CO,. 10H,O 
Na~CO,. 10H~O 

Na~CO.. 10H~O + H~O 
Na~CO.. 10H,O Jr H20 
Na~CO,.10H~O ~- H20 

Na,WO,. 2H,O 
Na,WO4- 2H~O 

Na,WO,. 10H~O 
Na2WO~. 10H20 
Na,WO~. 10H20 
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Fig. 4. 
Na~CO~-Na~WO~-H~O. 
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Fig. 5. Projection of the system Na2CO3-NQ2WO~-H20 show- 
ing temperature contours. 

composit ion of the l iquid in equ i l ib r ium with  both 
d i -  and decahydrate .  Point  G, at --13~ is the me ta -  
s table  b ina ry  eutectic point  of the d ihydra t e  and ice. 
Branch FB of the curve corresponding to sa tura t ion  
of the  d ihydra te  is nea r ly  vert ical ,  indicat ing tha t  
there  is l i t t le  solubi l i ty  change above +6.2~ 

The System Na~CO~-Na~WO~-H~O 
Graphical representation.--The three  dimensional  

representa t ion  der ived from the solubi l i ty  measure -  

Fig. 6. Projection for the system Na2COs-Na~WO,-H~O show- 
ing crystallization paths. 

ments  given in Table II  is shown in Fig. 4. This d ia -  
g ram covers concentrat ions up to 35% Na=CO~ and 
45% Na~WO~. Figures  5 and 6 are project ions  show- 
ing t empe ra tu r e  contours and crys ta l l iza t ion  paths,  
respect ively.  

The different  regions and the most impor tan t  
points  and l ines are  le t tered.  Table III  summarizes  
the state of the  phases for various composit ions with 
corresponding let ters .  

Peritectic reactions.--The "ice" region is a region of 
congruent  crys ta l l iza t ion;  in other  words,  the compo- 
sit ion of the  solid phase  being formed lies wi th in  the  
boundar ies  of its field of p r i m a r y  crystal l izat ion.  On 
the other  hand, solutions in the region corresponding 
to crys ta l l iza t ions  of Na=CO~-10 H~O and of Na=WO,. 
10 H=O undergo incongruent  crystal l izat ions.  Because 
of these phenomena,  conversions of one crys ta l  spe-  
cies into another  are observed at the upper  borders  
of these regions. For  example ,  on cooling solution a 
in Fig. 6, crysta ls  of Na=WO,. 2H=O are obta ined first 
while  the composit ion of the solution moves from a 
to b. F rom b to c, the crystals  of Na~WO4.2H=O are 
conver ted into Na=WO~. 10 H=O. At  c, when all  the d i -  
hyd ra t e  has been conver ted to decahydrate ,  the  
point  represen t ing  the composition of the  solution 
leaves the  b ina ry  eutectic l ine and moves across the  
field Na~WO,-10 H.~O to reach the b ina ry  eutectic 

Table Ill. Salient features in the system Na2WO4-Na~CO~-H20 

S y s t e m  
c o m p o s i t i o n  S t a t e  o f  p h a s e s  Sol id  p h a s e s  T e m p ,  ~ 

C 
K 
E 
F 
H 
I 
KLMHIC 
CIEA 
EIHF 
FHM 

Binary eutectic 
Binary peritectic 
Binary eutectic 
Binary peritectic 
Ternary peritectic 
Ternary eutectic 
One component saturation 
One component saturation 
One component saturation 
One component saturation 

H~O-Na,CO,. 10H~O --2.1 
H20-Na~CO,. 10H~O-Na~COs. 7H~O 31.2 
H~O-Na2WO~- 2H~O --7.5 
H~O-Na,WO4.2H,O-Na~WOc 10H~O -k6.2 
Na~WO4-2H20-Na2WO~. 10H~O-Na~CO,. 10H~O + 5 
H~O-Na~WO~- 10H~O-Na_~CO3-10H~O --8 
Na~COs. 10H~.O --8 to 32 
H~O 0 to --8 
Na~WO4.10H,O --8 to 6.2 
Na~WO4.2H~O Above +5 
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l i ne  c o r r e s p o n d i n g  to c r y s t a l l i z a t i o n  of a m i x t u r e  of 
Na~COa.10 H~O a n d  Na~WO,.10 H~O. Upon  f u r t h e r  
cool ing,  t he  i n v a r i a n t  p o i n t  I is r eached ,  and  the  
w h o l e  so lu t ion  f reezes  sol id  to g ive  a m i x t u r e  of 
c r y s t a l s  of ice, Na~COa. 10 H~O, a n d  Na~WO,. 10 I-I~O. 

Application to the crystallization o~ sodium car- 
bonate . - -The  d i a g r a m s  show t h a t  l a r g e  q u a n t i t i e s  of 
s o d i u m  c a r b o n a t e  can  be  c r y s t a l l i z e d  b y  cool ing  so-  
lu t ions  c o n t a i n i n g  bo th  s o d i u m  t u n g s t a t e  a n d  s o d i u m  
c a r b o n a t e  in  q u a n t i t i e s  c o m p a r a b l e  to  those  f o u n d  
in  i n d u s t r i a l  s o d i u m  t u n g s t a t e  l iquors .  The  course  of 
t h e  c r y s t a l l i z a t i o n  can  be  f o l l o w e d  on Fig.  6. A n  
e x a m p l e  of a poss ib le  so lu t ion  is r e p r e s e n t e d  b y  
p o i n t  P, w h i c h  is in  t he  Na~CO~-10 H~O reg ion .  Upon  
cool ing,  t he  compos i t ion  of t he  so lu t ion  va r i e s  f irst  
f r o m  P to Q, w h i l e  c r y s t a l s  of Na~CO~.10 H~O a r e  
fo rmed .  A t  Q, a r o u n d - - 3 ~  t h e  b i n a r y  eu tec t i c  l i ne  
is r eached ,  and  a m i x t u r e  of c r y s t a l s  of ice a n d  of 
Na~CO~. 10 H~O appea r s .  More  of t he se  c rys t a l s  f o r m  
w h e n  t h e  t e m p e r a t u r e  is l o w e r e d  f u r t h e r  a n d  t h e  
compos i t i on  of t he  so lu t ion  m o v e s  t o w a r d  I a long  
l ine  QI. The  t e m p e r a t u r e  to each  compos i t ion  is 
f o u n d  in Fig .  5. If  cool ing  is s t o p p e d  be fo re  a t e m -  
p e r a t u r e  of - - 8 ~  is r e a c h e d  a t  p o i n t  I of t he  d i a -  
g ram,  on ly  c rys t a l s  of ice and  of s o d i u m  c a r b o n a t e  
a r e  fo rmed ,  and  t h e r e  is no p r e c i p i t a t i o n  of s o d i u m  
tungs t a t e .  S ince  sod ium t u n g s t a t e  s t ays  in solut ion,  
t h e  a m o u n t  of s o d i u m  c a r b o n a t e  a n d  of w a t e r  p e r  
g r a m  of Na~WO, be fo re  and  a f t e r  cool ing ind ica t e s  
t h e  y i e l d  of t h e  c ry s t a l l i z a t i on .  F o r  e x a m p l e ,  p o i n t  P 
of t he  d i a g r a m  c o r r e s p o n d s  to  t h e  compos i t ion  ( b y  
w e i g h t )  Na~CO~ = 10.2%, Na~WO,---- 7.2%, w a t e r  = 
82.6%; consequen t ly ,  t h e r e  a r e  1.42 g of Na~CO~ and  
11.5 g of w a t e r  p e r  g r a m  of Na~WO,. A t  t he  end  of 
t he  c r y s t a l l i z a t i o n  at,  say,  - -7~  the  compos i t i on  
T is Na~CO~ = 2.0%, Na~WO~----28%, w a t e r  = 70% 
w h i c h  c o r r e s p o n d s  to 0.071 g of Na~CO~ and  2.5 g of 
w a t e r  p e r  g r a m  of Na~WO~. The  p e r c e n t a g e s  of 
s o d i u m  c a r b o n a t e  and  of w a t e r  s e p a r a t e d  b y  c r y s -  
t a l l i z a t i o n  are,  r e s p e c t i v e l y :  

1 . 4 2 -  0.07 
Na~CO ... . . . . . . . . . .  X 100 = 95.0% 

1.42 

11.5 - -  2.5 
H~O .................. X 100 = 78.3% 

11.5 

The  compos i t ions  of t he  f inal  so lu t ions  and  the  
p e r c e n t a g e s  of w a t e r  and  of s o d i u m  c a r b o n a t e  r e -  
m o v e d  b y  c r y s t a l l i z a t i o n  w h e n  so lu t ion  P is cooled  
d o w n  to - -4  ~ , - -5  ~ - -6  ~ , a n d  - - 7 ~  a r e  g iven  in 
T a b l e  IV. 

Table IV. Water and sodium carbonate crystallization 
from solution P (Fig. 6) at various temperatures 

Removed 
Final composition, % percentage 

Final  
Temp,  ~ NaeWO4 Na2COs Water  Na~CO3 Water  

--3 8.5 5.0 86.5 56.5 11.3 
--4 I0.0 5.0 85.0 64.8 26.1 
--5 16.0 4.4 79.6 80.6 56.7 
--6 22.0 3.0 75.0 90.4 70.4 
--7 28.0 2.0 70.0 95.0 78.3 

If  w a t e r  is e v a p o r a t e d  f rom the  so lu t ion  p r i o r  to 
cool ing,  t h e  po in t  r e p r e s e n t i n g  the  so lu t ion  moves  
f r o m  P to R on l ine  APR.  The  t e m p e r a t u r e  at  w h i c h  
c r y s t a l l i z a t i o n  of R s t a r t s  is g iven  b y  t h e  t e m p e r a -  
t u r e  c on tou r  pas s ing  t h r o u g h  R in Fig .  5. Upon  cool -  
ing the  solut ion,  t he  compos i t ion  fo l lows  p a t h s  RS  
a n d  S I  (F ig .  6) .  

Conclusions 

This  s t u d y  of t he  s o l u b i l i t y  of s o d i u m  t u n g s t a t e  
in  w a t e r  i nd ica t e s  t h a t  sol id  phase s  ex i s t i ng  at  t e m -  
p e r a t u r e s  b e t w e e n  --7.5 ~ and  + 3 5 ~  a re  ice, 
Na~WO,. 10 H~O, a n d  Na~WO,- 2H~O. The  eu tec t ic  
p o i n t  for  ice-Na~WO,.  10 H~O is a t  - -7 .5~ and  30.1% 
Na~WO,, t he  pe r i t e c t i c  po in t  for  Na~WO,.2H~O- 
Na~WO,.10H~O at  ~-6.2% and  42.5% Na~WO,, and  
the  m e t a s t a b l e  eu tec t ic  po in t  for  ice-Na~WO4.2H~O 
at  - -13~  a n d  42.5% Na~WO~. 

The  t e r n a r y  d i a g r a m  r e p r e s e n t i n g  t h e  s y s t e m  
Na~CO~-Na~WO,-H~O shows  a t e r n a r y  eu tec t ic  con-  
t a i n ing  2% Na~CO~, 27% Na2WO,, a n d  71% H~O at  
- -8~ This  d i a g r a m  ind ica t e s  t h a t  l a r g e  quan t i t i e s  of 
sod ium c a r b o n a t e  can  be  c r y s t a l l i z e d  f r a c t i o n a l l y  
f r o m  so lu t ions  con ta in ing  qua n t i t i e s  of Na~WO, and  
Na~CO~ c o m p a r a b l e  to those  p r e s e n t  in  i n d u s t r i a l  
l iquors .  

Manuscr ip t  received May 18, 1959. This paper  was 
p repa red  for  de l ivery  before  the New York  Meeting, 
Apr i l  27-May 1, 1958. 

A n y  discussion of this  paper  wi l l  appea r  in a Discus- 
sion Section to be publ i shed  in the  December  1960 
JOURNAL. 
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Production of Thorium Powder by 

Calcium Reduction of Thorium Oxide 
N. Fuhrman, 1 R. B. Holden, 1 and C. I. Whitman 
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ABSTRACT 

A process for the p repa ra t ion  of h i g h - p u r i t y  thor ium powder  by  calcium re -  
duct ion of thor ium oxide has been developed,  Calcined thor ium oxide is re-  
duced in an iner t  a tmosphere  at  950~ wi th  h i g h - p u r i t y  calcium meta l  in the  
presence of calc ium chloride.  The reduct ion  vessel  is f ab r ica ted  of type  446 
stainless steel  to avoid pick up of i ron and n ickel  impur i t ies  and pe rmi t  b reak  
out  of the  reduct ion  cake. The thor ium powder  so produced  has essent ia l ly  the  
same pur i ty  as the  thor ium oxide s ta r t ing  mater ia l .  Impor t an t  factors control -  
l ing y ie ld  and qual i ty  of the thor ium powder  are  discussed. 

The  p u r p o s e  of th is  i n v e s t i g a t i o n  was  to e x a m i n e  
the  d i r ec t  r e d u c t i o n  of t h o r i u m  ox ide  w i t h  ca l c ium 
as a p o t e n t i a l  p r o d u c t i o n  process ,  to d e t e r m i n e  the  
y i e ld s  and  t h e  q u a l i t y  of t h e  m e t a l  so ob ta ined ,  a n d  
to deve lop  a s t a n d a r d  p r o c e d u r e  for  p r e p a r i n g  s m a l l  
ba t ches  of m e t a l  b y  th is  process .  

I n v e s t i g a t i o n s  of the  ca l c ium r e d u c t i o n  of t h o r i u m  
o x i d e  da t e  b a c k  to t he  b e g i n n i n g  of th is  c e n t u r y .  
H u p p e r t z  (1)  sugges t ed  t h e  use  of c a l c ium vapo r ,  
a n d  B u r g e r  (2)  e m p l o y e d  th is  m e t h o d  w i t h  some 
success.  K u z e l  and  W e d e k i n d  (3)  s u b s e q u e n t l y  p a t -  
e n t e d  a p rocess  us ing  ca l c ium vapo r ,  and  W e d e -  
k i n d  (4)  c a r r i e d  ou t  f u r t h e r  s tudies .  

Resu l t s  of the  first  c r i t i ca l  s t u d y  of t h o r i u m  m e t a l  
p r e p a r a t i o n  w e r e  p r e s e n t e d  b y  M a r d e n  and  R e n t -  
s ch le r  (5, 6) who,  w i t h  t he  a i m  of p r o d u c i n g  a m e t a l  
p o w d e r  c apab l e  of be ing  conso l ida t ed  into  h o m o -  
geneous  m e t a l l i c  bodies ,  c o n d u c t e d  an  i nves t i ga t i on  
of ca lc ium r e d u c t i o n  of t he  oxide .  T h e i r  m e t h o d  i n -  
v o l v e d  the  r e d u c t i o n  of t h o r i a  w i t h  a t h r e e - m o l e  e x -  
cess of ca l c ium and  one p a r t  of ca l c ium c h l o r i d e  to 
one p a r t  of t he  oxide .  The  a u t h o r s  c l a im  t h a t  a f t e r  
c o m p a c t i n g  a n d  s in te r ing ,  t h e  sol id  m e t a l  a s s a y e d  
w a s  99.7 to 99.8% t h o r i u m .  

K r o l l  (7)  also i n v e s t i g a t e d  th is  process ,  e s s e n -  
t i a l l y  fo l lowing  the  p r o c e d u r e  of M a r d e n  a n d  R e n t -  
schler .  This  m e t h o d  was  also used  on a l a r g e  scale  
w i t h  some modi f i ca t ions  in G e r m a n y  d u r i n g  W o r l d  
W a r  II,  as r e p o r t e d  b y  Espe  (8, 9) .  

Ren t sch le r ,  el al. (10) e l i m i n a t e d  the  ca l c ium 
c h l o r i d e  in t he  c h a r g e  and  used  a t h i n - w a l l e d  m o -  
l y b d e n u m  cup  i n s t e a d  of  t h e  s tee l  bomb.  The  r e -  
duc t ion  took  p l ace  in a V y c o r  be l l  j a r  u n d e r  a r g o n  
a t  a m a x i m u m  t e m p e r a t u r e  of 1400~ t h e  h e a t  
b e i n g  s u p p l i e d  b y  h i g h - f r e q u e n c y  induc t ion .  The  
t h o r i u m  p o w d e r  was  r e c o v e r e d  b y  l each ing  t h e  cha rge  
d i r e c t l y  out  of t he  cup.  

A v a r i a t i o n  of t he  a b o v e  p r o c e d u r e  was  u sed  b y  
M a r d e n  (11) in t h e  e x p e r i m e n t a l  p r e p a r a t i o n  of s ev -  
e r a l  12-1b ba t ches  of p o w d e r .  

1 P r e s e n t  addres s :  M e t a l l u r g i c a l  Labo ra to r i e s ,  Ol in  M a t h i e s o n  
C h e m i c a l  Co rpo ra t i on ,  New H a v e n ,  Connec t i cu t .  

M e y e r s o n  (12) has  d e s c r i b e d  the  d e v e l o p m e n t  of 
t he  c a l c ium r e d u c t i o n  p rocess  in t he  U.S.S.R. E x c e p t  
for  the  p r o d u c t i o n  of t h o r i u m  p o w d e r  of m u c h  l o w e r  
p u r i t y ,  h is  r e su l t s  a r e  in  a g r e e m e n t  w i t h  t hose  of  t h e  
p r e s e n t  work .  A l t h o u g h  the  efforts  w e r e  e n t i r e l y  i n -  
d e p e n d e n t ,  some of his  r e p o r t e d  p r o c e d u r e s  a r e  s i m i -  
l a r  to those  d e v e l o p e d  here .  

Process Description 
The  r a w  m a t e r i a l s  in t he  cha rge  for  r e d u c t i o n  are :  

(a )  t h o r i u m  oxide ,  (b)  r e d i s t i l l e d  c a l c ium meta l ,  and  
(c)  a n h y d r o u s  ca l c ium chlor ide .  T h o r i u m  fines m a y  
be  a d d e d  as  a m e a n s  of r e c y c l i n g  t h e  r e l a t i v e l y  i m -  
p u r e  m e t a l  p o w d e r  w h i c h  is not  r e c o v e r e d  as p r i -  
m a r y  m a t e r i a l  in t he  l e a c h i n g  step.  

T h e  t h o r i u m  ox ide  e m p l o y e d  in t he  c h a r g e  was  
s u p p l i e d  b y  the  U.S. A t o m i c  E n e r g y  Commiss ion .  A 
t y p i c a l  ana lys i s  of A E C  t h o r i u m  ox ide  is p r e s e n t e d  
in  T a b l e  I. I t  is a p p a r e n t  t ha t  spec ia l  a t t e n t i o n  has  
been  g iven  to t he  r e m o v a l  of i m p u r i t i e s  of h igh  
t h e r m a l  n e u t r o n  a b s o r p t i o n  cross  sect ion.  The  o v e r -  
a l l  q u a l i t y  of t he  m a t e r i a l  was  f a i r l y  cons i s t en t  f r o m  
lot  to lot.  R a w  t h o r i a  is f i red for  r e m o v a l  of a b -  
s o r b e d  c a r b o n  d i o x i d e  p r i o r  to p r e p a r a t i o n  of t h e  
charge .  Two m e t h o d s  h a v e  been  u sed  to a c c ompl i sh  
th is  ( a )  con t inuous  ca lc in ing  at  a b o u t  880~ in an  
e x p e r i m e n t a l  r o t a r y  uni t ,  and  (b)  b a t c h  ca l c in ing  in 
s t a in less  s tee l  boa t s  for  40 h r  or  m o r e  a t  800~ The  
f i red ox ide  is t hen  h a n d l e d  in a CO, - f r ee  a t m o s p h e r e  
d u r i n g  t h e  cha rge  p r e p a r a t i o n  a n d  r educ t ion .  This  
p r o c e d u r e  s u b s t a n t i a l l y  r e duc e s  t he  ca rbon  con ten t  
of t h e  m e t a l  p roduc t .  

R e d i s t i l l e d  c a l c ium m e t a l  ~ was  u t i l i z ed  a s - r e c e i v e d  
in t h e  f o r m  of 6 - m e s h  nodules .  T y p i c a l  a n a l y s e s  of 
t he  D o m a l  and  Nelco  r e d i s t i l l e d  c a l c ium ind i ca t e  
t h a t  t h e y  a r e  of s im i l a r  qua l i ty .  A n h y d r o u s  ca l c ium 
ch lor ide ,  m e e t i n g  t h e  A m e r i c a n  C h e m i c a l  Soc i e ty  
specif ica t ions ,  is o b t a i n e d  in t he  f o r m  of 20 -mesh  
g r a n u l e s  a n d  is u sed  in t he  cha rge  a s - r e c e i v e d .  

~ O b t a i n a b l e  f r o m  e i t h e r  D o m i n i o n  M a g n e s i u m ,  L td .  or  Nelco  
Meta ls ,  Inc.  
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Table I. Comparison of impurity levels of thorium metal powder 
and thorium oxide feed material 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  February 1960 

I m p u r i t y  T h O ~ - -  T h o r i u m  p o w -  
s p e c t r o -  L o t  F P - 1 2 5 *  d e r  r u n  84% 
c h e m i c a l  ( o x i d e  bas i s )  ( m e t a l  bas i s )  

Ag a 0.5 
A1 <I0 <I0 
As <5 
B 0.2 <0.2 
Be <1 - -  
Bi <2 <1 
Ca 200 a 200 
Cd <0.2 <0.I 
Co 1 - -  
Cu 35 a 30 
Fe 35 55 
Mg 15 120 
Mn 2 a 6 
Mo 2 - -  

Ni 20 7 
P <40 -- 
Pb 25 2 
Sb 
Si <10 a 25 
Sn 2 <2 
V <10 - -  
Zr <I0 - -  

Note s :  A l l  v a l u e s  a r e  p p m .  a ----- a p p r o x i m a t e ;  -- = n o t  d e t e c t e d ;  
< = less  t h a n .  

* A n a l y s i s  s u p p l i e d  by  N a t i o n a l  L e a d  of Ohio .  
A n a l y s i s  p e r f o r m e d  by  N e w  B r u n s w i c k  L a b o r a t o r y  of  AEC.  

The fo l lowing charge composi t ion  is typica l  for 
the r u n s  i nvo lv ing  t h o r i u m  fines recycle:  7000 g p re -  
fired ThO~; 925 g t h o r i u m  fines; 2800 g a n h y d r o u s  
CaC12; 2760 g red is t i l led  calcium. The  a m o u n t  of 
CaCL is 40% of the  weigh t  of ThO~. The a m o u n t  of 
ca lc ium is 30% more  t h a n  tha t  r equ i r ed  to react  w i th  
the  ThO~. Whe the r  or not  t h o r i u m  fines are recycled 
in  this  m a n n e r  depends  on the  qua l i t y  of t h o r i u m  
powder  des i red as a product .  

The  charge i ng red i en t s  are we ighed  in an  a rgon  
d ry  box into a 5-gal  can which  is t hen  sealed and  
t u m b l e d  on a d r u m  roller.  Because of occasional  poor 
yie lds  of meta l  r e su l t i ng  f rom incomple te  reduct ion ,  
it  is be l ieved  tha t  b l e n d i n g  m a y  not  be thorough  

Fig. 1. Calcium reduced thorium oxide reduction cake. Type 
446 stainless steel reduction vessel. 

enough  wi th  this  equ ipmen t .  A n  a l t e rna t e  b l end ing  
me thod  ut i l izes  a 0.33 ft  ~ double  cone b l ende r  in 
which  abou t  ha l f  the  charge  is t u m b l e d  at one time. 
The  l a t t e r  p rocedure ,  on the  basis  of a l imi ted  n u m -  
ber  of exper imen t s ,  appears  to produce  h igher  yields. 

The  b l e nde d  charge is t r a n s f e r r e d  to a t apered  re -  
actor f abr ica ted  of type  446 s tainless  steel. A flat re -  
actor cover  is secured to the  r educ t ion  vessel, shown 
in  Fig. 1, by  me a ns  of a c l amping  r ing.  A pipe 
welded  to the  reac tor  cover admi ts  a rgon  into the re -  
actor d u r i n g  the  fa s t en ing  opera t ion  as wel l  as d u r -  
ing the s u b s e q u e n t  hea t ing  period, so tha t  the  re -  
duc t ion  m a y  take  place in  an  ine r t  a tmosphere .  An  
argon  head  of 5 in. of Hg is u sua l l y  employed.  

The loaded reactor  is hea ted  to 950~ by  h igh-  
f r e que nc y  i nduc t i on  hea t ing  a nd  held  the re  whi le  the 
charge is soaked for abou t  5 hr.  Af te r  reduct ion ,  the 
reactor  ge ne r a l l y  is quenched  in  w a t e r  to has t en  the 
cooling process. The r educ t ion  p roduc t  r ema ins  
u n d e r  a rgon  u n t i l  it is cold. 

Af te r  cooling, the  head is r emoved  f rom the re -  
actor and  the  reduc t ion  p roduc t  or "cake"  b roken  out 
by  jo l t ing  the  inve r t ed  reac tor  once or twice. A 
typica l  r educ t ion  cake is shown  in  Fig. 1. 

P r i m a r y  size r educ t ion  of the r educ t ion  cake is 
pe r fo rmed  by  c rush ing  the  cake b e t w e e n  flat plates  
wi th  a hyd r a u l i c  press. Normal ly ,  about  a 20- to 30- 
ton load is r equ i r ed  to crack the  cake. The large  
chunks  are f u r t he r  reduced  in  size w i th  a jaw 
crusher.  A u n i f o r m  crushed cake of abou t  1/4 in. p a r -  
t icle size is thus  obta ined.  

A leach ing  appa ra tu s  consis t ing of a 55-gal  s t a in -  
less steel  d r u m  and  a 1/2 hp " L i g h t n i n "  mixer ,  is 
used to d i s in teg ra te  the c rushed  cake. First ,  the 
crushed r educ t ion  product  is i n t roduced  into 35 gal of 
ag i ta ted  tap  water .  Af te r  15 to 30 m i n  hydrogen  
evo lu t ion  has a lmost  ceased and  ag i ta t ion  m a y  be 
stopped. A n y  r e m a i n i n g  un l eached  cake is a l lowed 
to d i s in teg ra te  stat ical ly.  Af te r  2 hr  the reduc t ion  
cake is a lmos t  comple te ly  leached;  however ,  in  cu r -  
r en t  pract ice,  it is a l lowed to s tand  overn ight .  The 
s u p e r n a t a n t  l iquor,  con ta in ing  suspended  t ho r ium 
fines, as we l l  as Ca(OH)s ,  is p u m p e d  to a se t t l ing  
t a n k  for l a t e r  recovery  of the  fines. The  resu l t ing  
t h o r i u m  powder  is t hen  sub jec ted  to f rom three  to 
five successive tap  w a t e r  washes  to r emove  more  of 
the Ca(OH)~ leach product .  These washes  are car-  
r ied out  in  a 20-gal  s ta inless  steel pot wi th  ag i ta t ion  
p rov ided  by  a 1/4 hp " L i g h t n i n "  mixer .  Af te r  a se t t l ing  
i n t e rva l  of abou t  5 min,  the  SUlSernatant l iquor  is 
p u m p e d  to the  se t t l ing  tanks .  W h e n  p rac t i ca l ly  all  
of the  Ca(OH)~ has been  r emoved  by  this  method,  
the t h o r i u m  powder  is r eady  for acid washing .  

The  powder  is sub jec ted  to two successive washes  
of 1:8 n i t r i c  acid and  then  successive washes  wi th  
demine ra l i zed  wa te r  un t i l  the  s u p e r n a t a n t  l iquor  
is neu t ra l .  This  t r e a t m e n t  removes  res idua l  ca lc ium 
and  Ca (OH)= f rom the  powder .  

The wet  powder  is f i l tered and  washed  on a 9 in. 
d i ame te r  s ta inless  steel B u c h n e r  f u n n e l  w i th  three  
r inses  of ace tone  fol lowed by  three  r inses  wi th  pe-  
t r o l e um e the r  (boi l ing  range,  30 ~ to 60~ and  then  
v a c u u m  dr ied  ove rn igh t  at  a p ressure  of <1 m m  
of Hg. 
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The  w e t  p o w d e r  can  also be d r i e d  in a v a c u u m  
shel f  d r y e r .  The  t h o r i u m  p o w d e r  is suff ic ient ly  d r y  
w h e n  a v a c u u m  of 35/~ of Hg  is a t t a i ned .  I t  shou ld  be  
n o t e d  t h a t  in th is  d r y i n g  m e t h o d  t h e r e  is a poss i -  
b i l i t y  of ob t a in ing  an  i n c o m p l e t e l y  d r i e d  p r o d u c t  
which ,  because  of i ts  poss ib le  s ens i t i venes s  to i g n i -  
t ion,  is a s a fe ty  haza rd .  

T h i r t y - s e v e n  r educ t i ons  w e r e  c a r r i e d  out  on an  
l l - l b ,  scale  ( the  l a rge s t  n o m i n a l  b a t c h  size p r o -  
d u c e d  d u r i n g  the  d e v e l o p m e n t  p r o g r a m )  w i t h  y i e lds  
r u n n i n g  as h igh  as 91% of t heo re t i ca l .  The  t e r m  
" y i e l d "  r e f e r s  to t he  coarse  t h o r i u m  p o w d e r  o b t a i n e d  
a f t e r  t he  d r y i n g  process .  E a r l y  in  th i s  w o r k  i t  was  
s h o w n  t h a t  t he  y i e l d  of m e t a l  a v e r a g e d  ove r  99% 
w h e n  t h e  m e t a l  fines w e r e  i n c l u d e d  a n d  hence  the  
conve r s ion  of ox ide  to m e t a l  is e s s e n t i a l l y  comple te .  

The  u s u a l  p r o c e d u r e  for  d e t e r m i n i n g  the  q u a l i t y  
of t he  t h o r i u m  p o w d e r  is c h e m i c a l  ana lys i s .  The  
fo l l owing  i m p u r i t i e s  a r e  d e t e r m i n e d  in  each  run :  
(a )  ca rbon ,  (b )  n i t r ogen ,  (c) h y d r o c h l o r i c  ac id  i n -  
so lub les  (ThO~), (d)  i ron,  and  (e)  c h r o m i u m .  O c c a -  
s iona l ly ,  s p e c t r o c h e m i c a l  a n a l y s e s  a r e  ob ta ined ,  
e spec i a l l y  for  e l e m e n t s  w i t h  a h igh  t h e r m a l  n e u t r o n  
a b s o r p t i o n  cross  sect ion.  

A t y p i c a l  s p e c t r o c h e m i c a l  ana lys i s  of t he  t h o r i u m  
p o w d e r  p r o d u c e d  is p r e s e n t e d  in T a b l e  I a long  w i t h  
t h a t  of t he  ThO, s t a r t i n g  m a t e r i a l .  A c o m p a r i s o n  of 
t he  two  ind ica t e s  t h a t  t h e r e  is no s u b s t a n t i a l  p i c k u p  
of i m p u r i t i e s  in t he  process .  In  th i s  case,  an  e x c e p -  
t ion  is m a g n e s i u m  w h i c h  is r e a d i l y  r e m o v e d ,  h o w -  
ever ,  d u r i n g  conso l ida t ion  b y  a rc  me l t i ng .  T a b l e  I I  
shows  the  c h e m i c a l  a n a l y s e s  of t h o r i u m  p o w d e r  p r o -  
d u c e d  d u r i n g  a ser ies  of t en  consecu t ive  r u n s  on the  
l l - l b  scale  w h e n  the  process  was  u n d e r  con t ro l  and  
be fo re  s igni f icant  changes  w e r e  m a d e  in  t h e  o p e r a t -  
ing condi t ions .  I t  is seen t ha t  t he  ca l c ium r e d u c t i o n  
p rocess  is c apab l e  of cons i s t en t ly  p r o d u c i n g  a h i g h -  
p u r i t y  t h o r i u m  in good  y ie ld .  

As  a s u p p l e m e n t  to c h e m i c a l  ana lys i s ,  a n o t h e r  a p -  
p r o a c h  to q u a l i t y  m e a s u r e m e n t  has  b e e n  f o u n d  u s e -  
ful ,  n a m e l y ,  t h e  e v a l u a t i o n  of t he  h a r d n e s s  and  the  
su r f ace  a p p e a r a n c e  of a rc  m e l t e d  bu t tons .  F o r  th i s  
eva lua t i on ,  a 30-g s a m p l e  of t h o r i u m  p o w d e r  is 
m e l t e d  in  an  a r g o n  a t m o s p h e r e  of 7 in. of H g  a b -  
so lu te  p r e s s u r e  in an  a rc  f u rnace  ( b u t t o n  t y p e ) .  The  
R o c k w e l l  F h a r d n e s s  a n d  b u t t o n  d e n s i t y  a r e  t hen  
d e t e r m i n e d .  S ince  t h e  b u t t o n  h a r d n e s s  is v e r y  sens i -  
t ive  to a s m a l l  q u a n t i t y  of ca rbon  and  l a r g e r  a m o u n t s  

Table II. Thorium powder chemical analyses, button hardness 
and yield data for a series of 11-1b scale production runs 

C h e m i c a l  a n a l y s i s  
Y ie ld  

N i t r o -  C h r o -  B u t t o n  % of  
R u n  g e n ,  C a r b o n ,  ThO2,  I ron ,  m i u m ,  h a r d n e s s ,  t h e o -  
No.  p p m  p p m  % p p m  p p m  RF r e t i c a l  

60 40 160 0.16 11 11 40 83 
61 50 140 0.19 35 13 35 78 
62 40 210 0.15 46 9 41 80 
63 40 200 0.14 44 10 36 91 
64 30 150 0.24 41 17 31 85 
65 30 200 0.17 46 22 34 88 
66 40 120 0.57 43 20 40 80 
67 40 190 0.12 42 17 38 86 
68 40 200 0.17 39 28 36 85 
69 50 140 0.04 48 26 36 78 
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Fig. 2. Arc melted thorium button, run No. 58, bright field, 
200X, 0.37% ThO2. 

of m e t a l l i c  i m p u r i t i e s  such as n ickel ,  th is  m e t h o d  
se rves  as a r a p i d  m e a n s  of d e t e r m i n i n g  r e l a t i v e  
qua l i t y .  T h e  p r e s e n c e  of an  u n u s u a l l y  h igh  o x i d e  
con ten t  is e a s i l y  a s c e r t a i n e d  f r o m  the  a p p e a r a n c e  
of an  ox ide  f i lm on the  b u t t o n  sur face .  P o w d e r  w i t h  
a low ox ide  con ten t  ( less  t h a n  0.3% HC1 inso lub les )  
n o r m a l l y  r e su l t s  in  a b r i g h t  me ta l l i c  sur face .  B u t t o n  
h a r d n e s s e s  of t he  m a t e r i a l  p r o d u c e d  in t he  t en  runs  
c i ted  a b o v e  a r e  also shown  in T a b l e  II .  

A t y p i c a l  p h o t o m i c r o g r a p h  of an  a rc  m e l t e d  b u t t o n  
is p r e s e n t e d  in Fig.  2. The  m a i n  inc lus ion  cons t i t uen t  
is p r o b a b l y  ThO~, s ince  c h e m i c a l  a n a l y s i s  i nd i ca t e s  
t he  p r e s e n c e  of 0.37% HC1 inso lub les  in t he  bu t ton .  

To r e c o v e r  the  v e r y  fine t h o r i u m  p o w d e r  w h i c h  
has  been  p u m p e d  to se t t l i ng  t a n k s  d u r i n g  the  l e a c h -  
ing  and  ac id  w a s h i n g  s teps  for  r ecyc l e  t h r o u g h  t h e  
r e d u c t i o n  s tep,  t he  s e t t l ed  t h o r i u m  s ludge  is w a s h e d  
w i t h  1 : 8 HNO~. E n o u g h  n i t r i c  ac id  is a d d e d  to i n su re  
t he  c o m p l e t e  d i s so lu t ion  of C a ( O H ) , .  A f t e r  a 1 -h r  
se t t l ing  pe r iod ,  the  s u p e r n a t a n t  l i q u o r  is p u m p e d  to 
t he  s e t t l i ng  t anks .  The  s u p e r n a t a n t  l i quo r  con ta ins  
a sma l l  a m o u n t  of d i s so lved  t h o r i u m  w h i c h  m a y  be  
p e r i o d i c a l l y  r e c o v e r e d  as t he  h y d r o x i d e  b y  p r e c i p i -  
t a t i on  w i t h  NH,OH. The  t h o r i u m  fines a r e  t h e n  
w a s h e d  w i t h  d e m i n e r a l i z e d  w a t e r  a t  l eas t  t h r e e  
t imes  to r e m o v e  t h e  acid.  The  fines a r e  co l l ec ted  and  
d r i e d  b y  e i t h e r  of t he  two  d r y i n g  m e t h o d s  d e s c r i b e d  
p r e v i o u s l y .  

Coarse  t h o r i u m  p o w d e r  has  b e e n  s to r ed  for  p e r i -  
ods as long as 4 m o n t h s  in  a i r  w i t h o u t  a n y  d e t e c t a b l e  
d e t e r i o r a t i o n .  The  u s u a l  p r a c t i c e  is to s tore  the  p o w -  
d e r  f r o m  each  r u n  in a s e p a r a t e  m e t a l  con ta ine r .  
D u r i n g  the  course  of t he  d e v e l o p m e n t  p r o g r a m  d e -  
s c r ibed  in th i s  r epo r t ,  no case of spon t aneous  ign i t ion  
of t he  p o w d e r  was  eve r  obse rved .  H o w e v e r ,  a t  t he  
t e r m i n a t i o n  of t he  p ro jec t ,  a se r ious  exp los ion  d id  
occur  w h e n  some sc rap  fines w e r e  be ing  b u r n e d  in  
a d i sposa l  ope ra t i on .  I t  is sugges ted ,  t he re fo re ,  t h a t  
t h o r i u m  p o w d e r  b e  h a n d l e d  b y  p r o c e d u r e s  r e c o m -  
m e n d e d  for  t he  h a n d l i n g  of z i r c o n i u m  m e t a l  p o w -  
ders .  

Va r ious  m e t h o d s  of conso l ida t ing  t h o r i u m  m e t a l  
p o w d e r  h a v e  been  i n v e s t i g a t e d  e x t e n s i v e l y  at  th i s  
l a b o r a t o r y .  These  m e t h o d s  a re :  (a )  c o n s u m a b l e  
e l ec t rode  a r c  m e l t i n g  (14) ,  (b)  ho t  compac t i on  
(15-17) ,  a n d  (c)  cold  compac t i on  a n d  s in t e r i ng  
(17) .  B y  far ,  t h e  mos t  a d v a n t a g e o u s  of  t h e s e  is t h e  
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first, since such impur i t i e s  as calcium, magnes ium,  
and  h y d r o g e n  are  r educed  b y  a factor  of abou t  10 
d u r i n g  the  arc mel t ing .  In  addi t ion ,  ingot  densi t ies  as 
h igh as 11.69 g/cc  [ theore t ica l  is 11.71 g/cc  (18) ]  
are ob ta ined  in  a s ingle  m e l t i n g  operat ion.  

Process Development 
The s t a n d a r d  ope ra t ing  p rocedure  descr ibed  in  the  

p rev ious  sect ion evolved f rom f i f ty -seven  exper i -  
men t s  made  on a sma l l e r  scale. In  these expe r i me n t s  
the i m p o r t a n t  factors con t ro l l ing  the y ie ld  and  q u a l -  
i ty  of t h o r i u m  me ta l  powder  p roduced  were  ascer-  
ta ined.  The  most  i m p o r t a n t  resu l t s  of these exper i -  
men t s  are s u m m a r i z e d  below. 

According  to the  t h e r m o d y n a m i c  data  compi led  
by  Cough l in  (13),  the  e q u i l i b r i u m  for the  r educ t ion  
of t h o r i u m  oxide wi th  ca lc ium is f avorab le  be low the  
boi l ing  po in t  of calcium. I t  appears  f rom our  work  
tha t  the r educ t ion  is no t  h igh ly  exothermic ,  i.e., 
there  is no sudden  increase  in  the  t e m p e r a t u r e  of the  
reac tor  as it  is hea ted  s lowly  to the  r educ t ion  t e m -  
pera tu re .  A ca lcu la t ion  of the  hea t  of reac t ion  at 
950~ predic ts  a va lue  of --12.4 kcal  for the  r educ -  
t ion  of a g r a m  mole of t h o r i u m  oxide wi th  l i qu id  cal-  
c ium as follows: 

ThO~ + 2Ca--> 2CaO + Th 

This smal l  q u a n t i t y  of hea t  evolved is a p p a r e n t l y  
easi ly  dissipated.  

In  pract ice,  a ca lc ium me ta l  excess of 25% or more  
is u sua l l y  added to effect comple te  reduct ion .  In  
addi t ion  ca lc ium chlor ide is r equ i r ed  to provide  a 
fluid m e d i u m  for  contact  b e t w e e n  the  reac tants .  I t  has 
been  suggested by  M a r d e n  and  Rentsch le r  (5) tha t  
the  compound  CaO.CaCI~ is fo rmed  ( b e t w e e n  the  
flux and  the  reac t ion  p roduc t  CaO),  which  removes  
the  CaO as it is formed,  d r i v i n g  the reac t ion  to com-  
plet ion.  This a s sumpt ion  canno t  be en t i r e ly  correct  
since it  was  found  in  the  p r e s e n t  work  tha t  comple te  
r educ t ion  is a t t a ined  wi th  a r e l a t i ve ly  smal l  a m o u n t  
of CaCI~, m u c h  less t h a n  tha t  con ta ined  in  the  com-  
pound  CaO. CaCI~. 

The  s u b s e q u e n t  l each ing  of the t h o r i u m  me ta l  
f rom the reduc t ion  p roduc t  releases heat  t h r ough  
reac t ion  of CaO and  excess Ca me ta l  wi th  wa t e r  a nd  
acid. For  r e m o v a l  of this  heat ,  some cooling me c h -  
an i sm mus t  be  provided;  otherwise,  local ove rhea t -  
ing m a y  cause excessive ox ida t ion  of the  t h o r i u m  
metal .  The leaching  and  acid wash ing  m a y  be car r ied  
out  wi th  a la rge  vo lume  of w a t e r  to diss ipate  the 
heat ,  or a cooling coil m a y  be in t roduced  into the 
leaching  t ank .  

I t  was  found  tha t  impur i t i e s  in  the  ca lc ium and  
ca lc ium chlor ide such as n i t r o g e n  and  a l u m i n u m  
would  appear  in  the t h o r i u m  me ta l  product .  The  use 
of redis t i l led  ca lc ium and  ca lc ium chlor ide g r anu l e s  
which  conformed to A m e r i c a n  Chemical  Society 
specifications reduced  the  n i t r o g e n  con ten t  f rom 
grea te r  t h a n  100 to less t h a n  60 p p m  and  a l u m i n u m  
f rom grea te r  t h a n  2000 p p m  to less t h a n  10 ppm. Car -  
bon  in  the  t h o r i u m  me ta l  p roduc t  was  t raced  to the 
absorp t ion  of CO~ f rom the  a tmosphe re  by  t h o r i u m  
oxide r aw  mater ia l .  For  example ,  smal l  samples  of 
thor ia  were  found  to con ta in  80 p p m  carbon  i m m e d i -  
a te ly  af ter  calcining.  This  same mater ia l ,  a f ter  ex-  

posure  to an  air  s t r eam for 30 ra in  was  found  to have  
increased  in  ca rbon  con ten t  to 400 ppm.  E i the r  ba tch  
or con t inuous  ca lc in ing  of the  thor ia  was  found  to be 
a su i t ab le  t echn ique  for r educ ing  the  carbon  con-  
t en t  in  the  t h o r i u m  me ta l  p roduc t  to levels r a r e ly  
exceeding  200 ppm. 

The  deve lopmen t  of a su i tab le  con ta ine r  for c a r r y -  
ing  ou t  the  r educ t ion  p roved  to be a ma j o r  p r o b l e m  
in  this  program.  O r d i n a r y  steel is u n s u i t a b l e  because  
of its lack of ox ida t ion  resis tance.  W h e n  a n icke l  
s ta in less  steel or Incone l  con ta ine r  was  used, the  r e -  
duc t ion  cake adhered  so f i rmly  to the  con ta ine r  wa l l  
tha t  it  was necessary  to leach the  charge  in place in  
the  conta iner .  Also, the  t h o r i u m  m e t a l  p roduced  gen -  
e ra l ly  con ta ined  severa l  h u n d r e d  p p m  of n ickel  im-  
pur i ty .  L in ing  of the  reac tor  w i th  over lapped  sheets 
of m o l y b d e n u m  was no t  sa t i s fac tory  in  p r e v e n t i n g  
n icke l  pickup.  A ca lc ium oxide l i ne r  was  dissolved in  
the  r educ t ion  melt .  A graph i te  l i ne r  e l imina ted  the  
b r e a k o u t  p r o b l e m  b u t  resu l t ed  in  ca rbon  conten ts  of 
abou t  500 ppm. 

I t  was  found  e v e n t u a l l y  tha t  the  use of a t apered  
reac tor  of type  446 s ta inless  steel (which  conta ins  
no n icke l )  reduced  the  n icke l  con ten t  in  the product  
to as low as 7 ppm a nd  also p e r m i t t e d  r emova l  of the  
r educ t ion  cake by  the  s imple  process of i nve r t i ng  the  
con ta ine r  and  jo l t ing  it  on a ha rd  surface.  In  add i -  
t ion, to min imize  a tmospher ic  con tamina t ion ,  it was  
found  necessary  to admi t  a rgon  t h r o u g h o u t  the r e -  
duc t ion  process t h r ough  a t ube  l ead ing  into the cover 
of the  reactor .  

E x p e r i m e n t s  were  made  wi th  v a r y i n g  propor t ions  
of ca lc ium and  ca lc ium chloride,  r educ t ion  t imes,  
and  r educ t ion  t empera tu res .  In  genera l ,  a longer  r e -  
duc t ion  t ime  resu l ted  in  an  increased  yie ld  of tho-  
r i u m  powder ,  p r o b a b l y  th rough  agg lomera t ion  of 
fine t h o r i u m  par t ic les  into l a rger  ones. This was  
c o u n t e r - b a l a n c e d  by  a s l ight ly  inc reased  p ickup of 
such impur i t i e s  as i ron  and  c h r o m i u m  f rom the  r e -  
actor. W h e n  the excess of ca lc ium was decreased 
f rom 50% down to 25%, it became necessary  to i n -  
crease the  soaking t ime  f rom 2z/2 hr  to 5 hr  to in su re  
comple te  r educ t ion  of t h o r i u m  oxide. A n  o p t i m u m  
t e m p e r a t u r e  for r educ t ion  is 950~ because  at h igher  
t e m p e r a t u r e s  b r e a k o u t  difficulty can be encoun te red  
and,  in  addi t ion,  impur i t i e s  in  the  t h o r i u m  powder  
increase.  

It  was  noted  tha t  increased  per iods  of ag i ta t ion  
d u r i n g  the leaching of the r educ t ion  cake had an ad-  
verse  effect on t h o r i u m  yie ld  because  la rger  pa r t i -  
cles are c o m m i n u t e d  to fines. Both impe l l e r  ag i ta t ion  
and  t u m b l i n g  ba r re l  t echn iques  were  sa t is factory  for 
l ~ d t : X l l i l g  t i l O r l t l m  powoer .  

A typ ica l  analys is  of fines is i l l u s t r a t ed  in Table  
III. I t  should be no ted  tha t  the i m p u r i t y  level  is 
somewha t  h igher  t h a n  in  p r i m a r y  y ie ld  t h o r i u m  
powder .  These fines can be recycled  in to  the  process 
in  severa l  ways.  If necessary,  fines can be dissolved, 
r ep rec ip i t a t ed  as t h o r i u m  oxalate,  a nd  calc ined to 
fo rm t h o r i u m  dioxide, a l though  economica l ly  this is 
leas t  a t t rac t ive .  As no ted  earl ier ,  fines can also be i n -  
t roduced  d i rec t ly  into the  me ta l  r educ t ion  charge and  
w i t h  good resul ts .  F ina l ly ,  the  fines can  be consol i -  
da ted  d i rec t ly  wi th  the  p r i m a r y  y ie ld  coarse t h o r i u m  
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Table Ill. Chemical analysis of thorium fines 

Nitrogen 0.010 
Carbon 0.036 
HC1 insol. 0.83 
Iron 0.012 
Chromium 0.0058 

powder  at an  a p p a r e n t  sacrifice in  the  qua l i t y  of the  
me t a l  produced.  This  was d e m o n s t r a t e d  in  an  ex-  
p e r i m e n t  by  compar ing  the  b u t t o n  ha rdness  of the  
p roduc t  r e su l t ing  f rom the two l a t t e r  methods  of 
recycle  us ing  the  same lot  of fines and  a 15% re -  
cycle basis. The ha rdness  of the  m e t a l  p roduced  by  
di rect  consol ida t ion  was  RF 58 and  tha t  p r epa red  by 
recycle  to the  r educ t ion  step was  RF 47. 

Conclusions 
I t  has been  shown tha t  the  ca lc ium reduc t ion  of 

t h o r i u m  oxide is capable  of p roduc ing  a h i g h - p u r i t y  
t h o r i u m  metal .  This  can be accompl ished  only  
t h r o u g h  use of h i g h - p u r i t y  s t a r t i ng  ma te r i a l s  and  by  
ca re fu l  a t t en t i on  to charge p repa ra t ion ,  r educ t ion  
condi t ions,  conta iners ,  mater ia l s ,  and  powder  leach-  
ing procedure .  Ex tens ion  of the  process to m a n u f a c -  
t u r e  of l a rger  quan t i t i e s  should  be s t ra igh t fo rward .  

Manuscript  received Nov. 17, 1958. This paper was 
prepared for del ivery before the Phi ladelphia  Meeting, 
May 3-7, 1959. The work was sponsored by the U. S. 
Atomic Energy Commission at the Atomic Energy Divi-  
sion of Sylvania  Electric Products, Inc., now Sylvania-  
Corning Nuclear Corporation. 

Any  discussion of this paper will  appear in  a Discus- 
sion Section to be published in  the December 1960 
JOURNAL. 
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Batteries with Solid Ion-Exchange Membrane Electrolytes 
II. Low-Temperature Hydrogen-Oxygen Fuel Cells 

W. T. Grubb and L. W. Niedrach 

Research Laboratory, General Electric Company, Schenectady, New York 

ABSTRACT 

Hydrogen-oxygen  fuel cells employing a commercial  ion-exchange mem-  
brane  as the electrolyte are described. Some performance data on this type of 
cell operating at room tempera ture  with a cation membrane  in the hydrogen 
form and with hydrogen and oxygen at 1 atm are presented. The open circuit 
EMF is about 0.3 v below the value of 1.23 expected for a reversible cell. This 
deficiency is found to be caused by the oxygen electrode which does not achieve 
the reversible half-cel l  potential. Equi l ibrat ion of the membrane  electrolyte 
with sulfuric acid prior to cell assembly results in improved polarization char-  
acteristics. Favorable  features of these cells include their  simple construction 
and their small  un i t  thickness. In  addition, the presence of as much as 67% 
CO~ in the hydrogen feed gas is found to have li t t le effect upon performance. 
Since the electrolyte is a cross-linked, water -sa tura ted  polymer, the electrolyte 
is locked into the s tructure and cannot be leached from the cell when  it  is 
operated wi th in  the stabil i ty limits of the polymer. No di lut ion occurs from the 
water  formed at the oxygen electrode dur ing cell operat ion because it  is re- 
jected from the saturated electrolyte. 

In  p rev ious  work  (1),  the  behav io r  of i o n - e x -  
change  m e m b r a n e s  as e lec t rolytes  in  cells employ ing  

me t a l  e lectrodes  was  described.  The i r  behav io r  sug-  
gests a s t rong  ana logy  wi th  aqueous  so lu t ion  elec-  
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Fig. I .  Schematic diagram of ion-exchange membrane fuel 
cell. 

February 1960 

They  are also s table  chemica l ly  a nd  have  high flexi-  
b i l i ty  and  mechan ica l  s t rength .  Some e lec t rochemi-  
cal p roper t ies  of A m b e r p ] e x  C-1 have  been  repor ted  
by  Winger ,  et al (5) .  

Nickel  screens ac t iva ted  by  p l a t i n u m  black were  
used as the electrodes in  most  cases a l though  a few 
e xpe r i me n t s  were  pe r fo rmed  wi th  p la t in ized  p la t i -  
n u m  and  p a l l a d i u m  foil electrodes.  P l a t in i z ing  of the  
n icke l  screens was accompl ished by  s imply  i m m e r s -  
ing the  screen into an  acidified p l a t i n u m  chloride 
so lu t ion  con ta in ing  a t race  of lead aceta te  (6).  W h e n  
p a l l a d i u m  or p l a t i n u m  was employed,  e lectrodeposi-  
t ion  of the  b lack was  necessary,  a nd  the  method  of 
Rei l ly  and  Rae (6) was  used. 

A pho tograph  of the s imple  cell ( type  1) employed  
for the  first e xpe r i me n t s  is shown in  Fig. 2. The ef-  
fec t ive  cell area was  25 cm ~ and  the  th ickness  of the  
e lec t ro ly te  l ayer  0.06 cm to p rov ide  a cell cons tan t  
of abou t  420. This type  of cell was  used wi th  bo th  
screen  and  foil electrodes.  Because  of the  re la t ive ly  
smal l  a rea  and  the  use of flat electrodes,  good contact  
was  ob ta ined  b e t w e e n  the  e lec t ro ly te  and  the elec-  
t rodes  wi th  on ly  the  p ressure  of the  flanges on the  
p e r i p h e r y  of the housing.  

In  la te r  work  a l a rger  vers ion  of the  cell was de-  
signed. Two views of this cell ( type  2) are shown 
in  Fig. 3 and  4. In  this  model  the  electrodes were  
held  in  place aga ins t  the m e m b r a n e  by  back ing  
pla tes  wi th  su i table  baffles a r r a n g e d  to promote  gas 
d i s t r ibu t ion .  A u n i f o r m  pressure  was  appl ied to the  
electrodes by  p lac ing  r u b b e r  spacers  be t w e en  the  
ba c k i ng  plates  and  the  face pla tes  of the  cell. These 

Fig. 2. Type I ion-exchange membrane fuel cell, active 
area, 2S cm ~. 

t rolytes.  Since the p e r m e a b i l i t y  of gases t h rough  ion-  
exchange  m e m b r a n e s  is low, they  appeared  to be 
idea l ly  sui ted to serve as both  the  gas separa tor  and  
the e lec t ro ly te  in fuel  cells (2, 3). The p resen t  work  
was  u n d e r t a k e n  therefore  to s tudy  the  proper t ies  of 
some s imple  sys tems of this  type.  This has r e su l t ed  
in  a n e w  type  of l o w - t e m p e r a t u r e ,  h y d r o g e n - o x y g e n  
fuel  cell. 

Experimental 
Two types  of cells were  used in  the  e x p e r i m e n t a l  

work.  In  bo th  cases cons t ruc t ion  was such tha t  the 
electrodes were  in  i n t i m a t e  contact  wi th  the  elec-  
t ro ly te  ma te r i a l  as shown schemat ica l ly  by  the  d ia -  
g r a m  in  Fig. 1. I m m e d i a t e l y  ad j acen t  to the elec-  
trodes,  gas chambers  for the  h y d r o g e n  and  oxygen  
were  fo rmed  by  the  cell housings.  

A commerc ia l ly  ava i l ab le  i o n - e x c h a n g e  m e m b r a n e  
was  used in  all  of this work.  For  this  purpose  A m -  
be rp l ex  C-11 was  selected. This  is a he te rogeneous  
m e m b r a n e  consis t ing of par t ic les  of su l fonated ,  
c ross - l inked  po lys ty rene  b o n d e d  in to  sheet  form 
wi th  an  ine r t  b inder .  These m e m b r a n e s ,  which  were  
employed  in  the  h y d r o g e n  form, have  a conduc t iv i ty  
tha t  app rox ima te s  tha t  of a 0.1N H.~ SO, so lu t ion  (4) .  

�9 R o h m  a n d  Haas  Co., P h i l a d e l p h i a ,  Pa.  A s i m i l a r  p r o d u c t  is  a v a i l -  
ab l e  as P e r m a p l e x  C-10 f r o m  P e r m u t i t  Corp.  Ltd . ,  London ,  E n g l a n d .  

Fig. 3. Type 2 ion-exchange membrane fuel cell, assembled, 
active area, 50 cm 2. 
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work  wi th  type  2 cells, s t eady- s t a t e  da ta  were  ob-  
ta ined.  Es t a b l i shme n t  of e q u i l i b r i u m  gene ra l l y  r e -  
qu i red  severa l  m i n u t e s  af ter  a change  in load was  
made.  Al l  of the  da ta  were  ob ta ined  at room t e m -  
p e r a t u r e  (25 ~ • 3~ 

In  order  to pe rmi t  compar i son  of data  ob ta ined  
wi th  the  two types  of cells, a l l  c u r r e n t  m e a s u r e m e n t s  
were  conver ted  to c u r r e n t  densit ies.  This  was done 
by  d iv id ing  the  m e a s u r e d  c u r r e n t  by  the  geomet r ica l  
area covered by  the c i rcu la r  electrodes.  

Fig. 4. Type 2 cell, not assembled 

par t s  are shown in  Fig. 4. In  opera t ion  the feed gases 
were  admi t t ed  t h r o u g h  in le ts  on the  axis of the  cell. 
Af te r  rad ia l  d i s t r i bu t i on  over  the  electrodes,  the  
was te  gases were  t h e n  v e n t e d  t h rough  the exi t  ports.  
Si l icone r u b b e r  gaskets  were  employed  as seals. 
O v e r - a l l  d i ame te r  of the  cell was  12.7 cm (5 in.)  and  
the  d i ame te r  of the  electrodes was  8.3 cm (31/4 in . ) .  
Tota l  act ive area  was  a p p r o x i m a t e l y  50 cm% 

The  cells were  opera ted  by  a d m i t t i n g  hyd rogen  
and  oxygen,  respect ive ly ,  to the two gas chambers  
and  m e a s u r i n g  the  e lectr ical  output .  In  order  to 
m a i n t a i n  ion exchange  m e m b r a n e s  in  h igh ly  con-  
duc t ing  form, they  m u s t  be kept  at  100% humid i ty ,  
and  this was accompl ished  by  b u b b l i n g  the i n p u t  
gases t h rough  water .  Wate r  fo rmed  by  the  cell in  
opera t ion  can help  to m a i n t a i n  the  h y d r a t i o n  of the  
m e m b r a n e s .  Ac tua l  d i lu t ion  of the  e lec t ro ly te  canno t  
occur since the  m e m b r a n e s  re jec t  wa t e r  w h e n  they  
are sa tura ted .  

Po la r iza t ion  curves  were  ob ta ined  u n d e r  va r ious  
condi t ions  by  m e a s u r i n g  cu r ren t s  wi th  a sens i t ive  
g a l v a n o m e t e r  and  cell  po ten t ia l s  w i th  a Rub icon  po-  
t en t iomete r .  I n  the in i t i a l  work  w i th  the type  1 cells 
(Fig. 2), m e a s u r e m e n t s  were  t a k e n  10 sec af ter  
app ly ing  the  load. This  p rocedure  has been  r ecom-  
m e n d e d  by  D a v t y a n  (7) and  p roved  adequa te  for the  
purpose  of compa r ing  var ious  modifications.  In  the  
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Fig. 5. EMF vs. current density for hydrogen-oxygen type 1 
cells with platinum foil electrodes; cell area, 25 cm ~. O, 0.5 
mil foil plotinized; A, 0.08 mil foil plotinized; I-I, 0.05 mil 
lightly plotinized. 

Results and Discussion 
The in i t i a l  po la r iza t ion  curves,  shown  in  Fig. 5, 

were  ob ta ined  on type  1 cells wi th  p l a t i n u m  foil 
electrodes.  P la t in ized  p l a t i n u m  foils as t h i n  as 0.0002 
cm (0.08 mi l )  were  used in  order  to m i n i m i z e  d i f -  
fus ion  effects t h rough  the  metal .  On ly  fa i r ly  low 
cu r ren t s  could be ob ta ined  f rom these  cells. For  this  
reason,  a t t en t i on  was qu i c k l y  d i rec ted  t oward  cells 
wi th  me ta l  screen electrodes.  

Po la r i za t ion  curves  ob ta ined  wi th  the  type  1 cell 
us ing  p la t in ized  screen electrodes are depicted in  
Fig. 6. Al l  screen cells we re  found  to afford h igher  
cu r r en t s  t h a n  the  foil types.  The  screen electrodes 
were  made  f rom n icke l  screen  150 x 150 (per  inch)  
mesh.  This  mesh  is w ove n  f rom 0.0076 cm (0.003 in.)  
d i ame te r  n icke l  wire.  The  or ig ina l  screen th ickness  
is 0.015 cm (0.006 in.)  at the  points  where  the  wires  
of the  mesh  cross. The th ree  curves  were  ob ta ined  
wi th  screens tha t  had  been  rol led to di f ferent  t h i ck -  
nesses before be ing  p la t in ized .  I t  was  observed  that ,  
as a resu l t  of the successive rol l ing,  the surface  of the 
screen became flat ter  a nd  fac i l i ta ted  a l a rger  area  of 
contact  b e t w e e n  the  e lect rode and  electrolyte .  This 
corre la tes  w i th  the  fact  t ha t  less po la r iza t ion  occurs 
w i th  the  more  ex t ens ive ly  rol led samples  since lower  
effective c u r r e n t  densi t ies  at  the  electrode surface  
would  resu l t  f rom the be t t e r  contact .  The bes t  type  
1 cell achieved 60 ma  at  0.75 v af ter  10 sec u n d e r  
load a nd  a s t eady- s t a t e  c u r r e n t  of abou t  40 ma  on 
the  same load resis tance.  
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Fig. 6. EMF vs. current density for hydrogen-oxygen type 
1 cells with various electrodes; cell area, 25 cm ~. �9 rolled 
screen* 2 mil thickness; 71, rolled screen* 4 rail thickness; A, 
unrolled screen* 6 rail thickness; e, 0.08 rail foil cell (cf. 
Fig. 5). 

* Platinized nickel screen. 
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Fig. 7. EMF vs. current density for zinc-hydrogen and oxy- 
gen-hydrogen cells with platinized nickel screen electrodes. 
CeU, type 1; area, 25 cm 2. ~, H2-O~ ceil; (3, H2-Zn cell. 
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Fig. 8. Steady-state EMF vs. current density for type 2 cell 
operating on dry 02 (flow rate 7 cc/min) and a 1:2M mixture 
of 1-12 and CO~ saturated with water (flaw rate l0 cc/min). 
(3, Initial operation; �9 after 15 hr of operation at I ma/cm 2. 
Flectrodes 500X 500 mesh nickel screen activated with plati- 
num bIack. 

The  f o r m  of the  po la r i za t ion  cu rves  and  the  v a l u e  
of the  o p e n - c i r c u i t  vo l t age  both  sugges t  i r r e v e r s i -  
b i l i ty  at one or bo th  e lec t rodes  in this  cell. In o rde r  
to s epa ra t e  the  effects of the  anode  and cathode,  the  
h y d r o g e n  e lec t rode  was  p laced  in a s epa ra t e  cell  
aga ins t  a zinc e lec t rode  w h i c h  is a l r e ady  k n o w n  to 
b e h a v e  r e v e r s i b l y  (1).  The  fo l lowing  cel l  was  used:  
zinc m e t a l / z i n c  ion m e m b r a n e / h y d r o g e n  ion m e m -  
b r a n e / p l a t i n i z e d  s c r e e n / h y d r o g e n  gas at 1 a tm.  The  
po la r i za t ion  c u r v e  of this  cel l  is p lo t t ed  in Fig.  7 a long  
w i t h  tha t  of the  best  cel l  of Fig.  6 for  compar i son .  
The  emf  of the  H~-Zn cell  at  zero c u r r e n t  is obse rved  
to be  0.75 v, w h e r e a s  in the  ana logous  cel l  in w h i c h  
aqueous  solu t ions  at 25~ a re  e m p l o y e d  w i t h  un i t  
ionic ac t iv i t i es  the  emf  is 0.763 v (8).  It  is conc luded  
tha t  the  H J p l a t i n i z e d  s c r e e n / H  ~ m e m b r a n e  h a l f - c e l l  
m u s t  be o p e r a t i n g  a p p r o x i m a t e l y  at  the  r e v e r s i b l e  
emf.  The  o p e n - c i r c u i t  emf  of the  H~-O~ cel l  is 0.90- 
0.96 v as c o m p a r e d  w i t h  1.23 v to be e x p e c t e d  f r o m  
the  v a l u e  of f ree  e n e r g y  of f o r m a t i o n  of w a t e r  at 
25~ A def ic iency of about  0.25-0.30 v at the  O~ e l ec -  
t r ode  mus t  t h e r e f o r e  be present .  This  r e su l t  is not  
su rp r i s ing  in v i e w  of pub l i shed  w o r k  on the  be -  
h a v i o r  of p l a t i n u m  e lec t rodes  w i t h  o x y g e n  at room 
t e m p e r a t u r e  in su l fur ic  acid solut ions  (9) .  

The  da ta  p r e s e n t e d  above  w e r e  ob ta ined  d u r i n g  
shor t  per iods  of opera t ion  us ing  the  type  1 cel l  of 
Fig. 2. I t  was  of in t e res t  to cons ider  p e r f o r m a n c e  
u n d e r  con t inuous  opera t ion .  Fo r  this pu rpose  a tes t  
r u n  of a p p r o x i m a t e l y  15-hr  du ra t i on  was  m a d e  on 
th~ type  2 cell  of Fig. 3 and 4. In this  run  p la t in i zed  
n icke l  e lec t rodes  w e r e  used. In  addi t ion,  the  fue l  gas 
was  a m i x t u r e  of 2 moles  CO~ to 1 mole  of H~. F l o w -  
ing gases w e r e  used. At  the  s ta r t  of the  r u n  the  c u r -  
r e n t  was  45 m a  at 0.69 v. A f t e r  a p p r o x i m a t e l y  
15-hr  ope ra t ion  the  cel l  cu r r en t  was  47 m a  at 0.73 v. 
In i t i a l  and final  po la r i za t ion  cu rves  for  this  r u n  a re  
shown in Fig. 8. 

Since  it  is k n o w n  t h a t  i o n - e x c h a n g e  m e m b r a n e s  
have a capacity for free acid, it was of interest to de- 
termine the effect of such acid on cell performance. 
For this purpose a membrane was equilibrated with 
6M H~SO4 and after being blotted dry was assembled 
into a cell. The pronounced effect of the free acid on 
cell performance is shown by a comparison of the 

two  cu rves  in Fig.  9. T h e  l ower  c u r v e  in the  f igure 
is r e p r e s e n t a t i v e  of s t e a d y - s t a t e  p e r f o r m a n c e  of cells 
ope ra t i ng  w i t h  u n t r e a t e d  m e m b r a n e s  on p u r e  h y -  
d rogen  and oxygen .  

Whi l e  add i t ion  of f r ee  acid to the  m e m b r a n e  does 
i m p r o v e  the  cell  p e r f o r m a n c e ,  this  does not  appea r  
to be a sa t i s fac tory ,  long r ange  app roach  because  of 
the  cor ros ion  p r o b l e m s  tha t  are  t h e r e b y  in t roduced.  
In addi t ion ,  th is  acid can be l eached  f r o m  the  m e m -  
b r a n e  by  the  w a t e r  p r o d u c e d  in the  cel l  r eac t ion  u n -  
less p r o p e r  condi t ions  are  m a i n t a i n e d  to r e m o v e  
w a t e r  by  evapora t ion .  

S u m m a r y  a n d  C o n c l u s i o n s  

The  use  of i o n - e x c h a n g e  m e m b r a n e s  as the e lec -  
t ro ly t e  in h y d r o g e n - o x y g e n  fue l  cells  is a t t rac t ive .  
As solid, n o n l e a c h a b l e  e lec t ro ly tes ,  these  m e m b r a n e s  
p e r m i t  t he  cons t ruc t ion  of cells tha t  r e q u i r e  a m i n i -  
m u m  of e x t e r n a l  componen t s  and controls ,  e.g., 
pumps ,  etc. A n o t h e r  i m p o r t a n t  a d v a n t a g e  of the  ion-  
e x c h a n g e  m e m b r a n e  e l ec t ro ly t e  is its v e r y  f a v o r a b l e  
geomet ry .  The  cells  desc r ibed  he re  h a v e  a to ta l  ac-  
t i ve  th ickness  of less t h a n  1 mm.  Such  a f a v o r a b l e  
space fac to r  helps  to compensa te  for  the  lower  cu r -  
r en t  dens i ty  of th is  cel l  r e l a t ive ,  for  example ,  to t ha t  
of Bacon (3) .  In addi t ion,  because  such m e m b r a n e s  
are  used  in t he i r  acid form,  ope ra t ion  on gases con-  
t a in ing  l a rge  am oun t s  of CO~ is possible  and has been  
demons t r a t ed .  
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Fig. 9. Effect of free acid on cell operation. EMF vs. cur- 
rent density for type 2 cell with 200 x 200 mesh nickel screen 
electrodes (rolled to 0.002 in. thickness) platinum activated. 
e, Leached membrane H § form; O, membrane H § form in 
equil ibrium with 6M H2SO4 and wiped dry superficially. 
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S a t u r a t i o n  of the  m e m b r a n e - e l e c t r o l y t e  w i th  su l -  
fur ic  acid improves  the  p e r f o r m a n c e  of the  cell. The  
t r e a t m e n t  has  some d i sadvan tage  in  tha t  it  causes 
corrosion p rob lems  and  o ther  compl ica t ions  re la ted  
to the  d i lu t ion  and  leaching  out  of the  free acid. 

The ind ica ted  di rect ions  of i m p r o v e m e n t  for cells 
of this  k i n d  are  in  mechan ica l  cons t ruc t ion  to i m -  
prove  the  e lec t r ica l  contac t  b e t w e e n  the  e lectrodes  
and  the m e m b r a n e  and  in  the  oxygen  e lect rode s u r -  
face to p rov ide  a more  n e a r l y  revers ib le  O~ hal f -ce l l .  
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The Influence of Cations on the Differential Capacity of the 
Dropping Mercury Electrode in Solutions of Electrolytes in 

Methanol and Ethanol 
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Department of Electrochemistry, University o$ Warsaw, Warsaw, Poland, and 
Department of Electrochemistry, Polish Academy of Sciences, Warsaw, Poland 

ABSTRACT 

Differential capacities of the electrical double layer of LiC1, NaC1, MgCI~, and 
SrC12 in methanol  have been measured. The capacities have been found to be 
higher in  the presence of large cations (of low polarizabil i ty) ,  which undergo 
chemisorption according to F rumkin ' s  theory, by comparison with values ob- 
served in  the presence of cations of high polarizability. In  addition, the effect 
of concentrat ion of the electrolyte on the differential capacity increases with 
decreasing polarizabil i ty of the cation. The solvent effect on the differential 
capacity has been found to be greatest near  the zero charge potential,  the de- 
crease of the differential capacity relat ive to its value in water  solutions being 
proportional to the decrease in  dielectric constant. 

In  recen t  papers  on e lec t rocapi l la ry  p h e n o m e n a ,  
two different  poin ts  of v iew have  been  a d v a n c e d  re -  
ga rd ing  the  effect of cat ions on the  s t r uc tu r e  of the  
e lectr ical  double  layer .  Accord ing  to G r a h a m e  (1-3)  
the  d i f fe rent ia l  capaci ty  of the  i n n e r  pa r t  of the  
double  l ayer  is i n d e p e n d e n t  of the  k i n d  of ca t ion  if 
it  is mona tomic .  Smal l  differences of capaci ty  ob-  
served for aqueous  solut ions  in  the  reg ion  of s t rong 
cathodic po la r iza t ion  in  the  presence  of d i f ferent  
cat ions are due, according to G r a h a m e ' s  t heo ry  (4) ,  
to incomple te  dielectr ic  s a tu ra t ion  of the  so lvent  by  
some cations. There  are more  facts wh ich  could 
h a r d l y  be exp l a ined  by  G r a h a m e ' s  theory.  Fo r  i n -  
stance,  it is k n o w n  tha t  the  presence  of l a rge  cat ions 
in  the solut ions  increases  the  ra te  of e lec t ro reduc t ion  

0 2- of some anions,  e.g., $2 s , a n d / o r  shifts  the  p o t e n -  
t ia l  of desorp t ion  of an ions  t oward  more  nega t i ve  
va lues  (5-7) .  

F r u m k i n  has  conc luded  (6, 8) tha t  some la rge  ca-  
tions, e.g., Rb § Cs § are  chemisorbed  at  the  surface  of 

mercu ry .  The a im of our  work  has been  to con t r i b -  
u t e  f u r t h e r  e x p e r i m e n t a l  da ta  to the  so lu t ion  of th is  
p r o b l e m  (9).  I t  was  expected  tha t  the  effects of 
chemisorp t ion  of cat ions  ought  to be more  p ro -  
nounc e d  in  some organic  solvents .  Me thy l  a nd  e thy l  
alcohols have  been  chosen as so lvents  because  of 
the i r  h igh  compress ib i l i ty ,  h igh e lec t ros t r ic t ion  in  
e lect r ical  fields, and  the i r  ease of die lectr ic  s a t u r a -  
t ion  (10, 11). In  consequence,  the  inf luence  of cat ions 
on the  s t ruc tu re  of the  double  l ayer  should  be de-  
t e r m i n e d  more  precisely.  

Experimental 
A n  a-c  s y m m e t r i c a l  b r idge  was  used in  m e a s u r e -  

me n t s  of the  d i f ferent ia l  capaci ty  of the  d ropp ing  
m e r c u r y  electrode.  Our  c i rcui t  differed f rom tha t  of 
G r a h a m e  (12, 13) in  tha t  the  s t r ay  capaci tances  of 
the  b r idge  ra t io  resis tors  were  ba lanced .  A fe r r i t e  
core choke or l a rge  i n d u c t a n c e  was  in t roduced  into 
the  c i rcui t  (14). The  app l ica t ion  of ba l anced  ra t io  
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resis tors  and  a la rge  i n d u c t a n c e  in m e a s u r e m e n t s  
w i th  organic  so lvent  solut ions  of low conduc t iv i ty  
r e su l t ed  in  g rea te r  accuracy.  The po la r iza t ion  of the  
d ropp ing  m e r c u r y  e lect rode was  achieved by  a con-  
v e n t i o n a l  po la rograph ic  t echn ique .  

Different ia l  capaci t ies  were  m e a s u r e d  for p o t e n -  
t ials b e t w e e n - - 0 . 1  v and  --1.8 v, wi th  the aqueous  
s a tu ra t ed  calomel  e lect rode (S.C.E.) as reference.  The 
surface area  was  eva lua t ed  by  G r a h a m e ' s  method.  
The ca lcu la ted  d i f ferent ia l  capaci ty  per  u n i t  a rea  has 
been p lo t ted  aga ins t  the  po ten t i a l s  in  Fig. 1-10. 

Methy l  and  e thy l  alcohols were  dis t i l led on a 30- 
p la te  co lumn  and  the  appropr i a t e  f ract ions  collected. 
Wate r  was d is t i l led  th ree  t imes  th rough  a qua r t z  
condenser .  Its specific conduc t iv i ty  was  4 x 10 -6 ohm -1 
cm -1. M a g n e s i u m  chloride,  a f ter  be ing  recrys ta l l i zed  
f rom water ,  was  hea ted  in  m i x t u r e  wi th  a m m o n i u m  
chlor ide at  360~ in  p l a t i n u m .  Sod ium chlor ide was  
b rough t  down  f rom a s a tu ra t ed  solut ion by  me a ns  of 
gaseous h y d r o g e n  chloride.  Other  sal ts  were  r ec rys -  
ta l l ized f rom m e t h y l  alcohol and  dr ied at 180~ to 
cons tan t  weight .  M e r c u r y  was  washed  wi th  d i lu te  
n i t r ic  acid, t h e n  w i th  water ,  and  f inal ly  dis t i l led in  
vacuum.  Ni t rogen  used for r e m o v i n g  oxygen  f rom 
the  solut ions  was  pur i f ied by  means  of ac t iva ted  car -  
bon, po tass ium hyd rox ide  solut ion,  and  silica gel 
i m p r e g n a t e d  wi th  Cu~O (15). The  p u r i t y  of solut ions  
was  checked po la rographica l ly .  

Results and Discussion 
F i g u r e  1 shows di f ferent ia l  capaci ty  curves  for 

0.1M LiC1, 0.1M NaC1, and  sa tu ra t ed  KC1 (about  
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Fig. 1. e - ~  0 .1M LiCI in methanol; o - -  - -  0 .1M NaCI in 
methanol;  o- - -  satd. KCI in methanol. 

Figs. 1-10. In the ordinate is the d i f ferent ia l  capacity of  
the mercury-solution interface in microfarads per square cen- 
t imeter, the abcissa is the potent ial  relative to the aqueous 
S.C.E., in volts. 
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Fig. 2. o__ O. ]M MgCh in methanol; o-- -- 0.1M CaCI~ 
in methanol; o- - -  O.1M SrCI2 in methanol. 

0.05M) in  m e t h y l  alcohol.  In  the reg ion  of h igh 
cathodic po la r iza t ion  the  d i f ferent ia l  capaci t ies  differ 
in  the presence  of d i f ferent  cat ions  and  increase  f rom 
Li ~ to K § in  a m a n n e r  s imi la r  to tha t  observed for 
wa te r  solut ions,  except  tha t  the  effect is more  pro-  
nounced  in  alcohol. S i mi l a r  curves  d e t e r m i n e d  for 
0.1M m e t h a n o l  solut ions  of MgCI.~, CaCI.., a nd  SrCl~ 
are shown in  Fig. 2. The d iva l en t  cat ions affect the 
di f ferent ia l  capaci ty  on ly  s l ight ly  and  t h e n  only  in 
the  region  of h igh  cathodic polar izat ion.  In  s u m m a r y ,  
it m a y  be said tha t  the  d i f fe rent ia l  capaci ty  of the 
electr ical  double  l ayer  on m e r c u r y  in  the cathodic 
region  is h ighe r  in  the  presence  of cat ions of low 
po la r izab i l i ty  ( large  r ad i i ) .  These ions, according to 
F r u m k i n ' s  theory,  unde r go  specific adsorp t ion  
( chemisorp t ion) .  There  is no doubt  tha t  the  high 
compress ib i l i ty  and  e lec t rores t r ic t ion  of m e t h y l  a l -  
cohol molecules  cause a more  p ronounced  in te rac t ion  
of cat ions w i t h  the  me ta l  surface.  

Resul ts  shown in Fig. 1 a nd  2 make  it clear, how-  
ever, tha t  the  d i f ferent ia l  capaci ty  is affected not  
on ly  by  the  n a t u r e  of the  solvent ,  as pos tu la ted  by 
G r a h a m e  (11, 16), bu t  also by  the  n a t u r e  of cations, 
especial ly  those of low polar izabi l i ty .  If F r u m k i n ' s  
hypothesis  of specific adsorp t ion  of some cat ions is 
t rue,  an  u n u s u a l l y  s t rong  effect of concen t ra t ion  of 
the e lect rolyte  on the  d i f ferent ia l  capaci ty  is to be 
expected w h e n  these  cat ions  are p resen t  in  solut ion.  
The m e a s u r e m e n t s  pe r f o r me d  to test  this expec ta t ion  
are p resen ted  in  Fig. 3-8. The  di f ferent ia l  capacit ies 
have been  m e a s u r e d  for aqueous,  methanol ,  and  
e thano l  solut ions  of LiC1 a nd  K F  in  the concen t ra t ion  
range  f rom 0.05 to 0.5M. 

For  aqueous  solut ions  of LiC1 and  K F  the  effect of 
concen t ra t ion  on the  d i f fe rent ia l  capaci ty  is smal l  
a nd  n e a r l y  the  same for bo th  cat ions in  the  cathodic 
reg ion  (Fig. 3 and  4).  This  is in  accordance wi th  the  
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Fig. 3. E f fec t  o f  c o n c e n t r a t i o n  o - -  - -  0 . 0 5  M L iCI  in 
wa te r ;  e - -  0 . ]  M L iCI  in wa te r ;  o- - -  0 . 5  M LiCI  in wa te r .  
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Fig. 4. Effect o f  concentrat ion,  o - -  - -  0 .0SM KF in w a t e r ;  

o - ~  0. I M  KF in w a t e r ;  o -  - -  0.SM KF in water.  

c o n c l u s i o n  t h a t  n e i t h e r  L i  + n o r  K + a r e  c h e m i s o r b e d  

o n  m e r c u r y  f r o m  w a t e r .  T h e  s m a l l  e f f e c t  o i  c o n c e n -  

t r a t i o n  on the  d i f f e r en t i a l  c a p a c i t y  of LiC1 so lu t ions  
in a l l  t h r e e  so lven t s  (Fig .  3, 5, and  6) m a y  be  a c -  
c oun t ed  for  on the  bas i s  of t he  t h e o r y  of e l ec t ro s t a t i c  
i n t e r a c t i o n  of ions w i t h  m e t a l  su r f ace  d e v e l o p e d  b y  
G r a h a m e  (1, 2, 11).  

T h e  m a r k e d  c o n c e n t r a t i o n  d e p e n d e n c e  f o u n d  for  
h i g h  ca thod ic  p o l a r i z a t i o n s  in a lcohol ic  K F  so lu t ions  
(Fig .  7 and  8) c a n n o t  be  due  to  t h e  effect  of con-  
c e n t r a t i o n  on t h e  c a p a c i t y  of the  diffuse p a r t  of t he  
doub le  l a y e r  as th is  effect  could  not  be  so d i f fe ren t  
for  the  two  ca t ions  i nves t i ga t ed .  I t  m a y  be  cons id -  
e r ed  as ev idence  in s u p p o r t  of t he  hypo the s i s  of 
c h e m i s o r p t i o n  of K § ion f r o m  m e t h a n o l  and  e thanol .  

F u r t h e r  m e a s u r e m e n t s  w e r e  u n d e r t a k e n  to d e t e r -  
m i n e  the  d e s o r p t i o n  p o t e n t i a l s  of h a l i d e  ions in 
m e t h a n o l  (Fig .  9 and  10).  The  on ly  r eason  for  t he  
l o w e r  d i f f e ren t i a l  capac i t i e s  in t he  ca thod ic  r eg ion  
for  s a t u r a t e d  ( a b o u t  0.05M) KC1 in m e t h a n o l  as 
c o m p a r e d  w i t h  0.1M so lu t ions  of t he  p o t a s s i u m  h a -  
l ides  (Fig .  10) is e v i d e n t l y  t he  d i f fe rence  in con-  
cen t r a t ion .  The  d i f f e r en t i a l  capac i t i e s  of s a t u r a t e d  
KC1 (Fig .  1) and  of 0.05M K F  (Fig .  7) a r e  p r a c t i -  

'4 

:~ 40" 

-0:5 -~:0 -~:5 -s:0 
v -  

Fig. S. Effect of  concentrat ion,  o - -  - -  O.OSM LiCI in 
methanol ;  o - -  0 . 1 M  / iC I  in methanol ;  o- - -  O.5M / iC I  in 
methanol .  
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Fig. 6. Effect of  concentrat ion,  o - -  - -  O.OSM LiCI in 
ethanol ;  o - -  0 . 1 M  kiCI in e thanol ;  o- - -  0 .SM LiCI (satd.) 
in ethanol .  

ca l ly  the  same.  I t  is w o r t h  s t r e s s ing  t h a t  t he  d e s o r p -  
t ion  p o t e n t i a l s  found  in th i s  w o r k  for  F-  and  C1- ions  
in t he  p r e s e n c e  of K § ion in m e t h y l  a lcohol  a r e  n e a r l y  
t he  s a m e  as those  g iven  b y  G r a h a m e  (11) for  t he  
s a m e  an ions  and  so lven t  in t h e  p r e s e n c e  of NH4-. 

In  o r d e r  to c h a r a c t e r i z e  t he  so lven t  effect, t he  
cu rves  for  0.1M LiC1 in w a t e r  (Fig.  3) ,  m e t h a n o l  



138 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  F e b r u a r y  1960 

40" 

/4 

:30' 

20' 

I 
/ 

/ 

/ sa 

" / 7  " / / ?  

..'V / 

20" -o:~ -~:o - is  -~:0 
v -  

Fig. 7. Ef fect  o f  concentrat ion,  o - -  - -  O.OSM KF in 
methanol ;  e - -  0 . 1 M  KF in methanol ;  o- - -  0 . 5 M  KF in 
methanol .  
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Fig. 8. Ef fect  of  concentrat ion,  o - -  - -  0 . 0 5 M  KF in ethanol ;  
o - -  0 . 1 M  KF in ethanol ;  o- - -  satd. KF in ethanol .  

(Fig .  1 a n d  5),  and  e thano l  (Fig .  6) can  be  c o m -  
pa red .  The  s t r o n g e s t  effect of t he  so lven t  occurs  n e a r  
t h e  zero c h a r g e  p o t e n t i a l  ( a b o u t  --0.6 v ) .  In  th i s  
reg ion ,  t he  d e c r e a s e  of t he  d i f f e r en t i a l  c a p a c i t y  w h e n  
w a t e r  is r e p l a c e d  b y  a lcohol  is n e a r l y  p r o p o r t i o n a l  to  
t he  d e c r e a s e  of t he  d i e l ec t r i c  cons t an t  of t h e  so lvent .  
Also  w o r t h  no t i ng  is the  fac t  t h a t  t he  d i f f e r e n t i a l  
capac i t i e s  of a lcohol  so lu t ions  show no p e a k s  in t he  
r eg ion  of l ow  anod ic  po l a r i z a t i ons  ( a b o u t  --0.3 to 
--0.4 v to S.C.E.)  ; such p e a k s  a r e  o b s e r v e d  in  a q u e -  
ous  so lu t ions  (F ig .  3) .  This  o b s e r v a t i o n  seems  to 
f a v o r  t he  e x p l a n a t i o n  g iven  b y  G r a h a m e  (16) a c -  
co rd ing  to w h i c h  th is  effect is due  to t he  p s e u d o c r y s -  
t a l l i c  s t r u c t u r e  of w a t e r .  

Manuscr ip t  rece ived  June  11, 1959. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ ished in the  December  1960 
JOURNAL. 
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Techn call 

Chloride Content of the Diffusion Layer at a Silver Anode 
Paul A. Krasley 1 

Chemistry Division, National Bureau of Standards, Washington, D. C. 

A t e c h n i q u e  for  i so l a t ing  the  d i f fus ion l a y e r  a t  an  
e l ec t rode  was  d e v e l o p e d  b y  Y a n n a k o p o u l o s  a n d  
B r e n n e r  (1 ) .  I t  i nvo lves  the  d r a w i n g  off of t he  d i f -  
fus ion  l a y e r  t h r o u g h  a m i c r o p o r o u s  e lec t rode .  These  
a u t h o r s  a p p l i e d  the  m e t h o d  on ly  to t he  s t u d y  of t he  
dec rease  of m e t a l  c o n c e n t r a t i o n  t h a t  o c c u r r e d  at  a 
ca thode  d u r i n g  m e t a l  depos i t ion .  The  s t u d y  r e -  
p o r t e d  h e r e  is an  ex t ens ion  of the  m e t h o d  a n d  dea l s  
w i th  the  d e p l e t i o n  of ch lo r ide  ion t ha t  occurs  at  an  
a t t a c k a b l e  a n o d e  of  s i lver .  

T h e  d i f fus ion  l a y e r  t ha t  fo rms  at  a s i lve r  a n o d e  d u r -  
ing  e l ec t ro ly s i s  of a s o d i u m  ch lo r ide  so lu t ion  con ta ins  
a l o w e r  c o n c e n t r a t i o n  of sa l t  t h a n  the  b o d y  of t he  
solu t ion ,  a n d  the  lowes t  c o n c e n t r a t i o n  ex is t s  a t  the  
i n t e r f ace  of t he  so lu t ion  and  the  anode.  The  r e d u c -  
t ion in c o n c e n t r a t i o n  r e su l t s  f r o m  the  p r e c i p i t a t i o n  
of c h l o r i d e  ions  as s i l ve r  c h l o r i d e  and  the  m i g r a t i o n  
of s o d i u m  ions t o w a r d  the  ca thode .  

Experimental 
Preparation of a microporous silver electrode.-- 

Y a n n a k o p o u l o s  and  B r e n n e r  u sed  a mic ropo rous ,  
cy l i nd r i ca l ,  s t a in less  s tee l  e l ec t rode  in  t h e i r  e x -  
pe r imen t s .  This  shape  has  t he  a d v a n t a g e  of p r o v i d -  
ing  a l a r g e  e l e c t r o d e  su r f ace  and  a s m a l l  vo lume .  
Efforts  to p r e p a r e  a m i c r o p o r o u s  c y l i n d e r  f r o m  
porous  s i lve r  shee t  w e r e  unsuccess fu l  for  s e ve ra l  
reasons .  T h e  pores  in t he  s i lve r  shee t  w e r e  c losed 
t h r o u g h  c o l d - w e l d i n g  d u r i n g  the  f a b r i c a t i o n  of t he  
cy l inde r ,  a n d  the  shee t  was  so b r i t t l e  t h a t  i t  c r a c k e d  
in shaping .  A s i lve r  p l a t e d  s ta in less  s tee l  c y l i n d e r  
was  u n s a t i s f a c t o r y  because  t he  s t a in l e s s  s tee l  was  
a t t a c k e d  a n o d i c a l l y  t h r o u g h  the  pores  in  t he  s i lver  
coat ing.  

P l a n e  m i c r o p o r o u s  s i lve r  anodes  2 in. in  d i a m e t e r  
w e r e  m a d e  b y  p l ac ing  " s p h e r i c a l  s i lve r  p o w d e r "  in 
a soaps tone  form,  cove r ing  w i t h  a d i sk  of soaps tone ,  
a n d  s in t e r i ng  in a p r e h e a t e d  f u r n a c e  at  900~ for  
0.5 hr.  Th is  p r o c e d u r e  y i e l d e d  d i sks  h a v i n g  a r a t i o  
of vo ids  to v o l u m e  of 30 -50%.  Bo th  ac i cu l a r  and  
e l e c t r o l y t i c  s i lve r  p o w d e r  w e r e  also t r i e d  in the  

1 Present  address: Bureau of Engraving and Printing,  Washington,  
D . C .  

f ab r i ca t i on ,  b u t  the  s p h e r i c a l  s i l ve r  p o w d e r  was  
mos t  s a t i s f ac to ry .  

A t t e m p t s  to f o r m  the  s i lve r  d i sks  b y  the  a p p l i c a -  
t ion  of p r e s s u r e  a lone,  up  to 2000 l b / i n ? ,  w e r e  no t  
successful ,  b e c a use  the  s i lve r  d id  no t  c o l d - w e l d  
suff ic ient ly  to f o r m  a m e c h a n i c a l l y  s t r ong  disk.  The  
c o m b i n a t i o n  of c o m p a c t i n g  b y  p r e s s u r e  f o l l o w e d  b y  
s i n t e r i n g  at  900~ h a d  no a d v a n t a g e  ove r  h e a t i n g  
alone.  

T h e  porous  s i l ve r  d i sks  w e r e  m a d e  as th in  as 
poss ib l e  in o r d e r  to r e d u c e  the  a m o u n t  of so lu t ion  
r e q u i r e d  to r inse  the  porous  d i sks  be fo re  co l l ec t ing  
a s a m p l e  of t he  i n t e r f a c e  of t he  ba th .  Disks  h a v i n g  a 
t h i cknes s  of a b o u t  0.09 in. w e r e  t he  t h i n n e s t  ab le  to 
w i t h s t a n d  the  h a n d l i n g  in the  c l ean ing  p r o c e d u r e  
and  the  s l igh t  v a c u u m  a p p l i e d  d u r i n g  sampl ing .  

tl ' l 
o 'I 

Fig. 1. Apparatus for desalting water: A, microporous 
silver anode; B, siphon; C, pinchcock; D, nickel anode. 
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Apparatus and Procedure 
The appa ra tu s  shown  in  Fig.  1 consis ted of a 

microporous  s i lver  anode,  A, a t t ached  to an  i n -  
ve r t ed  f u n n e l  w i th  Apiezon  wax.  The  f u n n e l  was 
p rov ided  wi th  a long cap i l l a ry  syphon,  B. A p i n c h -  
cock, C, r egu la t ed  the ra te  of sampl ing-o f  the i n t e r -  
face. The  n icke l  cathode, D, was  bagged  to min imize  
t u r b u l e n c e  due  to h y d r o g e n  evolut ion .  

The appa ra tu s  was m a d e  r eady  for an  e x p e r i m e n t  
in  the fo l lowing  way.  The  i n v e r t e d  f u n n e l  a t tached 
to the  s i lver  anode was  filled wi th  an  organic  l iqu id  
immisc ib le  wi th  water .  To do this  the  anode as-  
s embly  was  pa r t i a l ly  i m m e r s e d  in  w a t e r  whi le  the 
organic liquid was poured in from the top. An or- 
ganic liquid more dense than water was chosen so 
that the aqueous solution subsequently collected 
would rise to the top. The following liquids were 
tried: a toluene-chloroform mixture (density 
1.07~~ perfluorotriethylamine (density 2.7~~ and 
tetrabromoethane (density 2.95~~ Tetrabromo- 
ethane was used in most of the experiments. 

The filled anode assembly was attached to the 
capillary syphon and was suspended in the bath. 
Electrolyses at various anodic current densities and 
rates of sampling were performed. Since the pores 
of the silver anode were filled with the water, the 
first several milliliters of liquid collected in an ex- 
periment were discarded before a sample represen- 
tative of the electrode-solution interface was col- 

lected. 
Results 

The da ta  in  Tab le  I r ep re sen t  typ ica l  resul ts  for 
the  e lectrolysis  of sod ium chlor ide solut ions.  One 
disk was  used for the 3% electrolysis  and  ano the r  
disk was  used for the 1% electrolysis .  Because the 
f o r m a t i o n  of s i lver  chlor ide  p lugged  the  in ters t ices  
of the  disk and  caused a cons iderab le  increase  in  
res i s tance  bo th  to c u r r e n t  flow and  to the  flow of 
l iquid,  a s ingle  disk could no t  be  used to make  m a n y  
successive expe r imen t s  for d e t e r m i n i n g  effects of 
c u r r e n t  dens i ty  and  of the  ra te  of col lect ion of the 
sample.  For  this  reason  the  concen t r a t i on  of sodium 
chlor ide  was  r educed  to 1%. The  order  of col lect ion 

Table I. Results of the electrolysis of NaCI solutions 
using porous silver anodes 

R a t e  of 
s a m p l i n g  R e d u c -  

Conc.  of  C u r r e n t  o f  d i f f u -  t i on  i n  
R u n  electro-  density,  s i o n  l a y e r ,  chloride, 
No.  ly te ,  % a m p / d m  ~ m i n / m l  % 

1 3 2 3.3 17.8 
2 3 3 3.3 24.5 
3 3 1 7 39.4 
4 3 2 7 45.6 
5 1 0.25 7 18.5 
6 1 0.50 7 34.3 
7 1 0.25 14 32.2 
8 1 0.5 14 73.0 
9 1 0.75 14 80.9 

10 1 0.75 17.5 27.0 

of data  was  the same as appears  in  Tab le  I. R u n  No. 
9 and  def ini te ly  R u n  No. t0 can  be a t t r i b u t e d  to the  
p lugg ing  of the  disk. The p lugg ing  is accompanied  
by the evo lu t ion  of gas which  doubt less  d i s tu rbs  
the diffusion layer .  

Discussion 
The inves t iga t ion  of the r e m o v a l  of ch lor ide  ion 

in  the diffusion l aye r  of a s i lver  anode was car r ied  
only  far  enough  to indica te  tha t  the process was 
theore t ica l ly  feasible.  The p lugg ing  of the  s i lver  
disks showed tha t  the use of this  pa r t i cu l a r  elec-  
t rode was imprac t i cab le  as a me a ns  of desa l t ing  
water .  However ,  it  is possible tha t  a more  sat is-  
fac tory  e lect rode sys tem can be developed.  

Theore t ica l ly ,  a con t inuous  desa l t ing  process 
could be devised  which  wou ld  ut i l ize  two porous  
s i lve r - s i lve r  chlor ide electrodes.  They  w ou ld  be 
placed close together ,  and  in i t i a l ly  the  desal ted  
water  would  be collected f rom one electrode.  At  
in t e rva l s  the  d i rec t ion  of the  c u r r e n t  w ou ld  be 
changed  to r egene ra t e  the e lect rode and  at  the  same 
t ime the  col lect ion of the desa l ted  wa te r  f rom the  
other  e lec t rode  would  be s tar ted.  If the two elec- 
t rodes were  placed close toge ther  to lessen res is t -  
ance, the c onsumpt i on  of e lect r ical  ene rgy  would  be 
small .  

The desa l t ing  of wa te r  by  the con t inuous  collec- 
t ion  of so lu t ion  at the  anode - so lu t i on  in te r face  dif-  
fers in  p r inc ip le  f rom the r e m o v a l  of chlor ide ion by  
use of a s i lver  anode and  cathode in  a confined 
vo lume  of solut ion.  In  the  l a t t e r  process, even  
though  al l  the  chlor ide ion were  e v e n t u a l l y  r e -  
moved  by  the s i lver  anode, an  e q u i v a l e n t  con ten t  of 
sod ium hyd r ox i de  would  replace  it, so tha t  the  solu-  
t ion wou ld  no t  be deminera l i zed .  The microporous  
electrode method,  on the o ther  hand,  is env isaged  to 
operate  in  a la rge  vo lume  of f lowing solut ion,  such 
as an  ocean, so tha t  the anode  is a lways  immersed  
in a solut ion of cons tan t  composi t ion  and  the p rod -  
ucts fo rmed  at the cathode are swept  away.  

M u r p h y  (2) has ut i l ized s i lve r - s i lve r  chloride 
electrodes to separa te  dissolved chlorides b y  an 
e l e c t r o - g r a v i t a t i ona l  method.  His me thod  is not  
d i rec t ly  comparab l e  wi th  the  microporous  electrode 
method,  since its opera t ion  depends  on the con-  
t i nued  t r e a t m e n t  of a solut ion for severa l  hours  
e i ther  in  a fixed vo lume  or as it  flows a long the 
electrodes.  

Manuscr ipt  received Aug. 19, 1959. 

Any discussion of this paper will  appear in  a Discus- 
sion Section to be published in  the December 1960 
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Oxidation Rates of K and Rb between -79~ and -20~ 

J. V.  C a t h c a r t  and G. P. Smith 

Metallurgy Division, Oak Ridge National Laboratory, Union Carbide Corporation, Oak Ridge, Tennessee 

A s tudy  of the ox ida t ion  charac ter i s t ics  of the a l -  
ka l i  meta l s  was u n d e r t a k e n  as a pa r t  of an  inves t i -  
ga t ion  of the factors which  d e t e r m i n e  the  degree  of 
p ro tec t iveness  of t h in  oxide films fo rmed  on metals .  
P r ev ious ly  pub l i shed  data  (1) r e l a t ive  to the  ox ida -  
t ion  k ine t ics  of Na indica ted  tha t  in  pur i f ied oxygen  
Na fo rmed  a h igh ly  pro tec t ive  oxide film at  room 
t e m p e r a t u r e  or be low bu t  tha t  the film became n o n -  
p ro tec t ive  af ter  long periods of ox ida t ion  in  the  
v i c in i ty  of 50~ A s imi la r  s tudy  of the  ox ida t ion  
ra tes  of K and  Rb be tween  --79 ~ and  - -20~ showed 
tha t  these  meta l s  l ikewise  fo rmed  pro tec t ive  fi lms 
at low t e m p e r a t u r e s  bu t  tha t  the  t r ans i t i on  f rom 
pro tec t ive  to nonpro tec t ive  ox ida t ion  occurred  at a 
lower  t e m p e r a t u r e  t h a n  for the  case of Na. 

Experimental  Procedure 

Oxida t ion  ra tes  of K and  Rb were  d e t e r m i n e d  by  
m e a s u r i n g  the  changes  in p re s su re  in  a closed r e -  
act ion chamber  as ox ida t ion  proceeded.  A sens i t ive  
d i f ferent ia l  m a n o m e t e r  served as the  p ressure  sens-  
ing device. Samples  of K and  Rb were  purif ied by  
carefu l  v a c u u m  dis t i l la t ion  (2) ,  and  the  ox ida t ion  
spec imens  were  p repa red  by  depos i t ing  r e l a t ive ly  
th ick  films of K or Rb on the wal l s  of the  ox ida t ion  
c h a m b e r  at  a p ressure  of a p p r o x i m a t e l y  10 7 m m  Hg. 
Deta i ls  of the appa ra tu s  and  the  e x p e r i m e n t a l  p ro -  
cedure  have  been  descr ibed e l sewhere  (1) .  

Results and Discussion 

Rate  m e a s u r e m e n t s  were  m a d e  for K at  --79 ~ 
--50 ~ - -20~ and  for Rb at --79 ~ and  --50~ Resul ts  
of typ ica l  e x p e r i m e n t s  are shown  in  Fig. 1 and  2. I n  
each figure the  n u m b e r  of moles  of oxygen  consumed  
per  square  cen t ime te r  of a p p a r e n t  surface  a rea  is 
p lo t ted  aga ins t  the  t ime  of ox ida t ion  m e a s u r e d  in  
minu te s .  

Both  K and  Rb exh ib i ted  a m a r k e d  lack of r eac -  
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Fig. 1. Oxidation of K at - -20~ and Rb a t - -50~  

t iv i ty  in  p u r e  oxygen  in  the  t e m p e r a t u r e  r a nge  cited. 
If it is a s sumed  tha t  the oxide fo rmed  as a u n i f o r m  
surface l aye r  on the specimens,  the  films p roduced  on 
K at --50 ~ and  - -79~ were  no t  more  t h a n  100A 
th ick  af ter  100,000 rain ( abou t  70 days)  of oxidat ion .  
At  h ighe r  t empera tu re s ,  - -20~ for K and  - -50~ for 
Rb, the  m a x i m u m  film th icknesses  a t t a ined  were  
p r o b a b l y  b e t w e e n  2000 and  3000A. More precise  fig- 
ures  are no t  g iven  for the  film th icknesses  because  of 
the u n c e r t a i n t y  as to the  exact  oxide composi t ions  
and  because  of the  l ikel ihood tha t  th ickness  i n h o m o -  
genei t ies  exis ted  in  the  films (3) .  

I t  wi l l  be no ted  tha t  the oxide films fo rmed  on K 
at --50 ~ a nd  - -79~ were  a lmost  comple te ly  pro tec-  
tive, bu t  at  - -20~ a t r ans i t i on  f rom pro tec t ive  to 
nonpro t ec t i ve  ox ida t ion  was  observed.  A s imi la r  
t r ans i t i on  occur red  in  oxide films fo rmed  on Rb at  
--50 ~ and  --79~ These resul t s  are also cons is ten t  
w i t h  the  ox ida t ion  charac ter is t ics  of Na for which  a 
comparab l e  behav io r  was  observed  at 48~ Thus  a 
t r a n s f o r m a t i o n  f rom pro tec t ive  to nonpro tec t ive  
ox ida t ion  occurred  for all  th ree  of the  a lka l i  meta l s  
inves t iga ted ,  and  the  t e m p e r a t u r e  at which  this  
t r a n s f o r m a t i o n  was  observed  va r i ed  i nve r se ly  wi th  
the e lec t roposi t ive  Character of the metals .  

Because  of the  ex t r eme  th inness  of the  oxide 
films and  the i r  sens i t iv i ty  to mois t  air, no sa t is fac-  
to ry  m e t h o d  has as yet  been  devised for d e t e r m i n i n g  
the i r  composi t ions.  The super  oxides, KO_o and  RbO.., 
have  b e e n  repor ted  as the  ma j o r  products  fo rmed  
d u r i n g  the  b u r n i n g  of K and  Rb in  oxygen  (4) .  
However ,  severa l  o ther  oxides have  been  repor ted  in 
the  l i t e r a t u r e  for both  K and  Rb (5) ,  a l though  com-  
ple te  m e t a l - o x y g e n  phase  d iagrams  are  ava i l ab le  
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for ne i ther .  Since the  me ta l  was  by  no means  com-  
p le t e ly  consumed  in  the  e x p e r i m e n t s  r epor ted  here,  
it  is p robab l e  tha t  the  oxide fi lms consis ted of severa l  
oxide phases  in  add i t ion  to the  supe r  oxides. 

Efforts to d e t e r m i n e  ra te  curves  at t e m p e r a t u r e s  
h ighe r  t h a n  - -50~ for Rb and  - -20~ for K were  
unsuccess fu l  because  the  ra tes  of ox ida t ion  were  too 
r ap id  to be m e a s u r e d  w i th  the  m a n o m e t r i c  t e chn ique  
u t i l ized  in  this  research.  At  room t empera tu re ,  ac-  
t ua l  b u r n i n g  of the  me t a l  occurred.  I t  was  noted,  
however ,  that ,  if the  spec imens  were  first exposed to 
oxygen  at a lower  t e m p e r a t u r e ,  e.g., --79~ and  
t h e n  the  sys tem b rough t  to room t empera tu re ,  a 
dras t ic  r educ t ion  in  the  ox ida t ion  ra te  occurred.  I n -  
s tead  of the  b u r n i n g  such as occur red  w h e n  the  c lean  
me ta l  was  exposed to oxygen  at  room t empera tu r e ,  
a s low u p t a k e  of gas was  found  to take  place over  a 
per iod  of severa l  days. Thus  the  ox ida t ion  ra tes  of K 

and  Rb, as is the case for m a n y  o ther  meta ls ,  p roved  
to be m a r k e d l y  d e p e n d e n t  on the  pr ior  history,  
especia l ly  the surface condi t ion,  of the  me ta l  speci-  
mens.  

Manuscript  received March 23, 1959. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1960 
JOURNAL. 
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The A-C Resistance of a Polarized Stainless Steel Wire Cathode 

G. M. Schmid and Norman Hackerman 

Department oS Chemistry, University o] Texas, Austin, Texas 

Resis tance m e a s u r e m e n t s  are  used c u r r e n t l y  to de-  
t e r m i n e  the a m o u n t s  of adsorbed  gas on t h in  me ta l  
films (1) .  I t  also should  be possible,  in  pr inciple ,  to 
d e t e r m i n e  the g rowth  of an  oxide l ayer  on a t h i n  
me t a l  film in  so lu t ion  by  this  method.  However ,  it  is 
u n c e r t a i n  how the  res i s tance  of an  electrode is af -  
fected by  the  so lu t ion  and  by  a polar iz ing  cur ren t .  

The  a -c  res i s tance  of p a l l a d i u m  wires  increases  
w h e n  the  me ta l  is in  ce r ta in  e lec t ro ly te  solut ions  
whi le  be ing  ca thodica l ly  charged  (2-4) .  P ro longed  
charg ing  at  h igher  c u r r e n t  dens i t ies  resul t s  in  a r e -  
s i s tance  decrease.  The increase  is due  to H2 absorp -  
t ion  and  it  has b e e n  suggested  by  K n o r r  a nd  co- 
worke r s  (5, 6) tha t  the  decrease  is due  to leakage  
t h r o u g h  the  s u r r o u n d i n g  e lect rolyte .  Conduc t iv i ty  by  
w a y  of the e lec t ro ly te  m u s t  occur v ia  a coupl ing  
wh ich  is p rov ided  by  d i s t u r b i n g  of the e lect r ical  
doub le  l ayer  (ed l ) .  In  order  to e l imina t e  the effect 
of H~ absorp t ion  the  a -c  res i s tance  of s ta inless  steel  
e lectrodes  was  fo l lowed in  this  s tudy.  The s t ruc tu re  
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Fig. 1. Circuit diagram 

of the edl was a l te red  by  pass ing a d-c  polar iz ing  
c u r r e n t  of 1-40 m a / c m  ~. 

Experimental and Results 
The cell consisted of a glass tube  a nd  two s t ra ight  

type  302 stainless  steel wires,  0.038 cm in d i ame te r  
and  30-100 cm long  (Fig. 1). The a -c  res is tance 
of the  wi re  se rv ing  as the  cathode was  measured .  
The second wire  was the  anode and  was  held  pa ra l -  
lel  to the  first, gene ra l l y  more  t h a n  0.1 cm away.  The 
e lec t ro ly te  was 0.01-1.0M Na~SO~. 

The res is tance  me a su r e me n t s ,  w i th  or w i thou t  d -c  
polar iza t ion,  were  ob ta ined  wi th  a s t a n d a r d  W h e a t -  
s tone-Br idge ,  us ing  60 cps a-c. A B r o w n - H o n e y w e l l  
recorder  wi th  its conver t e r  stage by - pa s sed  was  
used as an  au tomat ic  ba l a nc i ng  i n s t r u m e n t .  A n y  d-c  
p ickup  was e l imina t ed  by  the  t r a n s f o r m e r  in  the  
au toma t i c  ba l anc ing  u n i t  of the  r eco rde r  and  by  
us ing  a 100 ~f capaci tor  in  the  circui t .  The  vol tage  
drop along the  g rounded  cathode was  abou t  0.1 v. 
Res is tance  changes of 0.005 ohm could be measu red  
easily.  The polar iz ing  c u r r e n t  was  f u r n i she d  by  a 
90 v b a t t e r y  us ing a set of resis tors  to control  the  
c u r r e n t  and  a 10 h e n r y  choke to m i n i m i z e  a -c  p ickup 
f rom the  br idge  circuit .  I n  order  to get s ignif icant  
res i s tance  changes  the  cathode had  to be polar ized 
to the  h y d r o g e n  evo lu t ion  po ten t i a l  (at  least  to --1.1 
v vs. S CE) .  

A d d i t i o n  of solut ion a lone  has no inf luence  on the  
res i s tance  of the  cathode,  caus ing  changes  of no more  
t h a n  0.01 ohm, p rov ided  the  anode  was  more  t h a n  1 
m m  away.  On the  o ther  hand ,  Fig. 2 shows tha t  the  
res i s tance  of the  cathode drops w h e n  polar ized at  
c u r r e n t  densi t ies  g rea te r  t h a n  0.5 m a / c m  ~, thus  i nd i -  
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cat ing  add i t iona l  conduc t ion  by  the  su r round ings .  
The  res i s tance  changes  are re la ted  n o n l i n e a r l y  to 
the  l eng th  of the  w i r e  in  solut ion.  

Aside  f rom immersed  wi re  length,  the  res i s tance  
decrease  at cons tan t  polar iz ing  c u r r e n t  dens i ty  was  
inf luenced  by  the  d i s tance  b e t w e e n  anode  and  ca th -  
ode. This  indica tes  t h a t  the  anode  as wel l  as the  e lec-  
t ro ly t e  is pa r t  of the  a -c  conduc t ing  sys tem at  smal l  
separa t ions  (Fig. 2).  The  inf luence  of so lu t ion  con-  
cen t r a t i on  is shown  in  Fig. 3. U n d e r  the  same con-  
d i t ions  except  w i th  0.001M Na~SO~ the r e  was  no re -  
s i s tance  change.  

In  all  cases the  res i s tance  changes  occurred  in  less 
t h a n  2 sec, i nd ica t ing  the absence of h y d r o g e n  di f -  
fus ion  effects. The  i~R-effect was  neg l ig ib ly  small ,  
va lues  ob ta ined  be ing  s teady over  a 5 - m i n  period.  
The changes  were  revers ib le  and, for a g iven  elec-  
t rolyte ,  a g iven  d is tance  be tween  anode  and  cathode, 
and  a g iven  "ai r"  res i s tance  of anode and  cathode, 
e n t i r e l y  reproducib le .  

Discussion 
Coehn and  Specht  (7) car r ied  out s imi la r  expe r i -  

m e n t s  on p a l l a d i u m  and  also observed  drops in  r e -  
s is tance p ropor t iona l  to the po la r iz ing  cur ren t .  They  
exp la ined  the i r  effects by  the add i t iona l  conduc t iv i ty  
by  h y d r o g e n  in  the  me t a l  in  excess of s a tu r a t i on  con-  
cen t ra t ion .  This e x p l a n a t i o n  is no t  su i t ab le  for s t a in -  

less steel because  of the  rap id  res is tance  changes  and  
the rap id  r ecove ry  of o r ig ina l  res i s tance  af ter  
swi tch ing  off the  d -c  po la r i z ing  cur ren t .  This  makes  
diffusion effects h igh ly  improbab le .  

The  t r a n s i t i o n  res i s tance  b e t w e e n  cathode and  
s u r r o u n d i n g s  seems to be  ve ry  h igh as long  as the  
cathode is no t  polarized.  Af t e r  the  po la r iz ing  c u r r e n t  
has shif ted the  po ten t i a l  of the  e lect rode to a h igh  
enough  nega t i ve  value ,  the  a.c. is able  to oxidize 
and  reduce  some species according to its own  f re -  
quency,  thus  pass ing  into solut ion.  Moreover ,  wi th  
increas ing  c u r r e n t  densi ty ,  i.e., i nc reas ing  nega t ive  
potent ia l ,  the  cathode me t a l  is sufficiently displaced 
f rom its zero po in t  of charge  so tha t  there  should  be 
an  adsorbed  l aye r  of cat ions  and  o r ien ted  w a t e r  d i -  
poles in  close contact .  This  m a y  cause a f u r t h e r  drop 
in  resis tance.  

The  same effect, w i th  reverse  sign, should  be ex -  
pected at the  anode,  and  this  was  verif ied expe r i -  
men ta l ly .  The res i s tance  changes  are  in  the  same 
order  of magn i tude .  

It  seems there fore  tha t  the  res i s tance  of the  sys-  
t em in  a polar ized  state  consists of the  res i s tance  of 
the  cathode and  the  anode  plus  a t r ans i t i on  res is t -  
ance or coupl ing  capaci tance  on e i ther  side p lus  the  
res is tance  c on t r i bu t e d  by  the electrolyte .  Al l  these 
add i t iona l  res is t iv i t ies  canno t  be cons idered  as p a r a l -  
lel to the cathode b u t  r a the r  as diffuse a nd  effective 
over  the whole  cathode surface.  Thus  a l i n e a r  r e l a -  
t ionship  b e t w e e n  res i s tance  change  and  l eng th  of the 
cathode should  no t  be expected.  

In  order  to get conclus ive  da ta  conce rn ing  oxide 
films on t h i n  w or k i ng  electrodes by  obse rv ing  its 
res is tance  change,  one has to work  in  e lec t rolytes  of 
ve ry  low conduct iv i ty ,  o therwise  the  da ta  t a k e n  
d u r i n g  the  flow of a d-c  po la r iz ing  c u r r e n t  are  m e a n -  
ingless.  

F u r t h e r  s tudies  in  this  field should  inc lude  the  f re -  
quency  dependence  of the  t r ans i t i on  res i s tance  and  
the  effects of specifically adsorbed ions a nd  surface  
act ive substances .  
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Some app rox ima te  figures have  a l r eady  been  
quoted  (1) for segrega t ion  coefficients in  a l u m i n u m  
an t imonide ,  b u t  it  was  cons idered  necessary  to ob-  
ta in  accura te  va lues  for those e lements  which  i n -  
f luence the e lectr ical  p roper t i es  of the compound ,  
and  also those which  are c o m m o n  impur i t ies .  

The t echn ique  adopted  was  to use rad ioac t ive  
tracers,  p r epa red  by i r r ad i a t i ng  each i m p u r i t y  in  
the B.E.P.O. pi le  at Harwel l .  Since no su i t ab le  iso- 
tope of ca rbon  could be made  by  this method,  car -  
bon-14  was ob ta ined  f rom the  rad iochemica l  cen te r  
at  Amer sham.  I t  was found  conven i en t  to m e a su r e  
act iv i t ies  w i th  a l iqu id  counter .  As the  ene rgy  of the  
beta  r ad ia t ion  f rom ca rbon-14  and  f rom su l fu r -35  
was too weak  to be detected wi th  this counter ,  they  
were  p rec ip i ta ted  wi th  car r ie rs  as b a r i u m  sul fa te  
and  carbonate ,  respect ively ,  and  measu red  w i th  an  
end  w i n d o w  Geiger  counter .  M a g n e s i u m  was  used  
in  the inac t ive  form and  es t imated  wi th  a mass 
spectrograph,  a l though  the  accuracy  of this  me thod  
was somewha t  less t h a n  would  be ob ta ined  by  the 
rad iochemica l  method.  

The  i m p u r i t y  concen t r a t i on  at any  poin t  a long 
an  ingot  p roduced  by  n o r m a l  f reezing is 

C = kC, (1 --  g)~-i [1] 

where  C is the  concen t r a t i on  at  the point  w he r e  a 
f rac t ion  g of the ingot  has solidified, Co is the  or igi -  
na l  concen t r a t i on  in  the melt ,  and  k is the segrega-  
t ion  coefficient. 

At  the f ron t  of the ingot,  where  g is a lmost  equa l  
to zero, the equa t i on  becomes 

C =- kCo [2] 

Thus,  by  m e a s u r i n g  the  concen t ra t ion  at the  f ron t  
of the ingot  and  the average  concent ra t ion ,  k can 
be de te rmined .  

The condi t ions  of our  e x p e r i m e n t  did not  conform 
s t r ic t ly  to those r equ i r ed  for e q u i l i b r i u m  segrega-  
t ion and  so the  m e a s u r e d  va lues  of k can be r e -  
garded only  as observed  values ,  i.e., as wou ld  be 
.encountered  in  pract ice.  

Mi l l ig ram quan t i t i e s  of each i m p u r i t y  e l emen t  
were  me l t ed  by  h i g h - f r e q u e n c y  induc t ion  hea t ing  
wi th  35 g of a l u m i n u m  a n t i m o n i d e  in a " P u r o x "  
a l u m i n a  boat  in  an  a tmosphere  of pure,  d ry  argon.  

The mel t  was held at  1200~ for 5 min,  d u r i n g  
which  t ime the s t i r r ing  induced  by  the  h i g h - f r e -  
q u e n c y  field p roduced  tho rough  mix ing .  The  boa t  
then  was d r a w n  out  of the f u r na c e  at a ra te  of 5 
in. h r  -1, causing n o r m a l  f reez ing  a long the  whole  
l eng th  of the charge.  

The f ron t  5% of the ingot  was  cut  off, and  this  
and  the  r e m a i n i n g  piece we ighed  and  dissolved in  
a m i x t u r e  of hydrochlor ic  and  n i t r i c  acids. A su i t -  
able  a l iquot  was t a k e n  f rom each so lu t ion  and  the 
ac t iv i ty  was measured .  The ac t iv i ty  of the smal le r  
piece gave the concen t r a t i on  of the  f ron t  of the i n -  
got C, and  tha t  of the  la rger  piece was  t a ke n  to be  
the  average  concen t ra t ion  Co. The  slope of the n o r -  
ma l  f reezing curve  at  the f ron t  of the  ingot  is smal l  
for all  va lues  of k; there  is thus  no signif icant  loss 
of accuracy  in t ak ing  C to be the  average  concen-  
t r a t i on  of the f ron t  5%. The  segrega t ion  coefficients 
of severa l  e lements  are  quoted  in  Tab le  I. 

I t  was not iced in  some cases t ha t  an  apprec iab le  
a m o u n t  of ac t iv i ty  was  be ing  lost  by  vola t i l iza t ion.  
Cons idera t ion  of vapor  pressures  ind ica ted  tha t  this  
was l ike ly  wi th  zinc, cadmium,  sul fur ,  se len ium,  
a nd  t e l lu r ium.  This loss increased  a long the l eng th  
of the  ingot,  be ing  grea tes t  at  the  end  which  was  
last  to freeze, and  so lowered  the  i m p u r i t y  concen-  
t r a t ion  and  hence  the  m e a s u r e d  va l ue  of Co. This  
gave a ve ry  h igh a p p a r e n t  va lue  for the segregat ion  
coefficient, us ing  Eq. [2].  

In  the  pract ica l  use  we  are in te res ted  in  the ove r -  
all  pur i f ica t ion by  both  evapora t ion  and  segregat ion.  

Tab{e I. 

I m p u r i t y  Segregat ion  Purif ica-  
e lement  coeff ic ient  t ion f a c t o r  

Magnesium 
Carbon 
Silicon 
German ium 
Tin 
I ron 
Copper 
Manganese 
Cobalt 

Zinc 
Cadmium 
Sulfur  
Selenium 
Tel lur ium 

0.1 
0.6 
0.1 
1.2 
1.0 
0.02 
0.01 
0.01 
0.002 

0.02 
0.002 
0.003 
0.003 
0.01 
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This  can be ob ta ined  by t ak ing  the  ra t io  of the con-  
c e n t r a t i o n  of the  ac t iv i ty  in  the f ron t  5% of the  in -  
got, to tha t  of the i m p u r i t y  o r ig ina l ly  added, and  
gives an  ind ica t ion  of the pur i f ica t ion  ob ta ined  
u n d e r  condi t ions  in  which  vo la t i l i za t ion  is occurr ing.  
These ratios,  which  we have  descr ibed  as pur i f ica-  
t ion  factors, are  also g iven  in  Tab le  I. A l t h o u g h  
they  are c lear ly  d e p e n d e n t  on the  condi t ions  of the  
expe r imen t ,  they  do give an ind ica t ion  of the  be -  
hav io r  of these impur i t i e s  tha t  could be expected on 
zone ref in ing  a l u m i n u m  an t imonide .  
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Corrections 

In the discussion of the paper by P. E. Lake and 
E. J. Casey, "The Anodic Oxidation of Cadmium, 
I. Mechanism of Film Formation," which appeared 
in the June 1959 JOURNAL, in column 1 on page 533 

I t'p I t'p 
it  should  read  R~ - -  r a the r  t h a n  R 2 - - - -  

t~ § t'p t~ t'p 

In the paper by B. Schwartz, "The Use of Organo- 
Substituted Hydrolyzable Silanes on Silicon De- 
vices," which appeared in the October 1959 JOURNAL, 
the following corrections should be made: 

Page 871, column i, paragraph 2, line 4--"... 

whi le  R is an  o r g a n i c . . . "  should read  " . . .  where  R 
is an  o r g a n i c . . . "  

Page  871, c o l u m n  2, p a r a g r a p h  1, l ine  5 - - " . . .  th is  
t e chn ique  is the  one p re fe r red  to . . ." should  read  
" . . .  this  t e c hn i que  is the  one re fe r red  t o . . . "  

Page 872, Tab le  I, c o l u m n  6, and  Tab le  III, c o l u m n  
1--"I~, ~a'" should read  "I~, m~a" 

Page  873, c o l u m n  2, p a r a g r a p h  3, l ine  3 - - " . . .  
c rea t ing  a si l icon coat ing on the  surface  . . ." should  
read  " . . .  c rea t ing  a si l icone coat ing on the  s u r -  
f a c e . . . "  

Page  873, Refe rence  3--"General  Electric Rec." 
should read  "General Electric Rev." 



Observations on the Fe-Cr-O System 
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ABSTRACT 

An i so thermal  phase d iag ram for the F e - C r - O  sys tem is presented  for 
1300~ which, wi th  a minor  modification, holds  for 1000~ I t  is observed  tha t  
F e - C r  al loys containing over  13% Cr are in equi l ib r ium wi th  Cr~O~ containing 
a l i t t le  dissolved Fe~O3. Al loys  of lower  ch romium content  are  in equ i l ib r ium 
wi th  i ron chromite  of var iab le  composit ion of the  type  FeCr~O4. Evidence is 
presented  indica t ing  tha t  when  the spinel  forms nex t  to the  meta l  a pronounced 
in te rna l  oxidat ion  occurs. However ,  h igher  chromium alIoys wi th  Cr~O~ nex t  
to the meta l  show no tendency  for in te rna l  oxidat ion.  An  oxygen p res su re -  
composit ion d iag ram for the  ent i re  sys tem is also presented.  Marke r  exper i -  
ments  made  dur ing  the oxida t ion  of 20% Cr and 30% Cr al loys suggest  tha t  
Cr~O8 is fo rmed  almost  en t i re ly  by  cat ion (Cr § diffusion. 

Many investigators have been concerned with the 

oxidation kinetics of the industrially important Fe- 
Cr alloys. However, before the kinetics can be eval- 
uated properly, the equilibria involved should be 
well established. The work of Yearian, Randell, and 

Longo (1) ,  conduc t ed  b e t w e e n  700 ~ to 1160~ was  
p r i m a r i l y  a k ine t i c  s tudy ,  b u t  t he se  w o r k e r s  p r e -  
s en ted  an  a p p r o x i m a t e  p h a s e  d i a g r a m  w h i c h  ag rees  
in m a n y  es sen t i a l s  w i t h  t he  p r e s e n t  i nves t i ga t i on  
and  w i t h  t h e  s l i g h t l y  l a t e r  w o r k  of W o o d h o u s e  and  
W h i t e  (2) .  The  i n v e s t i g a t i o n  of Yea r i an ,  et al. (1) 
as ju s t  m e n t i o n e d  was  no t  p r i m a r i l y  an  e q u i l i b r i u m  
s tudy ,  and  in a d d i t i o n  the  scales  t h e y  o b s e r v e d  w e r e  
inf luenced  b y  the  p r e s e n c e  of s ign i f ican t  a m o u n t s  of 
m a n g a n e s e ,  s i l icon,  and  c a r b o n  in t he  c o m m e r c i a l  
s tee ls  t h e y  s tud ied .  

The  w o r k  of R i c h a r d s  and  W h i t e  (3) ,  a n d  in 
p a r t i c u l a r  t he  c lose ly  r e l a t e d  i n v e s t i g a t i o n  of W o o d -  
house  a n d  W h i t e  (2) ,  p r e s e n t e d  c o n s i d e r a b l e  i n -  
f o r m a t i o n  on e q u i l i b r i a  in th i s  sys tem.  O n l y  v e r y  
l i t t l e  of t he  f indings  of R i c h a r d s  a n d  W h i t e  (3)  
can  be  c o m p a r e d  d i r e c t l y  w i t h  t he  p r e s e n t  s tudy  
s ince  t hese  i n v e s t i g a t o r s  w e r e  m o r e  conce rned  w i t h  
t he  effects of r a t h e r  w i d e  v a r i a t i o n  in t e m p e r a t u r e  
t h a n  w i t h  e s t ab l i sh ing  p h a s e  b o u n d a r i e s  a t  con-  
s t an t  t e m p e r a t u r e ,  as in t he  p r e s e n t  case. In  add i t ion ,  
t h e y  s t u d i e d  e q u i l i b r i a  w h i c h  w e r e  s t ab l e  in the  
p a r t i a l  p r e s s u r e  of o x y g e n  in a i r .  On the  o t h e r  hand .  
t he i r  q u a l i t a t i v e  f indings  r e l a t i n g  to the  M=O~-M~O~ 
e q u i l i b r i a  a r e  in a g r e e m e n t  w i t h  r e su l t s  p r e s e n t e d  
here .  

H o w e v e r ,  t he  t e n t a t i v e  i s o t h e r m a l  p h a s e  d i a g r a m  
p r e s e n t e d  b y  W o o d h o u s e  and  W h i t e  (2)  ( fo r  t e m -  
p e r a t u r e s  b e t w e e n  560~ a n d  the  so l idus )  can  be  
c o m p a r e d  d i r e c t l y  and  q u a l i t a t i v e l y  w i t h  t h e  p r e s e n t  
i nves t iga t ion .  I t  shou ld  be  e m p h a s i z e d  t h a t  W o o d -  
house  and  W h i t e  cons ide red  t h e i r  F e - C r - O  i s o t h e r -  
ma l  phase  d i a g r a m  as on ly  s e m i q u a n t i t a t i v e .  Con-  
s ide r ing  the  l i m i t e d  a m o u n t  of i n f o r m a t i o n  a v a i l a b l e  
to these  i nves t i ga to r s ,  i t  is r e m a r k a b l e  t h a t  t h e i r  
e s t i m a t i o n  of  t h e  n a t u r e  of t h e  s y s t e m  shou ld  a g r e e  

so well, on a qualitative basis, with the findings to 
be reported in the present investigation. This agree- 
ment is particularly remarkable in view of the fact 
that Woodhouse and White conducted no equilibrium 
studies involving a metal phase, but confined them- 
selves experimentally to the study of oxide equili- 

bria. 
I t  w o u l d  r e q u i r e  an  i n o r d i n a t e  a m o u n t  of space  to  

r e v i e w  in de t a i l  t he  r e su l t s  of t he  v a r i o u s  o b s e r v a -  
t ions m a d e  on the  o x i d a t i o n  of F e - C r  t y p e  ma te r i a l s ,  
i nc lud ing  s t a in less  steels .  H o w e v e r ,  t he  n a t u r e  of 
t he  scales  o b s e r v e d  in a few of t he  m o r e  s igni f icant  
p a p e r s  m i g h t  be  l i s t ed  br ief ly .  R i c k e t t  and  Wood  
(4)  ox id i zed  12-28% C r - F e  a l loys  in o:~ygen at  
980 ~ and  1090~ a n d  found  sp ine l  (FeCr~O4) and  
Cr~O~ on the  ins ide  and  Fe~O~ on the  ou t s ide  of t h e  
scale.  The  n a t u r e  and  n u m b e r  of t he  l a y e r s  d e -  
p e n d e d  on c h r o m i u m  c on t e n t  and  t e m p e r a t u r e .  
M c Cu l lough  and  F o n t a n a  (5)  f o u n d  t h a t  on s t a i n -  
less s tee ls  h e a t e d  in o x y g e n  to 980~ sp ine l  f o r m e d  
n e x t  to t he  me ta l ,  b u t  as t he  o x i d a t i o n  p r o c e e d e d  
Fe~O~ was  p r e d o m i n a n t  in  t he  scale.  C a p l a n  and  
Cohen  (6)  used  c o m m e r c i a l  F e - C r  a l loys  con ta in ing  
11-26% Cr w i t h  0.3% St, and  ox id i zed  t h e i r  a l loys  
a t  1600~ to 2000~ in d r y  and  moi s t  air .  Cr~O~ and  
sp ine l  in  v a r i o u s  p r o p o r t i o n s  w e r e  o b s e r v e d  as t he  
p r i n c i p a l  scale  componen t s .  No e s s e n t i a l l y  p u r e  i ron  
oxides ,  such as FelOn, w e r e  o b s e r v e d  a p p a r e n t l y  

u n d e r  t he  cond i t ions  of t h e i r  e x p e r i m e n t s .  M o r e a u  

(7)  s t ud i e d  a w i d e  r a n g e  of F e - C r  a l loys  at  800 ~  

1250~ and  is one of t he  few a u t h o r s  who  r e p o r t s  
F e O  as a s t ab le  ox ide  ( m i x e d  w i t h  FeCr20~) n e x t  

to t he  me ta l .  M o r e a u  a p p a r e n t l y  o b s e r v e d  th is  m i x e d  

sca le  r e g a r d l e s s  of t he  c h r o m i u m  c o n c e n t r a t i o n .  

Yea r i an ,  Rande l l ,  a n d  Longo  (1)  f o u n d  p r a c t i c a l l y  

a l l  poss ib l e  ox ides  d e p e n d i n g  on t h e  p a r a m e t e r s  of 

compos i t i on  and  t e m p e r a t u r e .  T h e i r  m a i n  f indings  

can  be  s u m m a r i z e d  as c h a r a c t e r i z i n g  two  k i n d s  of 

scale :  t y p e  A ( low r a t e s  of a t t a c k )  cons i s t ing  p r i -  

m a r i l y  of Cr~O~ w i t h  some  d i s so lved  FelOn, a n d  t y p e  
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B scales whe re  a t t ack  is severe.  In  the  l a t t e r  scales, 
the sp ine l  of the  type  FeCr~O~ is p r e d o m i n a n t .  

In  r e v i e w i n g  the l i t e r a tu r e  of the  ox ida t ion  of 
F e - C r  alloys, the  somewha t  confused  s u m m a r y  jus t  
p re sen ted  is qui te  typical .  This  lack of ag r e e me n t  
is due  p r i m a r i l y  to the  fact tha t  the  types  of scale 
fo rmed  are  a sens i t ive  f u n c t i o n  of t e m p e r a t u r e ,  
chromium content, atmosphere, time of exposure, 

impurities present, and possibly other factors. How- 
ever, it seems reasonably clear that the following 
oxides can be present depending on composition and 

oxygen partial pressure: FeO, Fe30~, FelOn, Cr~Os, 
and FeCr~O,. These last two oxides require addi- 
tional discussion. It has been established by Wret- 

blad (8) and by others that Fe~O, and Cr203 form 
a continuous series of solid solutions. In addition, 
Yearian, et al. (I) and Caplan and Cohen (6) found 
evidence for some Fe~O, d~ssolved in the Cr~O,-type 
scales. The spinel FeCr~O, is not necessarily stoichi- 
ometric, but this cubic oxide forms a solid solution 
series with Fe,O,. This has been demonstrated very 
well by Yearian, Kartwright, and Langenheim (9) 
who found that the lattice parameter of these solid 
solutions is not a single valued function of the com- 

position, due to lattice sites being occupied differ- 
ently as Cr +' ions are replaced by Fe +' ions. 

In the work which follows, the primary object 
has been to outline the isothermal sections at i000 ~ 
and 1300~ The oxygen equilibrium pressure is in 
general different in different parts of the system. 

Experimental Methods 
F e - C r  al loys in  the  r ange  1-70% Cr were  made  

us ing  Fe r rovac  ( v a c u u m - m e l t e d  e lec t ro ly t ic  i ron)  
and  h y d r o g e n - t r e a t e d  e lec t ro ly t ic  ch romium.  In  
order  to m a i n t a i n  good cont ro l  over  composi t ion,  the  
al loys were  p r e p a r e d  as 50-g b u t t o n s  in  an  ine r t  
arc furnace .  Af te r  homogen iz ing  hea t  t r e a t m e n t s  at 
1000~ or above in  a h y d r o g e n  a tmosphe re  d u r i n g  
the  processing,  the  al loys were  m a i n l y  f inished as 
ho t - ro l l ed  (600~ s t r ip  0.015 in. thick.  Samples  
used for  the  ox ida t ion  t r e a t m e n t  were  u sua l l y  
1/2 x 1 in. rec tangles ,  whose flat surfaces were  
ab r aded  wi th  var ious  grades  of wet  or d ry  ca rbor -  
u n d u m  paper .  The  180 grade  of pape r  was  found  to 
be be t t e r  t h a n  some of the  f iner  gr i ts  because  the  
oxide fo rmed  s u b s e q u e n t l y  d u r i n g  h i g h - t e m p e r a t u r e  
ox ida t ion  t r e a t m e n t s  t e n d e d  to be be t t e r  anchored  
to the  sample.  I t  was  des i red to keep the  oxide on 
the  me ta l  surface to secure equ i l i b r a t i on  wi th  the  
m e t a l  phase.  

The  gene ra l  p rocedure  for ox ida t ion  was  to form 
a t h i n  oxide layer  on the  surface  and  then  to "equ i l -  
ib ra te"  the  oxide w i th  the  me ta l  by  hea t ing  at 1000 ~ 
or 1300~ in  an  a rgon  a tmosphere .  By fo rming  a com-  
p a r a t i v e l y  t h i n  oxide l aye r  on the  surface,  insuffi-  
c ient  me t a l  was  used up  in  f o rming  the  oxide to 
change  the  a l loy composi t ion  apprec iab ly ,  at  least  in  
most  ins tances .  Where  cons iderab le  ox ida t ion  oc- 
curred,  the  e x p e r i m e n t  was  repea ted  or the  sample  
was  no t  used for d e t e r m i n i n g  a phase  bou nda r y .  
T r u e  equ i l i b r a t i on  b e t w e e n  the  me ta l  and  oxide 
phase  wou ld  r equ i re  accura te  cont ro l  of the  oxygen  

pa r t i a l  p re s su re  and,  in  genera l ,  each F e - C r  al loy 
would  r e qu i r e  a different  oxygen  pressure.  However ,  
as wil l  be d e m o n s t r a t e d  short ly ,  most  of the  alloys 
are in  e q u i l i b r i u m  wi th  Cr~O, con t a in ing  a smal l  
a m o u n t  of FelOn. Since the  dissociat ion p ressure  of 
Cr20~ is so low, abou t  10 -1~ a t m  at  1300~ the  ra te  
of b r e a k d o w n  of Cr~O~ in  p u r e  a rgon  w o u l d  be ve ry  
small .  Hence,  the  prac t ica l  dif ference b e t w e e n  con-  
t ro l l ing  the  oxygen  pressure  at 10 -16 a t m  a nd  us ing  
a rgon  is neg l ig ib le  for equ i l i b r i a  i n v o l v i n g  Cr~O~. 
This  same r ea son ing  can be appl ied  to cases where  
FeCr~O, or more  accura te ly ,  Fe Fe(~_~ CrxO, [x -  
----0--2] solid solut ion,  is s table.  This  is t r ue  for 
composi t ions  n e a r  FeCr.~O, bu t  no t  for spinels  of 
low c h r o m i u m  content .  In  the  v ic in i ty  of Fe~O, or 
Fe~O,, the  dissociat ion p ressure  is sufficiently h igh 
so tha t  r ap id  b r e a k d o w n  of the  oxides in  argon 
occurs. 

The p r i m a r y  object  of the  phase  e q u i l i b r i u m  s tudy  
was  to es tab l i sh  the  tie l ines  b e t w e e n  me ta l  phase 
and  oxide phase.  Whi le  the  ident i f ica t ion of the  
ox ide-ox ide  equ i l i b r i a  was of secondary  impor tance ,  
it  was possible  to es tabl ish  these  bounda r i e s  also. 

Alloy-Oxide Equilibration Experiments 
It  is obvious  of course tha t  as long as one is us ing  

al loys fa r  r e m o v e d  f rom a phase  b o u n d a r y ,  the  
a m o u n t  of c h r o m i u m  r e move d  f rom the  a l loy d u r -  
ing ox ida t ion  is no t  critical.  However ,  if one is close 
to a cr i t ical  composit ion,  one should no t  r emove  an  
apprec iab le  f rac t ion  of c h r o m i u m  f rom the  al loy if 
the  phase b o u n d a r y  is to be located w i th  a h igh 
degree  of accuracy.  The accuracy  a imed  at was  about  
-- 1% Cr. 

In  genera l ,  the  smal l  u x 1 in. s t r ips  were  oxi-  
dized br ief ly  in  1 a tm of d ry  oxygen  for 1-5 min  at 
t e m p e r a t u r e s  r a n g i n g  f rom 600 ~ to 1000~ depend-  
ing on c h r o m i u m  content .  The h igher  c h r o m i u m  
alloys r e q u i r e d  more  severe oxidiz ing condi t ions  to 
secure enough  scale for Debye  camera  x - r a y  or 
e lec t ron  di f f ract ion identif icat ion.  Af te r  a few mi l -  
l i g rams  of oxide  were  fo rmed  on the  surface,  the 
samples  were  t r a n s f e r r e d  to a fu rnace  opera ted  at 
1000 ~ or 1300~ and  equ ipped  wi th  a v a c u u m - t i g h t  
mu l l i t e  t u b e  con t a in ing  a s t a g n a n t  a rgon  a tmos-  
phere.  The e qu i l i b r a t i on  t r e a t m e n t  was  u sua l l y  at 
least  24-hr  long and  somet imes  over  65 hr  in d u r -  
at ion.  The  samples  s t and ing  on edge on a ceramic  
boat  could be  pushed  in to  or out  of the  hot  zone 
w i t hou t  d i s t u r b i n g  the a rgon  a tmosphere .  The ob- 
ject  of the e qu i l i b r a t i on  was twofold:  (a) to al low 
sufficient t ime  for the  composi t ion  of the  oxide to 
ad jus t  to the  e q u i l i b r i u m  composi t ion  of the  meta l  
phase, and  (b)  to smooth out  local concen t ra t ion  
g rad ien t s  in  the  me ta l  at the  m e t a l / o x i d e  interface.  
Because the  sur face  of the a l loy  was  robbed  to some 
ex ten t  of c h r o m i u m  to form a c h r o m i u m - c o n t a i n i n g  
scale, the  e qu i l i b r a t i on  t r e a t m e n t  se rved  to re -  
es tabl ish  a u n i f o r m  c h r o m i u m  con ten t  across the 
th ickness  of the  sheet. 

For  v e r y  low c h r o m i u m  alloys w he r e  ox ida t ion  
was  severe, or  in  cases where  be t t e r  control  over  the 
degree  of ox ida t ion  was necessary ,  samples  were  
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sealed in  SiO2 capsules.  In  these  capsules,  samples  
were  m o u n t e d  on m o l y b d e n u m  bracke t s  to p r e v e n t  
contact  wi th  SiO~. Also sealed in to  the  capsule  was  
a smal l  a m o u n t  of FeO w r a p p e d  in  i ron  foil. The 
F e / F e O  e q u i l i b r i u m  pressure  at  1300~ is abou t  
10 -~1 atm, which  was  more  t h a n  enough  to s tabi l ize  
a n y  e q u i l i b r i u m  scale in  the en t i r e  system. These 
capsules were  pa r t i a l l y  filled w i t h  purif ied argon,  
a f ter  exhaus t i ng  the  air, to p r e v e n t  collapse of the  
SiO~ at 1300~ Equ i l i b r a t i ons  u s u a l l y  were  car r ied  
out  on the  encapsu la t ed  samples  by  aga in  encap-  
su la t ing  t h e m  in  a SiO~ tube  w i t h o u t  the  FeO. 

Experimental Results 

Oxidiz ing  and  equ i l i b r a t i ng  r u n s  are s u m m a r i z e d  
in  Tables  I and  II, which  give x - r a y  and  e lec t ron  
diffract ion resul ts ,  v i sua l  and  me ta l log raph ic  obser -  
va t ions  at 1000 ~ and  1300~ respect ively .  I t  wi l l  be 
no ted  tha t  sp ine l  solid solut ion (FeFe~_~)Cr~O~) was 
fo rmed  at  low c h r o m i u m  concent ra t ions ,  and  tha t  
Cr~O~ cons t i tu ted  the  scale at h igh  c h r o m i u m  con-  
tents ;  this  was  t rue  both  at 1000 ~ and  1300~ H o w -  
ever, at a c h r o m i u m  level  cen te r ing  abou t  13 %, bo th  
Cr,O~ and  the  spinel  were  somet imes  observed.  It  
wi l l  be noted,  however ,  tha t  as the  c h r o m i u m  con-  
t en t  g r adua l l y  increases,  the  sp ine l  p a t t e r n  becomes 
weaker ,  and  the  Cr~O2 p a t t e r n  becomes co r respond-  
ing ly  s t ronger .  This  is ind ica ted  in  bo th  Tab le  I a nd  
II. 

It  was somet imes  observed  tha t  the  color of the  
scale could be a v e r y  sens i t ive  ind ica to r  of compos i -  
t ion, p a r t i c u l a r l y  since Cr~O~ and  the  spinel  are  so 
di f ferent  in  color. Note the  v i sua l  observa t ions  in  
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cen te r  of Tab le  I n e a r  14% Cr. Accord ing  to this, 
the  cr i t ical  composi t ion for spinel  or Cr~O~ fo rma t ion  
is b e t w e e n  12.8 and  13.6% Cr, whereas  the x - r a y  
data  showed no CrfO~ for the 13.6% Cr alloy. This  
last  r esu l t  is p r o b a b l y  due to the  fact tha t  x - r a y  dif-  
f rac t ion  f r e q u e n t l y  fails to ind ica te  a phase  p re sen t  
in  m i n o r  amoun t .  

Whi le  in  the  absence  of a subscale  two oxide l ayers  
wou ld  s igni fy  lack of equ i l i b r ium,  this  is not  t r ue  
for the  subscales  fo rmed  here  in  the  v i c in i ty  of 13% 
Cr. This is because,  as wi l l  be d e m o n s t r a t e d  short ly,  
at this  composi t ion a t h r e e - p h a s e  field makes  its ap-  
pearance .  This  t h r e e - p h a s e  field w idens  w i th  i n -  
c reas ing  oxygen  conten t ,  a n d  it  is the re fore  to be  
expected  tha t  if m u c h  i n t e r n a l  ox ida t ion  occurs, 
both  sp ine l  and  Cr~O~ as wel l  as the  a lpha  solid so lu-  
t ion  can coexist. 

However ,  for this  same reason  it was  desired, in  
es tab l i sh ing  the  cr i t ical  F e - C r  al loy composi t ion 
which  divides  Cr.~O~ scales f rom the  sp ine l  scales, to 
avoid excessive oxidat ion,  both e x t e r n a l  and  i n t e r -  
nal .  This  was  necessa ry  in  order  to shgink the  com-  
posi t ion  w i d t h  over  which  both  oxides coexist  to a 
po in t  on the  F e - C r  b i n a r y  b o u n d a r y  of the  i so ther -  
ma l  phase  d iagram.  In  order  to accompl ish  this  a im 
the  capsule  e x p e r i m e n t  descr ibed above u n d e r  
e x p e r i m e n t a l  methods  was  used. In  this  m a n n e r ,  by  
the  use of the  decomposi t ion  p ressure  of i r o n - s a t u r -  
a ted FeO at 1000 ~ and  1300~ it  was  possible  to 
fo rm such a t h in  fi lm of oxide ( abou t  200 tLg/cm 2) 
tha t  an  i nconsequen t i a l  a m o u n t  of c h r o m i u m  was  
used up. Hence,  concen t r a t i on  va r i a t i ons  across the  
cr i t ical  c h r o m i u m  con ten t  could be avoided,  and  

Table I, 1000~ scaling experiments 

% Cr O x i d a t i o n  E q u i l i b r a t i o n  X - r a y  or e l ec t ron  V i s u a l  & R u n  
ana lys i s  t r e a t m e n t  in  a rgon  di i~ract ion  r e su l t s  m e t a l l o g r a p h i c  exam.  No. 

0.954 1 min  O~ 1000~ 24 hr 1000~ Spinel 
1.94 1 min  O= 1000~ 24 hr 1000~ Spinel 
2.87 1 min  O, 1000~ 24 hr 1000~ Spinel 
3.91 1 rain 0,2 1000~ 24 hr  1000~ Spinel 
4.95 1 min  O= 1000 =C 24 hr  1000~ Spinel 
5.86 1 rain O~ 10000C 24 hr 1000~ 
6.83 1 min  O, 1000~ 24 hr  1000~ Spinel 
7.90 1 min  O~ 1000~ 24 hr 1000~ 
8.84 1 rain O~ 1000~ 24 hr  1000~ Spinel 
9.94 5 rain 02 1000~ 64 hr  1000=C Spinel 

10.78 5 rain 02 ]000=C 64 hr 1000~ Spinel 
11.02 5 min  O.~ 1000~ 64 hr  1000~ Spinel 
12.8 5 rain O~ 1000~ 64 hr  1000~ Spinel 
13.6 5 rain O~ 1000~ 64 hr  1000~ Spinel 
14.4 5 min  O2 1000~ 64 hr  1000~ 
16.4 5 min  O~ 1000~ 64 hr 1000~ 
18.7 5 rain O~ 1000~ 64 hr  1000~ 

20 1VfhrO2 1000~ 64 hr 1000~ 
30 1VfhrO~1000~ 64 hr  1000~ 
40 l l ~ h r O ~  1000~ 64 hr 1000~ 
48.3 1VfhrO= 1000~ 64 hr 1000~ 
59.5 1VfhrOs 1000~ 64 hr 1000~ 
68.0 l~zhrO~ 1000~ 64 hr 1000=C 

+ small  amt. FeO 

m 

-{- some ~Fe~O~ 

Cr20~ + spinel 
Strong CrsO~ weak spinel 
Strong Cr~O~ v. weak spi- 

nel  
Cr~O~ 
Cr~O~ 
Cr~O:~ 
Cr20~ 
Cry03 
Cr~O~ 

915 
916 
917 

Metal lography qual i ta-  918 
t ively the same 919 

920 
921 
922 
923 
927 
928 
929 

No sign of green Cr~O~ 930 
Some green color 931 
More green color 932 

933 
934 

853 
854 
855 
856 
857 
858 

10.78 FeO 30 rain 1000~ 
11.02 FeO 30 rain 1000~ 
12.8 FeO 30 rain 1000~ 
13.6 FeO 30 rain 1000~ 

Re s u l t s  of  SiO2 Capsu l e  E x p e r i m e n t s  

48 hr 1000~ Spinel 
48 hr 1000~ Spinel 
48 hr  1000~ Spinel  
48 hr  1000~ Cr20~ 

1018 
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Table II. 1300~ scaling experiments 

% Cr O x i d a t i o n  E q u i l i b r a t i o n  X - r a y  or e l ec t ron  V i s u a l  & R u n  
ana ly s i s  t r e a t m e n t  in  a r g o n  d i f f r ac t ion  resu l t s  m e t a l l o g r a p h i c  exam.  No. 

0.954 2 min  O, 800~ 24 hr  1300~ Spinel 
3.91 2 min O~ 80O~ 24 hr  1300~ Spinel 
4.95 1 rain O~ 1000~ 24 hr  1300~ Spinel 
5.86 1 rain O~ 1000~ 24 hr 1300~ 
6.83 1 min  O~ 1000~ 24 hr  1300~ 
7.90 1 rain O~ 1000~ 24 hr  1300~ 
8.84 i min  O~ 1000~ 24 hr  1300~ Spinel 
9.94 5 min  O8 1000~ 24 hr  1300~ 

10.78 5 min  O~ 1000~ 24 hr  1300~ Mostly spinel, some Cr,O~ SS* 
11.02 5 rain 02 1000~ 24 hr  1300~ 

11.02 1 min  O~ 1000~ 88 hr  1300~ Mostly spinel, some Cr~O, 
12.8 5 rain O~ 1000~ 24 hr  1300~ Spinel + Cr~O3 
12.8 5 rain O2 1000~ 24 hr  1300~ Strong spinel, weak Cr~O~ 
12.8 1 min  02 1000~ 88 hr 1300~ 

12.8 5 min O.~ 800~ 67 hr 1300~ Spinel 
13.6 5 rain O,~ 1000~ 64 hr  1300~ Spinel -4- Cr,~O,~ 

13.6 5minO~lO00~ 

14.4 i min 02 IO00~ 

15.7 5min 021000~ 

16.4 5 m i n  O~1000~ 

24 hr 1300~ Stronger Cr~O~, weaker spinel 

88 hr 1300~ Weak spinel, strong Cr~O~ 

24 hr 1300~ Weak spinel, strong Cr~O~ 

24 hr  1300~ Weak spinel, strong Cr~O~ 

20 l l ~ h r O 2  1000~ 23 hr 1300~ 
30 l l /2hrO~lO00~ 24 hr 1300~ Cr~O~ 
48.3 l l ~ h r  O~1000~ 24 hr  1300~ Cr~O~ 
68 11/2hrO21000~ 24 hr 1300~ Cr~O~ 

Resu l t s  of SiO2 Capsu le  E x p e r i m e n t s  

10.78 FeO, 30 rain 1000~ 20 hr 1300~ Spinel 
11.02 FeO, 30 rain 1000~ 20 hr 1300~ Spinel 
12.8 FeO, 30 rain 1000~ 20 hr  1300~ Spinel 
13.6 FeO, 30 rain 10O0~ 20 hr 1300~ Cr~O~ 

" 948 
Metallographic results were 951 

essential ly the same for 943 
all these alloys. Some 944 
Cr~O~ present. 945 

946 
) 947 

938 
939 

Visual examinat ion showed 940 
mostly spinel 

969 
941 
957 
970 Visual observation showed 

most ly  spinel 
Very th in  film 995 
Metal lography showed near -  955 

ly 100% Cr203 
Metal lography showed near -  958 

ly 100% Cr~O, 
Metal lography showed near -  972 

ly 100% Cr~O, 
Metal lography showed near -  960 

ly 100% Cr~O3 
Metal lography showed near -  961 

ly 100% Cr~O~ 
Cr,~O~ only 896 

877 
879 
881 

1016 

* Cr20~-Fe2Oa so l id  so lu t ion .  

single  e q u i l i b r i u m  scales could be observed by  elec-  
t r o n  diffract ion as recorded in  the last  pa r t  of Tables  

I and  II. 
X - r a y  and  e lec t ron  diffract ion observa t ions  on 

"equ i l i b r a t ed"  oxide films m a y  be s u m m a r i z e d  by  
s ta t ing  tha t  the t r a n s i t i o n  b e t w e e n  the  spinel  at low 
chromium content and Cr20~ at high chromium con- 

tents lies at about 13% Cr - 0.5% Cr. 

Metallography 

Besides the p r i m a r y  tool of scale ident i f icat ion by  
x - r a y  or e lec t ron  di f f ract ion and  the  occasional  as-  
s is tance p rov ided  by  v isua l  color observat ions ,  
m e t a l l o g r a p h y  was  found  to be on ly  second in  i m -  
por tance  to x - r a y  diffraction.  It  was found  possible  
to m a k e  a sharp  d iv i s ion  more  r ead i ly  b e t w e e n  com-  
posi t ions which  fo rm Cr.O~ and  those which  fo rm 
spine l  by  this t e chn ique  t h a n  by  use of x - rays .  The  
p r o n o u n c e d  sepa ra t ion  b e t w e e n  these  two classes of 
al loys was  made  possible  by  the  fact tha t  al loys 
which  form the sp ine l  show v e r y  p r o m i n e n t  i n t e r n a l  
oxidat ion,  whi le  the  al loys r i cher  in  ch romium,  
wh ich  oxidize to Cr,Os, do not.  This  is made  clear in  
the  fo l lowing pho tomic rographs  (Fig. 1-8) .  

The  oxidized s t r ips  we re  g iven  an  evapora ted  
s i lver  coat ing a n d  af ter  a flash of copper were  n icke l  

p la ted  to p r e v e n t  w a sh i ng  out  of the oxide layer  
du r ing  me ta l log raph ic  p repara t ion .  Fou r  different  
composi t ions  were  chosen to show character is t ic  
scales for both  s p i n e l - t y p e  and  Cr~O~-type oxidat ion.  
Two composi t ions  n e a r  5 a nd  10% Cr in  the  spinel  
region, one n e a r  the  cr i t ical  13% Cr composi t ion and  

one wel l  in to  the Cr~O~ reg ion  are shown. F igures  1 

and  2 show a layer  of a lpha  i ron  nex t  to the n ickel  
plate.  The b lack l ayer  b e t w e e n  the i ron  l ayer  and  

the b e g i n n i n g  of the  i n t e r n a l  oxida t ion  is spinel .  The 

reason for the  presence  of an  i ron l ayer  appears  to 

be as follows: Because  the  c h r o m i u m  con ten t  is 

Fig. 1. 4.95% Cr oxidized 1�89 hr, 1000~ equilibrated 
64 hr argon, 1000~ Note layer of internal spinel. Mag- 
nification 100X before reduction for publication. 



Vol. 107, No. 3 O B S E R V A T I O N S  O N  T H E  F e - C r - O  S Y S T E M  151 

Fig. 2. 9.94% Cr oxidized 1�89 hr, 1000~ equilibrated 
64 hr argon, 1000~ Note layer of internal spinel. Mag- 
nification 100X before reduction for publication. 

f a i r l y  l ow in t hese  two  a l loys ,  some i ron  oxide ,  p e r -  
haps  bo th  Fe~O3 and  Fe~O,, a r e  f o r m e d  d u r i n g  t h e  
o x i d a t i o n  t r e a t m e n t  in  p u r e  o x y g e n  gas. These  
ox ides  f o r m  a t  t h e  sur face ,  w h i l e  t he  m o r e  s t ab le  
sp ine l  fo rms  n e x t  to t he  meta l .  D u r i n g  the  s u b s e -  
quen t  a r g o n  " e q u i l i b r a t i o n "  t r e a t m e n t  t he  i ron  
ox ides  decompose  to p u r e  i ron  because  t h e i r  d i s -  
soc ia t ion  p r e s s u r e s  a r e  qu i t e  h igh  and,  hence,  t h e  
k ine t i c s  t e n d  to be  fast .  H o w e v e r ,  t he  sp ine l  w i t h  
i ts  v e r y  low d i s soc ia t ion  p r e s s u r e  a n d  s lugg i sh  
decompos i t i on  k ine t i c s  r e m a i n s  a f t e r  h e a t i n g  in 
a rgon.  I t  is i n t e r e s t i n g  to no te  t h a t  Fig .  3 shows  
bo th  t he  i n t e r n a l  ox ide  and  a r e a s  w h e r e  on ly  t he  
su r f ace  scale  of Cr~O3 is p r e s e n t ;  hence  th is  s a m p l e  
r e p r e s e n t s  a t r a n s i t i o n  s t ruc tu re .  S ince  Cr~O3 shows  
a b r i l l i a n t  g r e e n  u n d e r  p o l a r i z e d  l ight ,  w h i l e  t he  
sp ine l  a p p e a r s  r e d  to y e l l o w  d e p e n d i n g  on th ickness ,  
i t  was  ea sy  to a s c e r t a i n  t h a t  t he  su r face  scale  was  
e s s e n t i a l l y  p u r e  Cr~O, w h i l e  the  i n t e r n a l  ox ide  was  
m o s t l y  a l l  spinel .  Some  s a m p l e s  showed  v e r y  s m a l l  
p a r t i c l e s  of Cr~O, as an  i n t e r n a l  ox ide  w h i c h  oc-  
c u r r e d  w i t h  t he  m o r e  m a s s i v e  and  promi ,nent  spinel .  
The  ex i s t ence  of  sp ine l  a b o v e  13% Cr  or  of Cr.~O~ 
b e l o w  th i s  c o n c e n t r a t i o n  w a s  a l w a y s  ins ign i f i can t  in 
a m o u n t  c o m p a r e d  w i t h  the  m a j o r  ox ide  p resen t .  

Fig. 3. 12.8% Cr oxidized 5 min, I000~ equilibrated 
65 hr argon, 1000~ Note transition scale: partly internal 
oxide, partly surface oxide. Magnification 100X before re- 
duction for publication. 

Fig. 5. 4.95% Cr oxidized 1 rain, 1000~ equilibrated 
24 hr argon, 1300~ Exaggerated internal oxidation ap- 
parently caused by some air leakage at 1300~ Large par- 
ticles are spinel. Magnification 500X before reduction for 
publication. 

Fig. 6. 10.78% Cr oxidized 5 min, 1000~ equilibrated 
24 hr argon, 1300~ Prominent internal oxidation. Oxide 
phase is spinel. Magnification 100X before reduction for 
publication. 

Fig. 7. 13.6% Cr oxidized 5 rain 1000~ equilibrated 
24 hr argon, 1300~ Note absence of internal oxidation. 
Magnification 100X before reduction for publication. 

There fo re ,  i t  caused  no confus ion  in  i n t e r p r e t a t i o n ,  
n o r  in a l l o w i n g  the  choice  of a b o u t  13% Cr as t he  
c r i t i c a l  c h r o m i u m  concen t r a t ion .  A l t h o u g h  no t  
shown  here ,  t h e r e  was  e s s e n t i a l l y  no d i f fe rence  in 
scale  a p p e a r a n c e  no r  in  i ts  k ine t i c s  of f o r m a t i o n  
once the  c h r o m i u m  con ten t  e x c e e d e d  a b o u t  20%. 

F i g u r e  8 is of p a r t i c u l a r  i n t e r e s t  f r o m  the  s t a n d -  
p o i n t  of o x i d a t i o n  m e c h a n i s m .  I t  is s h o w n  h e r e  
t h a t  a 1 - m i l  p l a t i n u m  w i r e  s p o t - w e l d e d  to a 30% 
C r - F e  s t r i p  becomes  cove red  w i t h  Cr~O~ d u r i n g  ox i -  

Fig. 4. 20% Cr oxidized 1�89 hr, 1000~ equilibrated 
64 hr argon, 1000~ All surface oxide. Internal oxide in- 
clusions were present in sheet prior to oxidation. Magnifica- 
tion 500X before reduction for publication. 

Fig. 8. 30% Cr oxidized 1�89 hr, 1300~ equilibrated 
22Y2 hr argon, 1300~ Note oxide covering platinum 
marker. Magnification ]00X before reduction for publication. 
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Table III.  Per cent Fe~-03 found in 'Cr~O~ scales 

% Fe~O8 
Alloy Oxidat ion Equi l ibra t ion  in scale 

1st sample  5 rain 1000~ hr  2.7 
20% C r - F e  1000~ argon 

2.3 (check 
analysis)  

5 min  1300~ hr  0.32 
IO00~ argon 

1300~ h r  0.7 (check 
argon analysis)  

2nd sample  5 rain 1000~ hr  2.57 
1000~ argon 
5 rain 1300~ hr  0.46 
1000~ argon 

da t i on  a t  1300~ I t  w i l l  be  n o t e d  t h a t  m a n y  
( K i r k e n d a l l )  voids  w e r e  f o r m e d  jus t  b e l o w  the  

ox ide  l aye r ,  sugges t ing  o n e - w a y  d i f fus ion  of c h r o m -  
ium to t he  scale  w i t h o u t  a n y  c o u n t e r c u r r e n t  d i f f u -  
s ion in to  t h e  a l loy.  Th is  o b s e r v a t i o n  c o r r o b o r a t e s  
the  p l a t i n u m  m a r k e r  behav io r .  I d e n t i c a l  b e h a v i o r  
was  o b s e r v e d  at  1000~ excep t  t ha t  no vo ids  j u s t  
b e l o w  t h e  scale  w e r e  obse rved .  In  add i t ion ,  t h e  same  
b e h a v i o r  w a s  no ted  at  bo th  t e m p e r a t u r e s  for  a 20% 
C r - F e  a l loy.  S ince  no ox ide  at  a l l  was  f o r m e d  u n d e r -  
n e a t h  t he  wi res ,  t h e  t e n t a t i v e  conc lus ion  is t h a t  
Cr~O~ on b i n a r y  F e - C r  a l loys  f o r m s  b y  ca t ion  (Cr  +~) 
diffusion,  a n d  t ha t  no a p p r e c i a b l e  d i f fus ion  of o x y g e n  
an ions  occurs  f rom the  gas  phase .  This  m e c h a n i s m  
is also s u g g e s t e d  b y  the  n a t u r e  of t h e  de fec t  s t r u c -  
t u r e  of Cr~O~ (10, 11).  

Composition of the Two Equilibrium Scales 

I t  has  been  s h o w n  a b o v e  t h a t  f r o m  x - r a y  and  
m e t a l l o g r a p h i c  ev idence  on ly  two  k i n d s  of scale  can  
be  in  e q u i l i b r i u m  w i t h  b i n a r y  F e - C r  a l loys :  i ron  
c h r o m i t e  or  sp ine l  b e l o w  a b o u t  13% Cr, and  Cr,..O~ 
a b o v e  th is  compos i t ion .  So far ,  h o w e v e r ,  no ev idence  
has  b e e n  p r e s e n t e d  on the  compos i t i on  of these  
scales.  To check  t h e  a m o u n t  of Fe.~O~ d i s so lved  in 
Cr~O,, t h e  fo l l owing  e x p e r i m e n t  w a s  c a r r i e d  out.  
Two d i f f e ren t  s amp le s  of 20% C r - F e  shee t  w e r e  
g iven  a t h in  scale  of Cr~O~ b y  a 5 - m i n  o x i d a t i o n  
t r e a t m e n t  in p u r e  o x y g e n  a t  10O0~ T h e  ox ide  fi lm 
thus  f o r m e d  was  e q u i l i b r a t e d  in a r g o n  a t  1000 ~ and  
1300~ w i t h  t he  r e su l t s  i n d i c a t e d  in  T a b l e  III .  

A n  a l l o y  w e l l  ove r  13% Cr  was  chosen  d e l i b e r -  
a t e l y  so tha t ,  in f o r m i n g  some Cr~O~ on t h e  surface ,  
t he  a l l o y  w o u l d  no t  be  r o b b e d  of c h r o m i u m  to t he  
po in t  w h e r e  sp ine l  w o u l d  m a k e  i ts  a p p e a r a n c e .  H o w -  
ever ,  on t h e  bas i s  of e x p e r i e n c e  o b t a i n e d  in  t hese  e x -  
p e r i m e n t s ,  i t  s eems  safe  to  a s sume  t h a t  t h e  n o m i n a l  
20% Cr was  not  a l t e r e d  s ign i f i can t ly  b y  the  v e r y  
sho r t  o x i d a t i o n  t r e a t m e n t s  g iven  th is  a l loy .  The  
r e a s o n  for  the  l a ck  of a g r e e m e n t  b e t w e e n  the  check  
a n a l y s e s  a t  1300~ m u s t  l ie  in t h e  a n a l y t i c a l  t e c h -  
n i q u e  s ince  i t  was  t he  s a m e  s a m p l e  of scale.  H o w -  
ever ,  t he  m a i n  p o i n t  is t h a t  if 0 . 5% Fe~O~ is t a k e n  as 
t he  a v e r a g e  for  the  so lub i l i t y  of Fe~O~ in Cr~O~ on a 
20% Cr  a l l oy  scale  at  1300~ then  t h e r e  is an  i n -  
c rease  b y  a f ac to r  of five in Fe~O~ con ten t  b y  l o w e r -  
ing the  t e m p e r a t u r e  to 1000~ 

The  l a t t i c e  p a r a m e t e r s  of t he  sp ine l  phase  f rom 
p u r e  Fe~O4 to FeCr=O~ has  been  s t ud i e d  b y  Yea r i an ,  
K a r t w r i g h t ,  and  L a n g e n h e i m  (9) as m e n t i o n e d  p r e -  
v ious ly .  W h i l e  l a t t i c e  p a r a m e t e r s  in th is  sy s t em can -  
no t  be  used  a lone  as an  i nd i c a t i on  of compos i t ion ,  i t  
can  b e  u sed  in  c o n j u n c t i o n  w i t h  a u x i l i a r y  i ~ f o r m a -  
t ion.  F o r  e x a m p l e ,  if the  compos i t ion  of t h e  sp ine l  is 
b e t w e e n  a p p r o x i m a t e l y  Fel.TCrl.~O, and  FeCr~O4, one 
then  can  m a k e  use  of the  d a t a  of Yea r i an ,  et al. (9)  
to find the  sp ine l  composi t ion .  F o r t u n a t e l y ,  i t  d e -  
v e l o p e d  t h a t  a k e y  sp ine l  composRion  fe l l  w i t h i n  
th is  range .  T he re fo r e ,  i t  was  poss ib l e  b y  su i t ab l e  
ox ide  p h a s e  e q u i l i b r a t i o n s  to d e t e r m i n e  a l l  of the  
mos t  i m p o r t a n t  phase  b o u n d a r i e s  in t he  i s o t h e r m a l  
sect ion.  Be fo re  p r o c e e d i n g  w i t h  t he  sp ine l  e q u i l i b r i a  
and  sp ine l  compos i t ions ,  i t  w i l l  be  h e l p f u l  to show 
t h e  i s o t h e r m a l  sec t ion  of t he  F e - C r - O  s y s t e m  at  
1300 ~ or  1000~ (Fig .  9) .  A l l  of the  ev idence  ( e x -  
cep t  the  m a x i m u m  Fe~O~ s o l u b i l i t y  in Cr~O~) po in t s  
to e s s e n t i a l l y  no sh i f t  in p h a s e  b o u n d a r i e s  b e t w e e n  
these  two  t e m p e r a t u r e s .  A t  l eas t  a n y  shift ,  if i t  
occurs ,  seems  to b e  less  t h a n  1% in compos i t ion .  
S t a r t i n g  at  t he  top  of the  d i a g r a m ,  t he  first  h o r i -  
zon ta l  l ine  j o i n i n g  Fe~O~ and  Cr~O~ r e p r e s e n t s  the  
con t inuous  se r ies  of sol id  so lu t ions  f o r m e d  b y  these  
two  oxides .  J u s t  b e l o w  i t  is t he  h o r i z o n t a l  jo in  b e -  
t w e e n  Fe~O~ a n d  FeCr~O~; the  l a t t e r  compos i t i on  is 
d e n o t e d  at  p o i n t  S~ in Fig.  9. T h e  Fe~O,-FeCr~O~ jo in  
has  a f ini te  w i d t h  accord ing  to the  accep t ed  F e - O  
phase  d i a g r a m  a n d  accord ing  to  Yea r i an ,  et al (9) .  
These  a u tho r s  f ind t ha t  FeCr~O4 con ta ins  a m a x i m u m  
of 0.002 ca t ion  vacanc ie s  p e r  m o l e  or  abou t  2.9% 
vacanc ies ,  c o r r e s p o n d i n g  to s o m e w h a t  less  t h a n  2 
a / o  m a x i m u m  excess  oxygen .  Fe~O, at  1300~ a p -  
p e a r s  to h a v e  a h o m o g e n e i t y  r a n g e  of a p p r o x i m a t e l y  
0.6 a / o  o x y g e n  (13) .  This  i nd i ca t e s  t h a t  t he  Fe~O,- 
FeCr~O~ jo in  is a c t u a l l y  a n a r r o w  b a n d  of s o m e t h i n g  
l ike  1 a / o  o x y g e n  a v e r a g e  w id th .  This  w i d t h  is in -  
d i c a t e d  b y  the  e x t r a  h e a v y  l ine  in  Fig.  9. 

The  d i a g r a m  can  bes t  be d e s c r i b e d  b y  r e f e r r i n g  
to the  th ree ,  t h r e e - p h a s e  f ields s t a r t i n g  at  the  le f t  
w i t h  3, Fe,  FeO,  sp ine l  and  t h e n  p r o c e e d i n g  to t he  
r i g h t  to the  a Fe,  ~, Fe,  spinel ,  and  f ina l ly  to spinel ,  
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Fig. 9. Isothermal phase d iagram at  1300~ for Fe-Cr-O 
system. 



Vol. 107, No. 3 O B S E R V A T I O N S  ON T H E  F e - C r - O  S Y S T E M  

a F e  or (13 wt % C r - F e ) ,  "Cr.~O~". The quotat ion 
marks  around Cr~O, refer  to the fact tha t  this oxide 
contains some Fe~O~ in solution. I t  has a l r eady  been 
demons t ra ted  that  there  are two kinds of two-phase  
equi l ibr ia  involving the meta l  phase:  Fe, spinel; and 
Fe, "Cr~O~." It  will, of course, be unders tood tha t  the 
spinel  is of different composit ion in each of the 
th ree -phase  fields ment ioned above, and that  its 
composition as a scale is a function of the al loy com- 
position. 

Spinel-FeO Equilibria and the Adjoining Spinel- 
F e O - F e  Equilibrium 

The spinel  composition .$1 corresponds to approx i -  
ma te ly  Fel.~Cr,.504 or 21.4 a /o  Cr as against  28.6 a /o  
Cr for FeCr~O,(S~). The location of point  $1 was de-  
t e rmined  by  heat ing together  FeO (high iron) and 
FeCr~O4 at  130O~ Samples  were  p repa red  by  mix -  
ing --200 mesh FeO powder  p repa red  by HJH~O 
t r ea tmen t  of FelOn, and FeCr~O4 p repa red  by  syn-  
thesis f rom FeO and Cr~O~. The s tar t ing composition 
was 50% by weight  FeO and 50% by  weight  FeCr~O,. 
In one exper iment  the 2-g pressed compact  was 
heated to 1300~ in argon for 20 hr  wi th  some FeO 
present  to supply  a small  oxygen pressure.  Metal lo-  
graphic  examinat ion  and x - r a y  diffraction results  
showed a m ix tu r e  of FeO and spinel  of la t t ice  p a r a m -  
eter  8.398A. The or iginal  la t t ice  p a r a m e t e r  of the 
FeCr~O, used had a la t t ice p a r a m e t e r  of 8.377A 
which agrees wi th  the  value  given by  Yearian,  et al. 
(9) for s toichiometric  spinel. Year ian ' s  curve shows 
that,  if the composition is near  FeCr~O~, a la t t ice  
pa r ame te r  of 8.398A corresponds to Fe~.~Cr~.~O, or 
21.4 a / o  Cr as indicated above. Chemical  analysis  of 
this oxide mix tu r e  y ie lded 49.5% tota l  iron, 0% 
free iron, and 23.2 % Cr. This analysis  corresponds to 
29.1 a /o  Fe and 14.7 a /o  Cr. If this composition is 
p lo t ted  on the i so thermal  section, it  fal ls  on the  
phase boundary  be tween  FeO and point  S~, as it 
should, at  the spot marked  wi th  a circled X. Hence, 
the  la t t ice  pa rame te r - l oca t ed  point  S~ agrees wi th  
the  chemical  analysis  of the oxide mixture .  

Two addi t ional  50-50 wt  % mix tures  of FeO-  
FeCr~O, were  made at 1300~ but  s in tered in argon 
wi thout  using FeO to supply  some oxygen. In these 
cases some decomposit ion of the FeO al lowed the 
format ion  of free iron, resul t ing in one instance in 
the fol lowing analysis:  f ree iron, 14.6%; total  iron 
51.6%; chromium, 24.7%. Plo t t ing  this point  in 
terms of a tom per  cent resul ts  in the point  in the  
th ree -phase  field marked  wi th  an x inside a square. 
The la t t ice  pa r ame te r  (8.397A) of spinel  phase in all 
these t h ree -phase  compacts was wi th in  the exper i -  
menta l  e r ror  the same as in the  two-phase  mixture .  

F igure  10 shows the micros t ruc ture  of the th ree -  
phase FeO -k spinel  -k Fe  specimen. The br ight  spots 
are iron and the l ighter  of the two oxide phases is 
the  FeO phase. I t  wil l  be noted tha t  the da rk  chrom-  
ite phase  is complete ly  sur rounded  by  the FeO, and 
that  it  has many  flat sides and sharp corners ev i -  
den t ly  indicat ing crys ta l lographic  growth  from a 
liquid. Therefore,  it  appears  tha t  this  composit ion 
touches the solidus surface at 1300~ Not enough 
l iquid was formed to al low deformat ion  of the  
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Fig. 10. ~Fe(~, at temperature), FeO, and spinel, demon- 
strating three-phase equilibrium. As polished. Black areas 
are voids. Magnification 250X before reduction for publica- 
tion. 

pressed compacts;  there  was no s lumping or round-  
ing off of sharp edges. 

The FeO-FeCr~O, exper iments  jus t  cited seem to 
leave no doubt  tha t  the  t h ree -phase  region of FeO, 
spinel, Fe exists as shown wi th  the  spinel  compo- 
sition as given above. 1 Fur the rmore ,  there  appears  
to be no doubt  tha t  FeO of va r i ab le  composit ion is 
in equi l ib r ium wi th  spinel  of va r i ab le  composition, 
as indicated qua l i ta t ive ly  by  the dot ted  tie lines. I t  
must  be emphasized,  however ,  tha t  these t ie  l ines 
are  pu re ly  qual i ta t ive,  and are  shown for purposes 
of i l lus t ra t ion  only; the precise location of these  
lines has not been determined.  

Spinel-Rhombohedral Solid Solution Equilibria 

The existence of this equi l ibr ia  was first demon-  
s t ra ted  by Richards and White  (3),  and was observed 
here  by heat ing an equimolar  mix tu re  of Fe~O4 and 
Cr~O~ at 18O0~ for 1 hr  in a gas kiln. X - r a y  diffrac-  
t ion of the resul t ing  body showed a mix tu re  of iron 
chromite  (spinel)  and rhombohedra l  solution of ap-  
p rox ima te ly  50% Cr~O~ by weight .  I t  was not possible 
to es t imate  the  composit ion of the  spinel  phase  f rom 
the x - r a y  pat tern .  

F igure  11 shows the micros t ruc ture  of the spinel  
and rhombohedra l  solid solution compact.  The b lack  
areas  are  voids (as in Fig. 10). The l ight  phase  which 
has formed on the boundary  of the  grains is the  
rhombohedra l  solid solution, and the da rke r  of the  
two oxides is the spinel  or chromite  phase. Ev iden t ly  
at  1800~ the s t ruc ture  was p r inc ipa l ly  spinel, but  

Note added aJter MS preparation: B t r c h e n a l l  (12) h a s  e v i d e n c e  
t h a t  in  v e r y  d i l u t e  F e - C r  a l loys  c o n t a i n i n g  a b o u t  0.2% Cr ,  a F e O  
l a y e r  is f o r m e d  below t h e  sp ine l  l a y e r ,  e .g . ,  n e x t  to  t h e  a l loy .  T h i s  
e v i d e n t l y  i n d i c a t e s  a s m a l l  a m o u n t  o f  C r  s o l u b i l i t y  in  F e O ,  a n d  
m a k e s  n e c e s s a r y  a n a r r o w  t w o - p h a s e  r e g i o n  of  g a m m a  F e  sol id  
s o l u t i o n - - F e O c a r )  a l o n g  t h e  i n s i d e  of  t h e  F e - O  s ide  of  t h e  i s o t h e r m a l  
p h a s e  d i a g r a m  (Fig .  9) .  

Fig. 11. Spinel (dark) plus Cr~O3-Fe~O~ solid solution 
(light). Black areas are voids. As polished. Magnification 
500X before reduction for publication. 
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on cool ing  to l o w e r  t e m p e r a t u r e s  t he  sp ine l  becomes  
m o r e  s u s c e p t i b l e  to o x i d a t i o n  to t he  r h o m b o h e d r a l  
sol id  solu t ion .  N u c l e a t i o n  of the  r h o m b o h e d r a l  so lu-  
t ion  e v i d e n t l y  occu r r ed  a t  the  edges  of t h e  sp ine l  
g r a i n s  w h e r e  t h e r e  was  r e a d y  access  to a i r ,  and  as  
cool ing p rog res sed ,  the  r h o m b o h e d r a l  sol id  so lu t ion  
f ingered  in to  t he  i n t e r i o r  of the  cubic  i ron  c h r o m i t e  
( sp ine l )  g ra ins .  

I t  has  a l r e a d y  been  m e n t i o n e d  in connec t ion  w i t h  
t he  s p i n e l - F e O  e q u i l i b r i a  t h a t  t he  loca t ion  of t h e  t ie  
l ines  w e r e  no t  d e t e r m i n e d  b u t  a r e  on ly  s h o w n  a p -  
p r o x i m a t e l y  for  p u r p o s e s  of i l l u s t r a t ion .  The  s ame  
s t a t e m e n t  m u s t  be m a d e  a b o u t  the  s p i n e l - r h o m b o h e -  
d r a l  sol id  so lu t ion  equ i l i b r i a .  The  t ie  l ines  could  be 
e s t a b l i s h e d  if  i t  w e r e  pos s ib l e  to a n a l y z e  e i t he r  of 
these  two  e q u i l i b r i u m  ox ide  sys t ems  for  c h r o m i u m ,  
and  bo th  b i v a l e n t  and  t r i v a l e n t  i ron.  H o w e v e r ,  no 
c u r r e n t  t e c h n i q u e  seems  to be  a v a i l a b l e  for  d i s so lv -  
ing  such  ox ide  m i x t u r e s  w i t h o u t  ox id i z ing  the  F e  +~ to 
F e  +~. In  p r inc ip l e ,  p r o b a b l y  i t  w o u l d  be poss ib l e  to 
ob t a in  t hese  t i e  l ines  m e r e l y  f r o m  a k n o w l e d g e  of the  
c h r o m i u m  a n d  to t a l  i ron  con ten t  t o g e t h e r  w i t h  l a t -  
t ice  p a r a m e t e r  m e a s u r e m e n t s .  This  p rocedu re ,  h o w -  
ever ,  w o u l d  h a v e  a t  l eas t  two  d r a w b a c k s :  (a )  b e -  
cause  of t he  l a t t i ce  p a r a m e t e r  of t he  sp ine l  phase  is 
not  a s i n g l e - v a l u e d  f u n c t i o n  of compos i t ion ,  some 
t r i a l  and  e r r o r  w o u l d  be  invo lved ,  and  (b)  in some 
of t he  ox ide  m i x t u r e s  t he  x - r a y  d i f f r ac t ion  p a t t e r n s  
m a y  no t  be  of suff ic ient ly  good q u a l i t y  to ob t a in  t he  
p rec i s ion  needed .  

F e - ~  Fe-Spinel  Equil ibrium 
S p i n e l  compos i t i on  S~ is t he  o x i d e  in e q u i l i b r i u m  

w i t h  bo th  f e r r i t e  and  a u s t e n i t e  as d e m a n d e d  b y  the  
F e - C r  b i n a r y  p h a s e  d i a g r a m .  

In  F e - C r  b i n a r y  a l loys  a t  1300~ the  a l p h a  p lus  
g a m m a  r eg ion  e x t e n d s  f r o m  abou t  6% Cr to 7% Cr 
as j u d g e d  f r o m  the  c u r v e  shown  b y  H a n s e n ' s  (13) 
r e c e n t  r ev i ew .  Hence ,  t h e r e  m u s t  be  a t h r e e - p h a s e  
t r i a n g l e  b a s e d  on a p p r o x i m a t e l y  6% Cr  a n d  7% Cr 
w i th  t he  a p e x  l y i n g  at  some po in t  S... on the  sp ine l  
sol id  solu t ion .  A n  a t t e m p t  was  m a d e  to o b t a i n  a l a t -  
t ice p a r a m e t e r  f r o m  the  sp ine l  " e q u i l i b r a t e d "  w i t h  
an  a l l oy  l y i n g  n e a r  t he  c r i t i ca l  c h r o m i u m  compos i -  
t ion,  b u t  t h e  g r a i n  size of t he  ox ide  was  too fine to  
e x h i b i t  a s a t i s f a c t o r y  d i f f r ac t ion  p a t t e r n .  Hence,  
p o i n t  S~ in Fig .  9 is shown  as l y i n g  a p p r o x i m a t e l y  
m i d w a y  b e t w e e n  po in t s  $1 and  S~. 

Equil ibrium Oxygen  Pressure as a Function of 

Composition 

F i g u r e  12 shows a p r e s s u r e - c o m p o s i t i o n  d i a g r a m  
based  m a i n l y  on d a t a  a v a i l a b l e  in t he  l i t e r a t u r e ,  bu t  
to some e x t e n t  on i n f o r m a t i o n  o b t a i n e d  in  th is  in -  
ves t iga t ion .  These  d a t a  a r e  m a r k e d  w i t h  f i l led 
circles.  

The  p r e s s u r e  l eve l  of t he  a F e - s p i n e l - r h o m b o h e -  
d r a l  o x i d e  e q u i l i b r i u m  w h e r e  log Po.~ = --13 was  ca l -  
c u l a t e d  f r o m  the  e q u a t i o n  g iven  b y  R icha rdson ,  
Jeffes, and Withers (14): 2FeCr~O, : 2Fe § O~ -k 
2Cr~O3 ~F = ~-131,600--24.2T and from the rela- 
tion AF = --RT lnK. Although Richardson, et al., 
were apparently not aware of it, this reaction should 
be written in some manner to indicate that it is not 

pure iron here, but a solid solution of 13% Cr in Fe. 

LOG Po2 
(ATM.) 

0 Fe~/Fe304 

-: \ 
%O~/F,O "8' - -  \ sp + Rh \ 

FeO/Fe LO ,- ,* jyFe+ FeO+sp ~ " ~ _  I \ 

n I 2 3 4 5 6 7 8 9 I0 
Cr (wt) XlO 

Cr+Fe 

Fig. 12. Oxygen pressure-composition plot for 1300~ Sp, 
spinel (based on FeCr204); Rh, rhombohedral (Fe~O3-Cr~O3) 
solid solution; ~Fe, pure bcc Fe or bcc Fe-Cr solid solution; 
o, this investigation; O, various sources, A ,  Schmahl; I~, cal- 
culated from Richardson, et ol. 

This  e q u i l i b r i u m  is g r a p h i c a l l y  shown  as the  l o w e s t  
r e a c t i o n  h o r i z o n t a l  in  F ig  12. The  l e f t - h a n d  t e r -  
m i n u s  is t he  13% C r - F e  compos i t i on  as e x p l a i n e d  
above,  and  at  t h e  r i g h t - h a n d  end  is shown the  0.5% 
Fe~O3 in so lu t ion  in  Cr~O3. 

I t  shou ld  be  m e n t i o n e d  t h a t  t he  compos i t ion  ax i s  
of th i s  f igure  is t h e  f r a c t i o n a l  w e i g h t  c h r o m i u m  X10, 
r e f e r r e d  to t h e  m e t a l l i c  cons t i t uen t s  only.  

The  ~ Fe,  ~ Fe ,  sp ine l  e q u i l i b r i u m  p r e s s u r e  has  no t  
been  d e t e r m i n e d ,  b u t  i ts l e f t - h a n d  t e r m i n u s  is a t  
a p p r o x i m a t e l y  6 -7% Cr at  1300~ as g iven  b y  t h e  
b i n a r y  phase  d i a g r a m .  

The  top  r e a c t i o n  ho r i z on t a l  c o r r e spond in g  to 
Fe,  FeO, sp ine l  e q u i l i b r i u m  has  a p r e s s u r e  l eve l  

d e t e r m i n e d  b y  t h e  e s t a b l i s h e d  F e / F e O  e q u i l i b r i u m  
p re s su re ,  and  i ts  r i g h t - h a n d  t e r m i n u s  is at  a v a l u e  
of 48.5% Cr or  a C r / C r + F e  • 10 v a l u e  of 4.85. 

In  the  s p i n e l - ~  r h o m b o h e d r a l  so lu t ion  t w o - p h a s e  
r eg ion  in  t he  top  of the  d r a w i n g ,  s e v e r a l  e x p e r i -  
m e n t a l  po in t s  a r e  shown  w h i c h  w e r e  o b t a i n e d  b y  
c o n t r o l l e d  p r e s s u r e  o x i d a t i o n  of FeCr~O, (see  T a b l e  
IV) .  S m a l l  p e l l e t s  of FeCr~O, p o w d e r  w e r e  h e a t e d  to 
1300~ for  v a r i o u s  pe r iods  of t i m e  us ing  o x y g e n  
p r e s s u r e s  v a r y i n g  f r o m  15 ~ to 500 ~, o b t a i n e d  b y  a 
v a r i a b l e  v a c u u m  leak .  

T h e  d a t u m  p o i n t  (open  s q u a r e )  n e a r  the  c u r v e  
de sc r i b ing  s t a b i l i t y  for  the  r h o m b o h e d r a l  so lu t ion  

Table IV. Controlled oxidation of FeCr,204 at 1300~ 

O~ p r e s -  
s u r e ,  

m i c r o n s  

L a t t i c e  p a r a m e t e r  R h o m b o -  
(ao) a n d  Cr  w t  r a t i o  h e d r a l  o x i d e  

C r / C r  § F e  w t  
L o g  O x i d a t i o n  Cr  r a t i o  b a s e d  on 
Poe, t i m e ,  - -  h i g h  a n g l e  l i n e  

a t m  h r  ao Cr  + F e  m e a s u r e m e n t s  

15 
25 
50 

100 
500 
500 

--4.70 24 8.3851 • 0.575 Too diffuse 
--4.48 8 8.3848 ___.001 0.575 0.85-0.90 
--4.18 8 8.3909 • 0.54 0.80-0.83 
--3.88 8 8.389 --+.002 0.54 0.74 
--3.18 24 Too weak  0.69 
--3.18 3 No pa t t e rn  0.74 
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was ca lcu la ted  f rom the  Richardson,  et al. equa t ion  
plus  the  fo l lowing two: 

2Fe~O~ = 4Fe q- 3 O~ and  2Fe~O3 �9 4Cr~O~ = 

2Fe~O~ q- 4Cr~O~ 

The free ene rgy  for this  last  equa t ion  was ca lcu-  
la ted  on the  basis of an  ideal  solut ion.  In  v iew of the  
fact  tha t  there  is a complete  series of solid solut ions  
b e t w e e n  Cr~O~ and  Fe20~, the  a s s u m p t i o n  of idea l i ty  
migh t  be a p p r o x i m a t e l y  correct.  In  any  case, the  
free e n e r g y  change  invo lved  in  the  fo rma t ion  of 
the  Fe~O~.2Cr~O~ solid so lu t ion  mus t  be smal l  com-  
pa red  to the  other  processes involved .  

By s u m m i n g  up  the  above equa t ions  of k n o w n  AF, 
one a r r ives  at the change  in  free ene rgy  for the  
fo l lowing  equa t ion  

2Fe~O,. 4Cr~O~ ~ 4FeO.  Cr:O.~ + O_~ 

AF = q- 124,250--68.7T 

Solv ing  for AF for 1300~ (1573~ and  subs t i -  
t u t i n g  in  AF = --RT In K ---- - -RT In Po~, one finds 
Po~ ~ 4.48 m m  and  log Po~ in  a tmospheres  is --2.23. 
This  oxygen  pressure  is tha t  r e q u i r e d  to oxidize 
comple te ly  the sp ine l  of composi t ion  FeO.Cr~O~ to 
the r h o m b o h e d r a l  oxide of iden t ica l  C r / F e  rat io at  
1300~ In  addi t ion,  Schmah l  (15) has g iven  an  
oxygen  pressure  for the  dissociat ion of FelOn. 2Cr~O~ 
at  1323~ as 1.05 x 10 -~ a tm  or log Po~ ~ - - 1 . 7 9 .  
This  is p lo t ted  as an  open t r i ang l e  jus t  above the  
open squa re  point .  Because  his da ta  refers  to 1323 ~ 
this  po in t  should be somewha t  too high, as it  is. 
Hence,  it  appears  to be essen t ia l ly  in  ag reemen t  
wi th  the  Richardson,  et al. poin t  as ca lcu la ted  above. 

I t  should  be emphas ized  tha t  the  da ta  p lo t ted  in  
this region are not of high accuracy, and in partic- 
ular, the composition estimates of the rhombohedral 
solution from x-ray data are of poor accuracy, 
mainly because of poor x-ray photograms. However, 
the fact that these points cluster reasonably well to 
a smooth curve passing close to the other data (open 
points) offers someassurance that the experimental 
points may not be too far off. 

The course of the curves bounding the two phase 
spinel ~ rhombohedral region provides the informa- 
tion necessary for establishing the tie lines between 
these two phases on the isothermal phase diagram, 
Fig. 9. However, in view of the questionable accu- 
racy of these curves, it seems hardly worthwhile to 
attempt to draw in "accurate" tie lines. Anyone 
interested can do this readily from the information 
given. 

Rate oi Internal Oxidation in 5 % C r - F e  

and in 10% C r - F e  Alloys 

Some m e a s u r e m e n t s  we re  m a d e  in  the  above two 
al loys on th ick  samples  ( abou t  0.2 in. th ick)  at 
1000 ~ and  1300~ F a i r l y  th ick  samples  were  chosen 
so tha t  the  diffusion d is tance  wou ld  be smal l  com-  
pa red  to the  sample  thickness .  The  samples  were  
r e c t a n g u l a r  in  shape and  were  encapsu la t ed  in  SiO.. 
w i th  i r o n - s a t u r a t e d  FeO as an  oxygen  source. The 
depth of penetration of the spinel subscale is shown 
in Table V. 

OBSERVATIONS ON THE Fe-Cr-O SYSTEM 

Table Y. Rate of penetration of spinel subscale 
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P e n e t r a t i o n ,  
1000~ H o u r s  cm 

5 % C r  20 0.0034 
40 0.0045 

10%Cr 20 0.0031 
40 0.0048 

1300~ 
5 % C r  1 0.0058 

64 0.0250 

10%Cr 1 0.0071 
2 0.0071 
4 0.0150 
8 0.0155 

64 0.0451 

Resul ts  at 1000~ are  not  ve ry  m e a n i n g f u l  
since the  accuracy  of m e a s u r e m e n t  was  poor. How-  
ever,  in  the  case of the  10% Cr al loy at 1300~ it is 
possible  to de mons t r a t e  tha t  the  data  p lo t ted  as 
cm vs. t ~ y ie ld  a s t ra igh t  l ine  which  passes t h rough  
the  origin.  If t ime  is p lo t ted  in  seconds, the  slope 
is f ound  to be about  7x10 -8 cm~/sec. E v i d e n t l y  the  
ra te  of progress  of the  subscale  l ayer  is diffusion 
control led,  as wou ld  be ant ic ipa ted .  However ,  there  
is insuff icient  know l e dge  abou t  concen t r a t i on  g rad i -  
ents  in  the  l aye r  to be able  to ca lcula te  an  oxygen  
diffusion rate.  

Discussion 
I t  seems clear  t ha t  the d i spa r i ty  b e t w e e n  var ious  

inves t iga to rs '  work  in  the  resul t s  of F e - C r  a l loy 
scal ing e x p e r i m e n t s  lies in  the  n o n e q u i l i b r i u m  n a -  
t u r e  of such exper iments .  E v i d e n t l y  the re  was  no t  
a lways  a fu l l  r ea l i za t ion  tha t  ve ry  s ignif icant  
changes  in  a l loy composi t ion occurred  d u r i n g  the  
progress  of a n  ox ida t ion  run .  These a l loy composi -  
t ion  changes  are reflected in  changes  in  the  n a t u r e  
of the  scale formed.  

A n o t h e r  compl ica t ion  is caused by  a t e n d e n c y  for 
the  scale to separa te  f rom the  alloy. W h e n  this  can 
occur, the  t e n d e n c y  for n o n e q u i l i b r i u m  scales is en -  
hanced  since there  is poor  contact  b e t w e e n  meta l  
a nd  scale. This  me a ns  tha t  a scale can  exist  in  a 
h igher  s ta te  of ox ida t ion  t h a n  wou ld  be possible in 
contact  w i th  the  alloy. 

T h e r m o d y n a m i c a l l y ,  the  scales of lowest  oxygen  
p res su re  l ie closest to the  metal ,  and  the  scale n e a r -  
est the  gas phase  m u s t  be of h ighest  dissociat ion 
pressure .  In  a n o n e q u i l i b r i u m  expe r imen t ,  if Cr~O~, 
"Fe  Cr~O~," a nd  Fe~O8 are all  found  in the  scale, t hey  
m u s t  be  p re sen t  in  the  order  l i s ted f rom me ta l  to 
gas phase.  This  order  can  be seen in  Fig. 12. I t  can 
be seen also f rom Fig. 12 tha t  d u r i n g  air  oxida t ion  
one should  no t  observe  sp ine l  as the  ou te rmos t  l ayer  
of scale for a ny  F e - C r  a l loy because  the  sp ine l  is 
on ly  s table  at  v e r y  low oxygen  pa r t i a l  pressures .  

The ac tua l  scales observed  wi l l  depend  in  la rge  
m e a s u r e  on the  sever i ty  of the  oxidat ion,  which  for 
a n y  c h r o m i u m  level  migh t  be m e a s u r e d  by  the per  
cent  c h r o m i u m  conver ted  to va r ious  oxides. Year ian ,  
et al. (1) recognized the so-ca l led  A and  B types  
of scale r e p r e s e n t i n g  a difference in  the  a m o u n t  of 
oxidat ion .  U n d e r  l igh t  oxidat ion,  a 20% Cr al loy 
wi l l  on ly  show the  e q u i l i b r i u m  Cr~O~ scale. Wi th  
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more drastic conditions; higher temperature, longer 
time or possibly higher oxygen pressure, the chro- 
mium present is not adequate to prevent iron ox- 
ides from forming. In this case, one expects an outer 
layer of nearly pure FelOn, next a spinel layer, and 
finally a Cr~O~-Fe~O8 rhombohedral solid solution of 
variable composition. 

The occurrence of different layers of variable 
composition will be expected, depending on the 
parameters just mentioned, plus specimen geometry. 
Therefore, there is no fundamental significance in 
reporting a specific series of layers in a scale unless 
all the variables are very closely specified, and un- 
less the precise thickness and composition of each 
layer are well documented. This has not often been 
done in the past. What is needed at present in this 
and in other systems is a better characterization of 
the individual layers, including their defect struc- 
ture and, of particular importance, their mode and 
rate of growth. This would probably entail con- 
trolling oxygen pressure so that the growth charac- 
teristics of a single layer could be studied. 

From a practical point of view, the appearance 
of Fe.~O3, or of iron chromite, during the oxidation of 
Fe-Cr base alloys is evidence of failure. Either the 
chromium content was too low, the temperature 
too high, or the time of exposure too long. There is 
good evidence that various small additions to the 
Fe-Cr type alloy can improve their oxidation resis- 
tance appreciably, but this will be reported else- 
where. 

Finally, one must be cautious about translating 
results of oxidation behavior in pure oxygen to the 
behavior in air. The nitrogen content of air appears 
to play a significant role in the structures observed 
during the oxidation of Fe-Cr alloys. Chromium 
nitrides have been observed in Fe-Cr samples heated 
in air. This effect apparently has been little studied. 

Summary and ConcJusions 
A n  i s o t h e r m a l  sec t ion  for  e q u i l i b r i u m  condi t ions  

a t  1300~ in t he  F e - C r - O  s y s t e m  has  been  p r e s e n t e d .  
W i t h  the  e x c e p t i o n  of a m i n o r  modi f ica t ion ,  th i s  
sec t ion  also r e p r e s e n t s  cond i t ions  a t  1000~ W i t h  
t he  a id  of th is  d i a g r a m ,  one sees t h a t  t h e r e  a r e  two  
t y p e s  of  e q u i l i b r i u m  sca le  f o r m e d  on F e - C r  a l loys :  
sp ine l  or  i ron  c h r o m i t e  b e l o w  13% Cr, and  Cr_.O~ 
c o n t a i n i n g  a l i t t l e  d i s so lved  Fe20~ at  h i g h e r  c h r o -  
m i u m  conten ts .  W i t h  t he  a d d i t i o n a l  i n f o r m a t i o n  on 
the  g a m m a  i r o n - F e O  e q u i l i b r i u m  no ted  b y  B i r c h -  
ena l l  (12) ,  th is  d i a g r a m  agrees  q u a l i t a t i v e l y  w i th  
the  one sugges t ed  b y  W o o d h o u s e  and  W h i t e  (2) .  

The  o x i d a t i o n  m o d e  for  a l loys  in e q u i l i b r i u m  wi th  
t he  sp ine l  is m a i n l y  i n t e r n a l  ox ida t ion ,  a t  l eas t  a t  

t e m p e r a t u r e s  ove r  1000~ w h i l e  t he  o x i d a t i o n  m o d e  
for  a l loys  ove r  13% Cr  is f o r m a t i o n  of a su r face  o x -  
ide. Th is  d i f fe rence  is of  p r i m e  i m p o r t a n c e  in r e g a r d  
to o x i d a t i o n  res i s tance .  The  r a t e  of f o r m a t i o n  of t he  
i n t e r n a l  ox ide  at  1300~ is v e r y  r a p i d  c o m p a r e d  to 
the  o x i d a t i o n  r a t e  for  su r f ace  Cr~Os. S ince  this  is 
t he  case, a l loys  low in c h r o m i u m  c on t e n t  fa i l  v e r y  
r a p i d l y ,  w h i l e  t he  c h r o m i u m - r i c h  a l loys  a re  com-  
p a r a t i v e l y  r e s i s t an t  to  ox ida t ion .  

P l a t i n u m  w i r e  m a r k e r  e x p e r i m e n t s  seem to show 
tha t  a t  1000 ~ or  1300~ the  Cr~O8 on 20 or  30% C r -  
F e  a l loys  fo rms  a lmos t  e n t i r e l y  b y  ca t ion  diffusion.  
O x y g e n  di f fus ion f r o m  the  gas  p h a s e  a p p a r e n t l y  
p l a y s  an  ins igni f ican t  role .  This  i nd i ca t e s  tha t ,  to  
i m p r o v e  t h e  o x i d a t i o n  r a t e  of F e - C r  ba se  a l leys ,  one 
shou ld  a l t e r  in  some m a n n e r  t he  r a t e  of di f fus ion of 
Cr  § in  Cr~O~, such as  b y  a l t e r i n g  t h e  n a t u r e  of t he  
de fec t  s t r u c t u r e  of Cr~O~. The  s u b j e c t  of the  Cr~O~ 
defec t  s t r u c t u r e  canno t  be  e x p a n d e d  here ,  bu t  for  
those  i n t e r e s t e d  in  th i s  s u b j e c t  t h e  w o r k  of Hauffe  
and  B l o c k  (10) and  F i s c h e r  and  L o r e n z  (11) shou ld  
be  m e n t i o n e d .  
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ABSTRACT 

A model is developed of the mechanism of passivation of metals  by oxide 
films. It is based on the assumption of the formation of a passivating film 
caused by the reaction of OH- ions with the metal  surface. 'Wi th  increased 
potential  the film-free area decreases exponent ia l ly  and with a higher ex-  
ponent  than does the density of the anodic dissolution current .  Thus in the 
conversion from the active to the passive state, the current  densi ty is re-  
duced exponent ial ly  to the constant  and very  low value characteristic of the 
passive state. This mechanism of passivation is explained by equations which 
describe the density of the anodic dissolution cur ren t  as a funct ion of the 
p i t  and the potential  difference be tween  the metal  and the electrolyte. Good 
agreement  with the theory is shown by published data for iron, nickel, chrom- 
ium, gold, and silver. A simple method is given to derive all the constants 
required for the mathematical  formulat ion of the anodic dissolution current  
f rom exper imental  data. Flade's  equation re la t ing to the boundary  potential  
between the active and the passive state of i ron is discussed. The principles 
and formulas, al though derived specifically for formation of oxide films, are 
considered also to be applicable to the electrochemical passivation by other 
films. 

The m e c h a n i s m  of the react ions  which  cause the  
fo rma t ion  of a pass iva t ing  film on meta l s  is of basic 
in te res t  in  s t u d y i n g  the  n a t u r e  of passivi ty.  These  
react ions  can be ana lyzed  by  means  of pa r t i a l  po l a r -  
izat ion curves,  if exact  po la r iza t ion  curves  in  the  po-  
t en t i a l  r ange  of the  convers ion  f rom act ive to pass ive  
states are ava i lab le .  A deta i led  descr ip t ion  of the  
analys is  of po la r i za t ion  curves  is be ing  p r epa red  for 
pub l i ca t ion  in  ano the r  paper  (1) .  This  pape r  de-  
scribes a mode l  which  al lows an  analys is  of the  
dens i ty  of the  anodic  d issolu t ion  cur ren t ,  p a r t i c u -  
l a r ly  du r ing  the convers ion  f rom act ive to pass ive  
states. Equa t ions  are  der ived  for the  anodic  d is -  
solut ion c u r r e n t  in  the act ive state, for t h e . c o n v e r -  
s ion to the pass ive  s tate  and  for the F lade  p o t e n -  
t ia l  (2) and  these  are  used to i n t e rp r e t  a series of 
p e r t i n e n t  empi r i ca l  data.  

The pass iv i ty  of meta l s  caused by  the fo rma t i on  of 
an  oxide film is the  most  i m p o r t a n t  case of pass iv i ty ;  
this  is the case for which  equa t ions  have  been  de-  
r ived  p r imar i ly .  However ,  ca lcu la t ions  for o ther  
types  of pas s iva t ing  films of e lec t rochemica l  o r ig in  
m a y  be m a d e  by  us ing  the  same equat ions .  Of p r i -  
m a r y  impor t ance  is the  inc lus ion  of all  k n o w n  facts 
concern ing  the  act ive and  passive states. 1 These  i n -  
clude the e lec t rochemica l  proper t ies  of the anodic  
d issolut ion c u r r e n t  f rom the act ive state t h rough  the  
F lade  po ten t i a l  to the passive state. 

Condi t ions  for  m e a s u r i n g  accura te  po la r iza t ion  
curves  in  the po ten t i a l  r ange  of the convers ion  f rom 
act ive to pass ive  states have  been  de r ived  before  
(3,4). Po ten t ios ta t i c  cont ro l  p r even t s  the  s tate  of 

z F o r  a c o m p r e h e n s i v e  s u r v e y  of  the  l i t erature  o n  p a s s i v i t y  the  
r e a d e r  is r e f e r r ed  to  t he  s y m p o s i u m  in  H e i l i g e n h e r g ,  195'/ [Z. Elek -  
trochem.,  61, No. 6/7 (1958)].  

i n s t ab i l i t y  expressed as a " j u m p  of the po ten t ia l . "  
Accura te  po la r iza t ion  curves  m e a s u r e d  po ten t ios t a -  
t ica l ly  in the po ten t i a l  r a nge  of the  convers ion  f rom 
the  act ive to the pass ive  s tate  were  pub l i shed  p r e -  
v ious ly  for i ron in  a so lu t ion  of 100 g/1 NaOH and  
35 g/1 Na~S (4) .  These  curves,  which  were  sub -  
s equen t ly  cor robora ted  by  Kes le r  (5) ,  and  Uus i ta lo  
(6) ,  show an  e xpone n t i a l  increase  of the  c u r r e n t  
dens i ty  wi th  inc reas ing  po ten t i a l  in  the act ive state 
(Fig. 1 and  3a).  Af te r  r each ing  the  m a x i m u m ,  the  
c u r r e n t  dens i ty  decl ines  exponen t i a l ly ,  thus  d e m o n -  
s t r a t ing  the  convers ion  f rom act ive to passive states. 
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Fig. 1. Density of the anodic dissolution current of iron in 
a solution of 100 g / I  NoOH plus 35 g / I  No2S measured with 
reference to a saturated calomel cell. o Measured with increas- 
ing potent ial ;  �9 measured with decreasing potential.  
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Fig. 2. Density of the anodic dissolution current of  iron in 
a solution of 100 g/1 NaOH -~- 35 g/I Na~S -~- 30 g/l pyro- 
gollol with reference to a saturated calomel cell. �9 Measured 
with increasing potential; o measured with decreasing poten- 
tial. 
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Fig. 3. Semilogori thmic plot t ing of the curves of Fig. l a  
and b showing the exponent ial  relations of both the increasing 
and decreasing current densities. The extended curves a~ and 
a.~ represent the measurement wi thout  the addit ion of pyro- 
gallol. The dotted curves bj and b= and the plotted points 
refer to the measurement in l iquor containing pyrogallol. 

A n  i n t e r e s t i n g  c h a n g e  is no t i ced  a f t e r  a d d i n g  30 
g/1 p y r o g a l l o l  to t he  a b o v e  so lu t ion  (Fig .  2 and  3b ) .  
The  p o l a r i z a t i o n  cu rves  r e c o r d e d  a r e  i den t i ca l  w i t h  
t he  p r e v i o u s  cu rves  in  t he  r a n g e  of e x p o n e n t i a l l y  i n -  
c r eas ing  c u r r e n t  d e n s i t y  in  the  ac t ive  s ta te .  H o w -  
ever ,  t he  m a x i m u m  c u r r e n t  d e n s i t y  is h i g h e r  and  is 
r e a c h e d  a t  a less  n e g a t i v e  po ten t i a l .  The  dec rease  of 
t he  c u r r e n t  d e n s i t y  owing  to p a s s i v a t i o n  occurs  also 
a t  less  n e g a t i v e  po t en t i a l s .  T h e r e  a r e  e x a m p l e s  of 
s e v e r a l  m e t a l s  s h o w i n g  the  s ame  t y p e  of cu rves  in  
d i f fe ren t  so lu t ions  g iven  in r e c e n t  p u b l i c a t i o n s  
(7 -12 ) .  

The  g e n e r a l  e q u a t i o n  of the  anodic  d i s so lu t ion  
c u r r e n t  Io as a f u n c t i o n  of t he  m e a s u r a b l e  p o t e n t i a l  
d i f f e rence  E b e t w e e n  t h e  m e t a l  and  the  e l e c t r o l y t e  in  
t he  ac t ive  s t a t e  (1)  is 

a ~ n ~ F  
I~ : Io f ( p H )  exp  - -  ( E  - -  E o )  [1]  

R T  

w h e r e  ~a is s y m m e t r y  f ac to r  of the  r e a c t i o n  of anodic  
d i s so lu t ion  a m o u n t i n g  to  u n i t y  or  less,  n~ is t he  
v a l e n c y  of t he  d e t e r m i n i n g  d i s so lu t ion  reac t ion ,  
w h i c h  in t he  s i m p l e s t  case,  bu t  no t  ge ne ra l l y ,  is the  
v a l e n c y  of t he  m e t a l  d i s so lv ing  in the  ac t i ve  s ta te ,  
~on~ is o v e r - a l l  e l e c t r o c h e m i c a l  t r a n s f e r  coefficient,  
Io and  Eo a r e  a coup le  of i n t e r d e p e n d e n t  va lue s  of 
c u r r e n t  d e n s i t y  and  p o t e n t i a l  a t  p H  : 0, and  f ( p H )  
is the  d e p e n d e n c e  of t he  Ta fe l  r e l a t i on  on pH.  

This  e q u a t i o n  is v a l i d  on ly  if the  r a t e  of the  r e -  
v e r s e  r eac t ion ,  c h a r a c t e r i z e d  b y  e l e c t r o d e p o s i t i o n  of 
t h e  d i s so lved  me ta l ,  is n e g l i g i b l e  in  c o m p a r i s o n  to 
t he  r a t e  of d i sso lu t ion .  In  some  cases, e.g., c h r o m i u m  
in H~SO,, f ( p H )  = 1 (10) .  H o w e v e r ,  in t he  case of 
i ron  i m m e r s e d  in  p e r c h l o r a t e  and  su l fa t e  f ( p H )  ~ 1 
accord ing  to H e u s l e r  (9 ) .  

P o u r b a i x  (13) has  s h o w n  tha t  the  r e l a t i o n  b e -  
t w e e n  e q u i l i b r i u m  p r e s s u r e  and  p o t e n t i a l  of i ron  is 
i n d e p e n d e n t  of t he  p i t  v a l u e  in  the  p H  r a n g e  f rom 
0 to abou t  9. S i m i l a r l y  t h e  v a l e n c y  of t h e  i ron  ions 
f o r m e d  is a s s u m e d  to be  2 (14) .  T h e r e  is some ev i -  
dence,  howeve r ,  t ha t  t he  d i s so lu t ion  of i ron  in a l -  
k a l i n e  so lu t ions  l eads  to t he  f o r m a t i o n  of Fe~O, as 
was  f o u n d  in a d i l u t e  so lu t ion  of NaNO= (15) .  This  
r eac t i on  a lso  w o u l d  e x p l a i n  the  a v e r a g e  va l ency  
2 2/3 f o u n d  in the  d i s so lu t ion  of i ron  in ( N a O H  
Na~S) so lu t ions  (4) .  F o r  th is  reason;  a n d  in  a g r e e -  
m e n t  w i t h  P o u r b a i x ' s  d i a g r a m  (13) ,  i t  is a s sumed  
t h a t  a t  p H  v a l u e s  h i g h e r  t h a n  9, Eq. [1]  is s t i l l  va l id ;  
howeve r ,  t he  e x p o n e n t  aano m i g h t  be d i f ferent .  

The  F l a d e  p o t e n t i a l  E~ (2) ,  wh ich  r e p r e s e n t s  the  
b o u n d a r y  p o t e n t i a l  b e t w e e n  the  ac t ive  a n d  the  p a s -  
s ive  s ta tes ,  d e p e n d s  on the  pH va lue .  F o r  i ron  in 
the  r a n g e  of p H  0 to 4 F l a d e  d i scove red  a r e l a t i o n -  
sh ip  w h i c h  can  be  e x p r e s s e d  b y  

R T  
E~ = E~o - -  - -  2.3 (pH)  [2] 

F 

w h e r e  EF is t he  F l a d e  p o t e n t i a l  and  EFo the  F l a d e  
p o t e n t i a l  a t  p H  = 0. E q u a t i o n  [2]  has  been  ver i f ied  
b y  F r a n c k  (7) .  

The  p a r t i a l  c u r r e n t  d e n s i t y  Ip of the  anod ic  d i s -  
so lu t ion  c u r r e n t  in t he  pa s s ive  s ta te  is i n d e p e n d e n t  
of the  p o t e n t i a l  d i f f e rence  b e t w e e n  e l ec t rode  and  
e l e c t r o l y t e  in  a c o n s i d e r a b l e  r a n g e  of th i s  po t en t i a l  
(7 -10) .  The  i ron  ions  f o r m e d  in th is  p o t e n t i a l  r a n g e  
a r e  t r i va l e n t .  The  anod ic  c u r r e n t  d e n s i t y  at  h igh  
pos i t ive  p o t e n t i a l s  ( t r a n s - p a s s i v e  r a n g e )  is a ccom-  
p a n i e d  b y  the  f o r m a t i o n  of FeO:, and  FeO4-- (13) .  

U n d e r  t he  inf luence  of a cons t an t  c u r r e n t  dens i ty  
t he  conve r s ion  f r o m  the  ac t ive  to the  pa s s ive  s ta te  
r e q u i r e s  a t i m e  p e r i o d  w h i c h  can be a p p r o x i m a t e l y  
e x p r e s s e d  b y  the  f o r m u l a  (7)  

t~ = k / I  - -  I,,~ [3]  

w h e r e  tp is t ime  d u r i n g  w h i c h  the  c u r r e n t  pa s s iva t e s  
the  meta l ,  k cons tan t ,  I c u r r e n t  dens i ty ,  a n d  I~ m i n i -  
m u m  c u r r e n t  d e n s i t y  suff icient  for  pass iva t ion .  This  
r e l a t i o n  w a s  f o u n d  to b e  v a l i d  also for  m e t a l s  o the r  
t h a n  i ron;  for  go ld  for  ins tance ,  in h y d r o c h l o r i c  
ac id  (16, 17),  and  for  c h r o m i u m  in su l fu r i c  acid  
(10) .  I t  is w i d e l y  a c c e p t e d  (18, 8, 19-21) t ha t  the  
p a s s i v i t y  of i ron  in m a n y  aqueous  so lu t ions  is caused  
b y  an i ron  ox ide  film. T h e  th i ckness  of t he  f i lm a p -  
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p a r e n t l y  va r i e s  c o n s i d e r a b l y  b e t w e e n  a f i lm s t rong  
enough  to be  s t r i p p e d  f r o m  i ron  b y  d i s so lu t ion  of 
the  b a c k i n g  m e t a l  (22, 23) on the  one hand ,  and  a 
f i lm of m o l e c u l a r  d imens ions  on  the  o t h e r  (12, 24- 
27).  In  t h i c k  films, a l a y e r  of Fe~O~ a d j a c e n t  to the  
i ron  su r f ace  is covered  b y  one of Fe~O~ (19) .  A t  
s t e a d y - s t a t e  cond i t ions  the  f i lm th i ckness  inc reases  
l i n e a r l y  w i t h  t h e  p o t e n t i a l  (19-21) .  V i s ib le  depos i t s  
(28),  u s u a l l y  of a b u l k y  na tu r e ,  a r e  no t  cons ide red  
t yp i ca l  f e a t u r e s  of the  pas s ive  s t a t e  as  p a s s i v i t y  is 
r e a c h e d  w i t h o u t  these.  

General Theory 
Basic Concep ts . - -S ince  the  f o r m a t i o n  of the  p a s -  

s iva t ing  f i lm is an  e l e c t r o c h e m i c a l  p h e n o m e n o n ,  i ts  
r a t e  on a f i l m - f r e e  su r face  is an  e x p o n e n t i a l  f unc t ion  
of the  m e t a l - e l e c t r o l y t e  p o t e n t i a l  d i f ference.  This  
f i lm o r ig ina t e s  f r o m  the  r e a c t i o n  of anions,  c o n t a i n e d  
in t h e  e l ec t ro ly t e ,  w i t h  the  m e t a l  su r f ace  [Mfi l le r  
(29) ]. F o r  t he  p r e s e n t  m o d e l  the  m e t a l  a t o m s  of the  
f i lm a re  a s s u m e d  to m a i n t a i n  t h e i r  o r ig ina l  pos i t i on  
in t h e  m e t a l  l a t t i c e  as su r f ace  a toms.  The  f i lm is 
t h e r e f o r e  v e r y  s t r o n g l y  b o n d e d  to the  me ta l .  In  t he  
case of i ron,  the  e l ec t ro s t a t i c  f ield w h i c h  p r o d u c e s  
the  p a s s i v a t i n g  f i lm is a s s u m e d  to conve r t  the  i ron  
a toms  a t  the  su r face  to the  t r i v a l e n t  s ta te .  Thus  a 
f i lm is f o r m e d  cons i s t ing  of a m o n o l a y e r  of Fe,O,.  

D u r i n g  the  conve r s ion  f r o m  t h e  ac t ive  to  t he  p a s -  
s ive s ta te ,  t he  f i lm cove r ing  p a r t  of t he  su r f ace  r e -  
duces  t he  r a t e  of anodic  d i s so lu t ion  because  t he  r a t e  
of anod ic  d i s so lu t ion  is p r o p o r t i o n a l  to t h e  r a t i o  of 
f i lm- f r ee  a r e a  to to ta l  a r ea  ( " f i l m - f r e e "  m e a n i n g  f ree  
of the  p a s s i v a t i n g  fi lm.)  The  co r ros ion  r a t e  of t he  
f i lm- f r ee  f r ac t i on  is a s sumed  to  be  u n d i m i n i s h e d .  

The  anod ic  c u r r e n t  dens i t y  in  the  pa s s ive  s t a t e  is 
u s u a l l y  v e r y  s m a l l  and  is caused  b y  a v e r y  s low cor -  
ros ion  process .  S ince  th i s  c u r r e n t  d e n s i t y  does  no t  
d e p e n d  on the  po t en t i a l ,  d i r ec t  anod ic  d i s so lu t ion  is 
out  of the  ques t ion .  The  on ly  a l t e r n a t i v e  is to a s sume  
tha t  a sIow d i s so lu t ion  of the  p a s s i v a t i n g  f i lm occurs  
con t inuous ly .  The  d a m a g e  done  to the  f i lm is i m -  
m e d i a t e l y  c o m p e n s a t e d  b y  f i lm r e f o r m a t i o n ,  w h i c h  is 
ba s i ca l l y  an  anod ic  process .  F o r  th is  r eason ,  t he  
anodic  c u r r e n t - d e n s i t y  in  t he  pa s s ive  s t a t e  is p r o -  
p o r t i o n a l  to t he  r a t e  of f i lm d i s so lu t ion  and  is i n -  
d e p e n d e n t  of t he  po ten t i a l .  

The  v a r i a t i o n  of f i lm th i cknes s  f o u n d  e m p i r i c a l l y  
ind ica tes  f i lm g r o w t h  w i t h  i nc r ea sed  p o t e n t i a l  f r o m  
m o n o m o l e c u l a r  d imens ion ,  r e a c h e d  i n i t i a l l y  b y  p a s -  
s iva t ion  at  t he  F l a d e  po ten t i a l ,  to a b o u t  50 or  100A. 
In  a g r e e m e n t  w i t h  V e t t e r  (20) a n d  Wel l  (21) ,  i t  
is a s s u m e d  t h a t  the  inc rease  of the  t h i cknes s  of p a s -  
s iva t ing  f i lms is caused  b y  the  m i g r a t i o n  of i ron  and  
o x y g e n  ions in oppos i t e  d i r ec t ions  across  t he  ox ide  
fi lm u n d e r  t he  inf luence  of the  p o t e n t i a l  g r ad i en t .  
The  f i lm th i cknes s  inc reases  w i t h  ~increasing p o t e n -  
t i a l  u n t i l  t h e  r a t e  of f i lm g r o w t h  is r e d u c e d  b y  the  
dec reas ing  g r a d i e n t  of t he  p o t e n t i a l  to the  v a l u e  of 
the  r a t e  of f i lm d isso lu t ion .  Hence,  u n d e r  e q u i l i b r i u m  
condi t ions ,  t h e  f i lm m a i n t a i n s  a t h i ckness  w h i c h  in -  
c reases  l i n e a r l y  w i t h  t he  po ten t i a l .  

W i t h  d e c r e a s i n g  p o t e n t i a l ,  t he  g r a d i e n t  of t he  
p o t e n t i a l  in  t h e  f i lm is dec rea sed  and  so is t he  r a t e  
of fi lm f o r m a t i o n  b y  mig ra t i on .  The  u n c h a n g e d  r a t e  
of f i lm d i s so lu t ion  causes  a d e c r e a s e  of t h e  f i lm 
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thickness until stable conditions are reached, i.e., 
when the rate of film formation has become equal to 
the rate of film dissolution. 

The validity of these derivations is limited by the 
assumption that the rates of possible reverse reac- 
tions of the anodic dissolution, i.e., electrode position 
of the dissolved metal, and of the formation of a 
passive film, characterized by rebreaking the bonds, 
are negligible. As the reverse reactions are substan- 
tial under certain conditions, their effect has been 
derived in another paper (30). 

Format ion  of an Fe~O~ Fi lm 
on Iron as an Electrochemical  Process 

The  e l e c t r o c h e m i c a l  r e a c t i o n  i n v o l v e d  in the  f o r -  
m a t i o n  of an  Me20~ fi lm on a f i lm- f r ee  m e t a l  su r f ace  
can  be f o r m u l a t e d  

Me 4- n ( O H ) -  .~ Me~O,, 4- n / 2  H20 4- ne- [4a]  

o r  

Me 4- n ( O H ) -  ~ Me (OH)~ 4- ne- [4b ]  

This  r e a c t i o n  supp l i e s  n e l ec t rons  p e r  r e a c t i n g  
m e t a l  a t o m  to t he  me ta l .  The  r a t e  of th is  r e a c t i o n  
d e p e n d s  on the  OH- c o n c e n t r a t i o n  and  the  p o t e n t i a l  
d i f fe rence  b e t w e e n  m e t a l  and  e l ec t ro ly te .  E q u a t i o n  
[4b]  f o r m u l a t e s  t he  r e a c t i o n  in a g r e e m e n t  w i t h  t he  
c h e m i c a l  ana lys i s  of pas s ive  f i lms on i ron  b y  Ne i l s en  
a n d  R h o d i n  (31) .  O x y g e n - f r e e  so lu t ions  wi l l  n o w  
be  cons idered .  The  effect  of d i s so lved  o x y g e n  wi l l  be  
d i scussed  l a te r .  

The  r a t e  of f i lm f o r m a t i o n  r~ on a f i l m - f r e e  su r f ace  
fo l lows  Ta fe l ' s  r e l a t i o n  and  is p r o p o r t i o n a l  to 
(OH-)  ~o~. As  (OH-)  ~o~ ~ exp  2.3noK (pH - -  14),  r t  
can be f o r m u l a t e d  

rf ----- r~ exp  12.3 no~ (pH - -  14) 4- 

np F (E El4 ) ] [5] 
R T  

w h e r e  a,  is the  s y m m e t r y  fac tor ,  no,  o r d e r  of t h e  
process  w i t h  r e spe c t  to (OH- ) ,  np v a l e n c y  con t ro l l i ng  
the  r a t e  of Me~O~ f o r m a t i o n  on the  me ta l ,  r~ t h e  r a t e  
of f i lm f o r m a t i o n  on a f i l m - f r e e  i ron  su r f ace  a t  p H  
14 and  E =E~,, and  E~, c h a r a c t e r i s t i c  v a l u e  of E a t  
p H  ---- 14. E q u a t i o n  [5]  t a k e s  in to  c o n s i d e r a t i o n  on ly  
t he  f o r w a r d  r e a c t i o n  w h i c h  fo rms  m e t a l  o x y g e n  
bonds  a t  the  i n t e r p h a s e .  I f  the  b a c k w a r d  r e a c t i o n  of 
r e b r e a k i n g  the  bonds  is so s t rong  t h a t  e q u i l i b r i u m  
cond i t ions  a r e  a p p r o a c h e d ,  Eq. [5]  is no m o r e  s t r i c t l y  
v a l i d  (30) .  

F o r  r easons  of s i m p l i c i t y  t he  ca l cu l a t i on  is b e t t e r  
r e f e r r e d  to p H  ----- 0. Thus  Eq. [5]  is c o n v e r t e d  to 

r ~ - - r o e x p  2 . 3 n o H ( p H )  + ~ ( E - - E o )  [6]  

w h e r e  ro is t he  r a t e  of f i lm f o r m a t i o n  on a f i l m - f r e e  
m e t a l  su r f ace  at  p H  -~ 0 a n d  E ~ Eo. 

E q u a t i o n  [6]  def ines  the  r a t e  of the  f i lm f o r m a t i o n  
on a f i l m - f r e e  m e t a l  sur face .  The  r a t e  of t he  f i lm 
f o r m a t i o n  in an  a r e a  p a r t l y  cove red  b y  f i lm is p r o -  
p o r t i o n a l  to t he  r a t i o  of t he  su r face  a r e a  of f i l m - f r e e  
m e t a l  to t he  t o t a l  m e t a l  sur face .  This  p a r t  of t h e  
d e r i v a t i o n  fo l lows  the  L a n g m u i r  a d s o r p t i o n  t h e o r y  
and  is s i m i l a r  to t h a t  of F r a n c k  (7)  and  of G e r i s c h e r  
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(8 ) .  A t  s t e a d y  s t a t e  the  r a t e  of f i lm f o r m a t i o n  is 
e q u a l  to t he  r a t e  of f i lm d isso lu t ion .  Hence  

ao r~ : a , r~  [7]  

w h e r e  a~ is f i l m - c o v e r e d  area ,  af f i l m - f r e e  area ,  and  
r~ r a t e  of f i lm d i s so lu t ion  of m e t a l  ox ide  or  h y d r o x i d e  
f r o m  a f i l m - c o v e r e d  area .  ro is a s s u m e d  to be  i n d e -  
p e n d e n t  of t he  p o t e n t i a l  as the  d i s so lu t ion  goes w i t h -  
out  e x c h a n g e  of charges .  I t  m a y  also be  s t r e s sed  t h a t  
Eq. [7]  does  no t  d e s c r i b e  an  e q u i l i b r i u m  b e t w e e n  
f i lm f o r m a t i o n  and  d i s soc ia t ion  of t he  f i lm into  the  
o r ig ina l  componen t s .  The  r a t i o  of the  f i lm- f r ee  a r ea  
to the  to ta l  a r e a  a~ is g i v e n  b y  

r t  
a j a r  : 1/1 + - -  [8]  

rc 

C o m b i n i n g  Eqs. [6]  a n d  [8]  

a~ 

~t 

1 +--ro exp  2 .3no .  ( p H )  + R - - - - ~ ( E - - E ~  (9) 

Eq. [9]  shows  the  v e r y  r a p i d  d e c r e a s e  of t he  f i lm-  
f ree  a r e a  wi th  i n c r e a s i n g  p o t e n t i a l  a n d  p H  va lues .  

Anodic  dissolution current  in the  potent ial  range 
of the conversion f r o m  active to passive s t a t e . - - T h e  
d e n s i t y  of t he  anodic  d i s so lu t ion  c u r r e n t  I~ at  t o t a l l y  
f i l m - f r e e  a r eas  is g i v e n  b y  Eq. [ 1 ]. On ly  the  f i lm- f r ee  
a r e a  is a s s u m e d  to c o n t r i b u t e  to t he  anodic  c u r r e n t  
in th is  ca lcu la t ion .  The  p a r t i a l  c o v e r a g e  of the  s u r -  
face  b y  an  inso lub le  f i lm r educes  th is  c u r r e n t  d e n s i t y  
to an  a m o u n t  w h i c h  is p r o p o r t i o n a l  to the  r a t i o  of 
f i l m - f r e e  a r e a  to t o t a l  area .  Thus  Eqs.  [1]  and  [9]  
m a y  be  c o m b i n e d  to ca l cu l a t e  the  anod ic  c u r r e n t  
d e n s i t y  I,~ on a p a r t l y  f i l m - c o v e r e d  su r f ace  

~af 

a~ n~ F 
f ( p H )  e x p ~  (E - -E~)  

Zo [lO] 
ro [ a , n , F  ] 

1 - 5 - - e x p  2.3no, ( p H )  - 5 - -  ( E - - E o )  
rr R T  

F o r  t he  a p p l i c a t i o n  of Eq. [10]  the  r a t i o  ro/r~ 
m u s t  be  d e t e r m i n e d .  In  Eq. [3] ,  t ,  g ives  a r e c i p r o c a l  
m e a s u r e  of ro: h o w e v e r ,  s ince  t he  p o t e n t i a l  changes  
c o n t i n u o u s l y  d u r i n g  the  m e a s u r e m e n t ,  th is  m u s t  be  
r e g a r d e d  as a p p r o x i m a t e  only.  A c c u r a t e  m e a s u r e -  
m e n t s  of ro shou ld  be  m a d e  at  cons t an t  p o t e n t i a l  in  
the  pass ive  s ta te ,  e.g., a t  the  F l a d e  po ten t i a l .  T h e r e  
is, h o w e v e r ,  a c l ea r cu t  r e l a t i o n  b e t w e e n  ro/r~ and  
I~o/I,, (I,o = I~ at  p H  = 0).  W h e n  50% of t he  su r f ace  
is cove red  w i t h  the  p r o t e c t i v e  film, t he  c u r r e n t  d e n s i t y  
Io.~ becomes  50% of t he  v a l u e  c a l c u l a t e d  for  a f i lm-  
f ree  surface ,  and  t h e  p o t e n t i a l  becomes  E .... W h e n  
E ~ Eo.~ in  Eq. [10] ,  Io f (pH)-2.Io.~ and  the  d e n o m i -  
n a t o r  of Eq. [10]  becomes  2. Thus  

ro [ 
- - e x p  2.3noH (pH)  + 
re 

np__~F 
(E~ Eo) ] = 1 [11] 

~p 

R T  _1 

F o r  the  p o t e n t i a l  Eo.~ at  p H  : 0 the  s y m b o l  Eo_o.~ 
m a y  be  used,  and  for  the  r a t e  of f i lm f o r m a t i o n  ro 
at  p H  = 0 a n d  Eo_o.~ the  s y m b o l  r ...... A c c o r d i n g  to 
Eq. [11]  r . . . .  equa l s  ro w h e n  Eo equa l s  E ...... Hence,  

To_0.5 

re 
- -  exp 2.3 no .  ( pH)  + 

F ] Ozp n., 
(Eo.~ - -  E . . . .  ) } 1 [12] 

R T  _l 

The  ra t e  of f i lm d i s so lu t ion  ro at  a c o m p l e t e l y  f i lm-  
cove red  a r e a  is p r o p o r t i o n a l  to Ip, t he  c u r r e n t  d e n s i t y  
in t he  pass ive  s ta te ,  a cco rd ing  to the  g iven  bas ic  con-  
cept. A t  p H  = 0, Ip becomes  I~o, hence  

ro_o.,~/rr Ipo/Ip [13] 

By  s u b s t i t u t i n g  ro_o.Jr~ f r o m  Eq. [13]  in to  Eq. [10] 
an  equa t ion  r e su l t s  w h i c h  con ta ins  only  m e a s u r a b l e  
qua n t i t i e s  or  cons tan t s  as fo l lows  

Iaf 

a~ n~ F 
Io f ( p H )  e x p ~  ( E - -  Eo) [14] 

1 +  exp  2.3no~ ( p H )  + R T  

The c u r r e n t  d e n s i t y  of t he  anodic  d i s so lu t ion  cu r -  
r e n t  on a f i l m - f r e e  su r face  as e x p r e s s e d  in t he  n u -  
m e r a t o r  can  be  d e s c r i b e d  b y  us ing  any  p a i r  of r e l a t e d  
va lue s  of c u r r e n t  d e n s i t y  a n d  p o t e n t i a l  to r e p l a c e  
Io f ( p H )  a n d  Eo, for  ins tance ,  2Io.~ and  Eo.,. The  sec-  
ond t e r m  of t he  d e n o m i n a t o r  can be f o r m u l a t e d  

~ e x p  [ 2.3 no,, ( pH)  + 
p 

a,, n,  F 
apnp___~FaT (E0.~--E ..... ) e x p ~  (E--Eo.~)  

Acco rd ing  to Eq. [12] and  [13] th is  exp re s s ion  
a,  np F 

equals e x p -  (E- Eo.~). Thus a simplified for- 
RT 

mula of the current density in the potential range of 
the conversion is derived 

exp  (E --  Eo.~) 
R T  

I,f : 2Io.~ [15] 
~p np F 

1 + e x p - - = = - - _  ( E -  E0.~) 
/~T 

The  above  d e r i v a t i o n  does  no t  t a k e  in to  account  
t h e  d i s so lu t ion  of t he  p a s s i v a t i n g  fi lm in t he  e l ec t ro -  
l y t e  w h i c h  causes  the  flow of a sma l l  anodic  c u r r e n t  
I~ at  a c o m p l e t e l y  c ove re d  surface .  The  p a r t i a l  c u r -  
r en t  L w h i c h  is caused  b y  the  f i lm d i s so lu t ion  on a 
p a r t l y  c ove re d  sur face  is p r o p o r t i o n a l  to t he  r a t io  
f i l m - c o v e r e d  a r e a  to t o t a l  a rea .  Acco rd ing  to Eq. [9]  
and  [ 11 ] t he  r a t io  f i l m - f r e e  to t o t a l  a r ea  a moun t s  to 

ap np F 
I/I + exp (E- E0.5) 

RT 

and the ratio film-covered to total area is put into 
Eq. [16]  as f ac to r  of Ip 
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c% np F 
exp  ~ (E - -  Eo.Q 

I~ = 1~ [16] 
~p np F 

1 + e x p  ~ (E --Eo.~) 
RT 

In  cases  of t y p i c a l  p a s s i v i t y  th i s  p a r t i a l  c u r r e n t  
I~ is neg l ig ib l e  in c o m p a r i s o n  w i t h  Io.~. H o w e v e r ,  
t h e r e  a r e  cond i t ions  u n d e r  w h i c h  1~ fo rms  a s u b -  
s t a n t i a l  p a r t  of t he  c o m b i n e d  c u r r e n t  d e n s i t y  L;  
t hen  t h e  ca l cu l a t i on  of I0 r e q u i r e s  t he  a d d i t i o n  of 
I~ to I,~ as fo l lows  

o~ n~ F a~ n~, F 
2 Io.,~ exp  - -  (E - -  Eo..0 ~- I~ e x p  - -  (E - -  Eo.~) 

RT RT 

o~ n~ F 
1 -t- e x p -  ( E -  Eo.~) [17]  

RT 
E q u a t i o n  [17] covers  the  c u r v e  of t he  d e n s i t y  of 

the  anod ic  d i s so lu t ion  c u r r e n t  as a func t ion  of t he  
p o t e n t i a l  i n c l u d i n g  the  ac t ive  and  pa s s ive  s ta tes .  I t  
is e v i d e n t  t h a t  Eq. [17]  can  be  d e r i v e d  w i t h o u t  spe -  
c ia l  a s sumpt ions  conce rn ing  t y p e  of m e t a l  and  r e a c t -  
ing ions and  it is a s s u m e d  to be  v a l i d  if t he  a s s u m p -  
t ions  abou t  t he  m e c h a n i s m  of f i lm f o r m a t i o n  a r e  a p -  
p r o p r i a t e .  

Comparison wi th  experimental results .--From t he  
above  i t  is c l ea r  t h a t  t he  r a t io  fl = a~n~:a~n~ d e t e r -  
mines  the  fo rm of the  c u r v e  of t he  anod ic  d i s so lu t ion  
cu r ren t .  If  fl is u n i t y  t h e  c u r v e  fo rms  a p o l a r o g r a p h i c  
wave ,  i.e., an  S - s h a p e d  t r a n s i t i o n  f r o m  c u r r e n t  d e n -  
s i ty  0 to a cons t an t  c u r r e n t  d e n s i t y  a m o u n t i n g  to 
2 Io.~ ~- I~ (Fig.  4) .  This  is t he  shape  of t he  curves  
f o u n d  w i t h  s i lve r  (12)  in ( l l M  NH~ + 1M 
( N H , ) : S O , ) ,  w i t h  go ld  (8)  in  4.0N HC1, and  w i t h  
i ron  (8,9) in 1.0N H,SO, at  25~ H o w e v e r ,  th is  t y p e  
of c u r v e  m i g h t  also be  caused  b y  a f i lm of sal t ,  as 
th i s  cond i t ion  can  cause  t h e  f o r m a t i o n  of a cons t an t  
c u r r e n t  dens i ty .  

O,E 
I--I 

0.4 

0.2 

0.0 ~ 
-180 - I00  - 8 0  E ~  60 I00  150 mv 

POTENT;AL RELATED TO Eo~ 

Fig. 4. Calculated curves characteristic o f  the density of the 
onodic dissolution current as a function of the potential .  The 
ratio /3 of the exponent in the formula describing the onodic 
dissolution reaction to the exponent in the formula of the f i lm 
forming reaction control the form. 
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FIg. 5. S e m i l o g a r i t h m i c  p l o t t i ng  o f  the curves  o f  Fig. 4 
wh i ch  shows the  t yp i ca l  3 ranges o f  nea r l y  l i n e a r  re la t ion .  

W h e n  f l  = 2 t h e  c u r v e  is s y m m e t r i c a l ,  t h e  b r a n c h  
c o v e r i n g  t h e  a c t i v e  s ta te  b e i n g  t h e  m i r r o r  i m a g e  o f  
t he  b r a n c h  m e a s u r e d  in t he  r a n g e  of t he  conve r s ion  
f r o m  the  ac t ive  to the  p a s s i v e  s ta te .  W h e n  ~ > 2, the  
d e c r e a s e  of  t h e  c u r r e n t  d e n s i t y  in the  r a n g e  of t he  
conve r s ion  f r o m  the  ac t ive  to  t he  pa s s ive  s t a t e  b e -  
comes  i n c r e a s i n g l y  s t e e p e r  t h a n  i ts  i n c r e a s e  in the  
ac t ive  s ta te .  The  cu rves  of F ig .  1 and  2 show t h e  t y p i -  
cal  f o r m  d e r i v e d  for  fi = 3  to  4. 

In  s e m i l o g a r i t h m i c  p l o t t i n g  the  c a l c u l a t e d  c u r v e  
a s sumes  a v e r y  s imp le  form.  W h e n  t h e  second  t e r m  
in each  n u m e r a t o r  and  d e n o m i n a t o r  of  Eq. [17]  b e -  
comes  n e g l i g i b l e  in c o m p a r i s o n  w i t h  t h e  f irst  t e rm,  
t he  r e s u l t i n g  e q u a t i o n  in s e m i l o g a r i t h m i c  p l o t t i n g  
g ives  t h e  s t r a i g h t  l ine  (Fig .  5) 

d In Io.) a,  n~ F [18]  

---~---,]~ = RT 

E q u a t i o n  [18]  is v a l i d  in t h e  ac t ive  r a n g e  ( s u b s c r i p t  
a ) .  W h e n  t h e  second  t e r m  in the  n u m e r a t o r  a n d  the  
first  t e r m  in t he  d e n o m i n a t o r  become  neg l ig ib l e ,  an- 
o t h e r  s t r a i g h t  l ine  is f o r m e d  in s e m i l o g a r i t h m i c  p lo t -  
t i ng  as fo l lows  

E q u a t i o n  [19]  f o r m u l a t e s  t he  c u r v e  in  t h e  p o t e n t i a l  
r a n g e  of the  c onve r s ion  f rom ac t ive  to pa s s ive  s t a t e  
( s u b s c r i p t  a~p) .  W h e n  the  first  t e r m  of  each  n o m -  
i n a t o r  a n d  d e n o m i n a t o r  becomes  sma l l  in c o m p a r i s o n  
w i t h  t he  second  t e r m ,  L equa l s  I9. 

T h e  s t r a i g h t  l ines  g iven  b y  Eq. [18]  and  [19]  cross  
a t  t he  c o o r d i n a t e s  210.~ and  Eo.~ a n d  the  second  and  
t h i r d  s t r a i g h t  l ines  cross  a t  t he  coo rd ina t e s  I~ a n d  EF. 
Thus  a s i m p l e  m e t h o d  of c a l c u l a t i n g  a l l  the  c h a r a c t e r -  
is t ic  cons tan t s  of Eq. [17]  f r o m  m e a s u r e d  c u r v e s  b e -  
comes  ev iden t .  K o l o t y r k i n ' s  (10)  anod ic  c u r r e n t  d e n -  
s i ty  p o t e n t i a l  c u r v e s  in s e m i l o g a r i t h m i c  p l o t t i n g  d e m -  
o n s t r a t e  t he se  f ea tu re s .  His  c u r v e s  o b t a i n e d  f r o m  
c h r o m i u m  and  n i c k e l  in H~SO4 consis t  of t h r e e  
s t r a i g h t  l ines  r e p r e s e n t i n g  the  ac t ive  s ta te ,  t h e  con-  
ve r s i on  to the  pa s s ive  s ta te ,  and  t h e  pas s ive  s ta te .  

Eo.~ and the Flade Potential 
F o r  t h e  c u r r e n t  d e n s i t y  as a func t ion  of p H  a r e l a -  

t ion  b a s e d  on Eq. [14]  and  [16] can  be  f o r m u l a t e d  
as fo l lows  



162 J O U R N A L  OF THE E L E C T R O C H E M I C A L  S O C I E T Y  March 1960 

Ic = 

a~ n~ F 
lof(pH) exp----c-c-~ (E--Eo) -l- 

L~ [ 
1 + ~ e x p  | 2 . 3  no~ ( p H )  + 

L 

Lo exp  [2.3 no~ (pH)  + - -  
a~ n~ F 

R T  
( E - - E  ..... ) ]  

] 
( E - - E  ...... ) / [20] 

R T  J 

E q u a t i o n  [20] shows  the  inf luence  of p H  a n d  of t he  
c u r r e n t  d e n s i t y  I~ in  the  pa s s ive  s t a t e  on t h e  anod ic  
d i s so lu t ion  cu r ren t .  The  c h a r a c t e r i s t i c  p o t e n t i a l  E~., 
of t h e i r  c r o s s - p o i n t  w i t h  t he  l i ne  of the  ac t ive  s t a t e  
is g iven  b y  

E 0 0 = E  ..... 2.3 n o .  (pH)  + In-- jr21]_ _ 
a~, np F 

because at Eo.~ the second term of the denominator 
equals unity (Eq. [12] and [13]). Eo..~ is independent 
of the function f(pH). This might be expected be- 
cause the potential at which the film covers 50% 
of the surface does not depend primarily on the rate 
of anodic dissolution. Typical features of the calcu- 
lated curves are the following: in the active state 
there is one straight line in semilogarithmic plotting 
if the current density which is independent of pH 
(f(pH) = i). The conversion to the passive state is 
shown by parallel straight lines for a variation of pH 
as demonstrated in Fig. 6. Kolotyrkin (10) gives a 
demonstration of these conditions from a study of 
the current density of the anodic dissolution of 
chromium in 1.ON, in 0.1N and 0.01N H~SO~. His 
curves in semilogarithmic plotting consist of one 
straight line of the current in the active state with 
straight lines of the conversion to the passive state 
branching off at potentials of 0.05 v difference. 

It is also interesting to note that the alteration of 
the polarization curve found after the addition of 
p y r o g a l l o l  (Fig .  I and  2) m i g h t  be  caused  b y  an  in -  
c r ea sed  s o l u b i l i t y  of t he  p a s s i v e  f i lm w h i c h  effects a 
change  of Ip. This  a s s u m p t i o n  ag rees  w i t h  the  e x -  
p e r i m e n t a l  r e s u l t  of M a c L e a n  and  G a r d n e r  (32) who  
s t ud i ed  the  c o r r o s i v i t y  of wood  ex t r ac t i ve s .  These  

H 
s 

h 

\ 
E, 

POTENT}AL mV 

Fig. 6, Schematic semilogari thmic plot t ing of  the density 
of the anodic dissolution current: (a) f i lm-free active range, 
(b) conversion to the passive state, and (c) Flade potent ial  E~ 
and the passive state. 

I.o 

o 

~Q5 

H 

~ b  

-150 - I 0 0  - 5 0  ~ u  50 I 00  150 mv 

POTENTIAL RELATED TO Eo.~ 

Fig. 7. Density of the anodic dissolution current calculated 
for a var iat ion of the rates of f i lm dissolution and f i lm 
format ion:  

Ipo 
(a) - -  exp [2.3 nail (pH)] : ] ; 

Ipo 
(b) exp [2.3 nail (pH)] = 0.1 

Ii, 

a u t h o r s  s u g g e s t e d  t h a t  t h e  i n c r e a s e d  c o r r o s i v i t y  o f  
a l k a l i n e  cooking  l i quo r  found  b y  a d d i t i o n  of 1,2 
d i h y d r o x y b e n z e n e  and  de r iva t i ve s ,  such as p y r o g a l -  
lol,  was  due  to i n c r e a s e d  so lub i l i t y  of f e r r i c  i ron  sal ts .  
F i g u r e  7 d e m o n s t r a t e s  the  c a l c u l a t e d  effect in  two  
cu rves  the  shape  of w h i c h  agrees  v e r y  we l l  w i t h  t h a t  
of Fig .  1 and  2. 

F r a n c k  (7) on r e p e a t i n g  F l a d e ' s  (2)  e x p e r i m e n t s ,  
uses  t he  e x p r e s s i o n  "c r i t i ca l  c u r r e n t  d e n s i t y  w h i c h  
causes  t h e  local  a c t i v a t i o n "  to d e s c r i b e  t he  c u r r e n t  
d e n s i t y  at  the  F l a d e  po ten t i a l .  F r a n c k  does no t  i n -  
d i ca t e  w h e t h e r  th i s  c r i t i ca l  v a l u e  of the  c u r r e n t  d i f -  
f e r e d  at  d i f f e ren t  p H  values .  Hence  the  def in i t ion  
of F r a n c k ' s  e x p e r i m e n t a l  va lues  of t he  F l a d e  p o t e n -  
t i a l  is not  e x a c t l y  known .  

In  the  p r e s e n t  w o r k ,  the  F l a d e  p o t e n t i a l  is def ined 
as the  p o t e n t i a l  a t  wh ich  the  d e n s i t y  of t he  anod ic  
d i s so lu t ion  c u r r e n t  L ,  equa l s  I~, t h e  d e n s i t y  of t he  
c u r r e n t  in  t he  pas s ive  s ta te .  I t  m a y  be  s t a ted  t h a t  
th is  def in i t ion  does  no t  cons ider  t he  F l a d e  p o t e n t i a l  
as an  e q u i l i b r i u m  p o t e n t i a l  for  t h e  f o r m a t i o n  and  
d i s i n t e g r a t i o n  of the  p r o t e c t i v e  ox ide  f i lm (19) .  A c -  
co rd ing  to the  def in i t ion  the  two t e r m s  in the  n u m e r -  
a to r  of Eq. [20]  a r e  equa l  a t  EF. D i f f e r en t i a t i on  of t he  
e q u a t i o n  c a l c u l a t e d  for  E~. w i th  r e s p e c t  to pH re su l t s  
in the  r e l a t i o n  

d in f ( pH)  
R T  2.3no, 

d ( p H )  
EF = EFo - -  ( p H ) - -  [22] 

F a, r~ -- (~, n,  

The  m e a n i n g  of Eq. [22] m a y  be  d e m o n s t r a t e d  in 
Fig .  8 w h i c h  p lo t s  the  c u r r e n t - p o t e n t i a l  r e l a t i o n  on 
a s e m i l o g a r i t h m i c  scale.  The  c u r v e  r e f e r r i n g  to p H  = 
0 is c h a r a c t e r i z e d  b y  t h e  c rosspo in t s  EFo/Ipo and  
E ..... / 2 I  ..... ( I  ..... : Io.~ at  pH : 0).  A c c o r d i n g  to  Eq. 
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Fig. 8. Schematic semilogarithmic plotting of the anodic 
dissolution current showing the effect of f(pH) on the Flade 
potential (Eq. [22]) .  

[21],  Eo.~ is i n d e p e n d e n t  of f ( p H ) .  I f  f ( p H )  equa l s  
u n i t y  t h e  F l a d e  p o t e n t i a l  is E',. If  f ( p H )  inc reases  
w i th  p H  the  r e s u l t i n g  F l a d e  p o t e n t i a l  E'F, r eaches  a 
v a l u e  b e t w e e n  EFo and  E'F. E q u a t i o n  [22] g ives  
va lue s  of t he  s ame  o r d e r  of m a g n i t u d e  as Eq. [2] .  
H o w e v e r ,  e x a c t  va lue s  of t he  c u r r e n t - d e n s i t y - p o t e n -  
t ia l  r e l a t i o n  at  v a r i e d  pH a re  r e q u i r e d  for  a def in i te  

dec is ion  on the  v a l i d i t y  of Eq. [22].  

Comparison with Previously Developed Theories 
About Passivity 

The  t h e o r y  p r e s e n t e d  is based  on the  accep t ed  idea  
of a p r o t e c t i v e  film, cons is t ing  of Fe~O~ in t he  case  of 
iron. This  t h e o r y  l eads  to t he  conclus ion  t h a t  t he  
e lec t ron ic  s ta te  of the  m e t a l  su r face  inf luences  t he  
conve r s ion  process .  A h igh  v a l u e  of fl m e a n s  a r a p i d  
dec l ine  f rom the  m a x i m u m  c u r r e n t  d e n s i t y  to t he  
pass ive  s ta te ,  i.e., a t y p i c a l  pass iv i ty .  A n  inc rea se  of 
t he  v a l e n c y  d u r i n g  the  conve r s ion  f rom t h e  ac t ive  
to t h e  pa s s ive  s t a t e  inc reases  fl, because  i t  m e a n s  
nJn ,>l .  H e n c e  t r a n s i t i o n  e l e m e n t s  w h i c h  i nc rea se  
the  v a l e n c y  d u r i n g  the  conve r s ion  a r e  s ing l ed  out  
as e l e m e n t s  of t y p i c a l  pa s s ive  behav io r .  Thus  the  
o r ig ina l  e l e c t r o n  conf igura t ion  t h e o r y  (33,17,34) 
is co r robo ra t ed ,  and  the  p r e s e n t  t h e o r y  fo rms  a 
b r i d g e  b e t w e e n  F a r a d a y ' s  p r o t e c t i v e  f i lm theo ry ,  
and  S c h o e n b e i n ' s  t h e o r y  (35) t h a t  p a s s i v a t i o n  in -  
volves  an  e s sen t i a l  a l t e r a t i o n  of a c tua l  m e t a l  p r o p -  
er t ies .  

The  c o m p l e m e n t a r y  r e l a t i o n  b e t w e e n  t h e  p r e -  
sen ted  t h e o r y  and  the  t h e o r y  of V e t t e r  (20) and  Wei l  
(21) a b o u t  t he  pas s ive  f i lm is ev iden t .  The  p r e s e n t e d  
t h e o r y  l eads  f r o m  an  u n p r o t e c t e d  su r f ace  to one 
w h i c h  is p r o t e c t e d  b y  a m o n o l a y e r  film. The  g r o w t h  
of the  f i lm th i cknes s  is e x p l a i n e d  b y  t h e i r  t he o ry .  
Thus  these  two  theo r i e s  cover  two  n e i g h b o r i n g  p o -  
t en t i a l  r anges .  

H o w e v e r ,  t h e r e  is d i s a g r e e m e n t  w i t h  ce r t a i n  p r e -  
v i ous ly  p u b l i s h e d  theor ies .  D e v e l o p m e n t  of o x y g e n  
(7) or  of an  i ron  ox ide  h i g h e r  in o x y g e n  con ten t  t h a n  
Fe20~ (36) was  a s s u m e d  b y  some a u t h o r s  to be  a 
n e c e s s a r y  or  c h a r a c t e r i s t i c  cond i t ion  for  r e a c h i n g  

pas s iv i t y .  This  a s s u m p t i o n  p r o b a b l y  has  been  s t i m u -  
l a t e d  b y  m e a s u r e m e n t s  w i t h  c u r r e n t  c on t ro l l ed  e x -  
p e r i m e n t a l  a r r a n g e m e n t s  w h i c h  cause  a j u m p  of the  
p o t e n t i a l  f r o m  the  ac t ive  s t a t e  ove r  a l a r g e  r a n g e  of 
the  pas s ive  s t a t e  (3,4) .  D e p e n d i n g  on the  e x p e r i -  
m e n t a l  condi t ions ,  t he  p o t e n t i a l  m a y  r e a c h  s t ab le  
v a l u e s  on ly  in  t he  t r a n s p a s s i v e  s ta te .  W i t h  an  a d e -  
q u a t e  p o t e n t i o s t a t i c  a r r a n g e m e n t  i t  is ea s i ly  s h o w n  
tha t  t he  d e v e l o p m e n t  of o x y g e n  or  of h igh  i ron  o x -  
ides  is no t  c h a r a c t e r i s t i c  of t he  pa s s ive  s t a t e  of  i ron,  
bu t  of the  t r a n s p a s s i v e  s ta te .  

The  t h e o r y  of Mi i l l e r  (28) a s sumes  the  depos i t i on  
of po rous  m e t a l  sa l t s  on the  r a p i d l y  co r rod ing  m e t a l  
sur face ,  p a r t i c u l a r l y  in s t r ong  acids.  On the  i ron  s u r -  
face  b e l o w  the  po re s  of t he  depos i t ,  c h e m i c a l  p a s s i v -  
i t y  is a s s u m e d  to be  caused  b y  the  e x t r e m e l y  h igh  
c u r r e n t  dens i ty .  I n s t e a d  of th is  t h e  p r e s e n t  t h e o r y  
a s sumes  t ha t  an ions  can fo rm a sa l t  f i lm on me ta l s .  
Cor ros ion  r a t e  and  c u r r e n t  d e n s i t y  t h e n  a r e  r e d u c e d  
to  a v a l u e  p r o p o r t i o n a l  to t he  s o l u b i l i t y  of t he  sa l t  
film. Once the  p o t e n t i a l  for  t h e  f o r m a t i o n  of t he  o x -  
ide  f i lm is r eached ,  t he  conve r s ion  f r o m  the  s a l t - f i l m -  
cove red  to t he  o x i d e - f i l m - p r o t e c t e d  m e t a l  t a k e s  
place.  

O x y g e n  and  ox id iz ing  agen t s  a r e  w e l l  k n o w n  
p r o m o t e r s  of pas s iv i ty .  Two d i f fe ren t  m e c h a n i s m s  
were  p r o p o s e d  to e x p l a i n  p a s s i v a t i o n  b y  ox ida t ion .  
B y  the  first,  f o r m a t i o n  of ox ide  f i lms o c c u r r e d  b y  
d i r ec t  r eac t i on  b e t w e e n  m e t a l  and  o x y g e n  or  oxides .  
This  is the  m e c h a n i s m  of t he  f o r m a t i o n  of p r o t e c t i v e  
f i lms of ox ides  d u r i n g  the  e x p o s u r e  of m e t a l s  to  d r y  
a t m o s p h e r i c  oxygen .  D i s so lved  ox id i z ing  r eagen t s ,  
such as ch romates ,  m a y  also p r o m o t e  the  f o r m a t i o n  
of a p r o t e c t i v e  f i lm b y  d i r ec t  r e a c t i o n  w i t h  the  m e t a l  
in the  ac t ive  s t a t e  (18) .  By  the  second  p r o p o s e d  
me c ha n i sm ,  o x y g e n  or  ox ides  d i s so lved  in w a t e r  p r o -  
duce  an  e l e c t r o c h e m i c a l  r e a c t i o n  b e t w e e n  m e t a l s  and  
ox id iz ing  agents ,  cons i s t ing  of r e m o v a l  of n e g a t i v e  
cha rges  f rom the  m e t a l  su r f a c e  accord ing  to t he  
e q u a t i o n  (37) 

z~ O~ 9- 2 e - ~  O'-  [23] 

A n  ox id iz ing  p rocess  of th is  t y p e  invo lves  a ca thod ic  
c u r r e n t - d e n s i t y  acco rd ing  to F a r a d a y ' s  law.  If  th is  
c u r r e n t  d e n s i t y  is h i g h e r  t h a n  the  m a x i m u m  anod ic  
c u r r e n t  d e n s i t y  in  t h e  ac t ive  s ta te ,  i t  causes  a sh i f t  to 
t he  pas s ive  s ta te .  Thus,  even  t h o u g h  o x y g e n  m i g h t  
c o n t r i b u t e  to t h e  f o r m a t i o n  of a pas s ive  film, t he  d e -  
c is ive  fac to rs  a r e  p H  and  po ten t i a l .  

A n  e x p l a n a t i o n  of pas s iv i ty ,  and  p a r t i c u l a r l y  of 
t h e  F l a d e  po t en t i a l ,  has  r e c e n t l y  been  g iven  b y  G 5 h r  
and  L a n g e  (19) .  A f t e r  a s u r v e y  of the  i ron  ox ides  
and  t h e i r  p r o p e r t i e s ,  t he  bas ic  c h e m i c a l  r e a c t i o n  i n -  
v o l v e d  in t he  f o r m a t i o n  of t he  F l a d e  p o t e n t i a l  was  
f o r m u l a t e d  as fo l lows :  
Fe~O~ 9- 1/~H~O ~ 3/2Fe~O~ 9- 1/2H~; UH ~ 9- 0.58 v 

[24] 

E v e n  t h o u g h  the  p r e s e n t  t h e o r y  a s sume s  an  Fe~O, 
f i lm in a g r e e m e n t  w i t h  GShr  and  Lange ,  t he  concep t  
of the  m e c h a n i s m  of f i lm f o r m a t i o n  is d i f ferent .  A c -  
c o rd ing  to  t he  p r e s e n t  d e r i v a t i o n  the  F l a d e  p o t e n t i a l  
is not  an  e q u i l i b r i u m  po ten t i a l ,  i t  is a p o t e n t i a l  d e -  
f ined b y  a s t e a d y  s t a t e  cond i t ion  as e x p l a i n e d  a l -  
r e a d y .  
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The  g i v e n  d e r i v a t i o n  r eaches  f rom the  ac t ive  s t a t e  
over  t he  r a n g e  of the  conve r s ion  f r o m  the  ac t ive  to 
t he  pa s s ive  s t a t e  a n d  ove r  t he  F l a d e  p o t e n t i a l  to t h e  
pa s s ive  s ta te .  The  bas ic  a s s u m p t i o n s  m a d e  and  the  
r e su l t s  d e r i v e d  do not  i n t e r f e r e  w i t h  the  t h e o r y  and  
the  facts  k n o w n  f r o m  V e t t e r  (20) and  Wei l  (21) 
abou t  t he  n e i g h b o r i n g  p a s s i v e  s ta te .  A t  t he  F l a d e  
p o t e n t i a l  t he  p r o p o r t i o n  of f i lm f ree  to t o t a l  a r e a  is 
e x t r e m e l y  sma l l  and  the  f i lm c o v e r a g e  a lmos t  l i t e r -  
a l l y  comple te .  The  p r e s e n t  d e r i v a t i o n  s tud ies  the  f o r -  
m a t i o n  of a m o n o l a y e r  film. The  g r o w t h  of th is  f i lm 
b y  i n n e r  m i g r a t i o n  w h i c h  m i g h t  beg in  be fo re  i t  
covers  t h e  c o m p l e t e  su r f ace  has  been  d e s c r i b e d  b y  
V e t t e r  (20) and  Wef t  (21) .  

Manuscr ip t  rece ived  May 21, 1959. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the December  1960 
JOURNAL. 
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Kinetics of the Dissolution of Copper 
in Aqueous Solutions of Aliphatic Amines 

S. C. Sircar ~ and D. R. Wiles 2 

Department 05 Mining and Metallurgy, University of British Columbia, Vancouver, Canada 

ABSTRACT 

Studies  of the ra te  of dissolution of copper  in aqueous solutions of ammonia ,  
and methyl- ,  ethyl- ,  and  n -bu ty lamines  under  a high pressure  of oxygen 
have shown the react ion to occur in two stages: a r ap id  p re -equ i l i b r ium in -  
volving the free amine molecule,  and a s lower react ion step involving e i ther  
the free amine molecule  or its conjugate  acid. This mechanism leads  to a 
pa r t i a l  unders tand ing  of the pass ivi ty  of copper surfaces in nea r ly  neu t ra l  
amine solutions. 

Recen t  s tud ies  of the  k ine t i c s  of t he  a t t a c k  of v a r i -  
ous c o m p l e x i n g  agen t s  on m e t a l l i c  coppe r  have  been  
e x t e n d e d  to i nc lude  the  a l i pha t i c  amines .  E a r l i e r  
w o r k  on a m m o n i a  (1,2) a n d  on some a m i n e - t y p e  
che l a t i ng  agen t s  (3)  has  sugges t ed  t ha t  t he  f ree  base  
and  i ts  p r o t o n a t e d  f o r m  act  to cause  d i s so lu t ion  b y  

1 P r e s e n t  addres s :  B a k h r a b a d ,  C u t t a c k  2, Orissa ,  Ind ia .  

2 P r e s e n t  addres s :  D e p a r t m e n t  of C h e m i s t r y ,  C a r l e t o n  U n i v e r s i t y ,  
Ot tawa ,  Canada .  

i n d e p e n d e n t  pa ths ,  and  t h a t  t he  r eac t ion  is f irst  o r d e r  
in each species.  Thus  

d [ C u  ~]  
--  kl  [ A ]  + k~[AH ~] [1]  

dt 

w h e r e  A r e p r e s e n t s  t he  f r ee  amine ,  and  A H  + its 
s i ng ly  p r o t o n a t e d  form.  

The  p r e s e n t  s tudy ,  i n v o l v i n g  me thy l ,  e thy l ,  and  
n - b u t y l  amines ,  was  m a d e  w i t h  t he  t h o u g h t  of ob-  



Vol. 107, No. 3 

s e r v i n g  pos s ib l e  v a r i a t i o n  in k i n e t i c  b e h a v i o r  a m o n g  
the  m e m b e r s  of th is  homologous  ser ies ,  and  also of 
f inding  out  how w e l l  a m m o n i a  w o u l d  fit in as a f irst  
m e m b e r  of such a ser ies .  

E x p e r i m e n t a l  
The  a p p a r a t u s  and  p r o c e d u r e  used  w e r e  t he  s a m e  

as  those  d e s c r i b e d  e a r l i e r  (3 ,1) .  Br ief ly ,  t h e s e  w e r e  
as fo l lows.  

The  r e a c t i o n  t ook  p lace  in a o n e - g a l l o n  au toc l ave ,  
u n d e r  a p r e s s u r e  of o x y g e n  k e p t  cons t an t  a t  a b o u t  
8.0 a tm.  The  solut ion ,  abou t  2 1 in vo lume ,  was  m a d e  
up  b y  d i l u t i n g  s tock  so lu t ions  of a c c u r a t e l y  k n o w n  
c o n c e n t r a t i o n s  and  was  m a i n t a i n e d  at  an  ionic  
s t r e n g t h  of a t  l eas t  0.1M b y  a d d i t i o n  of r e a g e n t -  
g r a d e  s o d i u m  p e r c h l o r a t e .  The  d i s so lu t ion  spec imen  
was  m a d e  f r o m  c o n d u c t i v i t y  g r a d e  (99 .97%) cop -  
per ,  h e a t  t r e a t e d  to g ive  s m a l l  g r a in s  of n e a r l y  r a n -  
d o m  o r i en ta t ion .  This  spec imen,  m o u n t e d  in B a k e -  
l i te,  was  s u p p o r t e d  in t he  so lu t ion  w i t h  i ts e x p o s e d  
face  t a n g e n t i a l  to the  8 - c m - d i a m e t e r  c y l i n d e r  s w e p t  
out  b y  the  i m p e l l e r  b lades .  

The  amines ,  of K o d a k  W h i t e  L a b e l  g rade ,  w e r e  
u sed  w i t h o u t  f u r t h e r  pur i f ica t ion .  R e a c t i o n  so lu t ions  
w e r e  m a d e  f r o m  c a l c u l a t e d  a m o u n t s  of s tock  so lu -  
t ions  of the  a m i n e s  and  of r e a g e n t - g r a d e  p e r c h l o r i c  
acid.  C o n c e n t r a t i o n s  of the  a m i n e  s tock  so lu t ions  
w e r e  d e t e r m i n e d  b y  t i t r a t i o n  to a m e t h y l  r e d  end  
p o i n t  w i t h  su l fu r i c  acid.  The  compos i t i on  of each  so-  
lu t ion  was  checked  b y  t i t r a t ion .  D u r i n g  e x p e r i m e n t s ,  
the  r e a c t i n g  so lu t ions  w e r e  m a i n t a i n e d  a t  a t e m p e r a -  
t u r e  of 25.0 ~ ----4- 0.1~ Samples ,  w i t h d r a w n  at  i n -  
t e rva l s ,  w e r e  a n a l y z e d  c o l o r i m e t r i c a l l y  for  coppe r  
b y  c a r b a m a t e  m e t h o d  (4) .  

Resul ts  
The amines used in this work are listed in Table I 

along with the constants for their acid dissociation in 
aqueous solution: 

[ A ]  [H § 
K ,  

[ A H  +] 

U n f o r t u n a t e l y ,  t he  c o m p l e x e s  f o r m e d  b y  these  
a m i n e s  w i t h  cupr i c  ion ( o t h e r  t h a n  the  c o m p l e x e s  
w i t h  a m m o n i a )  h a v e  not  been  i nves t i ga t ed .  I t  is 
r e a s o n a b l e  to  a s sume ,  h o w e v e r ,  t h a t  t he  coppe r  is 
c o o r d i n a t e d  to fou r  a m i n e  groups ,  w h i c h  a r e  mos t  
l i k e l y  a r r a n g e d  in a p l a n e  squa re  s a r o u n d  the  cen -  
t r a l  a tom.  

The  r a t e  p lo t s  ( [ C u  § vs. t i m e )  w e r e  found,  as  in 
the  e a r l i e r  work ,  to be  l inea r .  This  once aga in  d e m -  
ons t r a t e s  t h e  absence  of such effects as a u t o c a t a l y s i s  
and  p r o g r e s s i v e  r o u g h e n i n g  of the  coppe r  su r face .  
The  o b s e r v e d  d e p e n d e n c e  of t h e  r a t e  on t h e  a m i n e  
c o n c e n t r a t i o n  d id  no t  s u p p o r t  the  a n t i c i p a t e d  f i r s t -  
o r d e r  b e h a v i o r ,  b u t  w a s  r a t h e r  of t he  f o r m  shown  
for m e t h y l a m i n e  in t he  l o w e r  cu rve  of Fig .  1. The  

s T h i s  a s s u m p t i o n  is ba sed  on t h e  fac t  t h a t  m o s t  c o m p l e x e s  of 
Cu++ w h i c h  h a v e  b e e n  s t u d i e d  a re  s q u a r e  p l a na r .  See  Ref .  (6). 

Table I. Amines used in this work 

A m i n e  Ks* 

Ammonia  5.68 X 10 -9 
Methylamine 2.30 X i0 -~ 
Ethylamine 1.80 X 10 -~ 
n-Butylamine 2.46 X 10 -9 

* Da ta  a d a p t e d  f r o m  Ref.  (5). 
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s a m e  t y p e  of b e h a v i o r  was  f o u n d  for  a l l  t he  a m i n e s  
s tudied .  

These  d a t a  can  be  d e s c r i b e d  qu i t e  we l l  b y  an  e x -  
p re s s ion  of t he  fo rm:  

d [ C u  ++] k l [ A ]  S �9 k s [ A ]  
R = ---- [2]  

dt 1 + k~ [ A ]  

w h e r e  S r e p r e s e n t s  t he  e x p o s e d  sur face  a r e a  of t h e  
copper  sample .  This  is s h o w n  f u r t h e r  in t h a t  a p lo t  
of [A]'~/R vs. [ A ]  g ives  a s t r a i g h t  l ine,  as w o u l d  be  
e x p e c t e d  f r o m  Eq. [2] .  This  is s h o w n  for  m e t h y -  
l a m i n e  in Fig .  2. 

The  o b s e r v e d  effects of a d d e d  acid,  t h a t  is, t he  
" a m i n i u m "  f o r m  of t he  c o m p l e x i n g  agent ,  a r e  such 
as no t  to s u p p o r t  w i t h o u t  qua l i f i ca t ion  the  v i e w  p r e -  
v ious ly  sugges t ed  (1)  t h a t  t he  r e a c t i o n  of t h e  p r o -  
t o n a t e d  f o r m  fo l lows  an  i n d e p e n d e n t  pa th .  F i g u r e  1 
shows a f a m i l y  of cu rves  for  d i f fe ren t  v a l u e s  of t h e  
ac id i ty .  Some  d e v i a t i o n  f r o m  c o m p l e t e  i n d e p e n d e n c e  
of r e a c t i o n  p a t h  is shown  b y  the  fac t  t h a t  t he  cu rves  
of r a t e  vs. a m i n i u m  concen t ra t ion ,  a l t h o u g h  l inea r ,  
have  s lopes  w h i c h  v a r y  w i t h  a m i n e  concen t r a t ion .  
These  d a t a  a r e  p r e s e n t e d  in Fig .  3. 

The  n a t u r e  of th i s  d e p e n d e n c e  sugges t s  t h a t  t h e  
o v e r - a l l  r a t e  e q u a t i o n  m a y  be  of the  f o r m  

d [ C u  ++] k l [ A ]  S 
--  {ks[A] + k~[AH+]} [3]  

dt  1 + k l [ A ]  

A ca re fu l  r e - i n v e s t i g a t i o n  of t he  r a t e  d e p e n d e n c e  in 
t he  a m m o n i a  s y s t e m  r e v e a l e d  t h a t  here ,  too, t he  r e -  
ac t ion  is no t  s i m p l y  first  o r d e r  as had  p r e v i o u s l y  
been  r e p o r t e d  (1)  b u t  fo l lows  the  same  p a t t e r n  as 
was  f o u n d  fo r  t he  amines .  S ince  the  d e v i a t i o n  f r o m  

251 ,.. , 

~,: 
8 

w 

~" [CH3NH2] 0 3 0  '~ 

0.05 v 
0 . 0 0  0 

'~ ' , 

0.0 0 LO 1.5 
[CH3NH2] (M} 

Fig. 1. Rate of dissolution of copper in aqueous methyk 
amine solutions of various acidities, 

O.IO 

w 

o.o ,o o'.5 ?.o ?.~ 
[CH3NHz] (M) 

Fig. 2, Plat of [A ]2 /R vs. [A ]  for the dissolution of copper 
in aqueous solutions of methylamine. 
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= 

0 ' 

0,00 O[OS 0'10 015 
[CH3NH3 + ] (M) 

Fig. 3. Rote of copper dissolution in aqueous methytomine 
solutions as a function of the acidity, at constant concentrh- 
tion of free amine. 

l i n e a r i t y  is n o t  g r e a t ,  t h i s  o b s e r v a t i o n  is n o t  i n  d i s -  
a g r e e m e n t  w i t h  H a l p e r n ' s  o r i g i n a l  w o r k ,  b u t  is t h e  
r e s u l t  r a t h e r  of  a r e f i n e m e n t  i n  e x p e r i m e n t a l  s e n s i -  
t i v i t y .  E x p e r i m e n t a l  d a t a  a r e  s u m m a r i z e d  i n  T a b l e  
II .  

V a l u e s  f o r  t h e  c o n s t a n t s  i n  Eq .  [ 3 ]  d e t e r m i n e d  f o r  
a m m o n i a  a n d  t h e  v a r i o u s  a m i n e s  a r e  p r e s e n t e d  i n  
T a b l e  I I I  

T h e  f o r m  of  Eq .  [ 3 ]  s u g g e s t s  t h a t  t h e r e  is a p r e -  
e q u i l i b r i u m  i n v o l v i n g  a d s o r p t i o n  of  a m i n e  m o l e c u l e s  
o n  a s a t u r a b l e  s u r f a c e ,  p r o d u c i n g  " a c t i v e  s i t e s . "  T h i s  
e q u i l i b r i u m  a p p e a r s  to  b e  f o l l o w e d  b y  r e a c t i o n  a t  t h e  
a c t i v e  s i t e s  v i a  o n e  of  t h e  t w o  p r e v i o u s l y  m e n t i o n e d  
i n d e p e n d e n t  p a t h s .  T h e  a d s o r p t i o n  of  o x y g e n  o n  t h e  
s u r f a c e  is  e v i d e n t l y  v e r y  f a s t .  T h e  w h o l e  p r o c e s s ,  
t h e n ,  is e n v i s i o n e d  as  o c c u r r i n g  in  t h e  f o l l o w i n g  
w a y :  ( T h e  s u b s c r i p t  s d e s i g n a t e s  a s p e c i e s  r e s i d i n g  

i n  t h e  s u r f a c e ) .  

fa~t 

I. Cu~ + i/2 0.~ --> Cu.--O 

Table II. Summary of kinetic datat 

C o m p l e x i n g  Ion ic  
a g e n t  s t r e n g t h  

C o n c e n t r a t i o n  

A m i n e  A r a i n i u m  

M e t h y l a m i n e  0.1 

M e t h y l a m i n e  0.2 

M e t h y l a m i n e  0.2 

M e t h y l a m i n e  

M e t h y l a m i n e  

E t h y l a m i n e  

E t h y l a m i n e  

Rate  of  
so lu t ion ,  

rng Cu  
era-2 hr-i 

0.195 - -  1.20 
0.40 - -  3.40 
0.57 - -  5.80 
0.60 - -  6.60 
0.80 - -  10.20 
1.12 - -  15.60 
1.49 - -  22.6 
1.49 - -  22.7 

0.80 0.025 15.0 
0.80 0.040 17.0 
0.80 0.050 18.0 
0.80 0.050 18.0 
0.80 0.075 48.8* 
0.80 0.100 55.6* 
0.80 0.125 52.0* 
0.80 0.195 50.0* 

0.192 0.040 2.10 
0.384 0.080 7.80 
0.480 0.100 12.60 
0.576 0.120 16.7 

0.2 0.384 0.040 5.70 
0.384 0.080 7.80 
0.384 0.120 10.30 

0.1 0.40 0.040 6.2 
0.50 0.050 8.6 
0.60 0.060 11.6 
0.70 0.070 15.2 

0.60 0.03 9.2 
0.60 0.10 15.8 

0.1 0.203 - -  1.30 
0.400 - -  3.60 
0.535 - -  6.40 
0.76 - -  9.00 
0,92 - -  12.60 
1.04 - -  16.6 

0.2 0.210 0.050 2.80 
0.35 0.210 0.100 4.50 
0.2 0.210 0.150 5.80 

3b. 

~,~t / A  
2. Cur  . O + A ~=i C u  O k,  

3a. C u / A  . . . .  / A  
O+A -~ C u ,  0 k, 

\A 

/A A ~+ faat 

4a. Cu O +H~O ~ Cu( )= + 2OH- 
\ A  

/A . . . . .  

Cu O + A H  +'-> Cu. O H + k. 

4b. 
A f .  t 

Cu. -~  O + ~ Cu(A): ++ OH- + 

n - B u t y l a m i n e  0.1 0.187 - -  1.10 
0.326 - -  2.80 
0.63 - -  7.60 
0.96 - -  14.3 
1.29 - -  20.7 
1.64 - -  32.3 

n - B u t y l a m i n e  0.2 0.202 0.025 1.80 
0.202 0.050 2.60 
0.40 0.025 5.00 

A m m o n i a  0.1 0.086 - -  2.10 
0.165 - -  5.45 
0.310 --  14.1 
0.66 - -  38.0 

A m m o n i a  0.1 0.20 0.0020 1020 
0.20 0.0040 12.6 
0.30 0.0030 17.8 
0.30 0.0060 22.2 
0.40 0.0040 26.4 
0.40 0.0080 32,8 

t T e m p e r a t u r e :  25 ~ 4" 0.1~ o x y g e n  p a r t i a l  p r e s su re :  8.2 a rm;  
ion ic  s t r e n g t h  a d j u s t e d  w i t h  NaC10~. 

* No e x p l a n a t i o n  has  b e e n  f o u n d  fo r  t he se  a n o m a l o u s l y  h i g h  rates .  
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Table III. Rate constants determined in this work 

A m i n e  k l*  k2* ka* 

Ammonia  4.7 80 2450 
Methylamine 1.9 21 140 
Ethylamine  2.3 20 90 
n -Bu ty lamine  1.9 23 90 

* T h e  u n i t s  a r e :  fo r  k l  l i t e r s  p e r  mole ,  a n d  f o r  k2 a n d  k3 m g  Cu++ 
c m  -~ h r  -1 m o l e  -1 l i t e r .  W h i l e  t h e  l i m i t s  of  e r r o r  c o u l d  no t  b e  d e t e r -  
m i n e d  a c c u r a t e l y ,  i t  is f e l t  t h a t  t h e s e  v a l u e s  a r e  c o r r e c t  to w i t h i n  
a b o u t  5% f o r  k l  a n d  ke a n d  a b o u t  10% f o r  ks. 

In the above, kl is an equilibrium constant, while 
k~ and k8 are the rate constants. 

Since, under the conditions of the experiments, 
variation of the oxygen pressure makes no difference 
to the reaction rate, it can be assumed that the 
equilibrium in Step 1 is shifted very far to the right, 
so that the surface is completely covered with a 
layer of adsorbed oxygen atoms. It should be pointed 
out that there is no direct evidence to suggest that 
the oxygen adsorption precedes the amine adsorp- 
tion. However, since the order of the first two 
steps is not at present important, the above ar- 
rangement is taken as satisfactory. 

The values given in Table III for the rate con- 
stants show a marked reduction in reaction rate on 
going from ammonia to the amines. However, only 
k3 shows any significant change as the length of the 
carbon chain is increased, and even here the change 
is not evident beyond ethylamine. 

The results of the experiments done at constant 
total amine concentration, seen in Fig.4, in addition 
to confirming the nature of Eq. [3], may give some 
insight into the mechanism of passivation of copper 
in neutral or acid amine solutions. It appears that, as 
the concentration of free amine decreases, the po- 
sition of the pre-equilibrium (Step 2) is moved far 
to the left, and the number of active sites is greatly 
reduced. Thus the reaction step (3a or 3b), in- 
volving either the free amine or its conjugate acid, 
is able to proceed only at a very slow rate. 

The fact that the rates in nearly neutral solutions 
are much less than are expected from Eq. [3] (solid 
l i ne  in  Fig.  4) canno t  be accounted  for on the  basis  of 
e r roneous  va lues  for the  ra te  constants .  I t  seems pos-  
s ible  tha t  the  surface  m a y  be closed by  the  adsorp-  
t ion  of some ine r t  species, or pe rhaps  by  the  f o r m a -  

v I 
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\~ \ 
[c%N%] ,, [C%NH~']= 0.30 M \ 

\ 

i 
0 0 0.1 012 
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Fig. 4. Rate of copper dissolution in aqueous methylamine 
solutions as a function of the acidity, at constant concentra- 
tion of total amine. Solid line calculated from Eq. [ 3 ] ,  using 
the values given in Table II1 for the constants. 

t ion of an  electr ical  double  l aye r  i nvo l v i ng  the  a m i n -  
i um ion. Such a m e c h a n i s m  has been  proposed (7) 
to exp la in  the  effect of chlor ide ion on the  ra t e  of 
d isso lu t ion  of copper in  acid chlor ide solutions.  
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ABSTRACT 

Copper-gold alloys involving 10 and 33 mole % Au and Ag-Au alloys in-  
volving 12 mole % Au are attacked by liquid or gaseous sulfur  above 400~ 
very rapidly with formation of a composite scale consisting of an outer homo- 
geneous sulfide layer and an inner  two-phase layer involving Au-r ich  alloy 
and sulfide in accord with theoretical considerations regarding the instabil i ty 
of a plane alloy-sulfide interface. The tendency to form a rugged alloy- 
sulfide interface decreases with higher Au contents especially at lower tem- 
peratures and the rate of attack by sulfur  decreases accordingly. Silver-  
copper alloys involving 40 mote % Cu are also rapidly sulfidized at 400~ and 
yield a single sulfide layer of uni form thickness. Nickel-copper alloys sulfidized 
at 400~ yield a scale consisting of an outer layer which is supposedly 
digenite Cul.sS, and an inner  layer  which is supposedly a solid solution of 
Cu~S in nickel sulfide. 

In  two p rev ious  papers  (1,2),  diffusion processes 
d u r i n g  the  ox ida t ion  of al loys i nvo lv ing  noble  meta l s  
have  been  considered.  In  pa r t i cu la r ,  a theore t ica l  
ana lys i s  of the  i n t e r p l a y  of diffusion processes in 
the  a l loy and  the  scale shows tha t  a p lane  a l l o y - o x -  
ide in te r face  is no t  s table  if on ly  one componen t  of a 
b i n a r y  al loy is oxidized and  diffusion in the al loy is 
s low in  compar i son  to diffusion in  the oxide of the  
less noble  me t a l  (2).  Thus  a h igh ly  rugged  a l loy-  
oxide in te r face  m a y  be formed as has been  found  by 
var ious  au thors  cited p rev ious ly  (2).  To s u p p l e m e n t  
ava i l ab le  observat ions ,  the a t tack  of C u - A u  and  A g-  
A u  al loys by  su l fu r  has been  inves t iga ted .  The e x -  
p e r i m e n t a l  methods  were  weigh t  gain  m e a s u r e m e n t s  
and  microscopical  e x a m i n a t i o n  of sect ioned samples,  
s u p p l e m e n t e d  by  chemical  ana lys i s  of de tached 
scales and  x - r a y  inves t iga t ions .  In  addi t ion,  obser -  
va t ions  are  p r e sen t ed  on the  a t tack  of N i - C u  and  
A g - C u  al loys by  su l fu r  i nvo lv ing  sulf idizat ion of 
both  a l loy cons t i tuents .  

Copper -go ld  and  A g - A u  al loys were  chosen be -  
cause the  se l f -di f fus ion coefficients of s i lver  and  
copper  in  the i r  sulfides s table  above 300~ are  as 
h igh as 10 -6 to 10 -~ cm"/sec (3 -6) ,  whereas  the  i n -  
terdi f fus ion coefficients in  solid solut ions  C u - A u  and  
A g - A u  are m u c h  lower,  e.g., 10 ~ to 10 -11 cm'~/sec at 
500~ (7-12) .  Moreover,  the  so lubi l i ty  of su l fu r  in 
s i lver  and  copper  is ve ry  low (13).  In  pa r t i cu la r ,  
the  so lub i l i ty  of S in  Cu (coexis t ing  wi th  Cu~S) at 
600~ has been  found  to be as low as 10 -~ a /o  (a tomic  
pe rcen t )  (14).  Thus  i n t e r n a l  sulf idizat ion is not  
l ike ly  to in te r fere .  Whi le  this  inves t iga t ion  was con-  
ducted,  however ,  it was found  in  accord wi th  p re -  
vious obse rva t ions  by  M a c l a u r i n  (15) tha t  solid 
Ag~S-Au2S solut ions  are  fo rmed  and  t h e r e b y  ce r t a in  

I P r e s e n t  add re s s :  A i r  Fo rce  C a m b r i d g e  R e s e a r c h  Cen te r ,  Bed fo rd ,  
Massachusetts. 

Present address: Max-Planck-Institut ffir physikalische Chemie, 
G6ttingen, Germany. 

compl ica t ions  no t  an t i c ipa ted  in  the  theore t ica l  an -  
alysis (2) do occur. Accord ing  to Ma c l a u r i n  (15),  
Cu.~S also dissolves Au~S bu t  to a m i n o r  extent .  

F igu re  1 shows schemat ica l ly  a cross section 
th rough  the scale wh ich  one ma y  expect  w h e n  Cu-  
Au  al loys react  w i th  su l fu r  vapor  of a tmospher ic  
p ressure  at 500~ U n d e r  these condit ions,  only  
cubic Cu~S (1.7 --<_ x ~ 2) is fo rmed  supposedly,  
whereas  at lower  t e m p e r a t u r e s  severa l  sulfide 
phases m a y  be fo rmed  as discussed below. In  addi -  
t ion  to an  outer  l aye r  consis t ing of cuprous  sulfide, 
Fig. 1 shows an  i n n e r  two-phase  l ayer  consis t ing of 
p e n e t r a t i n g  sulfide zones in te r spersed  wi th  meta l l ic  
t r u n k s  r ich in  gold. 

As a l im i t i ng  case, one ma y  assume tha t  copper 
diffuses in  the  meta l l i c  t r u n k s  on ly  in  a di rect ion 
para l l e l  to the o r ig ina l  surface  of the  alloy, no p las-  
tic flow of the meta l l i c  t r u n k s  takes  place, and  thus  
the local  gold concen t r a t i on  in the t w o- pha se  scale 
is equa l  to the in i t i a l  gold concen t ra t ion  of the alloy. 

Originol 
Surfoce 

Alloy -t- 
Sulf ide 

Midplone 

Sul f ide  

A l l o y  

Xl 

x2 IX: 
a o -~- a 

Fig. 1. Schematic section across o Cu-Au sample sulfidized 
at 500~ with o homogeneous layer of Cu~S and o two-phase 
layer consisting of Cu2S I and gold-rich allay. (Xo distance be- 
tween outer boundary of  the two-phase layer and init ial  sur- 
face, x1 thickness of  outer sulfide layer, x~ thickness of two- 
phase layer, X distance between alloy-scale boundary and 
initial surface, ao in i t ia l  thickness of the sample, o thickness 
of the unattocked core of  the sample). 
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In  th is  case, t h e  o u t e r  b o u n d a r y  of t he  t w o - p h a s e  
scale  co inc ides  w i t h  t h e  o r ig ina l  sur face ,  i.e., Xo = 0. 

In  the  sulf ide phase ,  c o p p e r  ions and  e l ec t rons  a re  
supposed  to diffuse o u t w a r d ,  and  p la s t i c  flow of t he  
sulf ide is supposed  to t a k e  p l ace  so t ha t  t he  t r a n s i -  
t ion of copper  f r o m  the  m e t a l l i c  to t he  sulf ide phase  
does  no t  r e s u l t  in the  f o r m a t i o n  of excess ive  voids.  

U n d e r  these  condi t ions ,  C u - A u  and  A g - A u  a l loys  
i nvo lv ing  up  to a b o u t  50 mo le  % A u  a re  e x p e c t e d  
to be  sul f id ized a t  n e a r l y  t he  same  r a t e  as p u r e  Cu 
and  A g  w i t h  d i f fus ion  in t h e  sulf ide p h a s e  as r a t e -  
d e t e r m i n i n g  s tep.  

The  ac tua l  s i t ua t ion  m a y  d e v i a t e  f rom the  a b o v e  
l i m i t i n g  case  in s e v e r a l  respects .  

1. S ince  m e t a l  ions and  e l ec t rons  move  o u t w a r d  
a n d  p las t i c  flow of t he  sulf ide  is l imi t ed ,  vo ids  a t  t he  
a l l oy - su l f i de  b o u n d a r y  m a y  be  f o r m e d  in accord  
w i t h  o b s e r v a t i o n  b y  Czer sk i  a n d  P a t z a u  (16) ,  B i l ly  
and  Va lens i  (17) ,  Moore  (18) ,  and  R i c k e r t  (19) on 
the  su l f id iza t ion  of p u r e  Cu and  Ag. In  such voids,  
s u l f u r  v a p o r  o r i g i n a t i n g  f r o m  t h e  d i s soc ia t ion  of 
sulf ide m a y  diffuse and  f o r m  sulf ide f a r t h e r  i n w a r d  
w h e r e b y  vo ids  a r e  f i l led a t  l eas t  in pa r t .  

2. P l a s t i c  flow of m e t a l l i c  t r u n k s  r i ch  in gold  m a y  
occur.  A c c o r d i n g l y ,  t h e  o u t e r  b o u n d a r y  of t h e  t w o -  
phase  scale  is d i s p l a c e d  b y  a d i s t a n c e  Xo f r o m  t h e  
o r i g i n a l  su r f ace  as is s h o w n  in Fig .  1. 

3. S i d e - b r a n c h i n g  of t he  p e n e t r a t i n g  sulf ide zones 
m a y  occur  and  p r o d u c e  a s p o n g e - l i k e  n e t w o r k  of 
g o l d - r i c h  a l loy.  

4. In  t he  case  of excess ive  s i d e - b r a n c h i n g ,  i n d i -  
v i d u a l  g o l d - r i c h  a l l oy  p a r t i c l e s  in a sulf ide m a t r i x  
m a y  be  f o r m e d  and  move  i n w a r d  in t h e  s ame  f a s h -  
ion as i n e r t  m a r k e r s  m o v e  i n w a r d  w h e n  a m e t a l  is 
ox id i zed  and  ca t ions  r a t h e r  t h a n  an ions  m i g r a t e  in 
the  oxide .  This  also r e su l t s  in  a d i s p l a c e m e n t  of t he  
o u t e r  b o u n d a r y  b e t w e e n  o n e - p h a s e  and  t w o - p h a s e  
scale  t o w a r d  the  b u l k  a l loy,  i.e., Xo ) 0. 

5. Even  u n d e r  cond i t ions  w h e r e  a p l a n e  a l l o y -  
sulf ide i n t e r f a c e  is no t  s tab le ,  a n e a r l y  p l a n e  a l l o y -  
sulf ide  i n t e r f ace  m a y  occur  on mos t  of t he  a l loy,  bu t  
t h e r e  m a y  be  p r o n o u n c e d  loca l  a t t ack ,  e sp e c i a l l y  
a long  g r a i n  b o u n d a r i e s .  A c c o r d i n g l y ,  t h e  su l fu r  
t a k e - u p  of t he  s a m p l e  is smal l ,  b u t  t h e  m a x i m u m  
d e p t h  of  sulf ide p e n e t r a t i o n  m a y  be  high.  

6. In  the  case of g o l d - r i c h  a l loys  a p l a n e  a l l o y -  
sulf ide  in te r face ,  a l t h o u g h  t h e o r e t i c a l l y  no t  s tab le ,  
m a y  p r e v a i l  w i t h o u t  s igni f icant  i r r e g u l a r i t i e s  as, 
e.g., p r e s u m a b l y  in t he  case of t he  o x i d a t i o n  of P t -  
r i ch  N i - P t  a l loys  (1,2) .  U n d e r  these  condi t ions ,  d i f -  
fus ion  of t he  less  nob le  c o m p o n e n t  of t he  a l l o y  to -  
w a r d  t h e  a l l o y - s u l f i d e  i n t e r f a c e  becomes  t h e  
r a t e - d e t e r m i n i n g  step.  

7. In  a d d i t i o n  to diffusion,  t r a n s f e r  of ca t ions  f rom 
the  a l loy  to t h e  sulf ide m a y  be  an  i m p o r t a n t  r a t e -  
d e t e r m i n i n g  s tep  acco rd ing  to r e c e n t  o b s e r v a t i o n s  by  
R i c k e r t  (19) on the  su l f id iza t ion  of p u r e  A g  and  Cu. 

The  e x p e r i m e n t a l  r e su l t s  r e p o r t e d  b e l o w  show 
t h a t  t h e  sys t ems  i n v e s t i g a t e d  in th is  r e s e a r c h  e x h i b i t  
c o n s i d e r a b l e  d e v i a t i o n s  f r o m  t h e  l i m i t i n g  case  con-  
ce ived  for  t h e o r e t i c a l  ca l cu la t ions  (2) .  In  v i e w  of 
t he  c o m p l e x i t i e s  w h i c h  h a v e  been  found,  r e su l t s  
h a v e  q u a l i t a t i v e  r a t h e r  t h a n  q u a n t i t a t i v e  s igni f i -  
cance.  No p a r t i c u l a r  effor ts  h a v e  been  m a d e  to  o b -  
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t a in  p r e c i s e  w e i g h t  ga in  d a t a  because  at  the  p r e s e n t  
s t age  the  s t r u c t u r e  of the  scale  and  the  o r d e r  of 
m a g n i t u d e  of r e a c t i o n  r a t e s  s eem of p r i m a r y  i n -  
t e res t .  The  d i scuss ion  of t he  mos t  c h a r a c t e r i s t i c  
f e a t u r e s  is s t ressed .  O b s e r v a t i o n s  of s e e m i n g l y  m i n o r  
i m p o r t a n c e  a r e  m e n t i o n e d  br ie f ly  bu t  a r e  no t  d i s -  
cussed  at  l ength .  

Experimental 
Materials 

Copper.--Commercial Cu (99 .94%)  was  a v a i l a b l e  
as 0.2 cm sheet .  In  add i t ion ,  h i g h - p u r i t y  Cu (99.-  
999%)  in rod  f o r m  was  ro l l ed  to 0.2 and  0.3 cm 
sheet .  

Silver.--Ag shot  (99 .95%) was  m e l t e d  u n d e r  n i -  
t r o g e n  and  sucked  into  7 m m  V y c o r  t ubes  w h e r e b y  
rods  w e r e  o b t a i n e d  w h i c h  w e r e  ro l l ed  to 0.2 and  
0.3 cm sheet .  

Nickel.--Commercial Ni (99.5% Ni, 0.32% Co, 
0.15% Fe,  less  t h a n  0.02% P b )  w a s  o b t a i n e d  in  t he  
fo rm of 0.1 cm sheet .  

Copper-gold and silver-gold alloys.--Cu-Au a l -  
loys  w i t h  mo le  f r ac t ions  of go ld  NAu ~ 0.10, 0.33, 
0.61, and  0.74 and  A g - A u  a l loys  (NAu = 0.12, 0.35, 
and  0.56) w e r e  o b t a i n e d  f rom B a k e r  & Co., N e w a r k ,  
N e w  Je r sey ,  w h e r e  cast  a l loys  w e r e  ro l l ed  to a 
t h i cknes s  of 0.24 cm, a n n e a l e d  in n i t r o g e n  at  700~ 
for  15 rain,  q u e n c h e d  in w a t e r ,  a n d  c r o s s - r o l l e d  to  
a f inal  t h i cknes s  of 0.2 cm. These  a l loys  a r e  d e s i g -  
n a t e d  "as  r e c e i v e d "  be low.  Microscop ic  e x a m i n a t i o n  
of e t ched  su r faces  r e v e a l e d  the  p r e s e n c e  of effects 
of  cold  w o r k  and  cor ing,  To e l i m i n a t e  i n h o m o g e n e i -  
t ies  and  p r o m o t e  g r a i n  g rowth ,  s a m p l e s  of a l l  a l loys  
w e r e  a n n e a l e d  in a n i t r o g e n  a t m o s p h e r e  s a t u r a t e d  
w i t h  m e t h a n o l  for  100 h r  a p p r o x i m a t e l y  100~ b e -  
low t h e  r e s p e c t i v e  l i qu idus  t e m p e r a t u r e s .  The  a n -  
n e a l i n g  t i m e  was  sufficient  to r e m o v e  ind i ca t ions  of 
a co red  s t r uc tu r e .  These  a l loys  a r e  d e s i g n a t e d  
" a n n e a l e d "  be low.  

Nickel-copper alloys.--Ni-Cu a l loys  w e r e  p r e -  
p a r e d  b y  J. D. Ha r r i son .  R e a g e n t  g r a d e  Cu a n d  Ni 
w e r e  m e l t e d  s e p a r a t e l y  u n d e r  h y d r o g e n  in o r d e r  to 
r e m o v e  oxygen .  A l l o y s  w e r e  p r e p a r e d  b y  v a c u u m  
m e l t i n g  in  an  i nduc t i on  fu rnace ,  a d m i t t i n g  he l i um,  
and  suck ing  s a m p l e s  in to  9 m m  V y c o r  tubes .  The  
a l l oys  c o n t a i n e d  10, 29, and  58 a tomic  % Cu. Cas t  
rods  w e r e  r o l l e d  to 0.1 c m  sheet .  

Silver-copper alloys.--An a l loy  of eu tec t i c  c o m -  
pos i t i on  (NAg = 0.60, Ncu = 0.40) was  p r e p a r e d  b y  
m e l t i n g  h i g h - p u r i t y  A g  and  Cu u n d e r  n i t rogen ,  
suck ing  s a m p l e s  in to  7 m m  V y c o r  t ubes  w h e r e b y  
rods  w e r e  o b t a i n e d  w h i c h  w e r e  r o l l e d  to 0.3 cm 
sheet .  

Su~fur.--U. S. P. su l fu r  p o w d e r  w a s  used  w i t h o u t  
f u r t h e r  pur i f i ca t ion .  

Preparation of Samples 
S a m p l e s  w e r e  cut  f r o m  the  p r e p a r e d  shee t  w i t h  a 

j e w e l l e r ' s  saw, and  a s m a l l  hole  was  d r i l l e d  at  one 
end  of each  sample .  The  d imens ions  o f . s a mp le s  w e r e  
as fo l lows :  c o p p e r  and  s i lver ,  0.5 x 1.0 x 0.2 o r  0.3 
cm; c o p p e r - g o l d  and  s i l v e r - g o l d ,  0.5 x 1.0 x 0.2 cm; 
n i cke l  and  n i c k e l - c o p p e r ,  0.7 x 1.0 x 0.1 cm; s i l v e r -  
copper ,  0.9 x 1.5 x 0.3 cm. The  cu t  edges  w e r e  
a b r a i d e d  on e m e r y  p a p e r  to r e m o v e  saw m a r k s ,  and  
the  l a r g e  su r f aces  w e r e  f u r t h e r  p o l i s h e d  on e m e r y  
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Fig. 2. Set-up for sulfidizotion in superheated sulfur vapor 
(500~176 and in liquid sulfur (300~176 

pape r  to 3 /0  grade. Samples  were  washed  wi th  soap 
and  w a t e r  and  r insed  in  acetone or me thano l .  Af te r  
sur face  p repa ra t ion ,  samples  were  weighed  i m m e d i -  
a te ly  and  inser ted  in  the  furnace .  

Sulfidization Procedure 
React ions  were  s tudied  (a) in  su l fu r  vapor  of 

a tmospher ic  p ressure  (700 ~ 600 ~ and  500~ and  
(b)  i n  l iqu id  su l fu r  (400 ~ and  300~ F igu re  2 
shows the se t -up  des igned especia l ly  for tests  in  
su l fu r  vapor .  Power  is suppl ied  in  th ree  stages. The 
uppe r  two stages (RI = 8 ohms, R.~ = 15 ohms)  con-  
s is t ing of a s ingle r i b b o n  w i n d i n g  (1/16 in., "Chromel  
A", B and  S n u m b e r  28) cemen ted  d i rec t ly  to the  
i n n e r  25 m m  Vycor t ube  w i th  a common  cen t ra l  
lead were  used to supe rhea t  su l fu r  vapor .  The th i rd  
s tage (R3 = 5 ohms)  consis t ing of a r i b b o n  w i n d i n g  

in., "Chromel  A", B and  S n u m b e r  24) cemented  
to a 38 m m  Vycor  t ube  concent r ic  wi th  the  i n n e r  
t ube  was  used to boil  su l fu r  in  the  lower  reservoir .  
A th i rd  concent r ic  P y r e x  t ube  was  used as " s to rm 
window."  Power  was  suppl ied  f rom a cons tan t  vo l -  
tage t r a n s f o r m e r  and  cont ro l led  by means  of th ree  
var iacs  connec ted  wi th  the hea t i ng  res is tances  R~, 
Rf, and  R3. The m a x i m u m  t e m p e r a t u r e  which  could 
be reached in  the  supe rhea t  zone was  725~ wi th  a 
to ta l  e lectr ical  power  impu t  of 1 kw. T e m p e r a t u r e  
f luctuat ions  were  abou t  + 5 ~  

Wi th  the  help  of this  design, it was  possible to 
overcome in i t ia l  difficulties wh ich  were  encoun te red  
w i t h  a conven t iona l  two- s t age  fu rnace  cons is t ing  of 
a ceramic  tube  s u r r o u n d e d  by  a th ick  pack ing  of 
magnes ia .  W h e n  the conven t iona l  f u r n a c e  was used, 
su l fu r  condensed at  the  uppe r  end  of the  fu rna c e  and  
r a n  d o w n w a r d  in  a r a t h e r  i r r egu l a r  m a n n e r  because  
of the  h igh peak  of the  viscosi ty  of su l fu r  at 187~ 

(20).  A p p l y i n g  sufficient power  to the  u p p e r  stage 
R1 of the  s e t - u p  shown in  Fig.  2, l iqu id  su l fu r  flow- 
ing d o w n w a r d  was  vapor ized  before it reached  the 
superhea t  zone R~ used for the  sulf idizat ion exper i -  
ments .  Boi l ing  and  recycl ing  of su l fu r  and  the  loca-  
t ion of the  sample  could be observed r ead i ly  wi th  
this design. 

To react  samples  wi th  l iqu id  sulfur ,  power  was  
suppl ied  on ly  to the  reservoi r  hea ted  by  R~. 

Samples  were  suppor ted  in  the  fu rnace  by  quar tz  
hooks suspended  on the sealed end  of a Vycor  t ube  
which  accommoda ted  a thermocouple .  

The samples  and  suppor t ing  hooks were  weighed 
separa te ly  w i th  a precis ion of 0.1 rag. At  the  com- 
p le t ion  of a r u n  the  Vycor t ube  was r e move d  quick ly  
f rom the  furnace ,  and  the sample  was a l lowed to cool 
in  air  before  weighing.  For  r u n s  at 400 ~ a nd  300~ 
mo l t en  su l fu r  occasional ly  r e m a i n e d  on the  surface 
of the samples  af ter  w i thd rawa l .  The su l fu r  i m m e -  
d ia te ly  ign i ted  on contact  w i th  air  and  r equ i r ed  f rom 
5 to 10 sec for  complete  combust ion .  For  most  runs  
the  weight  ga in  was recorded as the  difference in  
we igh t  b e t w e e n  the sample  p lus  hook before  and 
af ter  react ion.  W h e n e v e r  it  was  possible to separa te  
sample  and  hook, the weigh t  gain  was  recorded as 
the difference in  weight  b e t w e e n  the sample  alone 
before and  af ter  react ion.  

EvaLuation of Weight Gain Measurements 

To ob ta in  resul t s  which  are i n d e p e n d e n t  of the 
geomet ry  of the  samples  a nd  d e t e r m i n e d  only  by  
t h e r m o d y n a m i c  var iables ,  it is necessary  to conduct  
scal ing e x p e r i m e n t s  wi th  sufficiently la rge  samples  
so tha t  the  l a te ra l  d imens ions  are m u c h  g rea te r  t han  
the th ickness  of the scale. If this condi t ion  is not  
satisfied, edge effects do occur, s ince the  outer  area 
of the  sample  increases  and  the  area  of the  b o u n d a r y  
b e t w e e n  scale and  me ta l  decreases  d u r i n g  the  scaling 
process. Moreover ,  in  v iew of local stresses, cracks 
w i t h i n  the  scale and  local d e t a c h m e n t  of the scale 
f rom the meta l l i c  core m a y  occur as has been  found  
especial ly  in  inves t iga t ions  on the  ox ida t ion  and  
the sulf idizat ion of i ron (21-26) .  

Because  of the high pr ice  of gold and  the high 
reac t ion  rates,  it was no t  possible  to use samples  of 
sufficient size in  order  to p r e v e n t  edge effects. The re -  
fore, a defini te  ra te  law canno t  be expected and, 
accordingly ,  no ra te  cons tan ts  are repor ted .  To rep-  
resen t  resu l t s  graphical ly ,  however ,  it was  found  
exped ien t  to plot  weight  gains  per  u n i t  n o m i n a l  area 
vs. the square  root of t ime. In  the ca lcu la t ion  of the 
n o m i n a l  area,  on ly  the l a rge  faces of the  samples,  
a p p r o x i m a t e l y  0.5 x 1.0 cm, were  t a k e n  in to  account;  
the sma l l e r  faces wi th  a w i d t h  of 0.1 or 0.2 cm were  
disregarded.  Plots  of this  k i n d  m a y  in  genera l  be 
a p p r o x i m a t e d  by  s t ra ight  l ines  except  w h e n  the re -  
act ion goes to complet ion.  

Metallography 

After  r eac t ion  wi th  sul fur ,  samples  we re  cast in  
m e t h y l m e t a c r y l a t e  plastic.  P o w d e r e d  po l ymer  was  
mi xe d  w i t h  an  equal  v o l u m e  of l iqu id  monomer .  ~ 
H a r d e n i n g  of the plast ic occurs at room t e m p e r a t u r e  
w i thou t  app l ica t ion  of heat  or pressure.  

B o t h  s u p p l i e d  u n d e r  the  n a m e  " C a s t o - M o l d "  b y  Cosmos  P r o d -  
uc ts  Inc. ,  N e w  York ,  N. Y. 
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M o u n t e d  s amp le s  w e r e  g r o u n d  on a w e t  a b r a s i v e  
be l t  to a p p r o x i m a t e l y  t he  cen t e r  section.  Next ,  s a m -  
ples  w e r e  a b r a d e d  l i g h t l y  on w e t  s i l i c o n - c a r b i d e  
pape r .  F i n a l  po l i sh ing  was  p e r f o r m e d  on  a " g a m a l "  
c lo th  whee l ,  us ing  l e v i g a t e d  g a m m a - a l u m i n a  fine 
abras ive .  A few samp le s  w e r e  m a c h i n e  po l i shed  on 
l e ad  laps,  a s t a n d a r d  p r o c e d u r e  for  p r e p a r i n g  m i n -  
e r a l  spec imens .  These  s amp le s  p r o d u c e d  scale  s t r u c -  
tu res  i den t i ca l  w i t h  those  of m a n u a l l y  p r e p a r e d  
s amp le s  w h i c h  i n d i c a t e d  t h a t  the  l a t t e r  w e r e  r e p -  
r e s en t a t i ve .  S a m p l e s  w e r e  g e n e r a l l y  o b s e r v e d  u n -  
e t ched  e x c e p t  w h e n  it  was  d e s i r a b l e  to obse rve  the  
r e l a t i o n  b e t w e e n  the  s t r u c t u r e  of t he  u n a t t a c k e d  
core  and  the  s t r u c t u r e  of t he  scale.  U n r e a c t e d  s a m -  
p les  w e r e  p r e p a r e d  s i m i l a r l y  bu t  w e r e  po l i shed  on 
b r o a d c l o t h  whee l s  w i t h  a coarse  a l u m i n a  a b r a s i v e  
be fo re  f inal  po l i sh ing  w i t h  " g a m a l "  cloth.  F o r  
g r a i n  size d e t e r m i n a t i o n s  a n u m b e r  of e t chan t s  w e r e  
used. F o r  " a n n e a l e d "  a l loys ,  s t a n d a r d  so lu t ions  of 
10% K C N - 2 %  K I  and  5% (NH,)=S=O, w e r e  a p p l i e d  
s e p a r a t e l y  w i t h  an e y e d r o p p e r .  The  s t r e n g t h  of the  
m i x t u r e  was  a l t e r e d  b y  d i l u t i on  accord ing  to t he  
gold  con ten t  of the  a l loy.  A 3% iod ine  so lu t ion  in 
me thano l ,  u sed  (27) in s tud ies  w i t h  Cu ,Au (N~, = 
0.25), was  found  p ro f i t ab l e  on ly  w i t h  a C u - A u  a l -  
loy  w i th  N ~  = 0.33. F o r  a s - r e c e i v e d  samples ,  the  
10% K C N - 2 %  K I  and  the  5% (NH,)~S=O, e t c ha n t  
w e r e  used.  S l i g h t l y  b e t t e r  s t r u c t u r e s  cou ld  be  ob -  
t a i n e d  w i t h  t he  he lp  of s t a in ing  e t chan t s  con t a in ing  
FeCI~ or  K=Cr=O~. The  l a t t e r  r e v e a l e d  concen t r a t i on  
g r a d i e n t s  in  a s - r e c e i v e d  a l loys .  

S u l f i d i z a t i o n  of  C u - A u  A l loys  
Pure copper.--Weight ga in  curves  of Cu samples  

r e a c t e d  w i t h  su l fu r  a t  300 ~ , 400 ~ , and  500~ a re  
shown  in Fig.  3. In  v i ew  of t he  h igh  r a t e  of the  r e -  
ac t ion  at  500~ s u p e r h e a t i n g  of t he  s a m p l e s  m a y  
h a v e  occur red .  Thus  v a l u e s  for  500~ a re  on ly  i n d i -  
ca t ive  for  a v e r y  r a p i d  reac t ion .  

A t  300 ~ and  400~ t h e r e  m a y  be f o r m e d  t h r e e  
r e a c t i o n  p roduc t s ,  ( a )  h e x a g o n a l  chalcoci te ,  Cu~S II, 
w i t h  a v a r i a b l e  deficit  of copper ,  (b)  f a c e - c e n -  
t e r e d  cubic  d igen i t e  w i t h  t he  a p p r o x i m a t e  f o r m u l a  
Cu~.,S, and  (c) h e x a g o n a l  cove l l i t e ,  CuS (28-33) .  

A t  500~ CuS is u n s t a b l e  as i ts  d i s soc ia t ion  p r e s -  
su re  exceeds  1 a rm (34-36) .  Moreover ,  a cco rd ing  to 
H i r o h a r a  (5) ,  h e x a g o n a l  Cu~S II  is u n s t a b l e  a b o v e  
470~ Ins tead ,  a f a c e - c e n t e r e d  cubic  modif ica t ion ,  
Cu, S I, is found.  I ts  l a t t i ce  is i den t i ca l  w i t h  t h a t  
of d igen i t e  (5, 28, 29, 33).  T e n t a t i v e l y ,  i t  m a y  be  
a s sumed  t h a t  t he  h o m o g e n e i t y  of the  p h a s e  Cu~S I 
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Fig. 3. Weight gain plot for pure Cu 
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at  500~ e x t e n d s  f r o m  a C u / S  r a t i o  of 2.0 to a b o u t  
1.8. Thus  f a c e - c e n t e r e d  cubic  Cu~S I is s u p p o s e d l y  
the  on ly  r e a c t i o n  p r o d u c t  a t  500~ 

Sec t ioned  and  p o l i s h e d  s a m p l e s  w h i c h  w e r e  su l -  
f idized in p a r t  con t a ined  on ly  g r a y  sulfide.  A th in  
ou te r  b lue  l a y e r  of CuS becomes  v i s ib le  on s a m p l e s  
sul f id ized a t  400~ on ly  a f t e r  m u c h  l onge r  su l f id i -  
zat ion,  e.g., 24 hr .  The  g r a y  sulf ide m a y  a c t u a l l y  
consis t  of two  s e p a r a t e  l a y e r s  c o r r e s p o n d i n g  to h e x -  
agona l  Cu2S and  d igen i t e  Cu,.,S, or  t he  r e s p e c t i v e  
t r a n s f o r m a t i o n  p r o d u c t s  f o r m e d  on cooling.  So far ,  
h o w e v e r ,  no e x p e r i m e n t a l  e v i d e n c e  of  Cu=S II  and  
d i g e n i t e  as s e p a r a t e  r e a c t i o n  p r o d u c t s  has  been  
ob ta ined .  

In  accord  w i t h  obse rva t i ons  b y  Czer sk i  and  P a t z a u  
(16) and  R i c k e r t  (19) sect ions  of Cu s a mp le s  sulf i -  
d i zed  at  400~ showed  n u m e r o u s  vo ids  in  t he  scale  
n e x t  to t he  m e t a l  w h e r e a s  no vo ids  w e r e  f o u n d  in 
t he  o u t e r  scale.  The  p o r o s i t y  of t he  i n n e r  scale  m a y  
be due  to loca l  d e t a c h m e n t  of t he  scale  s i m i l a r  to 
t h a t  r e p o r t e d  for  the  o x i d a t i o n  and  su l f id iza t ion  of 
i ron  (21-26) .  

C u - A u  alloys.--Weight ga in  p lo t s  for  C u - A u  a l -  
loys  i n v o l v i n g  10 and  33 mo le  % A u  a re  shown  in 
Fig.  4 and  5. 

C o p p e r - g o l d  a l loys  i n v o l v i n g  10 m o l e  % A u  w e r e  
su l f id ized  a t  a b o u t  t he  s ame  r a t e  as p u r e  copper  as 
fo l lows  b y  c o m p a r i n g  w e i g h t  ga in  cu rves  in Fig .  3 
and  4. Mic roscop ica l  e x a m i n a t i o n  of sec t ioned  s a m -  
p les  r e v e a l e d  an  o u t e r  h o m o g e n e o u s  sulf ide l a y e r  
and  an  i n n e r  t w o - p h a s e  l a y e r  cons i s t ing  of sulf ide  
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Fig. 4. Weight gain plot for Cu-Au alloy, N.~u = 0.10. o 
~knnealed; �9 as-received. 
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Table I. Scale measurements for annealed Cu-Au alloys 

T e m p ,  t ,  x l ,  x~, X ,  Xg, 
NAu ~  r a i n  m m  m m  m m  m m  

0.10 500 4 1.1 0.6 0.7 0.1 
400 4 0.38 0.18 0.23 0.05 

9 0.60 0.32 0.39 0.07 
16 0.75 0.48 0.54 0.06 

300 25 0.08 0.07 0.07 - -  
49 0.10 0.06 0.06 - -  
64 0.10 0.06 0.06 - -  

0.33 500 4 0.3 0.35 0.35 - -  
9 0.6 0.5 0.6 0.1 

16 0.65 0.9 1.0 0.1 

Fig. 6. Section of Cu-Au alloy (NAu z 0.10, annealed) 
sulfidized at 500~ for 4 rain. White region on the right-hand 
side is unattacked alloy, which is surrounded by a two-phase 
layer and an outer homogeneous sulfide layer shown only in 
part. Black spots in the two-phase layer are due to porosity. 
The width of the two-phase layer at the left-hand side is 
nearly equal to the original thickness. In the middle of the 
sample shown at the right-hand side, the two-phase layer 
has contracted. 

Fig. 7. Details of alloy-scale boundary of Cu-Au alloys 
(NAu ~ 0.10) sulfidized at S00~ for 4 rain. (a) (top) An- 
nealed sample; (b) (bottom) as-received sample. 

and  metal .  F igures  6 and  7a show tha t  the b o u n d -  
ar ies  b e t w e e n  the  va r ious  layers  on a n n e a l e d  sam-  
ples w e r e  r e m a r k a b l y  we l l  defined. In  contrast ,  "as 
rece ived"  samples  showed p ronounced  local sulfide 
pene t r a t i ons  p r e s u m a b l y  associated w i th  copper-  
r ich regions  of the  alloy, see Fig. 7b. E v e n  in  the  
outer  scale, especial ly  at the  outer  surface,  gold 
par t ic les  were  observed.  P robab ly ,  these gold p a r -  
t icles were  fo rmed  w h e n  samples  were  cooled and  
solid Cu2S-Au~S solid solut ions  p resen t  at e levated  
t e m p e r a t u r e s  decomposed.  This  i n t e r p r e t a t i o n  is 

supported especially by the observation that the 
amount of gold in the outer scale increased when 
samples were stored at room temperature for a 
longer time. 

Scale measurements for annealed alloys are pre- 
sented in Table I. The thicknesses of the outer one- 
phase layer and the inner two-phase layer, xl and x2, 
respectively, were measured approximately at the 
middle of the large faces of the sample with the help 
of a movable stage micrometer. In addition, the 
width a of the unattacked alloy was determined. By 
subtracting half the thickness of the unattacked al- 
loy from half the initial thickness of the sample ao/2, 
the distance X between the original surface and the 
boundary between the scale and the unattacked 
al loy was  obta ined ,  X = ao/2  - -  a / 2 ,  see Fig. 1. F i n -  
ally,  the d i s tance  Xo be t w e e n  the  or ig ina l  surface 
and  the  b o u n d a r y  be tween  the  ou te r  one -phase  and 
the i n n e r  t w o- pha se  scale was  ca lcula ted  as Xo 
X --  x> F in i t e  va lues  of Xo indica te  e i ther  d issolut ion 
of gold in  the  sulfide, or a d i sp lacemen t  of gold- r ich  
a l loy t oward  the  midd le  of the  sample  e i ther  by  
plast ic  flow of the meta l l ic  t runks ,  or by  i n w a r d  
m o v e m e n t  of isolated go ld- r ich  par t ic les  as has been  
m e n t i o n e d  above.  F r o m  the va lues  l is ted in Table  I, 
one recognizes tha t  the d i sp lacemen t  Xo does not  
exceed 20% of the  d is tance  X to which  the a t tack  has 
pene t ra ted .  

Copper -go ld  al loys i nvo lv ing  33 mole % A u  were  
sulfidized more  s lowly according to weight  gain 
curves  shown  in  Fig. 5. Microscopical  e x a m i n a t i o n  of 
sect ioned samples  sulfidized at  400 ~ 500 ~ and  600~ 
revea led  the  same genera l  type  of scal ing as tha t  
shown in  Fig. 6, bu t  wi th  a r a the r  a b r u p t  change 
in  the wid th  of the s ing le -phase  regions in  the two-  
phase scale. The wid th  in  the i n n e r  pa r t  of the  two-  
phase  region  was much  smal le r  t h a n  in  the outer  
part .  Scale m e a s u r e m e n t s  are l is ted in  Tab le  I. 

Copper -go ld  al loys i nvo lv ing  h igher  gold contents  
(NAu = 0.61 a nd  0.74) were  sulfidized at m u c h  lower  
rates.  Even  at  700~ only  m i n o r  we igh t  gains  were  
obta ined,  e.g., A m / A  = 0.002 g / c m  ~ for N~u = 0.61 
a f te r  16 ra in  a nd  for NAo = 0.74 af ter  64 min.  

Microscopical  e x a m i n a t i o n  of sect ioned samples  
which had  been  reacted at 700~ revea led  the  ab -  
sence of a typ ica l  two-phase  scale descr ibed above 
for al loys i n v o l v i n g  lower  gold contents .  Instead,  
there  was f ound  a th in  u n i f o r m  sulfide l ayer  con-  
t a in ing  smal l  a m o u n t s  of A u  which  p r e s u m a b l y  was 
fo rmed  by  decomposi t ion  of Cu~S--Au2S solid solu-  
t ions p re sen t  at  e levated  t empera tu re s .  For  samples  



Vol.  107, No. 3 A T T A C K  O F  C u - A u  

invo lv ing  61 a / o  Au,  i so l a t ed  pa t ches  of a t w o - p h a s e  
scale  w e r e  o b s e r v e d  b e t w e e n  the  ou te r  sulf ide and  
the  i n n e r  u n a t t a c k e d  core. C o m p a r i s o n  of t he  a l loy  
g r a i n  size w i t h  t he  w i d t h  of t he  s i n g l e - p h a s e  cons t i -  
t u e n t  in t he  t w o - p h a s e  pa tches ,  t o g e t h e r  w i t h  o b -  
s e rva t i ons  at  the  s c a l e - a l l o y  b o u n d a r y ,  sugges t  t h a t  
a cons ide r ab l e  a m o u n t  of g r a i n  b o u n d a r y  a t t a c k  is 
r e spons ib l e  for  t he  a p p e a r a n c e  of t he  pa tches .  No 
pa t ches  w e r e  o b s e r v e d  for  a l loys  i nvo lv ing  74 a / o  
gold.  H o w e v e r ,  occas iona l  p e n e t r a t i o n  a long  g r a i n  
b o u n d a r i e s  was  obse rved .  A t  l o w e r  t e m p e r a t u r e s  
(600 ~ and  500~ on ly  a u n i f o r m  sulf ide l a y e r  was  
observed .  

Additional Observations on the Structure 

o] the Scale. 

The occu r r ence  of a s p o n g e - l i k e  n e t w o r k  of g o l d -  
r i ch  a l l oy  w i t h i n  t he  t w o - p h a s e  scale  has  been  con -  
f i rmed d i r e c t l y  for  C u - A u  a l loys  i n v o l v i n g  33 a / o  Au.  
Upon  d i s so lv ing  the  sulf ide p h a s e  in a m i x t u r e  of 
equa l  vo lumes  of HNO~ and  H,O w i t h  a sma l l  a d d i -  
t i on  of KNO~, a s p o n g e - l i k e  n e t w o r k  of g o l d - r i c h  
a l l oy  could  be  i so la ted .  

W h e n  the  t w o - p h a s e  scale  f r o m  an  a l loy  i n v o l v i n g  
10 a / o  A u  was  t r e a t e d  in the  same  way ,  t he  de t a i l s  
of the  s t r u c t u r e  w e r e  lost.  This  ind ica tes  t h a t  t he  
t w o - p h a s e  scale  of t he  l a t t e r  a l l oy  i n v o l v e d  i s l ands  
of g o l d - r i c h  p a r t i c l e s  or  sponge  in a sulf ide m a t r i x  
r a t h e r  t h a n  a c o h e r e n t  n e t w o r k  of g o l d - r i c h  a l loy.  

The  w i d t h  of t he  s i n g l e - p h a s e  r eg ions  in the  t w o -  
phase  scale  of g o l d - r i c h  a l loys  (NA,~ = 0.10 and  0.33) 
was  found  to d e p e n d  m a r k e d l y  on t e m p e r a t u r e .  The  
h i g h e r  t he  t e m p e r a t u r e ,  the  g r e a t e r  was  t he  wid th .  
This  is due  at  l eas t  in p a r t  to coa r sen ing  of t he  d i s -  
p e r s e  s t r u c t u r e  w h i l e  t he  s a m p l e  was  at  t e m p e r a t u r e  
as fo l lows f r o m  m i c r o p h o t o g r a p h s  shown  in Fig .  8. 
Two Cu-Au samples (NAu = 0.33) were reacted to 
completion in sulfur vapor at 500~ A section of 
one of these samples is shown in Fig. 8a. A section 
of the other sample which was heated to 700~ for 
further 16 min, is shown in Fig. 8b. The width of the 
single-phase regions in Fig. 8b is considerably 
greater than that in Fig. 8a and similar to the width 
in a sample reacted to completion directly at 700~ 
see Fig. 8c. This shows that the residual gold-rich 

alloy in the two-phase layer undergoes considerable 

structural changes. Au~S is dissolved in CusS to some 

extent (15) especially at higher sulfur activities. 

Thus gold can be transferred between different 

points of the sulfide-alloy interface involving differ- 

ent curvatures by virtue of local dissolution and 

redeposition corresponding to a decrease of the area 

of the gold-sulfide interface and the free energy of 

the system. In addition, gold atoms may migrate 

along the gold-sulfide interface. 

At all temperatures, the width of the single-phase 

regions in the two-phase scale was found to be con- 

siderably smaller than the grain size of the original 

alloy. This indicates that transgranular penetrations 

of sulfide do occur in accord with observations on 

the attack of solid alloys by liquid metals which dis- 

solve one component of the solid alloy preferentially 

(37). 
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Fig. 8. Structures of two-phase layers obtained on Cu-Au 
alloys (NAu = 0.33, as-received). (a) (top) Sample sulfidized at 
500~ for 16 rain; (b) (center) sample sulfidized at 500~ 
for 20 rain and annealed in sulfur vapor at 700~ for 16 
min; (c) (bottom) sample sulfidized at 700~ for 4 rain. 

Auxi l iary  Investigations 

C h e m i c a l  ana lys i s  of Cu s a m p l e s  c o m p l e t e l y  su l -  
f idized at  t e m p e r a t u r e s  r a n g i n g  f r o m  400 ~ to 725~ 
y i e l d e d  C u / S  a tom ra t io s  of 1.77 to 1.84 in accord 
w i t h  w e i g h t  ga in  m e a s u r e m e n t s .  S o m e w h a t  h ighe r  
C u / S  a t o m  ra t ios ,  1.86 to 1.89, w e r e  found  in the  
scale  d e t a c h e d  f r o m  Cu s amp le s  w h i c h  w e r e  i n c o m -  
p l e t e l y  sul f id ized a t  300 ~ to 500~ Ra t ios  of 1.77 to 
1.84 a r e  c h a r a c t e r i s t i c  of d i g e n i t e  ( p r e s u m a b l y  i d e n -  
t i ca l  w i t h  Cu~S I)  coex i s t ing  w i t h  su l fu r  v a p o r  of 
a t m o s p h e r i c  p r e s s u r e  a b o v e  500~ or  CuS be low 
500~ The s ame  C u / S  r a t io s  w e r e  f o u n d  in the  scale 
d e t a c h e d  f rom sulf id ized C u - A u  a l loys  (NAu = 0.10 
and  0.33).  

The  compos i t ion  of m e t a l l i c  pa r t i c l e s  in  the  t w o -  
phase  sca le  f o r m e d  on p a r t i a l l y  sul f id ized C u - r i c h  
a l loys  (NAu = 0.10 a n d  0.33) w a s  d e t e r m i n e d  b y  
x - r a y  d i f f rac t ion  inves t iga t ions .  S a m p l e s  w e r e  sec-  
t i oned  p a r a l l e l  to t he  a l l o y - s c a l e  i n t e r f a c e  at  s e v e r a l  
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posi t ions  in  the  two-phase  scale. The diffract ion p a t -  
t e rns  f rom the  exposed surfaces,  ob ta ined  wi th  fil- 
t e red  copper  r ad i a t i on  on a Norelco di f f ractometer ,  
showed the spect ra  of pu re  gold to w i t h i n  20 = 
-- 0.2 ~ where  0 is the  Bragg angle  for Cu Ka  reflec- 
t ions in  the a n g u l a r  region  90~  ~ E v e n  at  t ha t  
pos i t ion  in  the  t w o - p h a s e  scale p rac t ica l ly  ad j acen t  
to the  in te r face  b e t w e e n  scale and  r e m a i n i n g  core of 
the  copper - r i ch  alloys, the spectra  for v i r t u a l l y  p u r e  
Au  were  observed.  

D i s c u s s i o n  

Accord ing  to we igh t  gain  plots shown in  Fig. 4 and  
5 the  ra te  of sulf idizat ion of Cu - r i ch  alloys is abou t  
the  same for  a s - rece ived  samples  and  a n n e a l e d  
samples,  bu t  t he re  is a s l ight  t e n d e n c y  for a s - r e -  
ceived samples  to be sulfidized somewha t  more  
r ap id ly  t h a n  a n n e a l e d  samples  as is ind ica ted  espe-  
c ia l ly  by  resul t s  ob ta ined  for NA~ = 0.10 at  300~ 
shown  in  Fig. 4. Scale m e a s u r e m e n t s  are in  accord 
herewi th .  In  essence, however ,  the  presence  of i n -  
homogenei t ies  in  as - rece ived  samples  does no t  l ead  
to a di f ferent  type  of a t tack  bu t  on ly  modifies some 
character is t ics  of the  a t tack  found  wi th  a n n e a l e d  
samples.  

Upon  ex t r apo la t i ng  weight  ga in  da ta  and  scale 
m e a s u r e m e n t s  for  Cu- r i ch  al loys (N,~ ~ 0.10 and  
0.33), it  fol lows tha t  the  final we igh t  of a sample  is 
reached af ter  abou t  the  same t ime  at  which  the  core 
of u n a t t a c k e d  al loy has d isappeared.  Hence  most  
of the  copper o r ig ina l ly  p resen t  in  the  t w o - p h a s e  
l aye r  is conver ted  r ead i ly  into sulfide, and  accord-  
ing ly  the  t r u n k s  of the r e m a i n i n g  al loy consist  
mos t ly  of gold. This has been  conf i rmed by  x - r a y  
diffract ion inves t iga t ions  repor ted  above.  

In  accord wi th  p rev ious  theore t ica l  ca lcu la t ions  
(2) ,  Cu and  C u - A u  al loys con ta in ing  10 and  33 mole 
% Cu react  v e r y  fast. Wi th  inc reas ing  concen t r a t i on  
of Au, the ra te  of sulf idizat ion of al loys con t a in ing  
up to 33 a /o  A u  decreases, a l t hough  not  cons ider -  
ably.  To m a k e  a compar i son  w i thou t  us ing  a ra te  
law expl ici t ly ,  one m a y  compare  the  t imes  r equ i r ed  
for p e n e t r a t i o n  of sulfide to a g iven  depth  X. For  
500~ and  X ---- 0.05 cm, one has t ~ 3 m i n  if NA~---- 
0.10 and  t ~ 5 rain if NA,, = 0.33. For  400~ and  X = 
0.02 cm, one has t ~ 4 m i n  if NA~ = 0.10 and  t ~ 12 
ra in  if N ~  = 0.33. 

Go ld - r i ch  al loys (N~,, = 0.61 and  0.74) are sulfi-  
dized much  more  s lowly t han  C u - r i c h  alloys. This  is 
cons is tent  wi th  the  absence of a typica l  t w o - p h a s e  
scale. Thus  one has a t r ans i t ion  to the  other  l im i t i ng  
case i nvo lv ing  a p l ane  a l loy-sul f ide  interface.  S ince  
diffusion in the  sulfide phase  is m u c h  fas ter  t h a n  in  
the  alloy, the  ac t iv i ty  of the su l fu r  at the a l l o y - s u l -  
fide in te r face  is equa l  to tha t  at  the  sulfide surface,  
the  Cu concen t r a t i on  at the su l f ide-a l loy  in te r face  is 
v i r t u a l l y  equa l  to zero, and  diffusion of Cu toward  
the  a l loy-sul f ide  in te r face  is the  r a t e - d e t e r m i n i n g  
step. Accord ing  to Eqs. [16] to [20] of a previous ,  
more  genera l  ca lcu la t ion  (1) the  d is tance  x~ be -  
t w e e n  the  a l loy-su l f ide  in te r face  and  the  in i t i a l  su r -  
face of the a l loy is 

x~ : 2 u ( D ' t )  ~l~ [1] 

whe re  D' is the  in te rd i f fus ion  coefficient of the  a l loy 
and  the  p a r a m e t e r  u is d e t e r m i n e d  by  

~r 1/2 e ~ erfc u = 1 - -  NAu (~ [2] 

The n u m b e r  of moles of me t a l  con t a ined  in  an  
al loy l aye r  of th ickness  x~ is  x J V '  w he r e  V '  is the  
mola r  v o l u m e  of the  alloy. Assuming  the  fo rmula  
Cul.sS as r ep re sen t a t i ve  for the  composi t ion of the  
scale, sulf idizat ion of 1 mole  Cu corresponds  to a 
weight  increase  of Ms/1.8 where  Ms----32 is the  
atomic weigh t  of sul fur .  Hence  the  we igh t  increase  
•  pe r  u n i t  a rea  is 

A m / A  ---- x , M s / 1 . 8  V '  = 2uMs(D't)~/~/1.8 V' [3] 

Equa t i on  [3] is e va l ua t e d  for 500~ a nd  t ~ 1 hr  
3600 sec w i t h  D'----2 • 10 -1~ cmf/sec according to 
Jost  (10) ,  and  va lues  are  compared  w i t h  in t e rpo -  
la ted  or ex t r apo la t ed  e x p e r i m e n t a l  values ,  

NA~ 0.33 0.61 0.74 
Am/A (calc.) 0.70 0.28 0.16 mg/cm "~ 
Am/A(obs. ) 300 2.4 1.2 mg/cm 2 

The experimental values Am/A are higher than the 
calculated values inasmuch as the alloy-sulfide in- 
terface was not plane under the conditions used in 
the present investigation. For Cu-rich alloys, the ob- 
served a t t ack  is especia l ly  h igh as compared  to the  
ca lcula ted  value .  This i l lus t ra tes  the genera l  con-  
c lusion t ha t  the in s t ab i l i t y  of a p lane  in te r face  m a y  
have  a v e r y  large effect on the corrosion charac te r -  
istics of an  alloy. On the  other  hand,  for A u - r i c h  
C u - A u  al loys for which  a wel l -def ined  two-phase  
layer  is no t  found  and  i r regu la r i t i e s  of the a l loy-  
sulfide in te r face  are not  spectacular ,  the  observed 
m a g n i t u d e  of a t tack  is comparab le  to tha t  ca lcula ted  
for a p l ane  a l loy-sul f ide  in te r face  r a the r  t h a n  to tha t  
of pure  Cu or C u - r i c h  C u - A u  alloys. 

Sulfidization of Ag-Au Alloys 
P u r e  s i l v e r . - - T h e  reac t ion  be tween  pu re  Ag and  

su l fur  is k n o w n  to proceed v e r y  r ap id ly  above 180 ~ 
because  of easy mi g r a t i on  of both cat ions and  elec-  
t rons  in  AgfS fo rmed  as reac t ion  product  above 180~ 
(38-40) .  In  accord herewi th ,  the t ime  r equ i r ed  for 
complete  convers ion  of 2 m m  Ag pla te le ts  into AgeS 
was found  to be less t h a n  4 m i n  at 400 ~ a nd  500~ 
Accord ing  to Czerski, Mrovec, Wallisch,  a nd  Werbe r  
(40) the  ra te  is d e t e r m i n e d  by  a phase b o u n d a r y  
reac t ion  w h e n  the  th ickness  of the AgeS layer  is less 
t han  0.1 cm, whereas  diffusion control  p reva i l s  wi th  
AgfS layers  which  are severa l  cen t ime te r s  th ick  
according to Ricker t  (19).  

A g - A u  a l l o y s . - - W e i g h t  gain  curves  for A g - A u  al -  
loys i n v o l v i n g  12 mole  % A u  are shown  in  Fig. 9. 
The  sulf idizat ion ra te  is r e m a r k a b l y  high, a l though 
somewha t  lower  t h a n  for pure  Ag. The to ta l  weight  
gain  exceeds tha t  for f o r ma t i on  of AgeS alone and  
corresponds  to the f o r ma t i on  of a solid Ag~S-Au~S 
solut ion in  accord wi th  prev ious  observa t ions  by  
Ma c l a u r i n  (15).  Microscopical  e x a m i n a t i o n  of sec- 
t ioned samples  sulfidized at  400 ~ and  500~ revea led  
an  outer  homogeneous  sulfide l ayer  and  i n n e r  two-  
phase l aye r  consis t ing of sulfide and  A u - r i c h  alloy, 
see Fig. 10. Scale m e a s u r e m e n t s  are shown  in  Table  
II. Samples  sulfidized at 300~ showed on ly  a homo-  
geneous  sulfide layer .  
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Fig. 9. Weight gain plot for Ag-Au alloy, N~,, ~ 0.12. 
o Annealed; �9 as-received. 
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Samples  sulfidized at  400~ showed only a homo- 
geneous sulfide layer.  In view of the re la t ive ly  low 
ra te  found at 400~ the act ivi ty  gradient  of sulfur  

Upon comparing microphotographs  of sections of 
the scale in Fig. 10 and the original  al loy in Fig. 11, 
it  is c lear ly  seen that  the wid th  of the s ing le-phase  
regions in the two-phase  scale is much smal ler  than 
the grain size in the  or iginal  alloy. This i l lus t ra tes  
the occurrence of t r ansg ranu la r  at tack.  

According to Fig. 9, weight  gain da ta  for annealed 
al loys agree fa i r ly  wel l  wi th  da ta  for as - rece ived  
alloys. Sections of as - rece ived  samples showed a 
less wel l -def ined boundary  be tween two-phase  
scale and una t t acked  alloy, but  the observed i r regu-  
lar i t ies  were  much smal ler  than in the case of Cu-Au  
al loys shown in Fig. 7b. 

A g - A u  al loys involving 35 mole % Au were  found 
to react  much more slowly. Weight  gain curves are 
shown in Fig. 12. 

Sectioned samples  sulfidized at 700 ~ 600 ~ and 
500~ revea led  considerable  a t tack  at  gra in  bound-  
aries together  wi th  t r ansg ranu la r  at tack.  The re -  
sul tant  scale s t ruc ture  differs f rom tha t  shown 
schemat ica l ly  in Fig. 1. Values of x~ repor ted  in 
Table II  represent  the average depth  of pene t ra t ion  
along grain boundaries .  A thin two-phase  region 
resul t ing f rom t r ansg ranu la r  a t tack  could be ob- 
served at the boundary  be tween the outer  sulfide 
scale (containing patches of alloy, p r e sumab ly  due 
to decomposit ion of Au2S-Ag~S solid solutions) and 
the core of the alloy. The thin two-phase  layer  fol-  
lows the contour of the  boundary  be tween  the al loy 
and the outer  sulfide. The width  of the th in  two-  
phase layer  is of the order  of xJlO. However ,  in the  
vic ini ty  of a gra in  boundary ,  considerably  more two-  
phase  scale is formed,  i.e., a t tack ini t ia t ing at gra in  
boundar ies  spreads into adjacent  grains and resul ts  
in format ion of a two-phase  scale. 

Table II. Scale measurements for annealed Ag-Au allays 

Tern!o,  t ,  x~, x2,  X ,  ;co, 
NAu " e  r a i n  m m  m m  m m  1lain 

0.12 500 9 0.92 0.31 0.65 0.34 
400 4 0.24 0.05 0.14 0.09 

9 0.37 0.06 0.20 0.14 
16 0.51 0.06 0.32 0.26 

0.35 600 4 0.22 0.3 0.4 0.12 
16 0.43 0.4 0.6 0.22 

500 4 0.15 0.3 0.4 0.10 
16 0.25 0.4 0.4 0.12 

Fig. 10. Section of Ag-Au alloy (NA. ~ 0.12, as-received), 
sulfidized at 500~ for 9 rain with a homogeneous sulfide 
layer at the top, a two-phase layer in the middle, and un- 
attacked alloy at the bottom. 

Fig. 11. Section of annealed Ag-Au alloy (NA. ~ 0.12) 
etched with a mixture of a 10% KCN -k" 2 %  KI solution 
and a 5% (NH~)_~S~08 solution. 

I I I ~ /  I I I I 
T /  0.0~ ////600ac 

C"J 

 0.0' ,(,, 
5oooc 

E 0.02 C 

I - I  J I I I 1 J f 
0 2 4 6 8 

(~-(min V2) 
Fig. 12. Weight gain plot for Ag-Au alloy, NA, ~ 0.35. 

o Annealed, �9 as-received. 
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in  the sulfide m u s t  be small .  Thus  the ac t iv i ty  of 
su l fu r  at the  a l loy-su l f ide  in te r face  is n e a r l y  t ha t  of 
pu re  l iqu id  su l fur ,  and  accord ing ly  a solid Ag~S-Au~S 
solu t ion  is formed.  

A g - A u  al loys i nvo lv ing  56 a / o  A u  showed on ly  
s l ight  at tack.  E v e n  at  700~ A m / A  was as low as 
0.0015 m g / c m  ~ af ter  25 min.  Microscopical  e x a m i n a -  
t ion  of samples  sulfidized at  500 ~ 600 ~ and  700~ 
revea led  the p resence  of smooth sulfide layers  wi th  
p l ane  su l f ide-a l loy  interfaces .  

Discussion 

In  v iew of the  fo rma t ion  of solid Ag~S-Au~S solu-  
t ions  (15),  the  behav io r  of A g - A u  alloys devia tes  
f rom the behav io r  of C u - A u  al loys in  severa l  r e -  
spects. 

The  s t ruc tu re  of the  scale m a y  be s imi la r  to tha t  
found  on C u - r i c h  C u - A u  al loys w i th  an  ou te r  homo-  
geneous  sulfide l ayer  and  an  i n n e r  two-phase  l ayer  
consis t ing of sulfide and  A u - r i c h  al loy as shown  in  
Fig. 10 for NA~ = 0.12. Since the  a t tack  is ve ry  rapid,  
the re  mus t  be a s ignif icant  g rad ien t  of the su l fu r  
ac t iv i ty  w i t h i n  the  scale. The t e n d e n c y  for d isso lu-  
t ion  of A u  d imin i shes  w i th  decreas ing ac t iv i ty  of 
sulfur ,  i.e., w i th  inc reas ing  d is tance  f rom the ou te r  
surface.  Therefore ,  on ly  l i t t le  A u  is dissolved at  the  
b o u n d a r y  b e t w e e n  the two-phase  scale and  u n -  
a t tacked  alloy, whereas  the  ou te r  par ts  of A u - r i c h  
al loy in  the  t w o - p h a s e  scale are g r adua l ly  ea ten  
away.  Accord ing ly  the outer  b o u n d a r y  of the two-  
phase scale is d isplaced i n w a r d  f rom the in i t i a l  su r -  
face of the sample,  i.e., Xo>0, see Table  II. 

As an  a l t e rna t ive ,  it is conceivable  tha t  A g - r i c h  
A g - A u  al loys are  sulfidized w i th  fo rma t ion  of a 
sulfide layer  of u n i f o r m  th ickness  in  which  the A g /  
Au  rat io is v i r t u a l l y  equa l  to tha t  in  the  alloy. Since, 
the s t anda rd  f r e e  ene rgy  of fo rma t ion  of Ag,_,S is 
cons ide rab ly  more  nega t ive  t h a n  tha t  of Au~S, the 
al loy coexis t ing w i th  a solid solut ion Ag~S-Au~S of 
g iven  composi t ion  has necessa r i ly  a much  h igher  
A u / A g  rat io  t h a n  the  sulfide phase. Thus  there  m u s t  
be  a th in  zone of A u - r i c h  al loy nex t  to the sulfide 
phase. 

To s impl i fy  calcula t ions ,  it  is a s sumed  tha t  the  
se l f -d i f fus ion coefficients of Ag § and  Au  § ions in  the  
sulfide phase  are  equal ,  and  accord ing ly  the  A u / A g  
rat io  in  the  su l f ide  l aye r  is i n d e p e n d e n t  of the  d is -  
t ance  f rom the  surface.  The  d r i v ing  force for ou t -  
w a r d  mig ra t i on  of the cat ions  is essen t ia l ly  a diffu-  
sion po ten t i a l  g r a d i e n t  r e su l t ing  f rom the e lect rons  
which  have  a h igh  mob i l i t y  and,  therefore,  have  the 
t e n d e n c y  to move  ahead (41-43) .  Thus  the  r a t iona l  
ra te  cons tan t  k. defined as the  ra te  of me t a l  t r a n s -  
por t  in  equ iva l en t s  per  u n i t  a rea  per  u n i t  t ime  for 
un i t  th ickness  of the  sulfide layer  is (42) 

k,  = (D"/2Vo,") in  as~ ('~ [4] 

where  D" is the  se l f -d i f fus ion  coefficient of the  ca-  
t ions  in  the  sulfide phase,  V.~" is the  v o l u m e  of one 
e q u i v a l e n t  of sulfide, 1/V~"  is the cat ion c o n c e n t r a -  
t ion  in  equ iva l en t s  per  u n i t  v o l u m e  of the sulfide, 
a :  is the su l fu r  ac t iv i ty  at the ou te r  surface,  and  as ('~ 
is the su l fu r  ac t iv i ty  at  the  a l loy-sul f ide  interface.  

The  ra te  cons t an t  k.B in t roduced  by  P i l l i ng  and 

Bedwor th  (44) is r e l a t ed  to kr as has been  shown 
prev ious ly  (38),  

kp~ = (Am/A) '~/ t  = krMs~/2V., " [5] 

F r o m  Eqs. [4] a nd  [5] it  fol lows tha t  

a m / A  = (kp,t)  ~:~ 

= (M#2Vo~") [D"t In (as~ ">)]~/-" [6] 

Ten ta t ive ly ,  chemical  e q u i l i b r i u m  at the  a l l oy - su l -  
fide in te r face  is assumed.  In  v iew of the h igh  degree 
of d isorder  of the  cat ions  in  AgeS above 180~ (28),  
the sulfide phase m a y  be supposed to be an  ideal 
so lut ion of Ag + + 0.5 S "~- = AgSo.~ and  A u  + q- 0.5 S ~- = 
AuSo.~ (45) .  Thus,  if the  law of mass act ion is appl ied 
to the reac t ions  

Ag (a l loy)  + 1/2 S = AgS0.~ (sulf ide)  [7] 

A u  (a l loy)  + 1/2 S = AuS0.~ (sulf ide)  [8] 

the act ivi t ies  m a y  be rep laced  by  the respect ive  mole 
fractions.  Hence  

1 - - y  
= K1 [9] 

2A, "' [a~"'] ~:~ 

Y 
---- K~ [10] 

a~,: ~ [as <~ ] ~/-" 

where  y is the  mole  f rac t ion  of Au0.~S, equa l  to the 
rat io of the  n u m b e r  of A u  + ions to the sum of the 
n u m b e r s  of the  cations,  1 - -  y is the mole  f rac t ion  of 
AgS .... a ~  "> and  a,~ "~ are the  act ivi t ies  of Ag and  Au, 
respect ively,  which  are d e t e r m i n e d  by  the  composi-  
t ion of the al loy at the interface,  and  K~ and  Ks are 
constants .  

Upon sub t r ac t i ng  cor responding  sides of Eqs. [7] 
and  [8] one has 
Ag (a l loy)  + AuS0.~ (sulfide) 

---- A u  (a l loy)  + AgS0., (sulfide) [11] 

with the e q u i l i b r i u m  condi t ion  

a,~ "> (1 .-- y)  
- -  K~/K~ = Ko.  [ 1 2 ]  aA~ r y 

where  Ko~ is the  e q u i l i b r i u m  cons tan t  of the ex-  
change  reac t ion  in  Eq. [11].  

The  va l ue  of K~ m a y  be ca lcula ted  f rom the s t and -  
a rd  free ene rgy  of f o r ma t i on  AF ~ for 1/2 Ag.~S = 
AgS,.~ deduced  f rom emf m e a s u r e m e n t s  (46).  Hence 

K~ = exp ( - -AF~ = 75 at 445~ [13] 

F o r m u l a t i n g  Eq. [9] for the t h r e e - p h a s e  equ i l ib -  
r i u m  al loy q- sulfide + su l fu r  wi th  s ta r red  var iab les  
and  the special  va lues  a~ ~ = 1 and  y~ ------- 0.5 accord-  
ing to Ma c l a u r i n  (14),  one has 

a~  ~ = (1 --  y ~ ) / K , ( a ~ )  w" = 0.0067 at 445~ [14] 

cor responding  to N,~ ~ = 0.95 as mole f rac t ion  of Au 
in  the alloy, according  to equa t ions  i n t e r r e l a t i ng  
mole f rac t ions  and  act ivi t ies  in  A g - A u  al loys recom-  
mended  by  White,  Orr, and  H u l t g r e n  (47) .  

The va lue  of K ~  m a y  t h e n  be ob ta ined  by  f o r m u -  
la t ing  Eq. [12] for the  t h r ee -phase  equ i l i b r ium 
alloy q- sulfide zr sul fur ,  
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a~,* (1 - -  y~)  
K~, : = 141 at  445~ [15] 

aA:*y ~ 

w h e r e u p o n  in v i e w  of Eqs. [12]  a n d  [13] 

K:  = K ~ / K ~  = 0.53 a t  445~ [16] 

W i t h  the  he lp  of Eqs. [12] a n d  [15],  one m a y  
r e a d i l y  ca l cu l a t e  y for  a r b i t r a r i l y  chosen  c o m p o s i -  
t ions of t he  a l l oy  a t  t he  in t e r face ,  us ing  ac t iv i t i e s  
accord ing  to Whi te ,  Orr ,  and  H u l t g r e n  (47) .  F r o m  
a p lo t  y vs. NA~ (') one m a y  r e a d  N~. (') for  a g iven  
va lue  of y w h i c h  s u p p o s e d l y  equa l s  the  b u l k  mo le  
f r ac t ion  of A u  in the  a l loy.  F i n a l l y ,  one m a y  ca l cu -  
l a t e  the  v a l u e  of as (~) w i t h  t he  he lp  of Eq. [10] 

as ( ' ) - -  (y/K~aa~(~>) ~ [17] 

F o r  NA. ---- 0.35 in t he  b u l k  a l l o y  one has  y ---- 0.35 
and  ob ta in s  N ~ ( ' ) ~  0.93 and  as (') = 0.51 a t  t he  
a l l oy - su l f i de  in t e r face ,  w h e r e a s  in  a s y s t e m  f ree  of 
gold  acco rd ing  to Eqs. [9]  a n d  [13] as (*) = 1.78 x 
10-' a t  445~ Hence ,  in  v i e w  of Eq. [4] ,  the  r a t i o  of 
t he  r a t e  cons tan t s  for  a A g - A u  a l loy  (NA. = 0.35) 
and  p u r e  A g  is 

k.(NA~ = 0.35)/k~(NA.---- 0) 

= In 0 .51 / ln  (1.78 x 104) ---- 0.077 [18] 

E x t r a p o l a t i o n  of d a t a  r e p o r t e d  b y  R i c k e r t  (19) 
y i e lds  

k~(NA~ ---- 0) = 17 x 10 -~ e q u i v . / c m  sec a t  445~ [19] 

F r o m  Eqs. [5] ,  [18],  a n d  [19] i t  fo l lows  t ha t  

A m / A  = 0.38 g / c m  ~ 

fo r  NA, = 0.35, t = 3840 see a t  445~ [20] 

w h i c h  is a b o u t  14 t i m e s  g r e a t e r  t h a n  the  e x p e r i -  
m e n t a l  v a l u e  o b t a i n e d  at  400~ a m / A  = 0.027 g / emL 
Since  the  v a r i o u s  v a l u e s  i n v o l v e d  in  t he  ca l cu l a t i on  
s u p p o s e d l y  d e p e n d  on t e m p e r a t u r e  on ly  to a m i n o r  
ex ten t ,  t h e  d i v e r g e n c e  b e t w e e n  the  e x p e r i m e n t a l  
and  the  c a l c u l a t e d  v a l u e  is an  i nd i ca t i on  t ha t  e q u i -  
l i b r i a  a t  the  i n t e r f ace s  a re  no t  r e a d i l y  e s t ab l i shed .  
This  is in accord  w i t h  o b s e r v a t i o n s  on the  su l f id iza-  
t ion  of p u r e  s i lve r  e spec i a l l y  a t  200 ~ and  300~ (19) .  
S ince  A g  is su l f id ized v e r y  r a p i d l y ,  one m a y  conc lude  
t e n t a t i v e l y  t h a t  t he  r a t e  of t r a n s f e r  of A u  f r o m  the  
a l loy  to t he  sulf ide  p h a s e  is t he  l i m i t i n g  fac tor .  

I f  the  go ld  con t en t  of the  a l l o y  exceeds  t he  m a x i -  
m u m  con ten t  of Au~S in t he  sulf ide  phase  for  a 
g iven  a c t i v i t y  of su l fur ,  (NA~ > y ~ ) ,  i t  is a lso pos -  
s ib le  t h a t  a sulf ide  l a y e r  of u n i f o r m  th i cknes s  is 
fo rmed ,  b u t  w i t h  a c c u m u l a t i o n  of A u  in t he  a l l oy  
n e a r  the  a l l oy - su l f i de  in te r face .  T h e n  dif fus ion in  t he  
a l l oy  d e t e r m i n e s  t he  r a t e  as is s h o w n  in w h a t  fo l -  
lows.  

F i c k ' s  second  l a w  for  d i f fus ion  in  t he  a l loy  r e a d s  

ONA,'/Ot = D'O~NAj/Ox ~ at  x ~ x ,  [21] 

w h e r e  NA,' is t h e  loca l  mole  f r a c t i o n  of gold  in  t he  
al loy,  D' t h e  in t e rd i f fus ion  coefficient  of t he  a l l oy  
s u p p o s e d l y  i n d e p e n d e n t  of compos i t ion ,  x d i s t a n c e  
f r o m  the  o r i g i n a l  sur face ,  x~ d i s t a n c e  of t he  a l l o y -  
sulf ide i n t e r f ace  f r o m  the  o r i g i n a l  surface ,  and  
t t ime.  
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The  in i t i a l  cond i t ion  is 

NA,' = NA, at  x ---- 0, t ---- 0 [22]  

S ince  D" ~ D', t he  g r a d i e n t  of t he  su l fu r  a c t i v i t y  
in the  sulf ide l a y e r  is v e r y  smal l ,  i.e., as (~) ~ as ~ and,  
t he re fo re ,  

y ------- y~ [23] 

NA.'(X : x , )  --~ NA. ~ [24] 

As long as the  a l loy  in the  m i d d l e  of t he  s a m p l e  
has  v i r t u a l l y  the  o r i g i n a l  compos i t ion ,  equa t i ons  for  
di f fus ion in  a s e mi - i n f i n i t e  space  app ly .  Thus  the  
d i s p l a c e m e n t  of t he  locus  of t he  a l l o y - s u l f i d e  i n t e r -  
face  is s u p p o s e d  to be  in  accord  w i t h  t he  p a r a b o l i c  
l a w  

x~ = 2 u ( D '  t )  1,~ [ 2 5 ]  

w h e r e  u is a p a r a m e t e r  c a l c u l a t e d  be low.  
E q u a t i o n s  [21],  [22] ,  [24] ,  a n d  [25]  a r e  s a t i s -  

fied b y  

erfc  Ix~2 (D't)1/._,] 
N~.' = N , .  + [N~u* - -  N , . ]  [26] 

erfc  u 

The  m o l a r  v o l u m e  of t he  a l l o y  is d e n o t e d  b y  V'  
and  the  su r f ace  a r e a  of t he  s a m p l e  b y  A. The  to t a l  
n u m b e r  of mo les  of A g  a n d  A u  sul f id ized  p e r  un i t  
t ime  is ( A / V ' )  ( d x J d t ) .  Thus  the  n u m b e r  of moles  
of A u  e n t e r i n g  the  sulf ide  l a y e r  p e r  un i t  t i m e  is 

dnA.'/dt = y~ ( A / V ' )  ( d x J d t )  [27] 

A c c o r d i n g  to Eq. [25]  t h e  a l l o y - s u l f i d e  i n t e r f a c e  
moves  b y  

dx~ = u (D ' / t )  1/2dr [28]  

w i t h i n  t h e  t i m e  dt. T h e  a m o u n t  of A u  in t he  v o l u m e  
e l e m e n t  Adx~ is N A . * A d x J V  ' and  m u s t  be  equa l  to 
the  s u m  of t he  a m o u n t  of go ld  d i f fus ing  b a c k w a r d  

( D ' A / V ' )  [ - -  (ON~.'/Ox)~:~,Jdt 

and  the  a m o u n t  of go ld  t r a n s f e r r e d  f r o m  the  a l loy  
to the  sulf ide  p h a s e  w i t h i n  t he  t i m e  dt.  Hence,  us ing  
Eqs. [27]  a n d  [28]  a n d  r e g r o u p i n g ,  

(N~. ~ - - y * )  u (D ' / t )  1/~ = --D' (ONA,'/Ox)~:~, [29]  

Upon  s u b s t i t u t i n g  Eqs. [25] a n d  [26] in  Eq. [29],  i t  
fo l lows  t h a t  

~r'~eu-'erfc u =  ( N ~ , , ~ - - N ~ . ) / ( N A . ~ - - y  ~) [30] 

w h e r e b y  the  p a r a m e t e r  u is d e t e r m i n e d .  
E q u a t i o n  [30] compr i s e s  Eq. [2]  s t a t ed  a b o v e  for  

C u - A u  a l loys  w i t h  ne g l e c t  of A u  in t he  sulf ide  phase .  
E q u a t i o n  [2]  is o b t a i n e d  f r o m  Eq. [30]  b y  l e t t i ng  
NA. ~ - -  1 a n d y *  = 0 .  

Su l f id i za t ion  of 1 m o l e  of A g  (o r  A u )  c o r r e s p o n d s  
to p i c k - u p  of 0.5 g - a t o m  of  su l fur ,  w i t h  a w e i g h t  
ga in  of Ms/2.  The  to t a l  n u m b e r  n of moles  of A g  
a n d  A u  los t  f r o m  the  a l l oy  is n ---- x , A / V ' .  In  v i e w  
of Eq. [25],  the  w e i g h t  ga in  p e r  un i t  a r e a  is f o u n d  
to be  

A m / A  = Ms x , / 2 V '  = u Ms ( D ' t ) ' ~ / V  ' [31] 

E q u a t i o n  [31] i nvo lves  the  d i f fus ion  coefficient  D'  
in the  a l loy,  w h e r e a s  Eq. [6]  i nvo lves  t he  d i f fus ion 
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coefficient  D" in  t h e  sulf ide phase .  S ince  D'  < <  
D", one has,  t he re fo re ,  to e x p e c t  a s h a r p  dec rease  in 
the  r a t e  of su l f id iza t ion  w h e n  the  mo le  f r ac t i on  of 
A u  in the  a l l o y  exceeds  t he  u p p e r  l i m i t  of t he  mole  
f r ac t i on  y* of AuS0., in  the  sulf ide p h a s e  p r o v i d e d  
t h a t  d i f fus ion  con t ro l  p reva i l s .  

To e v a l u a t e  Eq.  [31]  for  NAu = 0.56 a t  500 ~ the  
va lue s  NAu*= 0.95 a n d  y =  0.5 v a l i d  for  445 ~ a r e  
used  as an  a p p r o x i m a t i o n .  Then  Eq. [30] y i e ld s  
u---= 1.6. S u b s t i t u t i n g  u = 1.6, V ' =  10.3 cm'Vmole  
and  D'  = 3.2 x 10 -~ cm~/sec acco rd ing  to Jos t  (8 ) ,  
one ob t a in s  f r o m  Eq. [31]  

A m / A  = 0.6 x 10-~g/cm " [32] 

for N , ,  = 0.56 a n d  t = 3840 sec a t  500~ w h i c h  is 
a b o u t  3.5 t i m e s  less  t h a n  t h e  e x p e r i m e n t a l  va lue ,  
2.1 x 10-~g/cm ~. The  d i v e r g e n c e  b e t w e e n  the  c a l c u -  
l a t e d  and  the  o b s e r v e d  v a l u e  is s u p p o s e d l y  due  in 
p a r t  to t h e  a p p r o x i m a t i o n s  used  in t he  ca l cu l a t i on  
and  in  p a r t  to  t h e  occu r r ence  of m i n o r  i r r e g u l a r i t i e s  
of t he  a l l o y - s u l f i d e  in te r face .  

Sulfidization of Ni-Cu Alloys 
A t  400~ N i - C u  a l loys  i n v o l v i n g  10, 29, and  58 

a / o  Cu w e r e  f o u n d  to r eac t  w i t h  su l fu r  a t  a r a t e  
w h i c h  is of t he  s a m e  o r d e r  of m a g n i t u d e  as t h a t  for  
p u r e  Ni, bu t  m u c h  m o r e  s l owly  t h a n  p u r e  Cu. W e i g h t  
ga in  d a t a  a r e  s h o w n  in Fig .  13. Resu l t s  o b t a i n e d  
w i t h  s amp le s  i n v o l v i n g  58 a / o  Cu showed  a l a r g e  
s ca t t e r .S ince  loca l  d e t a c h m e n t  of t he  scale  is sus -  
p e c t e d  as t he  r e a s o n  for  i r r e g u l a r  resu l t s ,  the  h ighes t  
w e i g h t  ga ins  o b s e r v e d  for  d i f f e ren t  s a m p l e s  in  r u n s  
l a s t i ng  the  same  t i m e  a re  r e p o r t e d  as r e p r e s e n t a t i v e  
va lues .  The  p a r a b o l i c  r a t e  l a w  is o b e y e d  a p p r o x -  
i m a t e l y  in c o n t r a d i s t i n c t i o n  to t h e  l i n e a r  r a t e  l a w  
r e p o r t e d  b y  Hauf fe  a n d  R a h m e l  (48) for  the  r e a c t i o n  
b e t w e e n  p u r e  n i c k e l  and  su l fu r  v a p o r  at  p r e s s u r e s  
r a n g i n g  f r o m  10 -~ to 1 m m  Hg a n d  630~ 

Mic roscop ica l  e x a m i n a t i o n  of sec t ioned  s a m p l e s  
r e v e a l e d  the  p r e s e n c e  of two  dis t inc t ,  e s s e n t i a l l y  
h o m o g e n e o u s  sulf ide l aye r s ,  see Fig .  14. The  a l l o y -  
scale  i n t e r f ace  a n d  the  i n t e r f ace  b e t w e e n  the  two  
sulf ide  l a y e r s  w e r e  e s s e n t i a l l y  p l ane .  Bo th  sulf ide  
l ayers ,  h o w e v e r ,  s h o w e d  c o n s i d e r a b l e  poros i ty .  A c -  
co rd ing  to c h e m i c a l  ana lys i s ,  t he  C u - N i  r a t i o  in 
the  sca le  was  n e a r l y  equa l  to t h e  C u - N i  r a t i o  in t he  
a l loy .  The  two  sulf ide  l aye r s  cou ld  no t  be  s e p a r a t e d  
f r o m  each  o ther .  The re fo re ,  the  two  l a y e r s  have  no t  
been  a n a l y z e d  s e p a r a t e l y .  

S ince  the  r a t i o  of t he  t h i c k n e s s  of the  o u t e r  su l -  
fide l a y e r  to  t h a t  of t he  i n n e r  sul f ide  l a y e r  i nc reases  
w i t h  i n c r e a s i n g  coppe r  con ten t  of t he  a l loy ,  t he  
o u t e r  sulf ide l a y e r  is supposed  to be  m o s t l y  coppe r  
sulf ide  and  the  i n n e r  sulf ide l a y e r  m o s t l y  n i cke l  
sulf ide.  

A t  400~ t h e  s y s t e m  N i - S  invo lves  4 i n t e r m e d i a t e  
phase s  w h i c h  m a y  b e  c h a r a c t e r i z e d  b y  the  a p p r o x i -  
m a t e  f o r m u l a s  Ni,S~, Ni~S,, NiS,  a n d  NiS,  (13, 49) .  
A c c o r d i n g  to  an  i n v e s t i g a t i o n  of t he  t e r n a r y  s y s t e m  
C u - N i - S  b y  K S s t e r  and  Mal f inge r  (50) ,  t he  p h a s e  
Ni,S,  d i s so lves  some  Cu,S b u t  p r o b a b l y  less  t h a n  1 
mo le  % at  400~ 

A t e n t a t i v e  s c h e m a t i c  r e p r e s e n t a t i o n  of t h e  v a r i -  
ous d i f fus ion  p rocesses  is s h o w n  in Fig.  15 w h e r e  
t he  o c c u r r e n c e  of  d i f f e ren t  sulf ides  of  Ni  and  Cu is 
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Fig. 13. Weight gain plot for Ni-Cu alloys sul{idized at 

400~ 

Fig. 14. Section of Ni-Cu al loy (No,, = 0.58) sulfidized 
at 400~ for 100 hr. 

ALLOY I II 
CuaNi/~ NiyCuzS CuxS SULFUR 

aCu,#Ni [a+#(x-z)/y] Cu 
Fig. 15. Schematic representation of diffusion processes 

in the scale on Ni-Cu alloys exposed to sulfur at 400~ 
Reaction at the NiyCu,S-CuxS interface: eCu (in NiyCu,S) Jr 
flNi in (NiyCu,S) Jr (/3/y)Cu.S : (#/y)  Ni,Cu,S -l- [a Jr 
f l (x -z) /y ]  Cu (in Cu~S). 

d i s r e g a r d e d .  C o p p e r  a n d  n i c k e l  ( p r e s u m a b l y  as ions 
and  e l ec t rons )  e n t e r  t h e  i n n e r  sulf ide l a y e r  I of 
a v e r a g e  compos i t i on  NiyCu,S and  m i g r a t e  o u t w a r d .  
A t  the  i n t e r f a c e  b e t w e e n  t h e  two  sulf ide  layers ,  
mos t  of t he  a r r i v i n g  n i c k e l  ions, some coppe r  ions, 
and  e l ec t rons  combine  w i t h  su l fu r  ions f rom the  
o u t e r  l a y e r  II ,  CuxS, to f o r m  NiyCu,S. In  t he  ou te r  
CuxS l aye r ,  c o p p e r  ions and  e l ec t rons  m i g r a t e  to  
the  su r f ace  and  r e a c t  w i t h  su l fu r  in  o r d e r  to fo rm 
CuxS. In  accord  w i t h  e x p e r i m e n t a l  resu l t s ,  i t  is as -  
s u m e d  t h a t  Cu and  Ni  e n t e r  the  scale  a n d  m i g r a t e  
across  l a y e r  I a t  t he  s a m e  r a t i o  a t  w h i c h  Cu and  Ni 
a r e  p r e s e n t  in  the  a l loy .  S ince  the  concen t r a t i on  of 
Cu in layer I is presumably much lower than the 
concentration of Ni, the mobility of Cu must be 
sufficiently greater than the mobility of Ni. This is 
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in accord  w i t h  o t h e r  o b s e r v a t i o n s  accord ing  to w h i c h  
the  m o b i l i t y  of m o n o v a l e n t  ions is c o n s i d e r a b l y  
g r e a t e r  t h a n  t h a t  of ions  c a r r y i n g  a h i g h e r  e l e c t r i c a l  
charge .  

Sulfidization of Ag-Cu Alloys 
S a m p l e s  of A g - C u  a l loy  of eu tec t i c  compos i t i on  

a re  sul f id ized in  l i q u i d  su l fu r  a t  400~ a t  a b o u t  t he  
s ame  r a t e  as the  p u r e  componen t s .  The  size of the  
s amp le s  w e r e  0.9 x 1.5 x 0.3 cm w i t h  a t o t a l  i n i t i a l  
su r face  a r e a  of 4 cm ~. The  w e i g h t  ga ins  a f t e r  4, 9, 
16, and  25 m i n  w e r e  0.369, 0.553, 0.565, and  0.660 g, 
r e spec t ive ly .  T h e  l a s t  s a m p l e  was  sul f id ized c o m -  
p le te ly .  Mic roscop ica l  e x a m i n a t i o n  of sec t ioned  s a m -  
p les  r e v e a l e d  a s ing le  sulf ide l a y e r  w i th  on ly  m i n o r  
i r r e g u l a r i t i e s  a t  the  a l l oy - su l f i de  in te r face .  

Since  the  s t a n d a r d  f ree  e n e r g y  of f o r m a t i o n  of 
Cu~S is a b o u t  tw ice  t h a t  of AgeS, p r e f e r e n t i a l  su l -  
f id iza t ion  of c o p p e r  m a y  be  expec t ed .  A c t u a l l y ,  h o w -  
ever ,  A g  and  Cu e n t e r  t he  scale  at  t he  r a t i o  at  
wh ich  t h e y  a r e  p r e s e n t  in t he  a l l oy  as has  b e e n  
a s c e r t a i n e d  b y  c h e m i c a l  ana lys i s .  P r e s u m a b l y ,  t he  
scale  consis ts  of so l id  so lu t ions  of t he  q u a s i - b i n a r y  
sys t ems  Ag~S--Cu~S and  Ag~S--Cul.sS. Va r io us  ob -  
s e rva t i ons  sugges t  c o n s i d e r a b l e  m u t u a l  so lub i l i t i e s  
(51, 52).  H o w e v e r ,  c o m p l e t e  m i s c i b i l i t y  is imposs ib l e  
since the  t e r m i n a l  phases  of these  sys t ems  h a v e  
i n c o m p a t i b l e  s t r u c t u r e s  at  400~ Ag2S has  a b o d y -  
c e n t e r e d  cubic  su l fu r  sub l a t t i c e  (28) ,  Cu~S I I  is 
h e x a g o n a l  (29) ,  and  Cul.~S has  a f a c e - c e n t e r e d  cubic  
su l fu r  sub l a t t i c e  (28, 29).  

Conclusions 
H i g h - t e m p e r a t u r e  o x i d a t i o n  of p u r e  m e t a l  y ie lds ,  

in genera l ,  ox ide  or  sulf ide l a y e r s  of u n i f o r m  t h i c k -  
ness w i t h  d i f fus ion  in  the  scale  as r a t e - d e t e r m i n i n g  
s tep  as an  i m p o r t a n t  l i m i t i n g  case. W h e n , a n  a l loy  
r a t h e r  t h a n  a p u r e  m e t a l  is ox id ized ,  one c o m p o n e n t  
of the  a l l oy  m a y  be  ox id i zed  p r e f e r e n t i a l l y .  In  v i e w  
of d i f f e ren t i a l  ox ida t ion ,  d i f fus ion processes  t a k e  
p l ace  in b o t h  t he  a l l oy  a n d  the  scale.  In  spec ia l  
cases, t he  o v e r - a l l  r a t i o  of t h e  componen t s  in the  
scale  m a y  be  the  s ame  as in t he  a l loy,  b u t  t he  loca l  
r a t io  of the  c o m p o n e n t s  in the  scale  m a y  v a r y  w i t h  
d i s t ance  f r o m  the  o u t e r  sur face .  In  a d d i t i o n  to h o m o -  
genous  l aye r s ,  t h e r e  m a y  occur  t w o - p h a s e  l a y e r s  
e i the r  cons i s t ing  of  a l loy  e n r i c h e d  w i t h  r e s p e c t  to t h e  
more  nob le  c o m p o n e n t  and  an  ox ide  or  sulf ide of 
t he  less n o b l e  me ta l ,  or  cons i s t ing  of two  ox ides  or  
sulf ides of d i f fe ren t  meta l s .  In  t he  p r e s e n t  r e sea rch ,  
t yp i ca l  e x a m p l e s  f r o m  a l a r g e  v a r i e t y  of poss ib l e  
s i tua t ions  h a v e  been  found.  The  e x p l o r a t i o n  of the  
dec i s ive  f ac to r s  has  been  s t ressed .  M a n y  de t a i l s  
have  no t  y e t  been  f u l l y  clar i f ied.  

Su l f id iza t ion  of C u - A u  and  A g - A u  a l loys  i n v o l v -  
ing  low A u  conten ts ,  e.g., 10 a / o  A u  y i e ld s  a c o m -  
pos i te  scale  cons i s t ing  of an  o u t e r  h o m o g e n e o u s  su l -  
fide l a y e r  a n d  an  i n n e r  t w o - p h a s e  l a y e r  i n v o l v i n g  
A u - r i c h  a l l oy  a n d  sulfide. This  is in accord  w i t h  
t heo re t i c a l  c o n s i d e r a t i o n s  acco rd ing  to w h i c h  a p l a n e  
a l l oy - su l f i de  i n t e r f a c e  is no t  s t ab le  s ince  t he  i n t e r d i f -  
fus ion  coefficients in the  a l l oy  a r e  m u c h  l o w e r  t h a n  
the  d i f fus iv i t ies  in  t he  sulf ide  phases  (2) .  A t  h i g h e r  
A u  con ten t s  t he  t e n d e n c y  to f o r m  a r u g g e d  i n t e r -  
face  dec reases  e spec i a l l y  at  l o w e r  t e m p e r a t u r e s .  A t  
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i n t e r m e d i a t e  A u  conten ts ,  loca l  sulf ide  p e n e t r a t i o n s  
occur  p a r t i c u l a r l y  at  g r a i n  bounda r i e s .  F i n a l l y ,  A u -  
r i ch  a l loys  m a y  y i e l d  a n e a r l y  p l a n e  a l l oy - s u l f i de  
i n t e r f ace  w i t h  on ly  m i n o r  i r r e g u l a r i t i e s .  The  g r a d u a l  
change  in  the  s t r u c t u r e  of t he  sca le  is re f lec ted  b y  a 
g r a d u a l  dec rea se  in t he  r a t e  of a t t ack .  A l l o y s  i n v o l v -  
ing low A u  con ten t s  a r e  a t t a c k e d  v e r y  r a p i d l y  at  
abou t  t he  s ame  r a t e  as t he  p u r e  base  m e t a l s  s ince  
t r u n k s  of A u - r i c h  a l l oy  in  t he  t w o - p h a s e  sca le  do 
not  change  the  d i f fus ion  r e s i s t ance  of t he  sulf ide to a 
l a rge  ex ten t .  In  con t ras t ,  A u - r i c h  a l loys  a re  a t t a c k e d  
v e r y  s l owly  p r e s u m a b l y  w i t h  d i f fus ion of A g  or  Cu 
to the  a l l oy - su l f i de  i n t e r f a c e  as t he  r a t e - d e t e r m i n i n g  
step.  

S i l v e r - c o p p e r  a l loys  also y i e l d  a sulf ide l a y e r  of 
u n i f o r m  th ickness ,  in w h i c h  the  r a t i o  of t he  c o m -  
ponen t s  is the  s ame  as in the  a l l oy  in sp i te  of the  
l a r g e  d i f fe rence  in  t he  s t a n d a r d  f r ee  ene rg i e s  of 
f o r m a t i o n  of AgeS and  Cu.~S. Thus  o n l y  d i f fus ion in 
the  sulf ide l a y e r  is e s sen t i a l  and  a c c o r d i n g l y  the  r a t e  
of a t t a c k  is abou t  as h igh  as t h a t  of p u r e  A g  or  Cu. 

In  cont ras t ,  N i - C u  a l loys  i m m e r s e d  in l i qu id  su l -  
fu r  y i e l d  two  sulf ide l aye r s .  The  o u t e r  l a y e r  is sup -  
p o s e d l y  d igen i t e  CurBS, and  the  i n n e r  l a y e r  a sol id  
so lu t ion  i nvo lv ing  n i cke l  sulf ide as so lven t  and  CusS 
as solute .  The  o v e r - a l l  C u / N i  r a t i o  in the  scale  is 
v i r t u a l l y  the  same  as in the  a l loy.  Thus  on ly  di f fus ion 
in the  scale  is essent ia l .  Bo th  n i cke l  and  copper  m i -  
g r a t e  p r e s u m a b l y  across  the  i n n e r  sulf ide l a y e r  w h i c h  
g rows  b y  a d i s p l a c e m e n t  r e a c t i o n  b e t w e e n  n i cke l  
ions, e lec t rons ,  and  coppe r  sulf ide.  
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Influence of Electrode Surface Conditions on the Electrical 
Strength of Liquified Gases 

D. W. Swan and T. J. Lewis 

Elevtrical Engineering Department, Queen Mary College, London, England 

ABSTRACT 

The strengths of liquified argon, oxygen and ni t rogen are of the order of 
1 m v / c m  but  are found to depend to a marked degree on the na ture  of the 
electrode surfaces. The strength can be changed in a regular  manne r  (some- 
times by as much as 50%) by changing both the electrode metal  and the degree 
of surface oxidation. The impor tant  discovery is that  the anode as well  as 
the cathode has a strong influence on the strength. This surpris ing result  has, 
as yet, no obvious explanat ion in terms of usual breakdown mechanisms but  
may be very significant, not only for theories of b reakdown in these liquids but  
for hydrocarbon liquids as well. 

S tudies  of the electr ic  s t r eng th  of l iqu id  die lec-  
trics have  been  concerned  a lmost  exc lus ive ly  wi th  
organic  ma te r i a l s  because  of the i r  prac t ica l  i m p o r -  
t ance  as e lect r ical  insu la t ion .  I n s u l a t i n g  oils are m i x -  
tu res  of complex  hyd roca rbons  in  which  t race com-  
pounds  can  have  a s t rong  inf luence and,  in  an  e n -  
deavor  to s impl i fy  the studies,  less complex  hy -  
d rocarbons  such as pu re  n -para f f ins  have  been  i n -  
ves t iga ted  ex t ens ive ly  (1) .  E v e n  for these l iquids ,  
the molecules  are  complex,  pur i f ica t ion  is com-  
pl icated,  and  e lect rode condi t ions  difficult to assess. 
In  addi t ion,  d ischarges  a t t e n d a n t  on m e a s u r e m e n t s  of 
the  electr ic  s t r eng th  cause gas evolut ion ,  ca rbon  a nd  
o ther  deposits,  and  ser ious ly  d i s tu rb  the electrode 

surfaces. Because of these  difficulties, the  m a j o r  dis-  
charge processes canno t  be  s tudied  accura te ly  in  the 
l iquid  phase. There  are, however ,  other  m u c h  s impler  
dielectr ic l iquids  w i t h o u t  these d i sadvan tages  in  
which  b r e a k d o w n  m e c h a n i s m s  can be more  easily 
unders tood,  a nd  which  offer the  oppo r t un i t y  for 
much  more  precise and  cont ro l led  measu remen t s .  
These are l iquif ied gases and,  a l though  they  are  of no 
impor t ance  as prac t ica l  insu lan t s ,  m u c h  i n f o r ma t ion  
can be ga ined  f rom t h e m  which  helps in  u n d e r s t a n d -  
ing the processes occur r ing  in  the  organic  l iquids.  

Of the possible  l iquif ied gases, argon, oxygen,  and  
n i t rogen  are most  su i t ab le  for s tudy  since they  m a y  
be easi ly ob ta ined  by  condensa t ion .  A r g o n  is ideal  
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because  i t  has  a s imp le  a tomic  s t r u c t u r e  a n d  is i ne r t ;  
o the r  r a r e  gases  a r e  not  so c o n v e n i e n t  s ince  t h e y  
a r e  m o r e  e x p e n s i v e  and  no t  e a s i l y  l iquif ied.  O x y g e n  
and  n i t r o g e n  can  also be  o b t a i n e d  w i t h  r e a s o n a b l e  
p u r i t y  a n d  a r e  s imp le  d i a t o m i c  gases  w i t h  d i s t i n c t i v e  
p rope r t i e s .  A l l  these  shou ld  p r o d u c e  neg l i g ib l e  b y -  
p r o d u c t s  w h e n  e l ec t r i ca l  b r e a k d o w n  occurs  because  
the  d i s c h a r g e  m e r e l y  c rea tes  gas  w h i c h  t h e n  r e c o n -  
denses .  In  t h e  case  of oxygen ,  o x i d a t i o n  r eac t i ons  
m a y  be caused  on the  e l ec t rodes  a n d  su r f ace  r e a c -  
t ions  m a y  also occur  w i t h  n i t rogen ,  b u t  t he  pos -  
s ib le  p rocesses  wi l l  be  few c o m p a r e d  w i t h  those  in r  
h y d r o c a r b o n s .  These  t h r e e  l i qu ids  also possess  o the r  
a d v a n t a g e s  for  b r e a k d o w n  inves t iga t ions .  Thus  a r -  
gon does  no t  r e a c t  w i t h  t he  e l e c t r o d e  su r f aces  and  

w i l l  r e m a i n  f ree  in it. O x y g e n  r e a d i l y  / /L e lec t rons  
fo rms  n e g a t i v e  ions, t h e r e b y  t r a p p i n g  e lec t rons ,  and  
also encou rages  su r f ace  r eac t i ons  at  the  e lec t rodes ,  
e spec i a l l y  in  t h e  c r a t e r s  f o r m e d  b y  p r e v i o u s  d i s -  , k ,  
charges .  N i t r o g e n  is not  i ne r t  b u t  is on ly  s l i g h t l y  r e -  ~ 
ac t ive  c o m p a r e d  w i t h  oxygen .  Each  l iquid ,  t he re fo re ,  
p r o d u c e s  d i f fe ren t  d i s cha rge  condi t ions ,  and  t h e r e  
is also t he  p o s s i b i l i t y  of i nves t i ga t i ng ,  for  e x a m p l e ,  
a rgon  w i t h  a s m a l l  a d m i x t u r e  of oxygen ,  so r e d u c i n g  
the  n u m b e r  of f ree  e l ec t rons  in t he  argon.  

The  e lec t r i c  s t r e n g t h s  of t he se  l iqu ids  h a v e  been  
i n v e s t i g a t e d  on a l i m i t e d  scale  a l r e a d y  b y  K r o n i g  
and  Van  de  Vooren  (2) who  o b t a i n e d  va lue s  b e t w e e n  
860 and  1040 k v / c m  d e p e n d i n g  on the  e l ec t rode  
ma te r i a l .  No o t h e r  m e a s u r e m e n t s  of e lec t r i c  s t r e n g t h  
have  been  m a d e ,  and  t h e r e  is on ly  one m e a s u r e m e n t  
of n a t u r a l  c o n d u c t i v i t y  at  h igh  e lec t r i c  s t ress  for  
l iqu id  o x y g e n  b y  Pao  (3) .  I n d u c e d  conduc t ion  has  
been  f a i r l y  w e l l  s tud ied ,  h o w e v e r ;  the  l i qu ids  be ing  
i r r a d i a t e d  w i t h  x - r a y s  or  a p a r t i c l e s  ( 3 - 9 ) .  This  w o r k  
has  g iven  d a t a  on ion mob i l i t i e s  in t hese  l iqu ids  and  
has  c l e a r l y  d e m o n s t r a t e d  t ha t  o x y g e n  and  also n i -  
t r ogen  can  q u e n c h  e l e c t r o n  bu r s t s  in a r g o n  b y  f o r m -  
ing n e g a t i v e  ions of l ow  mob i l i t y .  A c o n c e n t r a t i o n  of 
0.7% o x y g e n  in l i qu id  a rgon  was  sufficient  to quench  
a l l  e l ec t ron  pulses ,  b u t  a 15% c o n c e n t r a t i o n  of n i t r o -  
gen  was  r e q u i r e d  for  t he  same  effect. C lea r ly ,  e l ec -  
t rons  a r e  no t  l i k e l y  to r e m a i n  f r ee  in  l i q u i d  o x y g e n  
or  n i t r o g e n  excep t ,  pe rhaps ,  a t  t he  h ighes t  f ields a p -  
p r o a c h i n g  t h e  e l ec t r i c  s t r e n g t h  w h e n  e l e c t r o n  d e -  
t a c h m e n t  m a y  occur .  

The  w o r k  r e p o r t e d  he re  r e p r e s e n t s  an  in i t i a l  i n -  
ve s t i ga t i on  into  t he  s t r e n g t h  of t he se  l iqu ids  w i t h  t he  
i n t en t i on  of e s t i m a t i n g  the  ro le  of t he  e l e c t r o d e  s u r -  
faces  in  d e t e r m i n i n g  the  s t r eng th .  I t  is m o r e  e x -  
t ens ive  and  of g r e a t e r  p rec i s ion  t h a n  t h a t  of K r o n i g  
and  Van  de  Vooren  (2) .  Techn iques  a l r e a d y  u sed  for  
r e l i a b l e  m e a s u r e m e n t s  on h y d r o c a r b o n s  h a v e  been  
emp loyed .  I t  w i l l  be  shown t h a t  e l e c t r o d e  effects 
a r e  d o m i n a n t  in  a rgon ,  and  th i s  m a y  h a v e  i m p o r t a n t  
i m p l i c a t i o n s  in  t h e  s tud ies  of  b r e a k d o w n  in h y d r o -  
carbons .  

Equipment and Procedure 
A d i a g r a m  of t he  tes t  cel l  a r r a n g e m e n t  is shown  in 

Fig.  1. I t  consis ts  of a long glass  tube ,  A, sea l ed  a t  
t h e  l o w e r  end  and  f l a n g e d  a t  t he  top.  The  e l e c t r o d e  
m o u n t i n g  B is r i g i d l y  f ixed a t  one end  of a s t a in l e s s  
s tee l  t ube  C which ,  in tu rn ,  is s ea l ed  to a m e t a l  f lange 
D at  the  top.  The  v a c u u m  sea led  h igh  v o l t a g e  con-  
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Fig. I. Diagram of test cell 

nec t ion  E is l ed  t h r o u g h  t u b e  C and  t e r m i n a t e s  in  a 
s m a l l  bush ing  at  t he  l o w e r  f ixed  e lec t rode .  The  o t h e r  
e a r t h e d  e l ec t rode  w i t h  i ts  connec to r  F is f ixed  to a 
s ta in less  s tee l  shaf t ,  G, w h i c h  can  be  m o v e d  v e r -  
t i c a l l y  b y  a m i c r o m e t e r  H. A v a c u u m  sea l  is m a i n -  
t a i n e d  b y  a m e t a l  be l l ow s  J j o in ing  G a n d  D. The  
f langes  D and  A a r e  t h e n  sea led  b y  an  o - r i n g  jo in t  
w h i c h  also loca tes  t he  e l ec t rode  a s s e m b l y  at  t he  
l o w e r  end of t he  cell .  G a p  a d j u s t m e n t  b e t w e e n  t h e  
0 .5-cm d i a m e t e r  s p h e r i c a l  e l ec t rodes  can  be  m a d e  
to w i t h i n  • 1 ~, i.e., w i t h  --+ 2 % e r r o r  for  a 50-tL gap ,  
a n d  is c he c ke d  s e v e r a l  t i m e s  d u r i n g  an  e x p e r i m e n t  in 
o r d e r  to c o m p e n s a t e  fo r  a n y  t e m p e r a t u r e  changes .  
Zero  gap  is o b t a i n e d  b y  us ing  a sens i t i ve  d e t e c t o r  as 
a l r e a d y  d e s c r i b e d  (10) .  Gas  is a d m i t t e d  v i a  K and  
caused  to condense  b y  p l a c i n g  l i q u i d  o x y g e n  or  n i -  
t r o g e n  in t h e  o u t e r  D e w a r  vesse l  L. The  t e s t  cel l  is 
of sufficient l e n g t h  a b o v e  t h e  D e w a r  vesse l  for  t he  
top  f lange D and  m i c r o m e t e r  to r e m a i n  a t  r o o m  
t e m p e r a t u r e  d u r i n g  e x p e r i m e n t s .  By  us ing  l i qu id  
o x y g e n  in L w h e n  condens ing  o x y g e n  a n d  l i q u i d  n i -  
t r o g e n  for  n i t r o g e n  condensa t ion ,  i t  is pos s ib l e  to e f -  
fec t  a s low and  c o n t r o l l e d  c o n d e n s a t i o n  w i t h  a d e -  
qua t e  t e m p e r a t u r e  control .  L i q u i d  argon,  w h i c h  has  
a s m a l l  t e m p e r a t u r e  r a n g e  ( 8 4 ~ 1 7 6  is o b t a i n e d  
b y  bo i l ing  l iqu id  o x y g e n  in L a t  a c on t ro l l e d  r a t e  a t  
r e d u c e d  p re s su re .  N o r m a l l y  t he  cel l  is f i l led w i t h  
l i qu id  to a l eve l  j u s t  b e l o w  the  l o w e r  edge  of B a n d  
th is  r e q u i r e s  on ly  15 cc of l iquid ,  i.e., a b o u t  45 l i t e r s  
of gas  at  N.T.P.  In  a l l  e x p e r i m e n t s  e q u i l i b r i u m  con-  
d i t ions  w e r e  o b t a i n e d  b y  a l l o w i n g  1 h r  to e l apse  a f t e r  
c o n d e n s a t i o n  b e f o r e  m a k i n g  m e a s u r e m e n t s .  

The  t e m p e r a t u r e  a n d  p r e s s u r e  in  t he  cel l  cou ld  be  
m e a s u r e d  but ,  as K r o n i g  and  V a n  de Vooren  h a v e  
found,  s m a l l  p r e s s u r e  changes  do no t  affect  t h e  
s t r eng th .  In  t he  p r e s e n t  ser ies  of e x p e r i m e n t s ,  t h e  
l iqu ids  w e r e  a l w a y s  in con tac t  w i t h  t h e i r  s a t u r a t e d  
vapors .  F o r  r easons  g iven  above,  t he  t e m p e r a t u r e s  
w e r e  s e n s i b l y  c o n s t a n t  and  a re  g iven  in  T a b l e  I. 

The  gas  to be  t e s t e d  was  p a s s e d  t h r o u g h  a P~O, 
d r y i n g  t u b e  and  a s i n t e r e d  glass  f i l te r  of I - t ,  p o r e  
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Boiling 
atmospheric pres-  
sure, ~ 
Puri ty,  % 99.95 
Significant impur -  N~ <5'00 
ities, vpm O~ <20 

H~ <I0 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

Table I. Data for gases used 

A r g o n  O x y g e n  N i t r o g e n  

point at 87.3 90.2 77.3 

99.5 99.9 
H~ <50 O~ <I0 

Carbon Carbon 
compounds compounds 

<15 <15 

size to r e m o v e  dust  par t ic les .  The  p u r i t y  of the  gases 
is g iven  in Tab le  I and it is i m p o r t a n t  to no te  t h a t  
a rgon  and n i t r ogen  con ta ined  t races  of oxygen .  S ince  
a s l ight  i n t e rna l  pos i t ive  p re s su re  was  m a i n t a i n e d  in 
the  sys tem,  w h i c h  was  in any  case v a c u u m  tight ,  it 
is i m p r o b a b l e  tha t  any f u r t h e r  gas con t am ina t i on  
occurred .  

A 25 k v  fu l ly  s tab i l ized  d i rec t  vo l t age  source 
capab le  of v e r y  fine con t ro l  was  used  for  the  m e a s -  
u r emen t s ,  and the  vo l t age  appl ied  to the  e lec t rodes  
was  m e a s u r e d  by r eco rd ing  the  c u r r e n t  t h r o u g h  a 
1000 M ohm high  s tab i l i ty  res i s tor  connec ted  across 
the  e lec t rodes .  The  abso lu te  e r ro r  in vo l t age  m e a s -  
u r e m e n t  was  < 2 %  and  r e l a t i v e  va lues  could be ob-  
t a ined  w i t h  m u c h  less e r ro r  t h a n  this. W h e n  b r e a k -  
down  occur red  the  c u r r e n t  flow was  l imi t ed  by us ing 
a fast  e lec t ron ic  by -pas s  c i rcui t  of a t ype  a l r eady  
desc r ibed  (10). This  was  capab le  of d i scharg ing  the  
s tored  e n e r g y  of the  vo l t age  supp ly  w i t h i n  1 ~ sec of 
b r e a k d o w n  and so l i m i t e d  the  e n e r g y  d iss ipa ted  in 
the  l iqu id  to the  r e s idua l  associa ted wi th  the  tes t  cell  
capaci tance .  T h e r e  was,  the re fo re ,  m i n i m u m  gas 
evo lu t ion  and e l ec t rode  damage .  This  p e r m i t t e d  r e -  
pea t ed  m e a s u r e m e n t s  to be  m a d e  on the  same e lec -  
t rode  sur faces  w i t h o u t  s ignif icant  de te r io ra t ion .  
Ope ra t i on  of the  d i v e r t e r  also ind ica ted  b r e a k d o w n  
w i t h o u t  n e e d  for  v i sua l  obse rva t i on  of the  spark.  
K r o n i g  and Van  de Vooren  r epo r t  obse rv ing  occa-  
s ional  v e r y  low e lec t r i c  s t r eng ths  wh ich  t h e y  a t -  
t r i bu t e  to gas bubb les  on the  e lec t rodes .  S ince  they  
did not  d ive r t  the  d i scha rge  e n e r g y  and low 
s t r eng ths  h a v e  not  been  obse rved  in the  p re sen t  
work ,  t he i r  deduc t ion  seems correct .  

The  t echn iques  adop ted  for  e lec t rode  p r e p a r a t i o n  
w e r e  s imi la r  to those  found  to be r e l i ab le  w i t h  h y -  
d roca rbons  (1, 11). Su r f ace  scra tches  and p rev ious  
d i scharge  d a m a g e  w e r e  r e m o v e d  by buffing the  e lec -  
t rode  on a rough  mop w i t h  po l i sh ing  compound.  This  
was  fo l lowed  by  f u r t h e r  po l i sh ing  on f iner  mops  unt i l  
the  sur face  was  smooth  w h e n  v i e w e d  u n d e r  a m i -  
croscope of magn i f i ca t ion  X150. Po l i sh ing  m a t e r i a l  
was  t h e n  r e m o v e d  by wash ing  in h e x a n e ;  t hen  a 
soft mop, f ree  of grease,  was  used to p r e p a r e  the  final 
surface.  A t  this  s tage  the  sur face  was  c o m p a r a t i v e l y  
f r ee  of g rease  and h e a t e d  by the  po l i sh ing  process  so 
tha t  in i t i a l  ox ida t ion  occur red  rap id ly .  F u r t h e r  ox -  
ida t ion  could  t h e n  be a r r e s t ed  by  w a s h i n g  the  e lec-  
t rodes  in d u s t - f r e e  h e x a n e  (11).  For  ce r ta in  m e a s -  
u r e m e n t s  to be descr ibed,  va r ious  ox ida t ion  t h i c k -  
nesses on ox id iz ing  me ta l s  w e r e  r e q u i r e d ;  these  w e r e  
ob ta ined  by de l ay ing  the  w a s h  in h e x a n e  and a l l o w -  
ing the  e lec t rodes  to r e m a i n  for  p r e d e t e r m i n e d  t imes  

March 1960 

in d ry  air  in a dessicator .  O x i d a t i o n  t imes  w e r e  then  
t a k e n  as m e a s u r e s  of ox ida t ion  thickness ,  w i t h  zero 
t ime  and m i n i m u m  th ickness  a r b i t r a r i l y  chosen  to 
cor respond  to t h a t  i n v o l v e d  in d i r ec t ly  t r a n s f e r r i n g  
the  e lec t rodes  f r o m  the  final  mop  to h e x a n e  w i t h -  
out  delay.  

The  e lec t rodes  w e r e  t h e n  t r a n s f e r r e d  to t he  test  
cell  and w a s h e d  aga in  in dus t  f ree  hexane .  F ina l ly ,  
the  who le  tes t  cell  a s sembly  was  e v a c u a t e d  to a p res -  
sure  of 10 -8 m m  Hg for  a pe r iod  of 18 hr  to r e m o v e  
h e x a n e  vapors  and o the r  vo la t i l e  impur i t i e s .  B e -  
fore  condens ing  the  gas to be tested,  the  cell  was 
f lushed w i t h  a sample  of the  same  gas and r e - e v a c -  
ua ted  for a shor t  whi le .  

Electric Strength 
Elec t r ic  s t r eng ths  of the  t h r e e  l iquids  w e r e  meas -  

u red  us ing b o t h  s ta inless  s tee l  of zero ox ida t ion  
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Fig. 2. Breokdown voltoge vs. electrode spacing with 
platinum electrodes. O, Argon; E], oxygen; /% nitrogen. - - - 
Results from ref. (2). 
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Fig .  3 .  B r e a k d o w n  v o l t a g e  vs .  e l e c t r o d e  s p a c i n g  w i t h  s t a i n -  

less steel electrodes. O, Argon; [--1, oxygen; A, nitrogen. 
- - Results from ref. (2). 
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Table II. Mean strengths for liquified gases (mv/cm) 

P l a t i n u m  S ta in le s s  
e l e c t r o d e s  s t e e l e l e c t r o d e s  

f r o m  f r o m  frorn f r o m  
Fig .  2 ref.  (2) F ig .  3 ref.  (2) 

Argon 1.10 0.86 1.42 1.00 
Oxygen 2.00 0.93 2.38 1.04 
Nitrogen 2.26 0.93 1.88 1.00 

t ime, and  p l a t i n u m  electrodes,  in  order  to m a k e  d i -  
rect  compar i son  wi th  the va lues  ob ta ined  by  Kron ig  
and  Van  de Vooren.  Resul t s  for a r ange  of electrode 
spacings are g iven  in  Fig. 2 and  3, together  wi th  the 
ear l ie r  resul ts .  The coefficient of va r i a t i on  was  found  
to be less t h a n  10%. Mean  s t r eng ths  for the  l iquids,  
ob ta ined  f rom the slopes of the  plots, are  g iven  in  
Table  II. I n  the case of a rgon  wi th  s ta inless  steel 
electrodes,  which  had been  sub jec ted  to a glow dis-  
charge in  hydrogen  in  order  to reduce  the  oxide layer  
st i l l  fu r the r ,  a l i nea r  plot  is not  obta ined,  and  the 
va lue  shown in  Table  II  is the slope for the  smal le r  
electrode spacings. The new  va lues  are h igher  t h a n  
the  p rev ious  ones in  all  cases. This m a y  be due to 
the use of 0.5-cm d i ame te r  spher ica l  electrodes 
r a the r  t h a n  the 1-cm d i ame te r  s p h e r e - p l a n e  a r -  
r a n g e m e n t  used by  K r o n i g  and  Van  de Vooren,  or 
to the use of the ene rgy  d iver te r ;  but ,  as wi l l  be 
shown below, the difference could be ascr ibed to 
electrode surface condit ions.  Argon  has the lowest  
s t r eng th  wi th  e i ther  e lectrode mate r ia l ,  bu t  n i t ro -  
gen is e i ther  s t ronger  or w e a k e r  t h a n  oxygen  ac- 
cording to whe the r  p l a t i n u m  or s ta inless  steel elec- 
t rodes are employed  (2) .  Good r ep roduc ib i l i t y  of 
these  resul t s  was ob ta ined  except  for n i t r o g e n  wi th  
s ta inless  steel electrodes.  For  this  gas, resul ts  for d i f -  
f e ren t  samples  could no t  a lways  be repea ted  even  
though  the t echn iques  were  m a i n t a i n e d  constant .  
Values  g iven  in Fig. 3 are the  most  p robab le  ones 
ob ta ined  f rom a large n u m b e r  of exper iments .  S im-  
i lar  difficulties have  been  found  wi th  e lectr ical  dis-  
charge m e a s u r e m e n t s  on n i t r o g e n  gas on a previous  
occasion (12) ,  and  at the  m o m e n t  the re  is no ex -  
p l a n a t i o n  of the effect. The  n o n l i n e a r  p lo t  for a rgon  
and  s ta inless  steel suggests  tha t  the  s t r eng th  of a r -  
gon for rea l ly  large spacings ( ~  100 /~) would  be 
much  less t h a n  tha t  quoted  in  Table  II, and  a ny  i n -  
crease for smal le r  spacings m a y  be due to the  in -  
f luence of the electrodes,  bu t  more  m e a s u r e m e n t s  are 
r equ i r ed  to prove  this. 

In  v iew of the ear l ie r  ev idence  f rom a - p a r t i c l e  and  
~/-ray induced  conduc t iv i ty  (3-9)  it is expected  tha t  
in argon,  at least, a smal l  pe rcen tage  of oxygen  (or 
somewha t  grea te r  a m o u n t s  of n i t r ogen )  should a l te r  
the p r e - b r e a k d o w n  state  by  q u e n c h i n g  ava lanche  
discharges  and  caus ing  e lec t rons  to a t tach  to form 
nega t ive  ions. These ions wou ld  be t r an spo r t e d  to 
the  anode  and  an ion concen t r a t i on  bu i l t  up there.  
A l though  the  ioniza t ion  po ten t i a l  of oxygen  (12.2 
ev)  is less t h a n  tha t  of a rgon  (15.8 ev ) ,  this  does 
not  appea r  to be i m p o r t a n t  in dec id ing  the s t r eng th  
of the  l iqu id  since add i t ion  of oxygen  to a rgon  raises 
the  s t rength .  For  ins tance ,  add i t ion  of 20% oxygen  
to a rgon  ra ised  the  s t r eng th  f rom 1.66 to 2.42 m v / c m  
for a 40-~ gap wi th  s ta inless  steel electrodes.  This 

is an  increase  of 45% bu t  is st i l l  less t h a n  the  
s t r eng th  of p u r e  oxygen.  In  order  to revea l  a n y  elec-  
t rode  effect in  this process, s ta inless  steel e lectrodes 
were  r e n d e r e d  ox ide- f ree  by  glow discharge  and  
used to m e a s u r e  the s t r eng th  of l iqu id  a rgon  both  
before  and  af ter  a smal l  q u a n t i t y  of oxygen  had  been  
added. M e a s u r e m e n t s  of the s t r eng th  at 1 - m i n  i n -  
t e rva ls  showed a g radua l  increase  a m o u n t i n g  in  all  
to n e a r l y  30% over a per iod of 25 rain. Add i t ion  of 
a m u c h  la rger  q u a n t i t y  of oxygen  at  the  end  of this  
per iod  caused an  i mme d i a t e  f u r t h e r  increase  of abou t  
10%. These resul ts  suggest  tha t  the  in i t i a l  g r adua l  
increase  could be associated w i th  electrode ox ida t ion  
and  the la te r  one wi th  a t t a c h m e n t  processes in  the 
b u l k  of the l iquid.  

Electrode Effects 

I t  is obvious  f rom the e xpe r i me n t s  descr ibed  tha t  
a s t rong e lect rode inf luence exists.  This  has been  f u r -  
ther  s tud ied  in  two ways,  bo th  of which  are de-  
scr ibed briefly. In  the first, the inf luence  of e lectrode 
me ta l  p r epa red  wi th  a zero ox ida t ion  t ime  was  found  
for each gas. Plots  s imi la r  to those of Fig. 2 and  3 
were  made  for a r ange  of e lect rode spacings and  the  
electr ic  s t reng ths  found  as before. These s t rengths ,  
g iven  in  Tab le  III, can be changed  by  a lmost  100% 
by  a change  of e lect rode mate r ia l .  The re  is no  cor re -  
l a t ion  wi th  work  func t ion ;  in  fact, the  order  of i n -  
c reas ing  s t r eng th  for the di f ferent  meta l s  is no t  the 
same for each gas even  wi th  electrodes of gold or 
p l a t i n u m  which  should provide  s table  surfaces.  Gold 
gives a h igher  s t r eng th  t h a n  p l a t i n u m  for a rgon  bu t  
no t  for oxygen  or n i t rogen .  In  a n y  re l a t ionsh ip  be -  
t w e e n  s t r eng th  and  cathode emiss ion proper t ies ,  
p l a t i n u m ,  h a v i n g  a h igher  w o r k  func t ion  t h a n  gold, 
m i gh t  be  expected  to give a h ighe r  s t r eng th  espe-  
c ia l ly  in a rgon  which  is iner t .  I t  is in  this  l iquid,  
however ,  tha t  the  lower  s t r eng th  is found.  

The  n e x t  series of exper imen t s ,  us ing  a rgon  be -  
cause of its iner tness ,  i nvo lved  electrodes h a v i n g  
var ious  degrees  of ox ida t ion  ob ta ined  by  the  me thod  
a l r eady  out l ined .  F igure  4 shows the  inf luence  of 
this  ox ida t ion  t ime.  Each poin t  is the  m e a n  s t r eng th  
found  f rom plots s imi la r  to Fig. 2 or 3 and  thus  r e p r e -  
sents  a la rge  n u m b e r  of me a su r e me n t s .  As expected,  
ne i t he r  gold nor  p l a t i n u m  produce  a ny  va r i a t i on  
w i th  ox ida t ion  t ime  whereas  s ta inless  steel and  brass,  
which  oxidize readi ly ,  cause a la rge  change.  For  
these  oxidiz ing meta l s  the  s t r eng th  reaches a m a x i -  
m u m  af ter  ox ida t ion  t imes of 15 and  70 rain, re -  
spect ively .  La rge r  ox ida t ion  per iods t h a n  these, i.e., 
g rea te r  th icknesses  of oxide, cause a g radua l  de-  
c l ine  in  s t rength ,  and  shor te r  t imes  g iv ing  t h i n n e r  
layers  also lower  the  s t rength .  

The in i t i a l  r ise to the  peak  could be associated 

Table Ill. Mean strengths as a function of electrode material 

Elec t r i c  s t r e n g t h ,  m v / c m  
W o r k  

E lec t rodes  func t i on ,  ev  A r g o n  O x y g e n  N i t r o g e n  

Stainless steel - -  1.40 2.38 1.88 
Brass - -  1.01 1.44 1.62 
Copper 4.47 1.40 1.81 - -  
Gold 4.58 1.16 1.24 1.50 
P la t inum 5.29 1.10 2.00 2.24 
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Fig. 4. Effect of electrode oxidation time on mean electric 
strength of argon. 

wi th  a decrease  in  e lec t ron  emiss ion r e su l t i ng  f rom 
an increase  in  work  func t ion  caused by  oxide 
growth.  A n y  increase  in  work  func t i on  in  this  w a y  
migh t  be offset by  a decrease  caused by  posi t ive  ions 
p roduced  in  the d ischarge  processes coming  back 
to this  oxide l ayer  (13).  The ove r - a l l  cathode emis-  
sion wou ld  be d e t e r m i n e d  by  these opposing effects 
and,  as the  oxide l ayer  th ickened  b e y o n d  a cer ta in  
value ,  it is possible for the posi t ive  ion l aye r  to in -  
crease in  effectiveness because  of the  i n su l a t i ng  
proper t ies  of the oxide which  wou ld  h i n d e r  ion 
neu t ra l i za t ion .  

For  the  whole  r ange  of ox ida t ion  t imes,  t he re -  
fore, the  emiss ion  migh t  in i t i a l ly  decrease and  then  
increase  again,  and  if e lectr ic  s t r eng th  was  d i rec t ly  
re la ted  to emission,  the curves  in  Fig. 4 are r eason-  
able. This  would  be a p laus ib le  m e c h a n i s m  if the  
behav ior  were  found  to be i n d e p e n d e n t  of the  anode,  
bu t  u n f o r t u n a t e l y  this  is no t  the  case. By us ing  
mixed  electrodes,  it has been  possible  to show an 
anode dependence  also. For  example ,  w i th  a s t a in -  
less steel  anode  and  a n  a l u m i n u m  cathode,  the 
s t r eng th  was  p rac t i ca l ly  the  same as for  two s t a in -  
less steel electrodes,  bu t  r eve r sa l  of the  po la r i t y  gave 
a s t r eng th  equa l  to tha t  for a l u m i n u m  electrodes.  
In  o ther  expe r imen t s  us ing  gold anodes  and  s ta in -  
less steel  cathodes, it was possible  to change  con-  
s ide rab ly  the  effect of ox ida t ion  t ime  f rom tha t  
shown for  s ta inless  steel in  Fig. 4. Thus,  a n y  mech-  
an i sm of b r e a k d o w n  in l iqu id  a rgon  m u s t  inc lude  the  
role of the anode  as be ing  of grea t  impor tance .  

C o n c l u s i o n  

These resu l t s  and  others no t  r epor ted  ind ica te  tha t  
the " in t r in s i c "  s t reng ths  of the  th ree  l iquif ied gases 
have  not,  in  fact, been  measured .  I t  m a y  wel l  be tha t  
e lec t rode  effects wi l l  a Iways  p r e v e n t  this  be ing  
achieved wi th  any  cer ta in ty .  The b r e a k d o w n  stresses 
are ~ 10 ~ v / c m  so tha t  e lec t ron  emiss ion  f rom the 
cathode migh t  be expected,  bu t  it should  be bo r ne  in  
m i n d  tha t  at t e m p e r a t u r e s  of ~ 90~ Scho t tky  field- 
aided t he rmion i c  emission,  which  is cons idered  to 
be s ignif icant  for l iqu id  b r e a k d o w n  at room t e m p e r -  
a ture ,  wi l l  be negl ig ible .  A t  the  same t ime  the field 
s t r eng th  does no t  seem to be la rge  enough  for ap-  
p rec iab le  cold field emission.  M e a s u r e m e n t s  of the  

n a t u r a l  conduc t iv i ty  of l iquid  a rgon  at 106 v / c m  
confirms this  s ince no detec table  c u r r e n t  was  found.  
Never theless ,  i n d i v i d u a l  microscopic sites migh t  emi t  
more  f ree ly  and  wou ld  then  increase  the  p r obab i l i t y  
of b r e a k d o w n  in  these  regions.  The n u m b e r  and  ac-  
t i v i t y  of the  sites wou ld  depend  on cathode ma te r i a l  
and  p r e p a r a t i o n  a nd  on the inc idence  of posi t ive ions 
gene ra t ed  by  discharge  processes as a l r eady  out l ined .  

I t  is ve ry  m u c h  more  difficult to suggest  processes 
by  which  the anode  condi t ions  mi gh t  inf luence the  
electric s t rength ,  especial ly  w h e n  the  emiss ion f rom 
the  cathode is feeble  and  p r o b a b l y  confined to m i -  
croscopic sites. The  n o r m a l  concepts  of gas b r e a k -  
down  which  we m a y  t e n t a t i v e l y  employ  here  invo lve  
p r i m a r y  e lec t ron  ava lanche  or a processes, fol lowed 
by  secondary  m e c h a n i s m s  in  the  gas or at the  
cathode surface.  In  pa r t i cu la r ,  posi t ive  ions p ro -  
duced by  the  ava lanches  m a y  y ie ld  secondary  elec-  
t rons  at the  ca thode  (~, process) .  This  m e c h a n i s m  
does not, however ,  i nc lude  the  anode  at all. If the  
anode is to be impor t an t ,  it is necessa ry  tha t  posi t ive 
ions should be gene ra t ed  at the anode at a ra te  con-  
t ro l led  by  the condi t ions  there  and  tha t  the y ie ld  of 
posi t ive  ions f rom the rest  of the  l iqu id  should be 
small.  Two processes seem possible  bu t  there  m a y  
be others.  In  both, the  presence  of oxygen  in  smal l  
a moun t s  in the l i qu id  is r equ i r ed  in  order  tha t  elec-  
t rons  emi t t ed  f rom the  cathode h a v e  a good chance 
of fo rming  nega t ive  ions. A nega t ive  ion approach-  
ing the anode creates  a s t rong local field which wi l l  
act across a ny  oxide l ayer  present ,  so increas ing  the  
p robab i l i t y  e i ther  of ioniza t ion  of a ny  adsorbed 
molecules  on the oxide layer  ( i nc lud ing  neu t r a l i zed  
oxygen  ions) ,  or of direct  ex t r ac t ion  of posi t ive 
me ta l  ions t h r ough  the  oxide as in  an  ox ida t ion  p ro -  
cess. Ions crea ted  in  this w a y  t h e n  proceed to the  
cathode and  by  a ~, process y ie ld  f u r t h e r  e lect rons  
wi th  the consequen t  poss ibi l i ty  of a b r e a k d o w n  in -  
s tabi l i ty .  A n  a l t e r na t i ve  process which  requi res  
posi t ive  ions to be  p roduced  by  ava lanches  is as fol-  
lows. The f o r m a t i o n  of nega t ive  oxygen  ions serves 
to t r a n spo r t  oxygen  to the anode w he r e  the ions are 
neu t ra l i zed .  A concen t r a t i on  of oxygen  wi l l  t h e n  
bu i ld  up in  the  i mme d i a t e  anode ne ighborhood  to 
an  e q u i l i b r i u m  cont ro l led  by  the  ava i l ab i l i t y  of elec-  
t rons  and  ease of neu t r a l i z a t i on  of the ions. This  
o x y g e n - r i c h  anode  l aye r  wi l l  now  have  a m a r k e d  
inf luence  on pos i t ive - ion  p roduc t ion  which,  accord-  
ing to ava lanche  growth,  should be greates t  in  the 
same region. Both  processes r equ i re  the exis tence of 
nega t ive  ions which,  for a rgon  l iquid,  means  the  
presence  of an  oxygen  impur i ty .  F u r t h e r  exper i -  
me n t s  on n i t r ogen  and  oxygen  l iquids  need  to be 
m a d e  to see w h e t h e r  anode effects are p resen t  in 
these l iquids  also. 

The a t t a c h m e n t  proper t ies  of oxygen  m a y  also be 
respons ib le  for the  a p p a r e n t  i n t e rcep t  on the vol tage  
axis found  in  Fig. 2 and  3. Whi le  this  m a y  be ascr ibed 
to the  presence  of a Paschen  m i n i m u m  as in  gases, 
occur r ing  for spacings  of less t h a n  about  1 #, it 
could also be due  to an  oxygen  and  oxygen  ion l ayer  
at  the  anode  of, perhaps ,  the  same order  of t h i ck -  
ness. As the  e lec t rode  spacing is reduced,  so this  
l ayer  exer ts  a p ropor t iona l ly  g rea te r  inf luence on 
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the  s t rength .  It  is s ignif icant  tha t  s imi la r  in te rcep ts  
are found  for h y d r o c a r b o n  l iquids  con ta in ing  oxy -  
gen (1).  

The role of oxygen,  therefore ,  seems the  same for 
l iquified gases and  h y d r o c a r b o n  l iquids.  The e lec-  
t rode  effects found  wi th  the fo rmer  m a y  also exist  
for the lat ter .  The  p re sen t  i nves t iga t ion  is v a l u a b l e  
in  suggest ing effects which  m a y  wel l  be p re sen t  in  
hydrocarbons ,  bu t  which  are masked  by  the  more  
n u m e r o u s  side effects. Work  is p roceeding  to dis-  
cover whe the r  this  is so. M e a s u r e m e n t s  in  com-  
pressed gases s imi la r  to tha t  a l r eady  u n d e r t a k e n  
(14) would  also be v e r y  va luab l e  and  should yie ld  
closely re la ted  i n f o r m a t i o n  to tha t  g iven  here. 
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Molecular Structure and the Electrical Strength 
of Liquid Hydrocarbons 

T. J. Lewis 
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ABSTRACT 

It is suggested that  electrons moving through hydrocarbon liquids are able 
to excite molecular vibrat ions of inf rared frequencies, and that this provides 
an effective energy loss mechanism. The relat ive magni tudes  of this loss may 
be estimated for a wide range of hydrocarbons and other l iquids and can be 
used in a cri ter ion of breakdown. Thus the electrical strengths of these 
liquids measured under  s tandard conditions may then be compared with their 
molecular  structures. A good correlat ion is found. 

In  recent  yea rs  the electric s t r eng th  of a l a rge  
n u m b e r  of h y d r o c a r b o n  l iquids  has b e e n  m e a s u r e d  
us ing microsecond pulse  and  con t inuous  voltages.  
The resul t s  pub l i shed  are re l iab le  in  tha t  they  are 
repeatable ,  bu t  they  do not  r ep resen t  the in t r in s i c  
s t reng ths  because  of severa l  influences,  such as 
e lectrode effects, i n h e r e n t  in the  measu remen t s .  In  
spite of this, the  expe r imen t s  have  d e m o n s t r a t e d  
tha t  the s t r eng th  is d e p e n d e n t  on the  mo lecu l a r  
proper t ies  of these  hydroca rbons  and  qui te  smal l  
changes  such as t ha t  f rom h e x a n e  to h e p t a n e  or to 
i sopen tane  p roduce  a s ignif icant  effect. Because  of 
the work  of S l e t t en  (1) of this  l abora tory ,  who  has 
d e m o n s t r a t e d  tha t  dissolved oxygen  increases  the  
s t r eng th  of n - h e x a n e  cons iderab ly ,  it  is now rea l ized  

tha t  the a t t a i n m e n t  of the  h ighes t  s t r eng ths  m a y  no t  
indica te  the  closest approach  to the in t r ins ic  va lue .  
As discussed below,  m a n y  m e a s u r e m e n t s  a l r eady  
made  m u s t  have  been  inf luenced s t rong ly  by  oxygen  

in solut ion and,  for this  r eason  alone, it  is t ime ly  
to r e - e x a m i n e  the  r e l a t ionsh ip  b e t w e e n  electric 
s t r eng th  a nd  molecu la r  s t ruc ture .  This  has been  
discussed in  var ious  ways  a l r eady  (2-6)  and  in  this  
paper  the  ear l ie r  ideas are r e - s t a t e d  concisely in  a 
c r i te r ion  which  pe rmi t s  the  mo lecu l a r  inf luence  to 
be separa ted  f rom the  o ther  factors.  A n y  s imple  
c r i te r ion  of this  sort  is open to de ta i led  cr i t ic ism 
but ,  s ince the theory  of b r e a k d o w n  is by  no means  
clarified, the adopt ion  of a s imple  c r i t e r ion  is a d v a n -  
tageous. Hav ing  es tab l i shed  the  cr i ter ion,  its va l id i ty  
wi l l  be e x a m i n e d  us ing  e x p e r i m e n t a l  resul ts .  

Basic Processes 
The  electr ic  s t r eng th  of a simple h y d r o c a r b o n  

l iqu id  is cons idered  to be d e t e r m i n e d  b y  the  onset  
of an in s t ab i l i t y  in i t i a t ed  by  the p r i m a r y  processes 
of e lec t ron  emiss ion f rom the  cathode and  e lec t ron  
mu l t i p l i ca t i on  or associated charge  a c c u m u l a t i o n  in  
the b u l k  of the l iqu id  (2) .  These processes are 
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l i k e l y  to be  i n t e r - r e l a t e d  and  s e c o n d a r y  effects 
a r i s ing  f r o m  i m p u r i t i e s  or  f r o m  the  m e a s u r i n g  t e c h -  
n ique  (7)  m a y  also  occur.  I t  is t hen  difficult  to s e p -  
a r a t e  t he  p r i m a r y  p rocesses  b y  m e a s u r e m e n t s  of t h e  
e lec t r i c  s t r e n g t h  excep t  u n d e r  spec ia l  condi t ions .  
S t r e s ses  g r e a t e r  t h a n  106 v / c m  a r e  r e a c h e d  in  t hese  
l iqu ids  be fo re  b r e a k d o w n  occurs,  a n d  i t  is c o m m o n l y  
accep t ed  t h a t  f ie ld e x t r a c t i o n  of e l ec t rons  f r o m  t h e  
ca thode  m u s t  be  o c c u r r i n g  (8, 9 ) :  a m a j o r  c o m -  
p o n e n t  of t he  i n f r a - b r e a k d o w n  conduc t ion  c u r r e n t  
a r i s ing  f r o m  these  e m i t t e d  e lec t rons .  E x c l u d i n g  
impur i t i e s ,  t he  mode  of conduc t ion  is t hen  e i t h e r  b y  
q u a s i - f r e e  e l ec t rons  or  n e g a t i v e  ions f o r m e d  b y  
a t t a c h m e n t  and  at  t he  h ighes t  fields p o s s i b l y  b y  
pos i t i ve  ions  p r o d u c e d  b y  col l i s ion  ioniza t ion .  The  
m ob i l i t i e s  and  ene rg i e s  of these  p a r t i c l e s  d e p e n d s  
on the  col l i s ion  c h a r a c t e r i s t i c s  of the  l i qu id  so t h a t  
once an  e l e c t r o n  is e m i t t e d  the  s u b s e q u e n t  p rocesses  
a r e  g o v e r n e d  b y  the  l i qu id  and  d e p e n d e n c e  on m o l e -  
c u l a r  p r o p e r t i e s  m a y  be expec t ed .  

Cathode Mechanisms 
If  t he  s t r e n g t h  is to be  r e l a t e d  to l i qu id  p r o p e r t i e s ,  

the  ca thode  shou ld  e i t he r  p l a y  a cons i s t en t  or  e lse  
a neg l ig ib l e  p a r t  in the  b r e a k d o w n  process .  E v i d e n c e  
f rom the  l i t e r a t u r e  sugges t s  t ha t  the  ca thode  effect 
m a y  be bo th  e r r a t i c  and  e lus ive ,  some a u t h o r s  r e -  
p o r t i n g  a d e p e n d e n c e  on e l ec t rode  m a t e r i a l  and  
o the r s  not.  The  e l ec t rode  su r faces  in a l l  cases  is 
cove red  b y  c o m p l e x  and  p e r h a p s  i n su l a t i ng  l a y e r s  
of oxide ,  gas, and  o t h e r  a d s o r b e d  impur i t i e s .  C h a r g e  
t r a n s p o r t e d  to such  su r faces  can  b u i l d  up  e lec t r i c  
doub le  l a y e r s  s t r o n g l y  inf luenc ing  the  emiss ion  a n d  
p r e v e n t i n g  a n y  d i r ec t  r e l a t i o n s h i p  b e t w e e n  i t  and  
the  w o r k  func t ion  of t he  p u r e  ca thode  meta l .  G r e e n  
(8)  has  sugges t ed  t ha t  pos i t ive  ions d e p o s i t e d  on 
the  ca thode  f r o m  t h e  l i qu id  a r e  r e spons ib l e  for  e n -  
h a n c e d  emiss ion  in  n - h e x a n e  a n d  has  f o u n d  a d e f -  
in i te  d e p e n d e n c e  on e l ec t rode  m e t a l  and  d e g r e e  of 
ox ida t ion .  

The  s t r e n g t h s  ach i eved  w h e n  m e a s u r e m e n t s  a r e  
m a d e  w i t h  pu l se  vo l t ages  of suff ic ient ly  shor t  d u r -  
a t ion  d e p e n d s  on the  deg ree  of e l e c t r o n  a v a i l a b i l i t y ,  
and  ca thode  cond i t ions  a r e  t hen  i m p o r t a n t .  This  
s i t ua t ion  is a n a l y z e d  b y  W a r d  a n d  L e w i s  (7 ) ,  and  
H a n c o x  and  T r o p p e r  (10) have  also r e p o r t e d  an  
effect  of th is  k i n d  in w h i c h  ca thode  o x i d a t i o n  a l -  
t e r e d  the  impu l se  s t r e n g t h  of t r a n s f o r m e r  oil. 

The  r e l a t i v e  i m p o r t a n c e  of the  con t ro l  e x e r c i s e d  
by  the  s e p a r a t e  ca thode  and  l iqu id  p rocesses  also 
d e t e r m i n e s  the  d e g r e e  of e l ec t rode  dependence .  F o r  
b r e a k d o w n  bo th  p rocesses  need  to be  above  a ce r -  
t a i n  t h r e s h o l d  of ac t iv i ty .  If  the  field s t r e n g t h  r e -  
q u i r e d  to p r o m o t e  t he  l i qu id  m e c h a n i s m s  is h igh  
and  at  the  s ame  t i m e  the  ca thode  is a good f i e ld -  
emi t t e r ,  t hen  the  b r e a k d o w n  is l i q u i d - c o n t r o l l e d  
and  ca thode  d e p e n d e n c e  is m a s k e d .  On the  o t h e r  
hand ,  a l i qu id  of l o w e r  " in t r i n s i c  s t r e n g t h "  w i t h  a 
poor  ca thode  e m i t t e r  w o u l d  be  e x p e c t e d  to show 
ca thode  effects.  N o r m a l  m e a s u r e m e n t s  m i g h t  g ive  
e i t h e r  s i t ua t i on  as  t he  l i t e r a t u r e  seems  to ind ica te .  
In  Fig.  1 these  two  cond i t ions  a r e  shown b y  us ing  
a p o i n t - p l a n e  e l e c t r o d e  s y s t e m  (11) .  W h e n  the  
l i qu id  is r e l a t i v e l y  h i g h l y  s t ressed ,  i.e., t he  p l a n e  
nega t ive ,  a ca thode  d e p e n d e n c e  is p re sen t ,  b u t  th i s  
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Fig. ]. Breokdown voltage of a point-plane electrode system 
in n-hexone, Ref. (I I). 1. Point cathode, no dependence on 
electrode materia[; 2. plane cathode, aluminum electrodes; 
3. plane cathode, copper electrodes; 4. plane cathode, chromium electrodes. 
d i s a p p e a r s  w h e n  t h e  p o l a r i t y  is r eve r sed .  A n e g a t i v e  
po in t  i n su re s  a copious  emiss ion  and  the  l iquid ,  b e -  
ing  less h i g h l y  s t ressed ,  t hen  con t ro l s  t h e  b r e a k -  
down.  

Since  e x t e n s i v e  e x p e r i m e n t s  on v a r i o u s  h y d r o -  
ca rbon  ser ies  have  d e m o n s t r a t e d  a l r e a d y  t h a t  l i qu id  
effects m a y  be  o b s e r v e d  in some d e t a i l  i t  can be 
conc luded  t h a t  t he  ca thodes  w e r e  cons i s t en t  in b e -  
h a v i o r  and  ab le  to y i e l d  the  r e q u i r e d  emiss ion  in 
these  e x p e r i m e n t s .  A n y  l iqu id  inf luence  on e lec t ron  
emiss ion  w o u l d  r e m a i n  r e a s o n a b l y  cons t an t  because  
of the  s t rong  c h e m i c a l  and  p h y s i c a l  s imi l a r i t i e s  in 
these  h y d r o c a r b o n  ser ies .  

Electronic Processes in the Liquid 
As in gaseous  or  sol id  phases ,  an e l e c t r o n  ga ins  

e n e r g y  f r o m  the  a p p l i e d  f ield and  loses i t  in co l l i -  
s ions w i t h  molecu les .  The  eff iciency of e n e r g y  
t r a n s f e r  in  a col l i s ion  is e n e r g y  d e p e n d e n t  and  a t  
low field s t r e n g t h s  a s t ab le  cond i t ion  is r e a c h e d  in 
w h i c h  on ly  e l ec t rons  of low e n e r g y  a re  a c c e l e r a t e d  
b y  the  field. A l t h o u g h  the  e l ec t ron  p o p u l a t i o n  wi l l  
con ta in  some e l ec t rons  of much  l a r g e r  energ ies ,  the  
p r o b a b i l i t y  of ene rg ie s  sufficient for  ion iza t ion  wi l l  
be ins igni f icant .  As  the  field is inc reased ,  t he  d i s t r i -  
bu t ion  w i l l  shi f t  to h i g h e r  ene rg ies  a n d  ioniz ing 
col l i s ions  w i l l  become  m o r e  p robab l e .  E n e r g y  d i s -  
t r i b u t i o n s  a n d  col l i s ion  p r o b a b i l i t i e s  h a v e  long been  
k n o w n  for  gases  (12) .  In  l iquids ,  the  c o m p l e x i t y  of 
t he  mo lecu l e s  and  the  i nc r ea sed  d e n s i t y  can  change  
the  r e l a t i v e  i m p o r t a n c e  of va r ious  col l i s ions  so t ha t  
these  m u s t  be  r e c ons ide r e d .  The  m a j o r  col l is ion 
processes  a re :  

(a)  Elas t ic .  A t  low field s t r eng ths  the  m a j o r i t y  of 
col l is ions w i l l  be  p u r e l y  e las t ic  i nvo lv ing  l i t t l e  e n -  
e r g y  loss be c a use  of t he  h igh  mass  r a t i o  of h y d r o -  
ca rbon  m o l e c u l e  and  e lec t ron .  

(b)  V i b r a t i o n a l .  A n  e n e r g y  loss, w h i c h  m a y  not  
be n e a r l y  so i m p o r t a n t  in  t he  gaseous  p h a s e  un less  
t he  mo lecu l e s  a r e  complex ,  a r i ses  f r o m  the  e x c i t a -  
t ion  of m o l e c u l a r  v ib r a t i ons .  The  v i b r a t i o n s  associ -  
a t ed  w i t h  t h e  b ind ing  forces  a r e  u s u a l l y  in the  i n f r a -  
r e d  f r e q u e n c y  b a n d  and  e n e r g y  q u a n t a  in t he  r a n g e  
0.1-1 ev  a r e  invo lved .  V ib ra t i ons  e x c i t e d  in th i s  
w a y  m a y  coup le  to  o t h e r  mo lecu le s  e spe c i a l l y  w h e n  
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local order  exists.  This  type  of coll is ion is cons idered  
to be a m a j o r  loss process in  solid b r eakdown .  

(c) A t t achmen t .  Sa tu r a t ed  h y d r o c a r b o n s  are no t  
expected  to be e lec t ronegat ive ,  bu t  l o w - e n e r g y  elec-  
t rons  could fo rm ionic complexes  or c lusters  by  i n -  
duced po la r i za t ion  of ne ighbo r ing  molecules .  These 
c lus ters  wou ld  behave  as la rge  ions at low fields, 
bu t  the e lec t ron  could be f reed  by  t h e r m a l  ac t iva t ion  
or field acce lera t ion  at h igher  fields, l eav ing  the  
polar ized molecu la r  a tmosphere  b e h i n d  as in  the  
Wien  effect. 

(d) Exci ta t ion .  Exc i ta t ion  t r ans i t i ons  in  the  h y -  
d rocarbons  requ i res  ene rgy  q u a n t a  of severa l  elec-  
t ron  volts, and  the exci ted molecu le  can s u b s e q u e n t l y  
e i ther  emi t  a pho ton  or for the m a j o r i t y  of h y d r o -  
carbons  s tabi l ize  by  dissociat ion (13).  E v e n  if pho-  
ton emiss ion occurred,  it would  be s t rong ly  absorbed  
by  n e i g h b o r i n g  molecules  and  wou ld  no t  have  the  
impor t ance  found  in  gas b r eakdown .  The increased  
dens i ty  toge ther  wi th  the  increased  n u m b e r  of 
exc i ta t ion  and  ioniza t ion  levels  of the  complex  
molecules  wi l l  cause the  d is t inc t  ene rgy  gap b e t w e e n  
exc i ta t ion  and  ioniza t ion  of a gas to be lost in  a 
l iqu id  (14).  Consequen t ly ,  exc i ta t ion  wi l l  no longer  
form such an  effective r e g u l a t i n g  m e c h a n i s m  to 
l imi t  the ioniza t ion  process as in  gases. 

(e) Ionizat ion.  Ion iza t ion  energies  are ~10  ev and  
decrease p rogress ive ly  as a n y  p a r t i c u l a r  h y d r o c a r -  
bon  series is ascended.  Posi t ive  ions of low mob i l i t y  
p roduced  by  the coll ision wi l l  d i s tu rb  the  field and  
cause e n h a n c e d  emiss ion at the  cathode (8) .  These 
ions are  i m p o r t a n t  in  caus ing  a b r e a k d o w n  in s t a -  
bi l i ty .  

Apa r t  f rom the ma jo r  processes, e lec t ron  coll i-  
sions m a y  also involve  i m p u r i t y  molecules  and  give 
rise to a va r i e t y  of effects b u t  for conciseness,  on ly  
a few of these m a y  be men t ioned .  Organ ic  impur i t i e s  
such as re la ted  hydroca rbons  are no t  l ike ly  to upset  
the b r e a k d o w n  process in  the  p u r e  l iqu id ;  o thers  
of a polar  n a t u r e  can induce  a low s t rength .  The  
c lean ing  t echn iques  adopted  reduce  the  effects of 
these l a t t e r  impur i t ies ,  bu t  the i r  p resence  in  smal l  
cont ro l led  a m o u n t s  m a y  be use fu l  in  de tec t ing  cer-  
t a in  b r e a k d o w n  processes. For  ins tance ,  Darven iza  
(15) of this  l abo ra to ry  has shown  tha t  t races  of 
a n t h r a c e n e  cause n - h e x a n e  to emi t  v is ib le  l igh t  w i t h  
a pho ton  e n e r g y  of about  2.5 ev w h e n  the  b r e a k -  
d o w n  field is approached,  thus  g iv ing  ev idence  for 
the  presence  of e lectrons of this  energy .  Wa te r  is an  
i m p o r t a n t  i m p u r i t y  of which  most  is r emoved  c he m-  
ically,  bu t  some mus t  r e m a i n  as a trace.  In  dissoci-  
a ted fo rm it can con t r ibu te  to the  conduc t ion  c u r r e n t  
and  is p r o b a b l y  r egene ra t ed  at  the  e lectrodes  as 
P l u m l e y  has suggested (16).  P r o v i d e d  the accepted 
d r y i n g  t echn iques  are employed  the re  is no ev idence  
at the  m o m e n t  for it  hav ing  a n y  s t rong inf luence on 
b r eakdown .  

A n o t h e r  i m p o r t a n t  class of i m p u r i t y  is dissolved 
gas which  in t roduces  add i t i ona l  coll is ion centers  
h a v i n g  e n e r g y  levels  which  m a y  be  v e r y  d i f ferent  
f rom those of the pu re  l iquid.  The exc i ta t ion  and  
ion iza t ion  energies  of oxygen  and  n i t rogen ,  which  
are l ike ly  to be dissolved,  are  g rea te r  t h a n  the  cor-  
r e spond ing  va lues  for h y d r o c a r b o n s  such as n -  
h e x a n e  so tha t  these t r ans i t ions  in  the  gases are  not  
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Fig. 2. Energy diagrams for v ibrat ional  collisions. (a) En- 
ergy balance below breakdown stress (i) energy gain from 
field E, (ii) energy loss in vibrat ional collisions of frequency v; 
(b) electron energy distr ibut ion function corresponding to (a). 

l ike ly  to occur. The  most  i m p o r t a n t  effect to be 
expected is the s t rong e lec t ron a t t a c h m e n t  of oxygen  
which  is discussed more  fu l ly  below. The presence  
of an  ac tua l  gas phase  in  the fo rm of bubb les  has 
been  considered  on m a n y  prev ious  occasions espe-  
c ial ly  for oils. Bubb les  could easi ly in i t i a te  b r e a k -  
down,  bu t  the  m a j o r i t y  of ev idence  suggests  t ha t  
the inf luence  of dissolved gas in  s imple  hyd roca r -  
bon  l iquids  is t h r o u g h  i n d i v i d u a l  e l ec t ron -gas  
molecule  coll isions r a the r  t h a n  bubbles .  

Vibrational Collisions 
F r o m  the  assessment  above, it is conc luded  tha t  

v i b r a t i o n a l  coll isions account  for the  m a j o r  e lec t ron  
ene rgy  loss in  pu re  hyd r oc a r bon  l iqu ids  r ep lac ing  
exc i ta t ion  coll isions as the  ma j o r  cont ro l  of coll ision 
ionizat ion.  The  v i b r a t i o n  coll ision loss can  t h e n  be 
used to es tabl ish  a b r e a k d o w n  c r i t e r ion  s imi la r  to 
tha t  proposed for solids (14, 17). This  m a y  be done 
by  re fe rence  to Fig. 2a which  shows the  hypo the t i ca l  
e lec t ron  ene rgy  ga in  f rom the field E a nd  loss to 
mo lecu l a r  v ib ra t ions  per  m i n i m u m  m e a n  free pa th  
~., for this  collision. I t  is a s sumed  tha t  the  v i b r a t i o n  
cross sect ion reaches a peak  Qm = (N~tm) -1, w h e r e  N 
is the  n u m b e r  of molecules  per  cc, for an  ene rgy  
equa l  to a few mul t i p l e s  of the  th resho ld  value .  Elec-  
t rons  in  the r ange  AB tend  to shift  in  ene rgy  toward  
A, b u t  this  is opposed by  t h e r m a l  f luc tuat ions  r e -  
p o p u l a t i n g  the  h ighe r  ene rgy  ranges.  F o r  a p a r t i c u -  
lar  appl ied  field be low the b r e a k d o w n  va lue  and  
cons tan t  e lec t ron  emiss ion and  abso rp t ion  at  the  
electrodes,  an  e q u i l i b r i u m  ene rgy  d i s t r i bu t i on  is set 
up charac te r ized  by  a severe c u r t a i l m e n t  in  the  ex -  
c i t a t i on - ion iza t ion  ene rgy  r ange  ,~ I (F ig .  2b) .  As 
the field is increased,  point  B moves  d o w n  and  more  
e lec t rons  wi l l  be capable  of acce le ra t ion  by  the  field 
t oward  ion iza t ion  energies ,  bu t  the  increase  wi l l  be  
smal l  u n t i l  the  condi t ion  B = I is reached.  At  this  
field s t rength ,  m a n y  more  e lect rons  are  ava i l ab le  for 
accelerat ion.  Thus  the  condi t ion  B = I r ep resen t s  the  
onset  of a s ignif icant  coll ision ion iza t ion  or a p roc-  
ess. At  sti l l  h igher  fields the  condi t ion  A = B wi l l  be  
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reached  and  e lec t rons  of a n y  e n e r g y  are t h e n  ac-  
ce le ra ted  towards  I. 

The  a process causes e lec t ron  ava lanches  and,  by  
ana logy  wi th  gas b r e a k d o w n ,  we  r equ i r e  e i ther  tha t  
these should grow to a p a r t i c u l a r  size or tha t  an  i n -  
s tab i l i ty  t h rough  secondary  processes such as posi-  
t i v e - i o n  emiss ion e n h a n c e m e n t  at  the  cathode should 
occur. In  a n y  of these cases the  necessa ry  condi t ion  
for an  ins t ab i l i ty  is tha t  a should  reach  a m i n i m u m  
value.  F r o m  Fig. 2, the  condi t ion  can be expressed as 

e E,, Xm = Chv [1] 

whe re  E., is the b r e a k d o w n  field, C (_--<1) de te rmines  
the r equ i r ed  a value ,  and  h ,  is the ene rgy  q u a n t u m  
t r ans f e r r ed  in  a v i b r a t i o n  col l is ion of f r eque nc y  ~. 
This  cr i ter ion,  or var ia t ions ,  has b e e n  ut i l ized by  
severa l  au thors  (2-6, 18). I t  should  be no ted  tha t  C 
takes account of the experimental conditions (e.g., 
pulse or continuous voltage measurements) and 
would be affected by any electrode conditions capa- 
ble of altering secondary processes and thereby re- 
quiring a new a value for an instability. Because of 
these effects, Eq. [i] is useful for comparing liquids 
only when C remains reasonably constant through- 
out the experiments. This seems to have been 
achieved for the alkanes and alkyl benzenes (2-6). 
Through Eq. [i] it is possible to relate strength to 
molecular structure. 

Vibration Frequency ~ and Minimum Free Path X,,, 
Vibra t i on  f requenc ies  of the hyd roca rbons  are r e -  

s t r ic ted to a few bands .  Charac te r i s t ic  w a v e - n u m -  
bers, d e t e r m i n e d  f rom in f r a r ed  spectra,  can be as-  
sociated wi th  the c a r b o n - h y d r o g e n  groups  and  wi th  
the  skele ta l  c a r b o n - c a r b o n  bonds  (Tab le  I ) .  I t  is 
wel l  k n o w n  tha t  these are charac ter i s t ic  of the 
groups  and  i n d e p e n d e n t  of the  rest  of the  molecules.  
As the  e lec t ron ene rgy  increases,  each mode of oscil-  
l a t ion  m a y  be exci ted in  tu rn ,  b u t  f rom our concept  
of the  b r e a k d o w n  process and  knowledge  of the  
i n f r a r e d  absorp t ion  in tens i t i es  it  is expected  tha t  the  
m a j o r  ene rgy  loss wi l l  occur in  exci t ing  2960 cm -~ 
v ib ra t ions  of the  CH~, CH~, and  CH~ groups.  This r e -  
qu i res  an  ene rgy  q u a n t u m  of 0.37 ev. Vibra t ions  of 
the  ca rbon  skele ton in  a lkanes  r e q u i r e  a lower  energy,  
and  the  skele ton is screened by  CH bonds  so tha t  it  
is l ike ly  to be less effective in  caus ing  loss. The same 
appl ies  to the a lky l  radica l  of the  a lky l  benzenes .  
The  benzene  r ing  i tself  is best  cons idered  as a s ingle  
i n d e p e n d e n t  group h a v i n g  a h ighes t  f r equenc y  as in 
Tab le  I. 

The i n d e p e n d e n t  behav io r  of the  va r ious  groups as 
shown  by  the i r  i n f r a r e d  spect ra  suggests  tha t  these 
h y d r o c a r b o n  l iquids  m a y  be cons idered  to a first 
a p p r o x i m a t i o n  as dense  gas - l ike  phases  of the group 

Table I. Infrared vibrations of hydrocarbon groups 

W a v e  E n e r g y  
G r o u p  n u m b e r ,  c m  -1  q u a n t u m ,  e v  
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Fig. 3. E=N -~ vs. n= for alkanes according to Eq. [ 4 ] .  
Curve ],  f rom short durat ion pulse measurements; curve 2, 
from direct voltage measurements, o Points marked thus are 
for branched chain alkanes containing the Qt cross section. 

oscillators,  each act ing as an  i n d e p e n d e n t  collision 
center  and  hav ing  a u n i f o r m  d i s t r i bu t ion  in  the l iq -  
uid. Thus  (2, 4) 

X,, -~ = N ~ntQ, [2] 

where  n, is the  n u m b e r  of i '" groups  per  molecule  for 
which  the m a x i m u m  coll is ion cross sect ion for the  
2960 cm -1 mode  is Q,. 

E q u a t i o n  [1] m a y  now be checked aga ins t  the  
electric s t r eng th  d e t e r m i n a t i o n s  repor ted  by  Sha r -  
baugh,  e t  al .  and  by  Lewis  (2-6)  in  which  consis tent  
t echn iques  lead ing  to a cons tan t  C were  adopted in  
each series of measu remen t s .  C o m b i n i n g  Eq. [ 1] and  
[2] and  w r i t i n g  the cons tan t  k to i nc lude  C and the  
common f r e que nc y  of v i b r a t i o n  ~ t h e n  

E,.N -~ = k ~niQ, [3] 

If i = 3, 2, 1 refers  to CH, CH.~ and  CH groups,  then  
for n - a l k a n e s  C,,H~,+.~ 

E,,N -1 = k (n~Q~ + 2Q,) [4] 

i.e., EmN -1 vs. n~ should give a l i nea r  plot  of i n t e r -  
cept 2 k Q, and  slope k Q.~ as is indeed  conf i rmed for 
both  sets of m e a s u r e m e n t s  in  Fig. 3. Resul ts  for 
b r a n c h e d  a lkanes  have  been  added to Fig. 3 and  lie 
above the  l i nea r  plot  as expected  because  of the 
neglec t  of Q~ in  Eq. [4]. By p lo t t ing  

(EmN-~n ,  -~ - -  k n~Q~n~ -~) vs. n~n~ -~ 

for the isomers,  the expected  l inea r  plot  is aga in  
found  which  gives an  es t imate  of k Q~ a nd  a check on 
k Q,~. I t  no longer  appears  necessa ry  to place 
b r anched  cha in  isomers on a separa te  charac ter i s t ic  
and  to ascr ibe  a ne w  charac ter i s t ic  f r e q u e n c y  ~ to 
t h e m  as suggested  ear l ie r  (4) .  The r e l a t ive  m a g n i -  
tudes  of Q,, Q~, a nd  Q3 agree wel l  in  the  two sets of 
m e a s u r e m e n t s  in  spite of the  v e r y  s implif ied model.  

For n-alkyl benzenes C,H,--C,H~§ Eq. [3] be- 
comes 

CH,, CH,, CH, ~2960 0.37 
CH3, CH3 1450 0.18 
CH, 1000 0.12 
C-C skeleton 890-1090 0.11-0.14 
Benzene r ing (CH modes) ~3000 0.37 

EmN -1 = k (n.~Q~ -F Q, + Qb) [5] 

where  Qb is the  cross sect ion of the  be nz e ne  r ing.  
Resul ts  ob ta ined  by  Sha rbaugh ,  Crowe, a nd  Cox (5) 
fit this  l aw as in  Fig. 4a (6, 19). Also in  a g r eemen t  
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Fig�9 4. IFmN -* as a func t ion  o f  molecu lar  s t ructure for  

alkyl benzenes. (a) n-Alkyl benzenes according to Eq. [5], 
n~ = n~; (b) b ranched-a lky l  benzenes accord ing to Eq. [ 6 ] ,  
nl ~ ns. 

with the cr i ter ion are  the results  for benzene, me thy l  
benzene, and t - b u t y l  benzene (Fig. 4b) ,  fitting ac- 
cura te ly  the re la t ionship  

EmN -~= k (n~Q~ + Qb) [6] 

Cross sections es t imated f rom Fig. 4, show tha t  Q~ 
is r e la t ive ly  la rge  as might  be expected but  also tha t  
k Q~ and k Q~ are considerably  grea te r  ( ~ 1 0 0 % )  
than  es t imates  f rom the alkanes.  This may  be due in 
the first place to a shift  in the b reakdown cr i ter ion 
since there  is no reason why  C (Eq. [1])  should be 
the same in both series. Changes may  also occur in 
the cross sections because the  a lky l  benzenes are 
polar  wi th  the r ing negative.  This would increase the 
interact ion be tween the a lky l  groups and electrons. 
I t  is also p robab le  that  the l iquid s t ruc ture  differs 
in the two cases wi th  a consequent effect on X~ (see 
below).  

Equat ion [1] is also suppor ted  by measurements  
on the d imethy l  s i loxane (si l icone) l iquids which 
have s imi lar  chain s t ructures  to the alkanes.  THe 
main skele ton consists of s i l icon-oxygen bonds, r e -  
placing the ca rbon-ca rbon  bonds of the alkanes,  and 
methyl  side groups are added at the silicon sites to 
give a genera l  fo rmula  (CH~)~ S i - -  [O Si(CH~)~]~-- 
O Si(CH~)~. An impor tan t  difference is tha t  the si l i -  
cone skele ton is r e l a t ive ly  exposed at  the oxygen 
sites and  the silicon oxygen bonds are  polar.  Equa-  
tion [3] becomes 

Em N -~ : k (n~Q~ + noQo) [7] 

where  Q~ refers  to the  oxygen site. The s t rengths  
found wi th  direct  vol tage for the first four  members  
of the series again give a l inear  character is t ic  when 
plot ted according to Eq. [7] (6),  bear ing  in mind 
tha t  the  d imer  exhibi ts  except ional  behavior  in 
many  of its o ther  physical  proper t ies  (20). The va lue  
of k Q~ so obta ined is ident ical  wi th  tha t  f rom the 
alkanes.  I t  has been shown a l ready  tha t  the CH~ 
group in the silicones has a v ibra t ion  of .-~3000 cm -~ 
very  close to tha t  found in the hydrocarbons  so tha t  
the agreement  in the es t imates  of k Q~ appears  sig- 
nificant. 

On the whole, therefore,  exper iments  on a l a rge  
number  of s imple  l iquids can be a r r anged  sys-  
t emat ica l ly  according to Eq. [1] based on ind iv idua l  
molecular  groups. 

4ooj " ~ - ~ - ~  ~H22 

2 0 0  o " " ~ 1 7 6  C7 H 16 

I00 I T~- 4--1TL ~" " - - - - - ~  
200 250 3O0 350  

T ',OK 

Fig. 5. Va r i a t i on  o f  Em/N wi th  tempera tu re  fo r  n -a lkanes  
showing transition temperatures. 

Liquid Structure 
The assumption of a uniform dis t r ibut ion  of colli-  

sion centers implies  tha t  the  l iquid is isotropic along 
individual  e lectron paths. I t  is known that  local 
order  can exist  in n-a lkanes ,  however,  and that  this 
is t empera tu re  dependent .  The l iquid phases for pen -  
tane to decane are character ized by  three  states hav-  
ing t rans i t ion  t empera tu re s  Tt, and T~r in the  ne igh-  
borhoods of 245 o and 288 ~ ~ respect ive ly  (21). 
Below Tt, the state is quas i -c rys ta l l ine  and the 
molecules pack wi th  thei r  long axes para l l e l  to form 
crystal l i tes .  In the  range  Tt,-T~r l ibra t ion  occurs 
about the long axes and above T ,  complete rota t ion 
is possible and local order  disappears�9 Many physical  
p roper t ies  change when t aken  through these t r ans i -  
tions; Fig. 5 shows tha t  the electr ic s t rength  is no 
exception (22). By plot t ing EmN -1 against  t empera -  
ture  in this figure normal  densi ty  changes are an-  
nulled, s t ruc ture  effects are accentuated,  and T~, and 
T,~ become obvious. The change at Tt, is pa r t i cu la r ly  
abrupt .  In a c rys ta l l i te  at  low t empera tu re  the den-  
si ty of scat ter ing centers  due to CH~ and CH~ groups 
wil l  be g rea te r  along the chain axis than perpend ic -  
u la r  to it, and an electron wi th  a t r a j ec to ry  along the 
axis wil l  suffer the grea te r  loss. This s i tuat ion could 
occur as a resul t  of f ie ld- induced or ienta t ion of the 
anisotropic molecule and wil l  lead to a smal ler  value  
of Xm in Eq. [1]. As the t empera tu re  is increased, 
both or ienta t ion and the crys ta l l i te  size wil l  de-  
crease, so increasing X~ and lower ing  the strength.  
In the range  Tt~-T~, the onset of l ib ra t ion  wil l  in-  
crease the  effective volume occupied by  each mole-  
cular  group and so increase the  cross-section. The 
two opposing effects of decreasing or ienta t ion and in-  
creasing cross section would  account for the  small  
changes in E J N  in this  range. Normal  resul ts  quoted 
in Fig. 3 are in this range. Above T,~ complete ro ta -  
t ion is possible and the disorder ing processes a l ready  
begun at lower  t empera tu res  cause a fu r the r  fal l  
in strength.  Since the a lky l  benzenes are  polar,  field 
or ienta t ion is l ike ly  to be s t ronger  than  in the  a l -  
kanes and this m a y  help to account for the  increased 
effective cross sections found for the CH~ and CH, 
groups in these liquids. A s imi lar  increase in or ien t -  
ing force would occur for the a lkanes  if ions a t tach 
in any way  to the chain molecules. 

Oxygen Effects 
Account must  now be taken  of the s tudy recent ly  

repor ted  by  Sle t ten  (1) in which oxygen was shown 
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to have  a m a r k e d  inf luence  on the s t r eng th  of n -  
hexane  ( and  p r e s u m a b l y  on other  n - a l k a n e s ) .  His 
conclus ion  is tha t  the resu l t s  r epor ted  by  Lewis,  
House, Sha rbaugh ,  and  others  refer  to l iquids  in  
which  dissolved oxygen  caused an  increase  in  
s t rength .  He  d e m o n s t r a t e d  tha t  the s t r eng th  of 
n - h e x a n e  m a y  be  increased  f rom 0.9 m v / c m  to the  
levels n o r m a l l y  r epor ted  by  dissolving oxygen  in  the 
l iquid.  Ni t rogen  did not  affect the  s t r eng th  at all. It  
is necessa ry  to d e t e r m i n e  whe the r  the  concepts  in  
this discussion are in  any  w a y  d i s tu rbed  by  this dis-  
covery. Because smal l  changes  in  molecu la r  s t ruc -  
t u r e  inf luence  the  s t r eng th  (2 -6 ) ,  even  in  the  p r e s -  
ence of oxygen,  it is logical  to seek a m e c h a n i s m  by  
which oxygen  raises the s t r eng th  wi thou t  d i s t u rb ing  
the con t ro l l ing  inf luence  of the  h y d r o c a r b o n  v i b r a -  
tions. 

Oxygen  is e lec t ronega t ive  and  forms  nega t i ve  ions. 
According to the  la tes t  w o r k  (23) a t t a c h m e n t  in  the  
gaseous phase  involves  a dissociat ive process, wi th  
the fo rma t ive  of an  a tomic ion, which  has a peak  at 
e lec t ron energies  of abou t  6 ev ly ing  b e t w e e n  the 
v ib r a t i ona l  and  ion iza t ion  energies  of the  h y d r o c a r -  
bons. If the same a t t a c h m e n t  process occurs w h e n  
oxygen  is dissolved,  it wi l l  r emove  free e lec t rons  of 
energies  above the  v i b r a t i o n  peak  n o r m a l l y  capable  
of c o n t r i b u t i n g  to the a process in  the l iquid.  The  con-  
vers ion  of e lec t rons  to l o w - m o b i l i t y  nega t ive  ions 
would  also reduce  the  conduc t ion  c u r r e n t  as ob-  
served (1) .  The a t t a c h m e n t  cross sect ion (23) is, 
however ,  smal le r  t h a n  seems necessary  to exp la in  the  
la rge  inf luence  on the s t rength ,  bu t  its effect iveness 
m a y  be enhanced  by  t r anspo r t  of the oxygen  ions to 
the anode.  A layer  of oxygen  and  oxygen  ions wi l l  be 
bu i l t  up there  and  b rough t  to an  e q u i l i b r i u m  as 
regards  oxygen  concen t r a t i on  and  e lect r ical  doub le -  
l ayer  s t r eng th  d e t e r m i n e d  by  the appl ied  field. The 
l ayer  wou ld  be s t rong ly  e lec t ronega t ive  a n d  t h e r e -  
fore res is t ive  to e lec t ron  motion.  S t rong  ev idence  for 
the  exis tence  of this  l ayer  on the  anode  has been  
provided  r ecen t ly  by  W a r d  of this  l abo ra to ry  who 
used an  e lect rode wi th  a l aye r  formed in  this  w a y  
as the  cathode in  a pulse  b r e a k d o w n  test  on n -  
hexane .  The  s t r eng th  was  in i t i a l ly  g rea te r  t h a n  2.1 
m v / c m  and  dec l ined  to the  more  n o r m a l  va lue  of 1.5 
m v / c m  as the  l ayer  diffused away  and  the  cathode 
rega ined  its emiss ion proper t ies .  Oxygen  will ,  t h e r e -  
fore, t end  to reduce  a and  res t r ic t  the  v o l u m e  for 
ava lanche  deve lopment .  This  can be accounted  for in  
the  p re sen t  theory  by  an  increase  in  the  cons tan t  C 
of Eq. [1]. F u r t h e r  work  on the  role of oxygen  and  
other  gases is in  progress.  

The Adamczewski Theory 
The theo ry  g iven  by  Adamczewsk i  (18) employs  

the  same type  of ene rgy  loss concept  as here,  b u t  
there  are de ta i led  differences which  are impor t an t ,  
especial ly  as exce l len t  a g r e e m e n t  w i th  pu lse  me a s -  
u r e m e n t s  (4, 5) have  been  ob ta ined  by  him. 

The ma jo r  ene rgy  loss is ascr ibed to C - - C  bond  
v ib ra t ions  of wave  n u m b e r s  890 and  1090 cm -1, e i ther  
of which  u l t i m a t e l y  give s t r eng ths  in  close ag ree -  
m e n t  w i th  the  pu l se  measu remen t s .  Reasons  for no t  
p re fe r r ing  this  mode  of v ib ra t ion ,  which  in  the  a u -  

thor ' s  opin ion  canno t  be  overlooked,  have  b e e n  g iven  
al ready.  The m e a n  free pa th  Xm is also ca lcula ted  d i f -  
fe ren t ly .  In  the  w o r k  of Sha rbaugh ,  et al. (4) and  
Lewis  (2) no a t t e m p t  is made  to es t imate  the  abso-  
lu te  cross sect ions f rom bond  d imens ions  a nd  only  
re la t ive  m a g n i t u d e s  in  t e rms  of k are der ived.  
Adamczewski ,  however ,  assumes  the  coll ision cross 
section to be a l o n g i t u d i n a l  geomet r ica l  section of 
the  molecule.  The  n - a l k a n e  molecu le  is t a k e n  to be 
a cy l inder  of base  rad ius  r a nd  l eng th  l ( n - - 1 )  
w he r e  2r ( = 4 . 9 A )  is the m e a n  dis tance  be tween  
molecu la r  axes, a s suming  c rys ta l  order  as in the  
solid, I ( =  1.23A) is the  C - - C  bond  l eng th  p ro jec ted  
on the  axis and  n is the n u m b e r  of carbon  atoms. 
The collision cross sect ion is t h e n  Q = 2r l ( n - - 1 )  
or x~, = [ 2 N r l ( n - - 1 ) ]  -~. This  ca lcu la t ion  neglects  
t h e r m a l  mot ion  by  which  the molecule  m a y  be or i -  
en ta t ed  r a n d o m l y  to the e lec t ron  path.  I t  is also 
doub t fu l  w h e t h e r  the  mo lecu l a r  spacing should  be 
t a k e n  as 2r in  d e t e r m i n i n g  the  coll is ion cross section. 
The same cy l indr ica l  model  is also used for 
b r a n c h e d - c h a i n  a lkanes  (by  a d j u s t i ng  r to c o m p e n -  
sate for the r educ t ion  in  l due  to the side groups)  
and  for the a lky l  benzenes .  In  the  la t te r  case the  
benzene  r ing  is no t  cons idered  as an  en t i ty  bu t  is 
used to ex tend  the  l eng th  of the  a lky l  radica l  by  i n -  
c lud ing  two ca rbon  atoms of the  r ing  as pa r t  of the  
radical .  The r e m a i n i n g  r ing  bonds  and  a n y  side 
groups then  inf luence  r. Adhe rence  to a cy l indr ica l  
model  does not  seem just if ied in  these  cases. 

F ina l ly ,  Eq. [1] is used wi th  C = 1, i.e., no account  
is t a k e n  of o ther  m e c h a n i s m s  v i t a l  to the  b r e a k d o w n  
process. Nei ther  the  oxygen  effect nor  the  lower  
s t rengths  ob ta ined  wi th  di rect  r a the r  t h a n  pulse  
vol tages can be accommodated  in  the  cr i ter ion.  There  
are, therefore,  g rea t  difficulties in  accept ing the  
Adamczewsk i  theory,  bu t  the close a g r e e m e n t  wi th  
e x p e r i m e n t a l  va lues  is i n t r i g u i n g  a nd  d e m a n d s  f u r -  
the r  s tudy.  

Conclusion 
The discovery of the oxygen  effect and  the  s ta t i s -  

t ical  concepts g iven  in  ano the r  con t r i bu t i on  (7) 
should help g rea t ly  in  sepa ra t ing  cathode f rom l iq -  
u id  effects a nd  in  d e t e r m i n i n g  C in  Eq. [1].  By  e m -  
p loy ing  oxygen  a nd  pe rhaps  o ther  addi t ives  in con-  
t rol led a moun t s  the  basic processes should be capa-  
ble  of inves t iga t ion .  F u r t h e r  work  is also r equ i r ed  
to c lar i fy  the  o r i en ta t ion  effect over  a r ange  of t e m -  
pe ra tu res  i nc l ud i ng  the solid state. P e r m a n e n t l y  
o r i en ta t ed  molecules  in  the  solid m i gh t  show s t rong 
d i rec t iona l  p roper t ies  a nd  h igher  s t rengths .  In  the  
m e a n t i m e  the  p re sen t  t r e a t m e n t  us ing  a s imple  
model  provides  a cons is tent  r e la t ionsh ip  b e t w e e n  
m e a s u r e d  electr ic  s t reng ths  and  molecu la r  s t ruc tu re  
of these hydrocarbons .  Up to now  the repor ted  
s t reng ths  of i n s u l a t i n g  oils have  been  lower  t h a n  
w h a t  migh t  be expec ted  by  ex t r apo la t ion  f rom s im-  
ple hydroca rbons  of less complexi ty .  Carefu l  sepa ra -  
t ion  of the oil wi l l  not  on ly  ind ica te  p a r t i c u l a r  mo le -  
cu la r  species wh ich  lower  the  s t r eng th  bu t  also 
provide  va luab l e  i n f o r m a t i o n  on the  re la t ionsh ip  be -  
t w e e n  electric s t r eng th  and  molecu la r  s t ruc ture .  

Manuscript  received Nov. 2, 1959. This paper was 
prepared for del ivery before the Phi ladelphia Meeting, 
May 3-7, 1959. 
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Any discussion of this paper wil l  appear in  a Discus- 
sion Section to be published in the December 1960 
JOURNAL. 
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A New Statistical Theory for the Breakdown 
of Liquid Hydrocarbons 

B. W. Ward and T. J. Lewis 
Electrical Engineering Department, Queen Mary College, London, England 

ABSTRACT 

Hitherto it has been accepted that breakdown under  pulse conditions occurs 
in l iquid hydrocarbons with an insignificant statistical t ime lag. Theories 
have been developed in  which the whole of any time lag measured has been 
assigned to a formative time, but  these theories are not at all satisfactory. The 
paper shows that (a) that  a significant statistical t ime lag does in  fact exist 
provided the exper imental  procedure is correctly interpreted and (b) that  a 
proper statistical analysis  of the previous pulse measurements  together with 
a statistical theory of breakdown shows that these measurements  provide 
clear evidence Jot ra ther  than against, a statistical t ime lag. Exper imenta l  re-  
sults are given to show how the statistical t ime lag depends on electric stress 
and on cathode conditions. 

The electr ic  s t r eng ths  of p u r e  s imple  hyd roca rbons  
ind ica te  the  possible  s t r eng ths  for l iqu id  dielectr ics  
of more  commerc ia l  in te res t  and  also p rov ide  data  for 
the d e t e r m i n a t i o n  of the  b r e a k d o w n  m e c h a n i s m  in  
l iquids.  A lkanes  and  ce r ta in  a romat ic  hydroca rbons  
have  rece ived a t t en t i on  in  this  way,  but ,  in  spite of 
i nc reas ing ly  re l i ab le  exper imen t s ,  no genera l  theory  
for the  whole  b r e a k d o w n  process has emerged  a nd  
m a n y  conflict ing ideas exis t .The p re sen t  c o n t r i b u -  
t ion  has the  a im of p r e sen t i ng  a n e w  s ta t is t ical  model  
for the  b r e a k d o w n  process, and  hypotheses ,  sup-  
por ted  by  e x p e r i m e n t a l  evidence,  are  advanced  
which  wi l l  he lp  to exp la in  m a n y  of the  a p p a r e n t  
discrepancies .  

Electr ic  s t r eng ths  have  b e e n  m e a s u r e d  w i t h  bo th  
con t inuous  and  short  d u r a t i o n  voltages,  bu t  here  
a t t en t i on  wi l l  be concen t ra t ed  on the l a t t e r  type  of 
test. The  l iquids,  of wh ich  n - h e x a n e  has been  most  
f r e q u e n t l y  tested, are  g iven  p r e l i m i n a r y  chemical  
pur i f ica t ion  if necessa ry  and  t h e n  f u r t h e r  c leaned in 
a closed sys tem to r emove  water ,  ionic impur i t y ,  dus t  
par t ic les  of size > 1~, and  dissolved gas. However ,  
as S le t t en  has shown recen t ly  (1),  most  resul t s  for 
n - h e x a n e ,  at least,  and  p r o b a b l y  for o ther  hyd r oc a r -  

bons  re fe r  to l iquids  con t a in ing  s ignif icant  a m o u n t s  
of oxygen  wh ich  raise and  s tabi l ize  the  s t rength .  The  
oxygen  in  these cases mus t  have  come f rom the  air  
d u r i n g  a final s tage in  the  c l ean ing  process or whi le  
be ing  stored af ter  c leaning.  The  test  cell is f r e -  
q u e n t l y  i n t eg ra l  w i th  the  c l ean ing  sys tem and  the  
electrodes are  u s u a l l y  1 cm d i a m e t e r  me t a l  spheres  
at a spacing of less t h a n  ~ 10 -~ cm. Elect rodes  are  
h igh ly  pol ished a nd  degreased b e f o r e h a n d  and  for 
the  e xpe r i me n t s  repor ted  here,  were  s ta inless  steel. 

Wi th  this  p repa ra t ion ,  the  s t r eng th  of n - h e x a n e  
is in  excess of 1.5 m v / c m  for pulse  vol tages  of 1.5 /~ 
sec or less (2) ,  and  at  this  stress field emiss ion  of 
e lect rons  f rom the  cathode m u s t  be  t ak ing  place and  
c o n t r i b u t i n g  s igni f icant ly  to the  conduc t iv i ty  of the  
l iquid.  A typ ica l  plot  of s t r eng th  vs. pulse  d u r a t i o n  
(3) is shown in  Fig. 1. A n y  po in t  is the  m e a n  of a 
set of m e a s u r e m e n t s  h a v i n g  a coefficient of v a r i a -  
t ion  of abou t  5%, and  a m e a s u r e m e n t  is made  by  
app ly ing  successive pulses  of cons tan t  d u r a t i o n  and  
increas ing  a m p l i t u d e  u n t i l  a b r e a k d o w n  occurs. A 
d is t inc t  change  occurs for pu l se  l eng ths  < To and  the  
t imes  T =< To have  been  cons idered  to be a m e a s u r e  of 
the fo rma t ive  t ime  of the  b r e a k d o w n  process. If the  
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Fig. 1. Typical characteristics for a hydrocarbon liquid 
n-hexane (3). 

pu l se  t i m e  T was  g r e a t e r  t h a n  To, b r e a k d o w n  was  
cons ide r ed  to  occur  i n v a r i a b l y  at  a t i m e  T,  p r o v i d e d  
the  vo l t age  was  sufficient  to cause  a s t ress  E~ (Fig .  
1). This  i dea  has  been  g e n e r a l l y  a c c e p t e d  (3, 4) and  
s u p p o r t e d  b y  s t a t e m e n t s  t h a t  t he  s t a t i s t i c a l  t i m e  l ag  
was  neg l ig ib le ,  b r e a k d o w n  be ing  eas i ly  i n i t i a t e d  b y  
a m p l e  e l ec t rons  f rom the  ca thode  ( 3 - 5 ) .  The  t imes  
T = To h a v e  been  r e l a t e d  to  t he  t r a n s i t  t imes  of  c e r -  
t a i n  ions  of m o b i l i t y  ~ ac ross  t he  s p h e r e  gap  d a c -  
co rd ing  to t h e  l a w  T = d (~E) -1 ( w h e r e  E is t he  a p -  
p l i e d  s t ress )  and  so c o m p a r e d  w i t h  v i scos i ty  (4) .  
This  t h e o r y  does  no t  e a s i l y  e x p l a i n  w h y  the  f o r m a -  
t ive  t i m e  shou ld  be in f luenced  b y  the  c a t h o d e  m a t e -  
r i a l  as obse rved ,  no r  does  i t  e x p l a i n  s e v e r a l  d i s -  
c r epanc ie s  in p u b l i s h e d  r e su l t s  ( 3 -6 ) .  

T h e r e  is a lso  c o n t r a r y  ev idence  t h a t  t he  s t a t i s t i c a l  
t i m e  l ag  is no t  in fac t  zero  f r o m  e x p e r i m e n t s  us ing  
" s t e p - f u n c t i o n "  pu l se  v o l t a g e s  in w h i c h  the  t i m e  lag  
to b r e a k d o w n  is m e a s u r e d  d i r e c t l y  for  each  v o l t a g e  
app l i ca t ion .  S t r i g e l  (7)  us ing  oil, and  S a x e  and  
L e w i s  (8)  w i t h  n - h e x a n e ,  have  r e p o r t e d  c o n s i d e r -  
ab l e  r a n d o m  v a r i a t i o n s  in  t he  t i m e  lags  even  at  
s t resses  of 1.9 m v / c m .  The  w o r k  r e p o r t e d  h e r e  con-  
f i rms the  ex i s t ence  of a s t a t i s t i ca l  l ag  a n d  a lso  shows 
t ha t  i t  was  a lmos t  c e r t a i n l y  p r e s e n t  in s h o r t - d u r a -  
t ion  p u l s e  e x p e r i m e n t s  such  as those  l e a d i n g  to Fig.  
1. By  e m p l o y i n g  a s t a t i s t i ca l  me thod ,  a l l  t he se  m e a s -  
u r e m e n t s  b e c o m e  cons i s t en t  and  a p h y s i c a l  i n t e r -  
p r e t a t i o n  is poss ib l e  in w h i c h  the  ro les  of t he  l i qu id  
and  ca thode  a r e  c lear .  W e  b e g i n  b y  se t t ing  up  a s t a -  
t i s t i ca l  m o d e l  for  t he  b r e a k d o w n  cond i t ion  a p p l i c a -  
b l e  to m e a s u r e m e n t s  w i t h  s t e p - f u n c t i o n  and  shor t  
d u r a t i o n  p u l s e  vo l tages .  

Theory 
The  n e c e s s a r y  a s s u m p t i o n s  for  the  m o d e l  a r e  (a )  

t h a t  e l ec t rons  a r e  e j ec t ed  r a n d o m l y  f r o m  the  ca thode  
in to  the  l i q u i d  w i t h  a m e a n  r a t e  I p e r  second,  and  
(b )  t h a t  each  e l ec t ron  has  a p r o b a b i l i t y  W of i n i t i a t -  
ing a b r e a k d o w n  process  h a v i n g  a f o r m a t i v e  t i m e  t~ 
w h i c h  is smal l .  Ca thode  su r f ace  cond i t ions  w i l l  con-  
t ro l  I and  l i q u i d  p r o p e r t i e s  w i l l  d e t e r m i n e  W and  t~ 
a n d  a l l  t h r e e  quan t i t i e s  w i l l  be  d e p e n d e n t  on the  field 
s t r e n g t h  (see  Fig .  2) and  e l e c t r o d e  g e o m e t r y .  

Step-function voltages.--If a s t e p - f u n c t i o n  v o l t a g e  
is a p p l i e d  c r e a t i n g  a m e a n  s t ress  E in t h e  l iqu id ,  i t  
m a y  be  s h o w n  [see  (8)  a n d  r e f e r e n c e s  t h e r e i n ]  t h a t  
t he  p r o b a b i l i t y  of b r e a k d o w n  occu r r i ng  w i t h i n  a 

r ._.~.,. ~ / t  Xw 

E 0 1.3 1.4 

E ( MV/CM ) 

~1 ' - - -  

EO 1.3 t .4 

E CMV/CM ) 

Fig. 2. I, W, and IW as functions of applied stress E. 
Values given are for a hypothetical l iquid. 

t ime  i n t e r v a l  t to t + dt a f t e r  t h e  i n s t a n t  of v o l t a g e  
a p p l i c a t i o n  is 

P(E) dt = W l e x p  [ - - W I ( t - - t ~ ) ]  dt [1]  

F r o m  th is  t he  m e a n  t ime  lag  b e f o r e  b r e a k d o w n  oc-  

curs,  t, is g iven  b y  

t = t~ + ( w D - 1  

and  t h e  p r o b a b i l i t y  of a t ime  lag  > t is exp  [ - -  WI( t  
- - t ~ ) ] .  These  exp re s s ions  a r e  v a l i d  for  t ~ %. 
E q u a t i o n  [1]  shows  t ha t  t he  s h o r t e r ' t i m e  lags  a r e  
mos t  p r o b a b l e  a n d  acco rd ing  to Fig .  2 t h e r e  wi l l  be  
a t h r e s h o l d  cond i t i on  E = E~ W = 0 b e l o w  w h i c h  P 
is zero. As  t h e  f ield s t r e n g t h  increases ,  the  m e a n  

t ime  lag  t w i l l  d e c r e a s e  in a c c o r d a n c e  w i t h  the  f ield 
d e p e n d e n c e  of IW. A l t h o u g h  the  t h e o r y  ind ica t e s  
t ha t  m a n y  t i m e  lags  need  to be  m e a s u r e d  to o b t a i n  
an  a c c u r a t e  e s t i m a t e  of P, e x p e r i e n c e  has  s h o w n  
t h a t  r e l i a b l e  i nd i ca t ions  m a y  be  o b t a i n e d  f rom r e l a -  
t i v e l y  f e w  m e a s u r e m e n t s .  

Short-duration pulses.--The p r o b a b i l i t y  of b r e a k -  
d o w n  occu r r i ng  w i t h  a pu l se  d u r a t i o n  T, p r o d u c i n g  
a s t ress  E is 

p(E) = 1 - - e x p  [ - - I W ( T - - t t ) ]  [2]  

w h i c h  wi l l  be  zero  for  E < Eo and  T < t~ and  wi l l  
t e n d  to u n i t y  as  E increases .  The  u s u a l  p r o c e d u r e  is 
to a p p l y  a succession of pu l ses  of cons t an t  T and  in -  
c r eas ing  m a g n i t u d e  in  s teps  AE u n t i l  a b r e a k d o w n  is 
r eco rded .  If  a t  each  l eve l  of s t ress  N pu l ses  a r e  a p -  
p l ied ,  the  p r o b a b i l i t y  of b r e a k d o w n  at  a s t ress  E., is 
then,  a s s u m i n g  t ,  = 0 for  the  p resen t ,  

Pm = 1-- (1 - -p=)~  = 1-- exp  [--ImW.,TN] [3]  

a n d  the  p r o b a b i l i t y  of a b r e a k d o w n  first  occu r r ing  at  
a l eve l  E.  in  a n y  success ion of pu l s e s  is 

n-1 

Q~=Pn II ( 1 - - P r o )  [4]  

The  in i t i a l  l eve l  co r r e sponds  to m ~ 0 and  for mos t  
a p p l i c a t i o n s  can  be  t a k e n  as Eo. Us ing  Fig.  2, i t  is 
e a sy  to show t h a t  Q. inc reases  f r o m  zero  a t  Eo, passes  
t h r o u g h  a m a x i m u m  and  t h e n  dec rea se s  as E.  b e -  
comes  l a rge ;  t h e  e x a c t  f o rm  d e p e n d i n g  on IW. 

F o r  conven i ence  in ca l cu la t ion  i t  is b e t t e r  to t r a n s -  
f o r m  to a con t inuous  v a r i a b l e ,  r e p l a c i n g  Q~ b y  
Q ( E )  dE w h i c h  is def ined as t he  p r o b a b i l i t y  of a f irst  
b r e a k d o w n  in t h e  i n t e r v a l  E to E + dE a n d  w r i t i n g  
X ( i n s t e a d  of N )  as t h e  n u m b e r  of  pu l se  a p p l i c a t i o n s  
in a un i t  i n t e r v a l  of s t ress .  I t  is f o u n d  t h a t  
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Q = k p e x p  [ - - x f S p d E ]  [5]  
g o 

The  d i s t r i b u t i o n  Q need  no t  be  s y m m e t r i c a l  s ince  
th i s  d e p e n d s  on  the  f o r m  of  IW. I t  w i l l  g ive  a mos t  
p r o b a b l e  b r e a k d o w n  s t ress  E~ a n d  an  a v e r a g e  s t ress  
E, .  b u t  un less  a s y m m e t r y  is g r e a t  E~ HE, , .  

The  s a m e  m o d e l  has  been  u sed  for  s t e p - f u n c t i o n  
a n d  sho r t  d u r a t i o n  vol tages ,  b u t  m e a s u r e m e n t s  m i g h t  
l e a d  to v e r y  d i f f e ren t  conc lus ions  in the  s ame  two  
cases.  In  t he  first,  r a n d o m  t ime  lags  w o u l d  be o b v i -  
ous i m m e d i a t e l y ,  b u t  w i t h  t he  second  Q m i g h t  h a v e  
l i t t l e  s p r e a d  a n d  Ep or  E,v could  be  r e a s o n a b l y  p r e -  
cise. A n y  f luc tua t ions  in  th is  case  m i g h t  t hen  be  as -  
c r i b e d  to e x t r a n e o u s  inf luences  r a t h e r  t h a n  to t he  t r ue  
b r e a k d o w n  process .  I t  shou ld  be  n o t e d  t h a t  Eo wi l l  
be  t he  b r e a k d o w n  s t ress  w i t h  con t inuous  v o l t a g e  and  
t h e r e  wi l l  be  a neg l i g ib l e  chance  of b r e a k d o w n  a t  
th i s  s t ress  w i t h  pu l ses  of m i c r o s e c o n d  d u r a t i o n .  I f  
t h e  m o d e l  is cor rec t ,  m e a s u r e m e n t s  w i t h  e i t he r  s t e p -  
f u n c t i o n  or  sho r t  d u r a t i o n  v o l t a g e s  shou ld  y i e l d  i n -  
f o r m a t i o n  conce rn ing  the  ca thode  and  l i qu id  f u n c -  
t ion  I and  W. The  mos t  i m p o r t a n t  r e s u l t  is t h a t  i t  
g ives  an  e n t i r e l y  d i f fe ren t  i n t e r p r e t a t i o n  of t h e  
c h a r a c t e r i s t i c  shown  in Fig.  1 as  w i l l  be  d e m o n -  
s t r a t e d  i m m e d i a t e l y .  

C o m p a r i s o n  wi th  E x p e r i m e n t  

As a l r e a d y  m e n t i o n e d ,  w i th  E~ e q u a l  to 1.5 m v / c m  
or  g r e a t e r ,  the  emiss ion  I is l i k e l y  to  be  a f i e l d - a i d e d  
t h e r m i o n i c  process  accord ing  to a S c h o t t k y  l a w  (9) 
w h i c h  can  be  w r i t t e n  as 

I ~ B exp  (15 E 1/~) 

E is in  m v / c m  and  B is a cons t an t  d e t e r m i n e d  b y  the  
t e m p e r a t u r e  and  n a t u r e  of the  ca thode  sur face .  O t h e r  
w o r k e r s  h a v e  p r o p o s e d  a l t e r n a t i v e  f ield emiss ion  
laws ,  b u t  the  e x a c t  n a t u r e  is i m m a t e r i a l  for  t he  
p r e s e n t  a r g u m e n t  s ince  w e  r e q u i r e  m e r e l y  t h a t  I 
shou ld  i n c r e a s e  r a p i d l y  w i t h  E. M a k i n g  an  a r b i t r a r y  
choice,  B ----- 0.01, g ives  I = 10 ~ e l e c t r o n s / s e c  for  
E ~ 1.5 m v / c m  a n d  us ing  th is  w i t h  W for  a h y p o -  
t h e t i c a l  l iqu id ,  as in Fig.  2, in Eq. [ 2 ] - [ 5 ]  i t  is pos -  
s ib le  to  o b t a i n  Fig.  3. The  f o r m a t i v e  t i m e  t ,  has  been  
n e g l e c t e d  for  ease  in  ca lcu la t ion ,  b u t  i t  w i l l  be  r e i n -  
t r o d u c e d  be low.  

The  a g r e e m e n t  b e t w e e n  the  t h e o r e t i c a l  c h a r a c t e r -  
i s t ic  in  F ig .  3 a n d  t h e  e x p e r i m e n t a l  one  in  F ig .  1 is 
s t r ik ing .  The  p a r t s  A B  a n d  BC of t h e  c u r v e  m a i n l y  
d e p e n d  on I and  W, r e spec t ive ly ,  and  the  pos i t ion  
of t he  c u r v e  on the  axis  of s t ress  E,~ m a y  be  sh i f t ed  
to con fo rm w i t h  a n y  specific l i qu id  b y  a d j u s t m e n t  of 
these.  A d j u s t m e n t  on the  T axis  is no t  a r b i t r a r y  
h o w e v e r ,  and  the  d i s c r e p a n c y  b e t w e e n  Fig.  3 a n d  
Fig.  1 is due  to t he  a s s u m p t i o n  tf : 0 w h i c h  causes  
t he  a s y m p t o t i c  v a l u e  of T for  l a r g e  E,~ to be  zero  in 
the  t h e o r e t i c a l  case b u t  no t  in t he  p r a c t i c a l  one. 
This  can  be  rec t i f ied  eas i ly  b y  i n c l u d i n g  a nonze ro  
t~ in t h e  t h e o r e t i c a l  de r iva t ion .  

The  mos t  s igni f icant  r e su l t  of t he  s t a t i s t i c a l  t h e o r y  
is t ha t  t h e  r eg ion  of m a x i m u m  c u r v a t u r e  a t  B is no t  
due  to a f o r m a t i v e  t i m e  b u t  is p r o d u c e d  b y  the  s t a -  
t i s t i ca l  r e q u i r e m e n t s  and  the  shape  of  t h e  IW curve .  
F i g u r e  3 also emphas i ze s  t h a t  ove r  t h e  s m a l l  r a n g e  
of T n o r m a l l y  e m p l o y e d ,  t h e  c h a r a c t e r i s t i c  can a p -  
p e a r  to be  i n d e p e n d e n t  of T in t he  r a n g e  BC. E x -  
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Fig. 4. Statistical t ime-log sequences fo r  n-hexane. Each 
vertical trace indicates the t ime log for  o part icular  step- 
function pulse. Electrodes were stainless steel with d ~ S x 
10 -s cm. 

4 . 0  

Fig. 3. Calculated breakdown stress E~ as a funct ion of 
pulse durat ion fo r  o hypothetical l iquid, The region of  maxi -  
mum curvature at B is not due to a format ive t ime which has 
been put equal to zero in the derivation. 
- - - curve obtained from experiments on n-hexone similarly 
prepared to that  employed for  Fig, 4. 

t r a p o l a t i o n  to l a r g e  T c o r r e s p o n d i n g  in  t he  l i m i t  to 
tes t s  w i t h  con t inuous  vo l t a ge  w o u l d  y i e l d  a b r e a k -  
d o w n  s t ress  e q u a l  to Eo. I t  shou ld  be  n o t e d  t h a t  for  
e t h y l  a l coho l  a n d  w a t e r ,  a s t rong  d e p e n d e n c e  on T 
has  been  f o u n d  even  w h e n  T was  s e v e r a l  m i c r o -  
seconds  (5 ) .  

The  p r o c e d u r e  a d o p t e d  has  been  to  choose  I and  W 
a n d  t h e n  d e r i v e  t he  b r e a k d o w n  s t ress  vs. p u l s e  d u r a -  
t ion  curve ,  b u t  t h e r e  is no r ea son  w h y  the  p r o c e d u r e  
shou ld  no t  be  c ha nge d  a n d  the  e x p e r i m e n t a l  c u r v e  
t o g e t h e r  w i t h  I u sed  to d e t e r m i n e  W a n d  t~, for  i n -  
s tance .  

D i r ec t  s u p p o r t  fo r  t h e  s t a t i s t i ca l  m o d e l  has  r e -  
c e n t l y  b e e n  o b t a i n e d  in th is  l a b o r a t o r y .  Us ing  n -  
h e x a n e  a n d  s t a i n l e s s  s tee l  s p h e r i c a l  e l e c t rodes  at  
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a spacing of 5 x 10-~cm, t ime  lags have  been  meas -  
u r e d  d i rec t ly  us ing  a " s t e p - f u n c t i o n "  pu lse  hav ing  a 
f ron t  of 10 -~ sec and  las t ing  at m a x i m u m  vol tage  for 
a t ime  > 10-' sec. T ime  lags were  recorded a u t o -  
ma t i ca l l y  us ing  the  t e chn ique  of Saxe  and  Lewis  ( 8 ) .  

F i g u r e  4 shows a series of these  m e a s u r e m e n t s .  The re  
is no doub t  tha t  the  t ime  lags are  r a n d o m  a nd  de -  
crease in  m e a n  va lue  as the  stress is raised.  At  1.7 
m v / c m ,  lags wel l  in  excess of 3.5 /~sec are recorded 
and  even  at 1.8 m v / c m  lags g rea te r  t han  1.5 ssec are 
no t  i n f r equen t .  These resu l t s  give qu i te  a d i f ferent  
impress ion  f rom tha t  deduced  f o r m e r l y  f rom shor t -  
d u r a t i o n  pulses  (2-6)  u n d e r  v e r y  s imi la r  expe r i -  
m e n t a l  condi t ions.  On the  ear l ie r  theory,  at a stress 
of 1.8 m v / c m ,  it wou ld  be  cons idered  tha t  the  t ime  
to b r e a k d o w n  could no t  exceed abou t  0.25 /~sec, 
be ing  due en t i r e ly  to a f o rma t ive  process. 

In  order  to confirm tha t  Fig. 3 and  4 r ep re sen t  
the  same phenomena ,  m e a s u r e m e n t s  have  been  m a d e  
on s imi la r  samples  of n - h e x a n e  us ing  s h o r t - d u r a t i o n  
r a the r  t h a n  s t ep - func t i on  voltages.  Al l  o ther  condi -  
t ions  were  ident ical .  The pulses  were  p roduced  by  
ma tched  l ine  t echn iques  and  increased  in  steps Z~E = 
0.05 m v / c m  wi th  N = 1. Values  of E,~ ob ta ined  have  
been  added to Fig. 3. The dependence  on pulse  d u r a -  
t ion  is in  genera l  a g r e e m e n t  w i t h  the  theory  and  Fig. 
1 and  wi th  o ther  resul t s  (4, 5).  The s t r eng th  i n -  
creases r ap id ly  w h e n  the pu lse  d u r a t i o n  is r educed  
sufficiently. F u r t h e r  commen t s  concern ing  cathode 
inf luence  on these resu l t s  are g iven  below. According  
to the  theory,  the  d i s t r i bu t ion  Q,, (Eq. [ 4 ] ) ,  should 
shift  to lower  stresses w h e n  N is increased.  To ver i fy  
this, expe r imen t s  were  repea ted  wi th  N = 5 ins tead  
of un i ty .  The pred ic ted  shift  occurred  as the  sample  
resu l t s  in  Table  I indica te  because  if a p rocedure  in  
which  N ---- 1 had  been  adopted,  all  except  m e a s u r e -  
m e n t  4 and  5 would  have  r e su l t ed  in h igher  b r e a k -  
down  stresses. 

Thus,  by  compar ing  the  theory  wi th  ear l ie r  w o r k  
and  by p e r f o r m i n g  both  types  of test u n d e r  o ther -  
wise iden t ica l  condi t ions,  it has been  demons t r a t ed  
tha t  b r e a k d o w n  in  n - h e x a n e  can  be cons i s ten t ly  de-  
scr ibed by  the  s ta t i s t ica l  model .  It  is in fe r red  tha t  the  
model  wi l l  also be appl icab le  to the  other  s imple  
l iquids  tested. A few impl i ca t ions  of this  are now  
examined .  

Discussion 
Cathode ef]ects.--According to the  theory,  ca thode 

effects should p r e d o m i n a t e  in  the  r ange  AB (Fig. 3).  
F igu re  5 reproduces  m e a s u r e m e n t s  made  by  Crowe 
(3) wi th  s t a in less - s tee l  e lectrodes in n - h e x a n e  and  
o ther  n - a l k a n e s  at two elect rode spacings.  Since all  
these l iquids  have  common proper t ies  and  the elec- 

Table I. Influence of number of pulse applications 
on breakdown stress 

B r e a k d o w n  m e a s u r e m e n t  n u m b e r  
1 2 3 4 5 6 7 8 

Breakdown stress, 1.45 1.45 1.55 1.45 1.25 1.35 1.45 1.55 
m v / c m  

Number  of pulse 4 5 2 1 1 2 4 2 
applicat ions at 
the breakdown 
stress 
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mv/cm, (a) and (c) roughened cathode, (b) po(ished cathode. 
Electrodes of stainless steel with d ~ 5 x 10 -2 cm. 

t rades  received a cons is ten t  p repa ra t ion ,  it would  be 
expected  that  the  emiss ion proper t i es  of the  cathodes 
wou ld  be s imi la r  in  all  cases, i.e., t ha t  the charac te r -  
istics wou ld  merge  in  the  region  AB. This  is, in  fact, 
seen  to be the case in  Fig. 5. T h r o u g h  W, l iquid  i n -  
f luences cause the curves  to separa te  in  the region  
BC. The  differences f ound  b e t w e e n  the cathode r e -  
gions in  the e x p e r i m e n t s  here  ( shown  in  Fig. 3) and  
those of Crowe and  co -worke r s  (2, 3, 6,) (Fig. 1) 
a n d  o ther  au thors  (4, 5) m a y  be ascr ibed  d i rec t ly  to 
differences in  the emiss ive  proper t ies  of the cathodes 
employed.  

Conclus ive  ev idence  conce rn ing  the direct  in f lu-  
ence  of the cathode on b r e a k d o w n  is shown by  the  
t i m e - l a g  m e a s u r e m e n t s  of Fig. 6. I t  is wel l  k n o w n  
tha t  an  ab raded  me t a l  cathode wi l l  exh ib i t  cons ider -  
ab ly  enhanced  e lec t ron  emiss ion (10) and  so should 
y ie ld  a much  g rea t e r  va lue  of / t h a n  a n o r m a l l y  
pol ished one. Consequen t ly ,  a pa i r  of s tainless  steel 
e lectrodes were  p repared ,  one be ing  h igh ly  pol ished 
a nd  the o ther  roughened ,  and  used  to tes t  n - h e x a n e  
at  a spacing of 5 x 10-~cm. M e a s u r e m e n t s  were  m a d e  
at  a stress of 1.4 m v / c m ;  the  po la r i t y  be ing  reversed  
af ter  every  t en  m e a s u r e m e n t s .  W h e n  the  cathode 
was rough,  t ime  lags were  short,  b u t  on reversa l  the  
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lags n o r m a l l y  expected  at  tha t  stress were  obta ined.  
A f u r t h e r  r eve r sa l  recovered  the  shor t  lags once 
more.  This e x p e r i m e n t  and  others  in  which  the  de-  
gree of ox ida t ion  of the cathode was found  to change  
the  m e a n  t ime  lag c lear ly  ind ica te  the  role of the  
cathode. 

Liquid e f fects . - -The W d e p e n d e n t  reg ion  BC (Fig. 
3) depends  on the proper t ies  of the  l iqu id  and  on 
the  e lect rode spacing (3, 4) and  thus  f rom this  r e -  
gion i n f o r m a t i o n  p e r t a i n i n g  to the  b r e a k d o w n  m e c h -  
an i sms  in  the  l iqu id  phase  m a y  be found.  Since for-  
m a l l y  T m a y  be ex t ended  to v e r y  long t imes,  l iqu id  
inf luence  on pulse  and  con t inuous  vol tage  m e a s u r e -  
men t s  m a y  be unified. These mat te rs ,  toge ther  wi th  
the  oxygen  effect found  by  S le t t en  which  does no t  
a l ter  the  mode l  proposed here,  are  discussed at  
l eng th  in  a s u b s e q u e n t  pape r  (11) .  

Formative  t ime . - -According  to the  s ta t is t ical  
model ,  t imes  T ~ To are no t  measu re s  of a t r u e  f o r m a -  
t ive  t ime  tf and  even  w h e n  tf is zero (as assumed  in  
Fig. 3) a finite To exists. To corresponds  app rox i -  
m a t e l y  to the  stress at which  W becomes u n i t y  and  
cathode condi t ions  p r e d o m i n a t e  bu t  does not  ap -  
p a r e n t l y  have  any  f u r t h e r  significance. The  t rue  
fo rma t ive  t ime  m a y  be e s t ima ted  at  v e r y  h igh  
stresses f rom the e x p e r i m e n t a l  resul t s  because  the  
s ta t is t ical  lag t h e n  tends  to zero. Values  es t imated  
in  this  way  f rom the  w o r k  of Crowe as in  Fig.  1 
and  5 give t~ not  g rea te r  t h a n  about  1 x 10 -~ sec for 
a 5 x 104 cm gap. A n  es t ima te  of s imi la r  m a g n i t u d e  
m a y  be made  f rom the  work  of Edwards  (5) a nd  
wi th  ce r ta in  r e se rva t ions  f rom tha t  of Goodwin  and  
Macfadyen  (4) .  The t i m e - l a g  m e a s u r e m e n t s  at  
1.9 m v / c m ,  Fig. 4, also suggest  a fo rma t ive  t ime  not  
g rea te r  t h a n  10 -~ sec. This es t imate  is much  less t h a n  
those based on To and  helps to exp la in  w h y  ce r ta in  
d iscrepancies  exis ted in  ear l ie r  in te rp re ta t ions .  For  
ins tance ,  Edwards  found  To to be p rac t i ca l ly  i nde -  
p e n d e n t  of the  l iqu id  b u t  d e p e n d e n t  on electrode 
separa t ion  in  genera l  a g r e e m e n t  wi th  Crowe and  
co-workers ,  whereas  Goodwin  and  Macfadyen  r e -  
por ted  tha t  To increased  w i th  molecu la r  cha in  l eng th  
and  viscosity.  Goodwin  and  Macfadyen  also found  
tha t  the  fo rma t ive  t ime  as defined by  t h e m  was i n -  
f luenced by  the  cathode m a t e r i a l  and  thus  difficult 
to expla in .  

If t~ is about  10 -7 sec at a stress of 1.9 m v / c m  and  
is ascr ibed to the  t r ans i t  t ime  of a part icle,  the  mo-  
b i l i ty  is ~ 3 x 10 -2 cm2/v sec which  is app rec i ab ly  
g rea te r  t h a n  ion mobi l i t ies  m e a s u r e d  at lower  fields 
in  these  l iquids  by  Adamczewsk i  (12) a l though  it  is 
possible tha t  the mob i l i t y  wi l l  decrease  as the  stress 
decreases.  F u r t h e r  inves t iga t ions  are  r equ i r ed  to de-  
t e r m i n e  t~ and  ion and  e lec t ron  mobi l i t ies  d i rec t ly  in  
the  r ange  above 1.5 m v / c m .  

A fu l l e r  s tudy  of the  n a t u r e  of the  s ta t is t ical  t i m e  
lag is now  be ing  m a d e  which  should  p e r m i t  the  
var ious  cathode and  l iqu id  m e c h a n i s m s  to be u n d e r -  
stood in  more  detail .  If the ca thode inf luence is u n -  
derstood, g rea te r  progress  can t h e n  be made  in  es- 
t ab l i sh ing  a theory  for b r e a k d o w n  in  l iquids  com- 
pa r a b l e  wi th  tha t  in  gases. The  s ta t is t ical  h y p o t h e -  
sis should  help  g rea t ly  in  ach iev ing  this. 
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ABSTRACT 

The oxida t ion  of an t imony  has been s tudied be tween  265 ~ and 385~ The 
reac t ion  is charac te r ized  by  an in i t ia l ly  parabol ic  g rowth  rate,  which  degen-  
erates  into a t ime- independen t  rate,  control led  by  the gaseous diffusion of 
(Sb~O~)~ f rom the surface region to the  cold wal l  outs ide the sample  furnace.  
The s ta t ionary  ra te  decreases wi th  increas ing oxygen  pressure  and wi th  
increas ing diffusion length. A compact  l aye r  of Sb~O~ forms on the an t imony  
surface and supports  a fu r the r  overgrowth  of Sb~O~. Kinet ic  da ta  have been 
ana lyzed  to obta in  thermochemica l  pa r a me te r s  for  the  react ion which yields  
(Sb~Os)2(g) and agreement  is obta ined  wi th  known  da ta  for the  equi l ib r ium 
2Sb~Os(s) ~ (Sb20~)2(g). 

S e v e r a l  s tud ies  n o w  in p r o g r e s s  in these  l a b o r a -  
to r i e s  (1) dea l  w i t h  t h e  o x i d a t i o n  of i n t e r m e t a l l i c  
c o m p o u n d s  con t a in ing  a n t i m o n y  as a p r i n c i p a l  e l e -  
men t .  To p r o v i d e  a su i t ab l e  f r a m e  of r e f e rence ,  i t  
has  been  n e c e s s a r y  to e x a m i n e  the  o x i d a t i o n  of 
e l e m e n t a l  a n t i m o n y  i tself .  The  p r e s e n t  a r t i c l e  is 
c o n c e r n e d  w i t h  t he  k ine t i c s  of th is  r e a c t i o n  in the  
t e m p e r a t u r e  range ,  265 ~ ~ 

Experimental 
R e a c t i o n  r a t e s  w e r e  d e t e r m i n e d  b y  fo l lowing  the  

o x y g e n  p r e s s u r e  a t  cons t an t  vo lume .  A t h e r m i s t o r  
m a n o m e t e r  was  used,  p e r m i t t i n g  i n s t a n t a n e o u s  p r e s -  
su re  m e a s u r e m e n t s  in  t he  r ange ,  1-500 ~, w i t h  a p r e -  
c is ion of b e t t e r  t h a n  0.1% (2) .  

S i n g l e  c rys t a l s  of 99.999-~% a n t i m o n y  w e r e  used.  
S m a l l  w a f e r s  w e r e  c l e aved  n o r m a l  to t he  (0001) 
d i rec t ion ,  and  th is  p l a n e  a c c o u n t e d  for  m o r e  t h a n  
75% of t he  e x p o s e d  surfaces ,  wh ich  t o t a l ed  0.5 cm ~ 
p e r  sample .  The  s a m p l e s  w e r e  c l e aved  in a i r  and  
t r a n s f e r r e d  d i r e c t l y  to an  8 m m  t u b e  w h i c h  was  t hen  
connec t ed  to an  a d s o r p t i o n  a p p a r a t u s  of t he  t y p e  
d e s c r i b e d  e a r l i e r  (2 ) .  A m o v a b l e  t u b e  f u r n a c e  w h i c h  
m a i n t a i n e d  the  s a m p l e  t e m p e r a t u r e  to • I ~  was  
t hen  r a i s ed  into  pos i t ion .  O x y g e n  of spec t roscop ic  
p u r i t y  was  used  t h r o u g h o u t .  

Results 
Upon  e x p o s u r e  to o x y g e n  at  358~ a n t i m o n y  r e -  

acts  r e a d i l y ,  bu t  the  r a t e  r a p i d l y  dec reases  b y  two  
o rde r s  of m a g n i t u d e  and  becomes  cons t an t  (Fig .  1). 
D u r i n g  the  r e a c t i o n  a y e l l o w - w h i t e  c r y s t a l l i n e  
m a t e r i a l  depos i t s  on the  w a l l s  of the  s a m p l e  e n -  
c losu re  at  the  p o i n t  w h e r e  i t  l eaves  t he  fu rnace .  The  
m a t e r i a l  can  be  d i s p l a c e d  b y  r a i s ing  the  pos i t ion  of 
the  fu rnace .  I t  was  e s t a b l i s h e d  b y  bo th  x - r a y  and  
e l ec t ron  d i f f rac t ion  t h a t  t he  e n t i r e  depos i t  consis ts  
of s e n a r m o n t i t e ,  t he  cubic  f o r m  of Sb~O~ (3) .  I f  t he  
o x y g e n  in t h e  s a m p l e  c h a m b e r  is e v a c u a t e d  d u r -  
ing  the  e x p e r i m e n t ,  Sb~O~ con t inues  to e v a p o r a t e  
f r o m  the  sample .  W h e n  th is  evo lu t i on  ceases  and  
o x y g e n  is r e a d m i t t e d  to t he  sys tem,  t he  k ine t i c s  of 
Fig .  1 a r e  r e p e a t e d .  

I f  t he  s a m p l e  is q u e n c h e d  d u r i n g  t h e  r e a c t i o n  b y  
r e m o v i n g  the  fu rnace ,  an  i r r e g u l a r  c r y s t a l l i n e  o v e r -  
g r owth ,  iden t i f i ed  as Sb~O5 b y  e l e c t r o n  d i f f rac t ion ,  
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Oxidation of Antimony 358~ 

1, Oxidation of antimony at 358~ Oxygen pres- Fig. 
sure, 0.40-0.45 ram, surface area ~- 0.5 cm". 

is o b s e r v e d  on the  su r face  of t he  sample .  By sec-  
t i on ing  t h e  s a m p l e  and  s c a n n i n g  the  e xpose d  surface,  
i t  was  f u r t h e r  e s t a b l i s h e d  b y  ref lec t ion  e l ec t ron  d i f -  
f r ac t i on  t h a t  a l a y e r  of cub ic  Sb~O~ s e p a r a t e s  the  
Sb~O5 f r o m  the  a n t i m o n y  s u b s t r a t e  (F ig .  2).1 1 B o u n d  and  R i c h a r d s  (4) o b s e r v e d  the  f o r m a t i o n  o f  s e n a r m o n t i t e  
on  a n t i m o n y  f i lms h e a t e d  in air a b o v e  250~ 
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Fig. 2. Reflection electron diffraction by oxidized antimony 
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Fig. :3. Oxidation of antimony at 350~ Oxygen pressure, 
0.40-0.45 ram, surface area = 0.5 cm ~. 

Clear ly ,  the  ox ida t ion  proceeds in  at  leas t  two 
stages. The fo rma t ion  of an  oxide film p r e s u m a b l y  
controls  the  in i t i a l  stage. G r o w t h  of the  fi lm requ i res  
t ha t  it  be  p e n e t r a t e d  by  e i ther  a n t i m o n y  or oxygen,  
so tha t  the  r a t e  d imin ishes  as the film th ickens .  
Ideal ly ,  d X / d t  = k X  -~ a n d  X = (2k)  v~ t '/~ w h e r e  X 
is the  film th ickness ,  t is the  reac t ion  t ime, a nd  k 
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depends  on ly  on t e m p e r a t u r e  and  pressure .  F igu re  3 
shows tha t  the  oxygen  up t ake  does indeed  increase  
l i nea r ly  w i t h  t v~ d u r i n g  the  first 15 ra in  of reac t ion  
at  358~ The  ra te  t hen  drops more  r ap id ly  t h a n  ex-  
pected and  approaches  its s t a t i ona ry  value .  

W h e n  the  s teady s ta te  is a t t a ined  the  reac t ion  ra te  
is cont ro l led  by  the  d is t i l la t ion  of-Sb~O~ f rom the  su r -  
face of the  sample  to the  cold wa l l  at the in le t  to 
the  sample  enclosure .  This  is shown  by  two decisive 
resul ts .  

(i) The s t a t i ona ry  ra te  var ies  i nve r se ly  wi th  the  
oxygen  pressure ,  as shown }n Tab le  I. Accordingly ,  
ne i t he r  the  p r i m a r y  oxida t ion  react ion,  no r  the  d i f -  
fus ion  of oxygen  or a n t i m o n y  t h rough  the oxide film, 
no r  the diffusion of oxygen  t h rough  the  gas phase  
cont ro l  the  reac t ion  since the  ra tes  of each should 
increase  wi th  p r e s su re?  One m a y  conclude,  t h e r e -  
fore, tha t  oxygen  acts by  imped ing  the  vapor  phase 
diffusion of Sb~O~. 

( i t )  The  s t a t i ona ry  ra te  depends  on the  pos i t ion  
of the  sample  in  the  furnace .  F igu re  4 shows t h a t  
w h e n  the  posi t ion  of the  sample  re l a t ive  to the  top 
of the  s u r r o u n d i n g  fu rnace  is changed  f rom 11 cm to 
1.5 cm, the  ra te  increases  by  a lmost  an  order  of 
magn i tude .  S ince  the  on ly  effect of this  m a n i p u l a t i o n  

A c h e m i c a l  r e a c t i o n  of  o x y g e n  to  i n h i b i t  v a p o r i z a t i o n  of  Sb~Oa, 
e.g., t h r o u g h  t he  e q u i l i b r i u m ,  Sb203 + V2Oe = Sb~O~ m a y  also be  
d i s a l l o w e d  s ince the  n e g a t i v e  p r e s su re  effect  inc reases  w i t h  inc reas -  
i n g  t e m p e r a t u r e  i n  t h e  r ange ,  285~176 (Fig.  4).  Th i s  w o u l d  
r e q u i r e  t h a t  t h e  i n h i b i t i n g  r e a c t i o n  be e n d o t h e r m i c ,  and ,  s ince  
t h e  e n t r o p y  of a n y  r eac t i on  w h i c h  fixes gaseous  o x y g e n  is n e g a t i v e ,  
t h e  o v e r - a l l  t r e e  e n e r g y  c h a n g e  wo tdd  be  p o s i t i v e .  

Table I. Dependence of stationary oxidation rate 
on oxygen pressure, T = 3S2~ 

Rate (oxygen  atoms 
Oxygen pressure, ~ cm -~ mln-D X i0-:~ 

550 1.1 
270 1.2 
170 1.45 
90 3.2 
40 7.2 
15 7.9 
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\ 
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O x i d a t i o n  of  A n h m o n y  

Fig. 4. Effect of temperature, pressure, and furnace level 
on the stationary oxidation rate. Surface area ~. 0.5 cmt  

is to shor t en  the  gaseous diffusion path,  the  diffusion 
of Sb~O~ to the cold wa l l  m u s t  control  the rate.  

Discussion 

The h i g h - t e m p e r a t u r e  ox ida t ion  of a n t i m o n y  p a r -  
al lels  tha t  of g e r m a n i u m  (5) in  tha t  the  diffusion 
of a vola t i le  oxide t h r o u g h  the vapor  phase  leads to 
a s t a t i ona ry  reac t ion  veloci ty.  In  the  case of g e r m a -  
n i u m  the  vola t i le  species is GeO; in  the  case of a n -  
t imony ,  it  is (Sb20~)2 (6) .  The  ra te  at  wh ich  (Sb20~)~ 
diffuses f rom a gas r e se rvo i r  at  concen t ra t ion ,  Co, can 
be es t imated  f rom k ine t i c  theory.  We shal l  fol low 
the  t r e a t m e n t  g iven  by  La w  and  Meigs (5) for the 
diffusion of GeO. The  ra te  is g iven  by:  

XrCo A 
V = [1] 

~ r ( L -  A) 
+ 1  

D 

X is the  accommoda t ion  coefficient of (Sb~O~)~ at the  
surface  f rom which  it ar ises;  r = ( k T / 2 v m )  v~ where  
m is the  mo l e c u l a r  mass  of (Sb~O~)2; A is the  m e a n  
free pa th  in  the vapor ;  L a nd  A are the l eng th  and  
cross section of the  pa th  sepa ra t ing  the rese rvo i r  
f rom the  cold wa l l  w h e r e  the  p ressure  of (Sb~O~)~ is 
v i r t u a l l y  zero; D is the  diffusion coefficient of 
(Sb~O,)~ t h r ough  oxygen.  Idea l ly  D should  v a r y  as 
1/po~; in  the  p re sen t  case, the  dependence ,  wh i l e  i n -  
verse,  is no t  l inear .  For  the  p resen t  qua l i t a t i ve  p u r -  
poses we assume,  as an  approx ima t ion ,  tha t  

D = Do (T/273)~~(760/po=) [2] 

where  Do is es t imated  to be 0.04 cm~/sec for (Sb~O,)~ 
( 5 , 7 ) .  

S u b s t i t u t i n g  Co = 1.0 x l f f  ' PT  -~ molecu les / cc  
where  P = p ressure  in  m m  of (Sb~O~).~ in  the  r e se r -  
voir,  r = 150T v~ cm/sec ,  a nd  D = 1.7 x 10-~TI~po~ -~ 
cmVsec, Eq. [1] becomes 
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P(Sb203): 

~---x---4 l. 

Pequil. I'>(Sbz03) 2 = 

�9 k - - I  

Model for High Temperature 
Oxidation ot: Antimony 

Fig. 5. Model for the oxidation of antimony 

1.5 x 10'~~ -~/~ P 
Y -- [3] 

9 x 10'~(L = ~,)po3T ..... + 1 

(Sb~O~) = molecu les / sec  

Equa t ion  [3] is of the  r igh t  form to account  q u a l -  
i t a t ive ly  for the  nega t i ve  effects of increas ing  po3 a nd  
L on the s t a t i ona ry  ox ida t ion  rate.  I t  is consis-  
tent ,  f u r the rmore ,  w i th  the fact  tha t  the re la t ive  ef-  
fect of Po~ increases  w i th  bo th  T and  L. E v a l u a t i n g  
Eq. [3] at  L - -  A ~ L = 11 cm, A = 0.5 cm 3, 
T = 600~ and  po3 = 0.05 ram, we ob ta in  

3 x 10~s~tP 
V (600~ -- (Sb~O.~)~molecules/sec [4] 

17~ + 1 

This is to equated to the rate of oxygen uptake by 
the sample, hence, 

1.1 x I O ~ P  
V ( 6 0 0 ~  -- oxygen  a t o m s / r a i n  [5] 

17X + 1 

Since the effects of po= and  L are con ta ined  in  the  
first t e rm of the  d e n o m i n a t o r  of the  ra te  expression,  
this t e rm  mus t  be  comparab le  wi th  un i ty .  Consis-  
t en t  wi th  this  qua l i t a t i ve  calcula t ion,  we  assume 
17X > >  1 and  ob ta in  f inal ly  

V ( 6 0 0 ~  ~ 6 x 10~oP oxygen  a t o m s / m i n  [6] 

The  observed ra te  of oxygen  up t ake  u n d e r  these 
condi t ions  (Fig. 5) is 5 x 10 ~ oxygen  a toms / ra in ,  
whence  

5 x i0 ~ 
P ( 6 0 0 ~  ~ -  = 8 x  10-~mm [7] 

6 x 1 0  ~ 

The purpose of this calculation is to decide 
w h e t h e r  P = P e q u i , . ,  where  P~q~,. is the e q u i l i b r i u m  
vapor  p ressure  of a p laus ib le  surface  reac t ion  y ie ld -  
ing (Sb30.)~(g) .  If this  is the  ease, the s t a n d a r d  free 
ene rgy  of the  reac t ion  wi l l  be  g iven  by  AF ~ = 

- - R T  I n ( P / 7 6 0 ) ,  ~ + 19  kca l /mo le .  The en tha lpy  of 
the  reac t ion  wil l  be defined th rough  Eq. [3],  f rom 
which  it is seen tha t  

V.-~ AT .... .~ BT .... exp(--AH/RT) [8] 

~ C  exp ( - - t , H / R T )  

where ,  C is cons tan t  for a ny  smal l  r a nge  of T. Thus  
the  e n t h a l p y  corresponds  a p p r o x i m a t e l y  to the ac- 
t iva t ion  ene rgy  of the  ox ida t ion  react ion.  F r o m  Fig. 
4 one ob ta ins  aH ~ + 5 6  k c a l / m o l e  in  the  range  
270~176 for p% ~ 0.05 ram, i n d e p e n d e n t  of L. 

Wi th  the  presence  of Sb, O~(s) and  Sb.oO~(s) at the  
surface es tabl i shed by  e lec t ron  diffraction,  the  four  
reac t ions  g iven in  Tab le  II mus t  be cons idered  as 
po ten t i a l  sources of (Sb~O~)~(g). The  va lues  of AH, 
~F ~ and  P.,~,,. for each reac t ion  have  been  calcu-  
la ted  f rom the da ta  of H incke  (8) ,  S i m o n  and  Tha le r  
(9) ,  and  Coughl in  (10) .  React ions  [1 ] , [3 ] ,  and  [4] 
are incons i s t en t  wi th  the  k ine t ic  analys is ,  g iv ing  
imposs ib ly  h igh or low va lues  of P,,, , , . .  React ion [2], 
on the  other  hand,  sa t i s fac tor i ly  accounts  for the 
p red ic t ions  of both  Eq. [7] and  [8].  

The resul ts  give compel l ing  ev idence  tha t  the  
vapor i za t ion  of Sb~O~ goes to e q u i l i b r i u m  in  the re -  
gion i m m e d i a t e l y  s u r r o u n d i n g  the sample,  y ie ld ing  
a r egu la t ed  pressure  of (Sb,O,),.  A l t h o u g h  Sb,O5 is 
the  most  s table  oxide of a n t i m o n y  be low 360~ it 
does no t  par t i c ipa te  in  the equ i l i b r ium.  Thus,  the 
chemical  in te rac t ions  of (Sb,O~),(g) ,  Sb,Oo(s), and  
O2 mus t  be ve ry  slow compared  to the  ove r -a l l  ox-  
ida t ion  rate.  This is cons is ten t  w i th  the  observat ions  
of m a n y  workers  tha t  the  in t e rconver s ions  of the an -  
t i m o n y  oxides th rough  the  addi t ion  or loss of O,. are 
e x t r a o r d i n a r i l y  slow react ions  (9) .  

A mode l  for the ox ida t ion  is i l l u s t r a t ed  in Fig. 5. 
The model  assumes tha t  the p r i m a r y  reac t ion  of Sb 
+ O3 yields  Sb~O:,(s) in  an  i so the rmal  sys tem below 
350~ C o n t i n u e d  ox ida t ion  to Sb~O~ is much  slower. 
A compact  film of Sb~O3 forms at the  surface and  
c on t i nue d  react ion of Sb requ i res  t ha t  e i ther  Sb or 
O3 diffuse th rough  the  film. The ra te  of oxida t ion  
thus  decreases w i th  1 / X ,  as observed  (Fig. 3). 
S i m u l t a n e o u s l y  (Sb..O~).. evapora tes  f rom the  surface 
of the film and  escapes t h rough  the  oxygen  a tmos-  
phe re  to condense on the  ava i lab le  cold wall .  The 
ra te  at  which  it escapes is cont ro l led  by  the differ-  
ence  b e t w e e n  its p re s su re  at  the  sur face  of the  
sample,  P, and  tha t  at  the  wall .  The  l a t t e r  is v i r t u -  
a l ly  zero, whi le  the m a x i m u m  va lue  tha t  P can have 
is P .... ,., the  e q u i l i b r i u m  vapor  p ressure  above 
Sb30~(s). The Sb~O3 film thus  wi l l  t h i cken  to a point  
( abou t  10 -~ cm) w he r e  the  f u r t he r  diffusion of O3 or 
Sb t h r o u g h  it  exac t ly  matches  the  m a x i m u m  ra te  at 

Table II. Thermochemical parameters For formation of (Sb~03)~ vapor at" 600~ 
P03 ~ 0 . 0 5  ram, standard states po3 = P<sb3o3~: ~ I arm 

R e a c t i o n  AH, k c a l / m o l e  AF ~ k c a l / m o l e  l~equi 1., rlln-I 

1. 4Sb(s) + 3 O3(g) ---- (Sb~O~)~(g) 
2. 2Sb~O~(s) = (Sb30~)3(g) 

6 8 
3. --Sb30~(s) + ~ S b ( s )  = (Sb~O3)3(g) 

5 5 
4. 2Sb30~(s) -~ (Sb~O~)~(g) + 20~(g)  

Calculated from kinetics, Eq. [7] and [8] 

--291 • 4 --238 • 4 ,--'1077 
+47 • 2 +22 _ 1 4 X 10-6-2 • I0 -~ 

--18 • 7 --44 _ 7 .~I0 I~ 

+165 _• 10 +86 _ 5 ~10 -'7 
+56 • 3 +19 • 0.5 8 X 10 -5 
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w h i c h  o x y g e n  is r e m o v e d  f r o m  the  s a m p l e  as 
(Sb~O~)~ (g ) .  

W h e n  the  r a t e  of gaseous  d i f fus ion  is a l t e r e d  
t h r o u g h  changes  in PequH., D, or  L, t he  r a t e  of t r a n s -  
fe r  of Sb  or  o x y g e n  across  t he  Sb203 f i lm is a l t e r e d  
i d e n t i c a l l y  b y  an  a d j u s t m e n t  of t he  f i lm th ickness .  
Th is  is bes t  i l l u s t r a t e d  b y  t h e  t r a n s i e n t  effects w h i c h  
a r e  o b s e r v e d  w h e n  the  p re s su re ,  h e n c e  D, is changed .  
W h e n  the  p r e s s u r e  is ra i sed ,  t h e  r a t e  of o x i d a t i o n  
s h a r p l y  inc reases  be fo re  f a l l i ng  to t he  l o w e r  v a l u e  
c h a r a c t e r i s t i c  of t he  h i g h e r  p re s su re .  Conve r se ly ,  
w h e n  the  p r e s s u r e  is d r o p p e d ,  the  r a t e  on ly  s l o w l y  
r i ses  to t he  h i g h e r  s t a t i o n a r y  va lue .  

W h i l e  t he  r e a c t i o n  proceeds ,  Sb~O~ is s l o w l y  ox i -  
d ized  to t he  n o n v o l a t i l e  Sb~O~ w h i c h  c rys t a l l i z e s  as 
a po rous  o v e r g r o w t h  a top  the  Sb~O3 film. I ts  r a t e  of 
f o r m a t i o n  is so sma l l  as to c o n t r i b u t e  on ly  s l i g h t l y  
to  t he  o v e r - a l l  r a t e  of o x y g e n  u p t a k e .  F u r t h e r m o r e ,  
i t  does  not  s ign i f i can t ly  i m p e d e  the  escape  of 
(Sb~O~)~ b y  e i t h e r  p h y s i c a l  or  c h e m i c a l  i n t e rac t ion .  
W h e n  the  s u p p l y  of f r e sh  0.2 to t he  s a m p l e  is i n t e r -  
r u p t e d ,  h o w e v e r ,  the  Sb~O~ fi lm wi l l  con t inue  to 
e vapo ra t e .  W h e n  it  is e x h a u s t e d  the  Sb~O~ wi l l  co l -  
l a p s e  on the  a n t i m o n y  s u b s t r a t e  a n d  be  d i s s i p a t e d  
t h r o u g h  t h e  reac t ion ,  8Sb + 6Sb~O~ --> 5 (Sb~O~)~. 

The  m o d e l  accounts  for  the  p r i n c i p a l  e x p e r i m e n t a l  

f e a t u r e s  of t he  o x i d a t i o n  of a n t i m o n y  in t he  t e m p e r -  
a t u r e  r a n g e  265~176 The  sh i f t  in m e c h a n i s m  
a b o v e  th is  t e m p e r a t u r e  (cf. Fig.  4) is p r o b a b l y  
r e l a t e d  to the  fac t  t h a t  t he  r a t e  of o x i d a t i o n  of 
Sb~O~ to Sb~O, be c ome s  a p p r e c i a b l e  a b o v e  350~ (9) .  

Manuscr ip t  rece ived  Oct. 5, 1959. The w o r k  r epor t ed  
in this  paper  was pe r fo rmed  by  Lincoln Labora tory ,  a 
center  for research  opera ted  by  Massachuset ts  Ins t i tu te  
of Technology wi th  the  jo in t  suppor t  of the U. S. Army,  
Navy,  and Ai r  Force.  

A n y  discussion of this pape r  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the December  1960 
JOURNAL. 
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CaS:Cu,Eu Electroluminescent Phosphors 
A. Wachtel 

Research Department, Westinghouse Electric ,Corporation, Bloomfield, New Jersey 

ABSTRACT 

Int roduct ion  of Cu into CaS :Eu  does not  in te r fe re  wi th  the red  Eu §247 emis-  
sion. Exci ta t ion  of the blue CaS :Cu  emission is more  effective by  3650A than  
by  2537A. F i r ing  wi th  excess Cu gives r ise  to deposi ts  of free Cu~S which  may  
cause an efficient sys tem of contact  e lectroluminescence.  The e lec t ro lumines-  
cent proper t ies  depend  on the physical  character is t ics  of the phosphors,  in-  
c luding its s ta te  of agglomerat ion.  At  modera te  concentra t ions  of Eu, the  b lue  
emission of CaS: Cu is en t i re ly  suppressed in e lec t ro luminescent  excitat ion.  

This  i n v e s t i g a t i o n  was  p e r f o r m e d  as p a r t  of a 
p r o g r a m  to s t u d y  n e w  e l e c t r o l u m i n e s c e n t  (EL)  
p h o s p h o r s  w i t h  r e d  emiss ion.  CaS:  Eu was  chosen  for  
t h e  fo l lowing  reasons :  

1. The  r e d  emiss ion  of th is  p h o s p h o r  (1 -3 )  can  
be exc i t ed  b y  c o n t a c t - e l e c t r o l u m i n e s c e n c e  (4) .  

2. As  in ZnS,  Cu is an  efficient  a c t i v a t o r  of a l -  
k a l i n e  e a r t h  sulfides.  Excess  Cu~S has  been  
p r o p o s e d  as  r e s p o n s i b l e  for  loca l  f ield i n t e n s i -  
f icat ion in ZnS  EL p h o s p h o r s  (4) .  T h r o u g h  t h e  
use  of excess  Cu, a s y s t e m  ana logous ,  w i t h  
r e spec t  to e n e r g y  t r ans f e r ,  to ZnS:  Cu ,Mn was  
sought .  

3. O t h e r  r e d - e m i t t i n g  a l k a l i n e - e a r t h  sulf ide  
p h o s p h o r s  such as C a S : N i  (5 ) ,  M g S : M n  (6, 
7),  and  M g S : S m  (8, 9) w e r e  no t  cons ide red  
as p r o m i s i n g  because  of t he  h igh  s e n s i t i v i t y  
to m o i s t u r e  of MgS a n d  r e p e a t e d  f a i l u r e  on 
the  p a r t  of t he  w r i t e r  to r e p r o d u c e  the  CaS:  Ni  
phosphor .  Some  p r e l i m i n a r y  w o r k  i n d i c a t e d  

t h a t  B a S : S b  m a y  show a w e a k  r e d  emiss ion ,  
w h i l e  t he  o r a n g e - r e d  emiss ion  of BaS:  Cu (10) 
s e e m e d  to d e p e n d  on t h e  p r e s e n c e  of o x y g e n  
a n d  is y e l l o w  in p u r e  BaS :  Cu phosphor s .  

Experimental Technique 
Preparation o~ Raw Materials 

C a S . - - M o s t  of t he  p h o s p h o r  p r e p a r a t i o n  was  p e r -  
f o r m e d  w i t h  CaS  p r e p a r e d  b y  r e d u c t i o n  of CaSO,  
w i t h  H~ at  1000~ (11, 12) ,  f o l l o w e d  b y  f i r -  
ing  in d r y  H~S (12) .  The  CaSO,  for  th is  
p u r p o s e  was  p r e c i p i t a t e d  w i t h  r e a g e n t  H2SO~ 
f r o m  hot  Ca(NOB)2 solut ion ,  pur i f i ed  acco rd ing  to a 
p r e v i o u s l y  r e p o r t e d  p r o c e d u r e  (13) .  The  CaS thus  
o b t a i n e d  is v e r y  vo luminous .  D e n s e r  m a t e r i a l s  as 
o b t a i n e d  b y  f i r ing of CaCO,  or  CaO in H~S (14) ,  
e i t h e r  d i r e c t l y  or  a f t e r  r e a c t i o n  w i t h  su l fu r  (15) ,  
w e r e  i n v e s t i g a t e d  on ly  a t  a l a t e r  s t age  of th is  p r o -  
ject .  
F~uxes.--The u s u a l  f luxes  w e r e  g e n e r a l l y  a v a i l -  
ab l e  in  suff ic ient ly  p u r e  f o r m  e i t h e r  d i r e c t l y  or  in  
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t he  f o r m  of s u i t a b l e  p r e c u r s o r s  f r o m  w h i c h  t h e y  
could  be  p r e p a r e d  eas i ly .  Ha l i de s  w e r e  of ten  a d d e d  
as r e s u b l i m e d  a m m o n i u m  sa l t s  w h i c h  a r e  no t  h y -  
groscopic  and,  on t h e r m a l  decompos i t i on  d u r i n g  f i r -  
ing, r e a d i l y  r eac t  w i t h  CaS to f o r m  the  c o r r e s p o n d -  
ing  ca l c ium ha l ide ,  w h i l e  t he  NH~ f o r m e d  f u r n i s h e d  
a r e d u c i n g  a t m o s p h e r e .  
Europium.--A c o n v e n i e n t  d r y  a d d i t i o n  of t he  neces -  
s a r i l y  sma l l  a m o u n t s  of Eu cons i s t ed  of d r y i n g  a so-  
lu t ion  of 99.9% Eu~O~ 1 in d i l u t e  HNO~ s l u r r i e d  w i t h  
a def in i te  w e i g h t  p r o p o r t i o n  of pur i f i ed  su l fur .  
Usua l ly ,  a c o n c e n t r a t i o n  of 5% Eu  on S was  e m -  
p loyed .  This  f o r m  of Eu a d d i t i o n  was  cons ide red  
m o r e  v e r s a t i l e  t h a n  the  w e l l - k n o w n  use  of a def in i te  
f lux as c a r r i e r  of t he  ac t iva to r .  The  p r e s e n c e  of f ree  
su l fu r  d u r i n g  the  f irst  s tages  of f i r ing was  also con-  
s i d e r e d  a d v a n t a g e o u s  f r o m  t h e  s t a n d p o i n t  of d e -  
c r eas ing  the  r e a c t i v e  O~ c o n c e n t r a t i o n  in t he  i n t e r -  
s t ices  of the  p o w d e r ,  w h i c h  is o t h e r w i s e  diff icult  to 
r e p l a c e  b y  N~. 
Mixing.--The u s u a l  t e c h n i q u e  of m i x i n g  cons i s ted  
of d i r ec t i ng  a gen t l e  c u r r e n t  of d r y  N~ on the  m o r t a r .  
This  e n a b l e d  the  h a n d l i n g  of h y g r o s c o p i c  subs t ances  
such  as CaBr.~ or  Cain, as we l l  as m i n i m i z e d  d e c o m -  
pos i t i on  of CaS  w i t h o u t  r e s o r t i n g  to t he  use  of a 
d r y  box  and  its a t t e n d a n t  inconven iences .  W h e n e v e r  
des i r ab le ,  the  p r e p a r a t i o n  of o x y g e n - f r e e  p h o s p h o r s  
was  a c c o m p l i s h e d  mos t  r e l i a b l y  b y  conduc t ing  a t  
l eas t  the  l a t t e r  p a r t  of the  f i r ings  in a c u r r e n t  of d r y  
H~S. 
Firing.--Firing was  conduc ted  in t r a n s p a r e n t  s i l ica  
tubes ,  15 m m  ID, 17 m m  OD, 75 m m  long,  c losed  a t  
one  end  and  c h a r g e d  w i t h  2-3 g of t he  p o w d e r  such 
t h a t  an  e m p t y  c h a n n e l  was  p r e s e n t  t h r o u g h o u t  t he  
l e n g t h  of the  tube .  W h i l e  th is  r e s e m b l e s  the  use  of 
boats ,  i t  a lso e n a b l e d  the  s i m u l t a n e o u s  f i r ing of m o r e  
t h a n  one s a m p l e  u n d e r  i den t i ca l  cond i t ions  in cases  
w h e r e  a p p r e c i a b l e  i n t e r a c t i o n  t h r o u g h  a t m o s p h e r i c  
convec t ion  was  not  an t i c ipa t ed .  Pu r i f i ed  N~ at  a flow 
r a t e  of a b o u t  500 m l / m i n  was  used  as a p r o t e c t i v e  a t -  
mosphe re .  H..S, w h e r e  used,  ~ was  p a s s e d  t h r o u g h  d i -  
oc ty l  p h t h a l a t e  fo l l owed  b y  Ba (OH).~ solut ion,  " D r i -  
e r i t e "  (anh.  CaSO4) and  P..O.~. The  gas  in le t  t u b e  for  
H~S had  an  ID of 1/2 in. and  was  c h a r g e d  w i t h  g r a n u -  
l a r  CaS  e x t e n d i n g  in to  t he  hot  zone of t he  fu rnace .  
G r a d u a l  d i s co lo ra t i on  of th is  CaS  s h o w e d  t h a t  i t  a b -  
so rbed  r e s i d u a l  h e a v y  m e t a l  i m p u r i t i e s  as w e l l  as 
c o n v e r t i n g  to H.~S a n y  r e s i d u a l  gaseous  i m p u r i t i e s  
(H~O, HC1)  b y  s i m p l e  me ta thes i s .  

A n  a l t e r n a t e  m e t h o d  of f i r ing cons i s t ed  of c a pp ing  
the  s i l ica  t ube  w i t h  a n o t h e r  t u b e  also c losed at  one 
end,  and  whose  ID is no m o r e  t h a n  1-2 m m  l a r g e r  
t h a n  the  OD of t he  t u b e  con ta in ing  the  phosphor .  
This  a r r a n g e m e n t  e f fec t ive ly  p r e v e n t s  s p o n t a n e o u s  
convec t ion  of t he  a t m o s p h e r e  ove r  t he  p h o s p h o r  w i t h  
t he  s u r r o u n d i n g  N~ a n d  t h e r e b y  m i n i m i z e s  losses of 
v o l a t i l e  c o m p o n e n t s  such as a m m o n i u m  ha l ides .  F o r  
th is  reason ,  h o w e v e r ,  the  a t m o s p h e r e  ove r  the  p h o s -  
pho r  is no t  r e p l a c e d  b y  N~ d u r i n g  the  i n i t i a l  f lushing  
and  a b o u t  500 m g  S is a d d e d  to t he  cha rge  to d i s -  
p l ace  th is  a t m o s p h e r e  d u r i n g  the  in i t i a l  w a r m - u p  
of t he  sys tem.  This  m e t h o d  is h e r e a f t e r  r e f e r r e d  to  
as f i r ing in a su l fu r  a t m o s p h e r e .  

i O b t a i n e d  f r o m  Resea rch  C h e m i c a l s  Inc. ,  B u r b a n k ,  Cal i f .  

M a t h e s o n  " h a l o g e n - f r e e "  tt2S. 

Measurements 
I t  w i l l  be  s h o w n  t h a t  t he  h i g h l y  conduc t ing  n a t u r e  

of these  p h o s p h o r s  i n t r o d u c e d  a c o n s i d e r a b l e  d e -  
p e n d e n c e  of EL o u t p u t  on t h e  r e s i s t ance  of t he  e l ec -  
t r odes  of t h e  cel l  u sed  for  tes t ing .  S i m i l a r l y ,  d i f -  
f e r ences  in  c o n d u c t i v i t y  b e t w e e n  d i f fe ren t  phospho r s  
w e r e  re f lec ted  in a n o m a l o u s  d i f fe rences  in E L  o u t p u t  
if such s a m p l e s  w e r e  o p e r a t e d  s i m u l t a n e o u s l y  in  a 
s imple  cell .  I t  was  t h e r e f o r e  n e c e s s a r y  to t es t  each  
p h o s p h o r  i n d i v i d u a l l y  even  at  the  e x p e n s e  of pos -  
s ib ly  i m p e r f e c t  r e p r o d u c t i o n  of o p e r a t i n g  vo l t age  
and  e x a c t  cel l  spacing.  The  p o w e r  i n p u t  w i t h  r e spec t  
to t he  l a t e r a l  d imens ion  of t h e  e m i t t i n g  a r e a  (25 m m  
d i a m e t e r  c i rc le )  was  e q u a l i z e d  b y  us ing  an  a l u m i -  
n ized  c onduc t i ng  glass  of w h i c h  on ly  t h e  n e c e s s a r y  
a r e a  of t in  ox ide  was  l e f t  uncove red .  A 12 ~ shee t  of 
M y l a r  w a s  l a id  on the  conduc t ing  s ide  of t he  glass  
b y  m e a n s  of a th in  f i lm of cas to r  oil. A n  o i l - s o a k e d  
p a p e r  space r  of a b o u t  110 ~ t h i cknes s  s e r v e d  to s e p a -  
r a t e  th is  f r o m  the  sol id  A1 e lec t rode .  Mos t  m e a s u r e -  
m e n t s  w e r e  p e r f o r m e d  w i t h  an  a p p l i e d  vo l t age  of 
800 v a t  10,000 cps. 

A l l  m e a s u r e m e n t s  w e r e  p e r f o r m e d  b y  m e a n s  of a 
S p e c t r a  B r i g h t n e s s  Spo t  M e t e r  3 which ,  excep t  on 
r a r e  occasions,  was  set  on the  " r e d "  pos i t i on  to avo id  
a n y  b lue  emiss ion  c o n t r i b u t e d  b y  CaS:  Cu. H o w e v e r ,  
th is  was  u s u a l l y  neg l ig ib le .  

The  p h o s p h o r  was  s c r e e n e d  t h r o u g h  200 mesh  and  
m i x e d  w i t h  cas to r  oi l  in 1:1 w e i g h t  p r o p o r t i o n  and  
p l a c e d  b e t w e e n  the  cel l  e lec t rodes .  On a p p l i c a t i o n  
of t he  vo l t age ,  the  EL o u t p u t  i n i t i a l l y  ob t a ined  
t e n d e d  to change  due  to s i m u l t a n e o u s  b r i d g i n g  (16) 
of the  p h o s p h o r  p a r t i c l e s  and  d e c a y  of in t r in s i c  EL. 
This  r e s u l t e d  e i t he r  in an  in i t i a l  i nc rea se  fo l lowed  
b y  a d e c r e a s e  or  a con t inuous  decrease .  In  a l l  cases, 
t he  m a x i m u m  r e a d i n g s  o b t a i n e d  w e r e  r eco rded .  

General Conditions for Electroluminescence 
F i r i n g  of CaS wi th  Eu and  m o r e  Cu t h a n  can be 

i n c o r p o r a t e d  at  a g iven  h a l i d e  c o n c e n t r a t i o n '  r e su l t s  
in  d i s c o lo r a t i on  due  to f o r m a t i o n  of f ree  CusS and  
EL. W a s h i n g  of the  p h o s p h o r  in  a lcohol ic  NaCN so lu-  
t ion  is poss ib l e  w i t h o u t  c h e m i c a l  decompos i t i on  o the r  
t h a n  r e m o v a l  of Cu3S, b u t  dec reases  EL. 

In  o r d e r  to dec rea se  t he  h a l i d e  c o n c e n t r a t i o n  p r e s -  
en t  w i t h  Cu d u r i n g  f i r ing a n d  y e t  op t imize  the  f lux 
c o n c e n t r a t i o n  w i t h  r e spe c t  to e n h a n c i n g  the  Eu 
emiss ion,  a t w o - s t a g e  p r o c e d u r e  was  f o u n d  a d v a n t a -  
geous.  A p h o t o l u m i n e s c e n t  C a S : E u  p h o s p h o r  is p r e -  
pa r ed ,  us ing  the  de s i r e d  fluxes.  The  p h o s p h o r  is s l u r -  
r i ed  s u b s e q u e n t l y  w i t h  a n h y d r o u s  m e t h a n o l  c o n t a i n -  
ing the  n e c e s s a r y  a m o u n t  of Cu as ha l ide .  Boi l ing  
causes  depos i t i on  of t he  Cu as sulf ide on the  p h o s -  
pho r  w h i c h  is t hen  w a s h e d  w i t h  m e t h a n o l  un t i l  
h a l i d e - f r e e .  A f t e r  decan t ing ,  the  p h o s p h o r  is d r i e d  
and  r e t i r ed  e i t he r  as is or  w i t h  f u r t h e r  add i t ions .  The  
r e t i r ed  p h o s p h o r  is p r e f e r a b l y  aga in  w a s h e d  w i t h  
m e t h a n o l  a n d  t h e n  d r i e d  a n d  sc reened .  

The  u n i f o r m  depos i t i on  of Cu ef fec ted  b y  th is  
m e t h o d  is shown  b y  a l m o s t  c o m p l e t e  d i s a p p e a r a n c e  
of p h o t o l u m i n e s c e n c e  due  to op t ica l  sc reen ing .  R e -  

:Photo R e s e a r c h  Corp. ,  H o l l y w o o d ,  Cal i f .  

4 H a l i d e  f luxes  w e r e  u s u a l l y  p re fe r red .  As in  ZnS,  ha l tdes  we re  
no ted  to  a id  t he  i n c o r p o r a t i o n  of Cu  in  CaS ( p r e s u m a b l y  as Cu+) 
a l t h o u g h  th i s  was  no t  s t ud i ed  on a q u a n t i t a t i v e  basis .  
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Fig. 1. Spectral distribution of 3650A--excited emission of 
CaSi:Cu, Eu(O.O1%) phosphor. 

CaS:Cu,  Eu EL P H O S P H O R S  

Table II. Effect of 5 mole % flux on CaS:Eu(0.02%) 
and CaS:Eu(0.02%)~u(1.0%) fired in N~ at 10500C 

C a S : E u :  f l u x  C a S : E u : C u : f l u x  

F l u o r .  ( 3 6 5 0 A  e x c . )  E L  
F l u o r .  c o l o r  
( 3 6 5 0 A  e x c . )  O u t p u t  C o l o r  O u t p u t  C o l o r  

201 

f ir ing t h e n  causes a sh r inkage  of the  p rec ip i t a ted  
l aye r  into discrete  par t ic les  of Cu~S, and  photo-  
l uminescence  is restored.  E lec t ro luminescence  shown 
at  this  point ,  w h e n  v iewed  t h rough  the  magni f ica t ion  
afforded by  the Spec t ra -Mete r ,  is seen to o r ig ina te  
f rom discrete  separa ted  poin ts  which  in  the  case of 
be t t e r  spec imens  do not  appear  b r i gh t e r  bu t  are more  
numerous .  

Exper imental  Results 

Photoluminescence 

I n t r o d u c t i o n  of Cu into C a S : E u  causes the w e l l -  
k n o w n  b lue  emiss ion  of C a S : C u  toge ther  w i th  the  
red  Eu  §247 emission.  The Cu emiss ion is wel l  exci ted by  
3650A as shown in  Fig. 1. The re la t ive  heights  of the 
two peaks  are i nc iden ta l  and  depend  on the  E u / C u  
ra t io  and  fir ing condit ions.  It  is n o t e w o r t h y  tha t  u n -  
der  2537A exci ta t ion,  the  Cu emiss ion  is l a rge ly  sup -  
pressed in  favor  of s t ronger  Eu  emission.  At  low Eu 
concen t r a t i on  (0.01% ),~ the  i n t roduc t ion  of Cu, h o w -  
ever,  also enhances  the  o therwise  weak  3650A-ex-  
ci ted Eu  emission.  This p h e n o m e n o n  m a y  be ana lo -  
gous to the  sensi t ized luminescence  of CaS: Sm, Bi and  
CaS: Sin, Pb  phosphors  (17).  

I n t r o d u c t i o n  of Na + ( and  to a lesser ex ten t  Li  +) 
suppresses  the  red Eu  ++ emission.  Because  of the a l -  
most  iden t ica l  ionic sizes of Ca ++ and  Na +, this  p h e -  
n o m e n o n  m a y  wel l  be r ega rded  as charge compensa -  
t ion  of subs t i t u t i ona l  Na + wi th  Eu  ++§ which  m a y  thus  
be s tabi l ized in the  latt ice.  If this  is so, t hen  it  t ends  
to suppor t  Jaffe 's  (3) conclus ion as to the d iva l en t  
n a t u r e  of Eu  in  a lka l ine  ea r th  sulfides. Heav ie r  a l -  
kalies,  if added as hal ides,  do no t  have  this  effect, 
a l t hough  the  respect ive  ca rbona tes  do. 

At  low Eu concent ra t ion ,  f ir ing in H~S also causes 
increased  response  to 3650A exci ta t ion.  Some of 
these  observa t ions  are s u m m a r i z e d  in  Table  I which  

A l l  p e r c e n t a g e s  r e p o r t e d  i n  t h i s  p a p e r  r e f e r  t o  m o l e  o r  a t o m  
p e r  c e n t .  

Table I. Relative intensities of 6540A peak of CaS:Eu 
as a function of phosphor preparation 

P h o s p h o r  3 6 5 0 A  2 5 3 7 A  

1. CaS:Eu(0.01%) :CaCl,(5%) :MgO(10%),  
N,, 1050~ 1.0 29.5 

2. No. 1 retired in H,S at 1050~ 1.5 25.0 
3. Like No. 2, bu t  including 0.5% Cu 7.9 11.8 
4. C a S : E u ( 0 . 0 4 % ) : N a B r ( 5 % ) : C u ( l % ) ,  N,, 

1050~ 0.7 1.6 

pink 1.3 rose 
p ink 1.2 rose 
rose 2.5 rose 
whi te -p ink  1.9 rose 
whi te -p ink  1.3 rose 
whi te -p ink  1.6 rose 
green trace yellow 
yel . -green none - -  
whi te -green  none - -  
whi te -green  none - -  

CaF, pink 2.0 
CaC1, p ink 3.0 
CaBr, pink 3.0 
CaI, p ink 3.6 
(NH,) ,HPO, pink 2.0 
NH,HB~O7 pink 3.0 
Li~CO3 negl. 1.2" 
Na,CO~ blue 20* 
K~CO3 v-weak  18" 
Cs~CO~ v-weak  10" 

* S p e c t r a  M e t e r  s e t  o n  " f t - L . "  

shows m e a s u r e m e n t s  of the  6540A peak  he igh t  t aken  
on exc i ta t ion  wi th  two sources whose r e l a t ive  ou tpu t  
was m e a s u r e d  by  the f luorescence of sod ium sa l icyl -  
ate. The figures refer  to r e l a t ive  va lues  no rma l i zed  for 
equa l  n u m b e r  of q u a n t a  of i nc iden t  2537 a nd  3650A 
radia t ion .  ~ I t  should  be m e n t i o n e d  tha t  inc reased  Eu  
concen t r a t i on  g rea t ly  increases  the  3650A-exc i ted  
fluorescence, so tha t  the  low va lues  of sample  No. 4 
in Tab le  I are  due to the  effect of Na § 

Effect of Phosphor Composition and Firing on EL 

The effect of fluxes was inves t iga ted  by  f ir ing CaS 
wi th  0.01 mole  % Eu  + 5 mole  % flux at 1050~ in  
N: for 1 hr. The  second fir ing was conduc ted  w i th  1 
mole  % Cu for 20 m i n  at 1050~ in  N=. Tab le  II 
shows tha t  CaBr= resu l t ed  in the  b r igh tes t  EL. CaI~ 
suffers decompos i t ion  bu t  y ie lds  s i m i l a r  resu l t s  if 
used in  l a rge r  qua n t i t y .  The  effect of a lka l i  ca r -  
bona tes  is the  same as discussed in  the  p rev ious  sec- 
t ion  and,  in  addi t ion,  no t  even  b lue  or g reen  EL is 
observed.  The  b r i g h t e r  f luorescence of the  g reen  
emiss ion is p r o b a b l y  on ly  an  effect of color. I t  ap -  
pears  to consist  of a b a n d  peaked  at  505 m~ as shown 
in  Fig. 2 for a C a S : C u , E u , N a  phosphor .  Because  of 
the  h a l i d e - g e t t e r i n g  effect of Na=CO~, this  g reen  
cen te r  m i gh t  consist  of Cu § I t  may,  however ,  also 
be ident i f iable  w i th  the green  emiss ion  peaked  at 
495 m~ as ob ta ined  by  Asano  and  Kish imoto  (18) 
on 3CaS:CaSO,:Cu,Na.~SO~ phosphors ,  which  these  

e U n d e r  t h e  s i m p l i f i e d  a s s u m p t i o n  o f  l i n e a r  d e p e n d e n c e  o f  f l u o r e s -  
c e n c e  o n  i n t e n s i t y  o f  e x c i t a t i o n .  

I 00  

90 

80 

~ so 
~_ so  

~ 4o 
u,l 
~: 30  

20 

, , , F 

400 450 500 550 600 650 700 

Fig. 2. Spectral distribution of emission of a CaS:Cu:Eu(O.- 
01%):No phosphor. A, 3650A excitation; 13, 2537A 
excitation. 
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E u  CONCENTRATION IN M O L E  % 

Fig. 3. Effect of Eu concentration on EL of CaS:Cu(1.- 
O%):Eu(x) phosphors. A, Spectra Meter set on ft-L (bright- 
ness; B, spectra Meter set on "red;" C. Ratio of A/B. 

au thors  ascr ibe to "CaS". The  10 m/~ shift  to longer  
w a v e  lengths  ob ta ined  here  m a y  be due to supe rpo-  
s i t ion of a por t ion  of the  Eu  emission.  Here  again,  
2537A exc i ta t ion  tends  to favor  the  exc i ta t ion  of the  
few Eu § centers  sti l l  p resent .  

F igu re  3 shows the  resu l t  of inc reas ing  Eu  concen-  
t r a t i on  in s imi l a r ly  p r epa red  phosphors  f luxed wi th  
CaBr~. The rat ios  of m e a s u r e m e n t s  t a k e n  th rough  the 
d i f ferent  filters of the  Spec t ra  Meter  show that ,  at 
low Eu concen t ra t ion ,  the re  is an  apprec iab le  b lue  
c o n t r i b u t i o n  of CaS: Cu. Spec t ra l  d i s t r ibu t ion  me a s -  
u r e m e n t s  showed tha t  in  the  ne ighborhood  of m a x -  
i m u m  red ou tpu t  (0.04 mole  % Eu)  the b lue  emis-  
s ion is en t i r e ly  absent .  In  Fig. 3, this  can also be es- 
t ima t ed  by  the  leve l ing-of f  of the  ra t io  curve  whose 
res idua l  he ight  t he rea f t e r  is a func t ion  of the  res -  
ponse  of the p a r t i c u l a r  pho tome te r  to the Eu emis-  
s ion only.  

The g r adua l  d i sappea rance  of the  b lue  C a S : C u  
emiss ion  which  occurs wi th  inc reas ing  Eu concen-  
t r a t i on  is ana logous  to the effect observed on i n t ro -  
duc ing  Mn into Z n S : C u .  I n a s m u c h  as the red Eu 
emiss ion  is best  exci ted by  wave  lengths  m u c h  
shor te r  t h a n  the  Cu emission,  one is p r o b a b l y  no t  
dea l ing  wi th  an  opt ical  cascade process. The same 
conclus ion  m a y  be d r a w n  f rom the  s t rong exc i t -  
ab i l i ty  of the  b lue  emiss ion by  3650A, a longside  w i th  
the red Eu  emission.  The  m e c h a n i s m  therefore  i n -  
volves  sens i t iza t ion  as in  Z n S : C u , M n  (19) as wetI  
as m a n y  o ther  d o u b l y  ac t iva ted  systems.  

I n a s m u c h  as the  excess Cu~S is t hough t  to effect 
local  field intensif icat ion,  its pa r t i c le  size and  d i s t r i -  
b u t i o n  as wel l  as the  surface condi t ion  of the phos-  
phor  were  cons idered  to be cri t ical .  F igu re  4 shows 
tha t  this is p r o b a b l y  affected by  the  re t i r ing  t e m p e r -  

4 

~ 2  

L 

Boo e'~o 960 9so ~doo ~o~o ,60 ~o'c 
R E F I R I N G  T E M P E R A T U R E  

Fig. 4. Effect of retiring temperature in EL of two composi- 
tions: A, CaS~ 0.038 % Eu-~-S % NH4H B407-~- 1 0 % NH4Br, 
1050~ N~--15 min, H2S--45 rain, washed, -I-l.15CuS-I-2.- 
5%NH4HBOT, H~S, 20 min; B, CaS-I- 0.038% Eu-FS%NH~- 
HB4OT-F10%NH,Br, I050~ N.2--15 rain, H~S--45 min, 
-FI.S%CuCI~, washed, -I-SO/oNH4HB~O~, H~S--20 rain. 

a tu re  in  the  presence  of Cu which  shows sharp op-  
t ima  wi th  respect  to EL output .  S imi la r ly ,  the p re -  
f ir ing t e m p e r a t u r e  a nd  a m o u n t  of Cu added have  a 
p r o n o u n c e d  effect. This  is shown in  Tab le  III. It  
wi l l  be  no ted  that ,  w i th  the except ions  of a few 
poin ts  showing  w h a t  are  be l ieved  to be acc identa l  
var ia t ions ,  the rat ios of EL to f luorescence b r i gh t -  
ness t end  to increase  w i th  inc reas ing  Cu addi t ion  
and  t h e n  level  off in  the  ne ighborhood  of m a x i m u m  
observed  EL. This indica tes  tha t  decreas ing  EL at 
h igher  Cu concen t ra t ions  m a y  be an  optical  effect 
due to da rke r  body  color. 

It  was  gene ra l ly  no ted  tha t  the p a r a m e t e r s  i n -  
f luencing EL ou tpu t  of this  sys tem appear  to be 
more  n u m e r o u s  t h a n  could be inves t iga ted  w i th in  
the scope of this  s tudy.  Table  IV gives a s u m m a r y  of 
some m e a s u r e m e n t s  t a k e n  on d i f fe rent ly  p repa red  
phosphors .  K B r  as a flux was inves t iga ted  because 
it  r e su l t ed  in  p a r t i c u l a r l y  b r igh t  pho to luminescen t  
Eu  emiss ion  (first f i r ing) ,  whi le  NH~HB~O7 has 
u sua l l y  p r o v e n  advan t ageous  on EL if both  firings 
are  conduc ted  in  H~S. I t  is now  shown  tha t  e i ther  of 
these  fluxes t ended  to reduce  EL output ,  especial ly  
w h e n  used  together .  

A n  effort was made  to shift  the  emiss ion  spec t rum 
to shor te r  wave  lengths  and  thus  increase  the v i sua l  
ou tpu t  of these phosphors.  This  is k n o w n  to occur 
upon  pa r t i a l  subs t i t u t i on  of Ca by  Mg or Sr. I n -  

Table Ill. Effect of Cu addition on EL of phosphors prefired at three temperatures 

M o l e  
% Cu 

a d d e d  

1020~ P r e f i r e d  1050~ P r e f i r e d  1080~ P r e f i r e d  

E L  F l u o r e s c e n c e  R a t i o  E L  F l u o r e s c e n c e  R a t i o  E L  F l u o r e s c e n c e  R a t i o  

0.75 2.7 1.3 2.07 1.8 1.5 1.2 0.65 1.6 0.4 
1.0 2.25 0.95 2.38 4.0 1.2 3.3 1.7 1.2 1.4 
1.25 3.1 0.72 4.3 5.5 0.85 6.5 4.3 0.9 4.8 
1.5 6.8 0.63 10.8 6.0 0.74 8.1 4.0 0.77 5.2 
1.75 3.5 0.45 7.8 2.3 0.54 4.3 3.9 0.52 7.5 
2.0 5.0 0.40 12.5 5.2 0.48 10.8 4.3 0.39 11.0 
2.5 3.5 0.35 10.0 4.0 0.38 10.5 3.6 0.50 7.2 
5.0 1.92 0.16 12.0 1.8 0.17 10.5 1.3 0.14 9.3 
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Table IV. Effect of 5 mole% KBr and 5 mole% NH,HB4OT("AB") 
and firing atmosphere on CaS:Eu(0.038):Cu(1.5) prefired 

at 1050~ 1 hr and retired at 950~ 20 min 

F i r s t  f i r i ng  Second  f i r i ng  

A t m o s p h e r e ,  
E L  o b t a i n e d  

Bas ic  A d d i t i o n s  A t m o s p h e r e  A d d i t i o n s  a t  10 kc, 800 v 
c o m p o -  
sit ion* A B  K B r  S HeS A B  K B r  S Ne% H~S 

] + - -  - -  + + - -  3 . 7  4 . 2  3 .6  

2 + + - -  + + - -  - -  - -  3 . 0  

3 + - -  - -  + + + - -  - -  3 . 0  

4 + + -- + + + -- -- 0 . 9  

5 + - -  + - -  + - -  1.2 1.3 2.0 
6 + + + - -  + - -  1 .5  - -  1.5 
7 + - -  + -- + + 1.2 -- 1.5 
8 + + + -- + + 0.9 -- 0.7 
9 - -  - -  - -  + - -  - -  6 . 2  4 . 9  - -  

i 0  - -  + - -  + - -  - -  3 . 9  5 . 7  - -  

i i  - -  - -  + - -  - -  - -  2 . 6  6 . 9  - -  

1 2  - -  + + - -  - -  - -  4 . 2  5 . 8  - -  

13 -- -- + -- -- + 1.0 0.36 -- 

* l0  m o l e  % NH4Br for  HeS (open t u b e ) ,  or 1 m o l e  % NH4Br fo r  
S (capped  tube)  f i rs t  f i r ing ,  a d d e d  in  a l l  cases. 

t Open  tube ,  b u t  S a d d e d  to m i x  fo r  r a p i d  r e d u c t i o n  o f  e n t r a i n e d  
o x y gen .  

c r ea sed  b r i g h t n e s s  was  ach ieved ,  h o w e v e r ,  on ly  on 
u l t r a v i o l e t  exc i t a t ion .  The  subs t i t u t i ons  g e n e r a l l y  
i n t r o d u c e d  p h o s p h o r e s c e n c e  7 and  d e c r e a s e d  or  c o m -  
p l e t e l y  e x t i n g u i s h e d  EL (20).  

A d d i t i o n a l  a t t e m p t s  w e r e  m a d e  to op t imize  the  
n a t u r e  of Cu~S segrega t ions .  Of i n t e r e s t  m a y  be  the  
effect  of CaBr~ or  CaO in t he  second  fir ing.  This  is 
s h o w n  in Fig.  5 and  6. In  t he  case  of CaBr~, t he  e f -  
fect  was  no ted  to d e p e n d  on t h e  use  of H~S and  the  
s a m p l e  size re t i red .  U n d e r  o p t i m u m  condi t ions ,  i t  
m a y  be  p o s t u l a t e d  t ha t  p a r t i a l  i n c o r p o r a t i o n  of Cu § 
at  t he  su r face  of t he  p h o s p h o r  causes  e n h a n c e d  e m i s -  
sion, w h i l e  the  p a r t i c l e  size of t h e  r e m a i n i n g  Cu~S is 
s o m e w h a t  r educed .  H o w e v e r ,  i n c r e a s e d  CaBr~ r e t e n -  
t ion  ( as in t he  case of l a r g e  add i t ions ,  N.~ re t i r ing ,  
or  l a r g e r  s a m p l e  s izes)  d i s so lves  too m u c h  Cu. A 
p a r t i c u l a r l y  a d v a n t a g e o u s  effect of t he  CaBr~ at  th is  
s t age  consis ts  of dec r ea s ing  the  f lux ing  ac t ion  of t he  
CueS w h i c h  is also we l l  k n o w n  in Z n S  phosphors .  
The  effect of CaO (Fig .  6) is of i n t e r e s t  i n a s m u c h  as 
mos t  if not  a l l  of th is  is c o n v e r t e d  to CaS  d u r i n g  the  
f i r ing in H~S. The  a d v a n t a g e o u s  effect  of low CaO 
add i t ion ,  in th is  case, is t h e r e f o r e  p r o b a b l y  due  to 
modi f i ed  su r face  s t ruc tu re .  O the rwi se ,  i t  m a y  be  
seen  t h a t  o x y g e n  in t he  f in ished  p h o s p h o r  is p r o b a b l y  
d e t r i m e n t a l .  

Effect o] Physical Structure of CaS 

and Finished Phosphors on EL 

A n u m b e r  of p h o s p h o r s  w e r e  p r e p a r e d  u n d e r  con-  
d i t ions  w h e r e b y  the  on ly  v a r i a b l e  cons i s ted  of CaS  
p r e p a r e d  by  d i f fe ren t  m e t h o d s  a n d  t h e r e f o r e  d i f f e r -  
ing  in  p a r t i c l e  size and  d e g r e e  of  a g g l o m e r a t i o n .  
C o r r e l a t i o n  of t he  r e su l t s  w i t h  mic roscop ic  e x a m i n -  
a t i on  of the  p h o s p h o r s  showed  t h a t  t he  h ighes t  
b r i g h t n e s s  va lue s  w e r e  a l w a y s  o b t a i n e d  on p h o s -  
p h o r s  cons is t ing  of th in ,  un i fo rm,  and  f a i r l y  e x -  
t e n d e d  agg lomera t e s ,  r e l a t i v e l y  f r ee  of fine b a c k -  

7 T h e  p h o s p h o r e s c e n c e  of  C a S : E u : C a B r 2  is q u e n c h e d  a t  E u  con-  
c en t r a t i ons  as l ow  as 0.024 mo le  %. Mos t  of t he  p r e s e n t  p h o s p h o r s  
we re  p r e p a r e d  w i t h  0.04 mo le  % Eu. 
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Fig. 5. Effect of CoBr~ added in second f i r ing in H2S. One 
gram samples retired at 950~ for 20 rain. 
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Fig. 6. Effect of CaO added in second f ir ing in two atmos- 
pheres: A, procedure No. 1 in Table IV, HsS retired. 13, pro- 
cedure No. 11 in Table IV, N~ refired. The true abscissa of 
the second point is unknown. As drawn, it represents the 
probable oxide contaminat ion. 

ground .  No c o r r e l a t i o n  of EL b r i g h t n e s s  w i t h  d e g r e e  
of c r y s t a l l i n i t y  as o b t a i n e d  b y  x - r a y  p o w d e r  d i f -  
f r ac t i on  p a t t e r n s  cou ld  be  no ted .  G e n e r a l l y ,  t he  d i f -  
f e rences  in  EL o u t p u t  o b t a i n e d  he re  w e r e  as g r e a t  as 
p r e v i o u s l y  r e p o r t e d  on as a r e s u l t  of v a r y i n g  p h o s -  
pho r  compos i t i on  and  f ir ing p r o c e d u r e s .  To i l l u s -  
t r a t e  th is  f u r t h e r ,  T a b l e  V shows  fou r  phosphor s ,  
each  s e p a r a t e d  into  two  f r ac t ions  45-75 ~ and  <45  ~. 
I t  can  be  seen  t h a t  t he  d i f fe rences  in  E L  o u t p u t  a r e  
cons ide rab le .  S ince  the  l a rge s t  s ing le  c r y s t a l s  of 
p h o s p h o r  r a r e l y  exceed  3 ~ in size, i t  a p p e a r s  t h a t  
t he  E L  o u t p u t  of th is  sy s t em is a f u n c t i o n  of a g -  
g lome ra t i on .  

A t t e m p t s  to ach ieve  th i s  a r t i f i ca l ly  w e r e  m a d e  b y  
p r e p a r i n g  p h o s p h o r s  f r o m  CaS d e r i v e d  f r o m  CaCO~ 
or  CaCaO, of p a r t i c l e  size up  to 100 ~ as o b t a i n e d  b y  

Table V. EL output of different particle size fractions 
of CaS:Cu,Eu phosphors 

Phosphor 
No. 45-75/~ < 4 5  ~ ]Ratio 

1 3.3 2.2 1.5 
2 0.95 0.26 3.6 
3 1.2 0.26 4.6 
4 1.0 0.33 3.0 
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homogenous  p rec ip i t a t ion  w i th  urea .  These p r e p a r a -  
t ions  were  h a n d l e d  w i th  sufficient care  so as to avoid 
mechan i ca l  des t ruc t ion  of agg lomera tes  whose ou t -  
w a r d  shape r ema ined ,  t h r o u g h o u t  all  stages of p r e -  
para t ion ,  tha t  of the o r ig ina l  crys ta ls  of CaCO~ or 
CaCaO,. The  EL ou tpu t  of these  phosphors  was, h o w -  
ever,  low and  the  da rk  body  color suggested lack of 
p e n e t r a t i o n  of the  Cu b e y o n d  the  ou te r  surfaces of 
the  agglomerates .  S i m u l t a n e o u s l y  p r epa red  cont ro l  
phosphors  ob ta ined  f rom finer  C a S : E u  in  which  
some agg lomera t ion  occurred  d u r i n g  the second fir-  
ing had  a l igh te r  body  color and  be t t e r  EL p e r f o r m -  
ance. 

Properties o5 CaS:Eu,Cu EL Phosphors 
Chemical properties.--The chemica l  p roper t ies  of 

the  phosphors  are essen t ia l ly  those of CaS, i.e., w e l l -  
k n o w n .  Slow decomposi t ion  as a resu l t  of exposure  
to a tmospher i c  moi s tu re  has  no no t iceab le  effect on 
pho to luminescence  bu t  does affect the  EL. In  con-  
nec t ion  w i t h  this,  the  effect of mo i s tu r e  absorb ing  
addi t ives  was  inves t iga ted .  Tab le  VI shows tha t  the  
addi t ives  have  an  immed ia t e  d e t r i m e n t a l  effect. Its 
n a t u r e  has not  been  de te rmined .  

EL properties.--Figure 7 and  8 show the  vol tage  
and  f r e q u e n c y  dependence  of a typ ica l  phosphor.  I t  
can  be seen tha t  the  vol tage  dependence  is qu i te  
steep, poss ib ly  owing  to the  smal l  in t r ins ic  par t ic le  
size of the phosphor  (21).  On the  other  hand,  the  
f r e q u e n c y  dependence  is compa ra t i ve ly  s l ight  and  
be t t e r  spec imens  can be exci ted  to be read i ly  v is ib le  
at  60 cps. The l u m i n o u s  efficiency at 10,000 cps ex -  
c i ta t ion  of two phosphors  is shown  in  Fig. 9. U n d e r  
equa l  condi t ions  of i n p u t  (vol tage  and  cell charac -  
ter is t ics)  the  more  efficient phosphor  also consumed  
on the  average  1.7 t imes  as m u c h  power  as the  less 
efficient phosphor ,  i.e., was a p p r o x i m a t e l y  2.5 t imes  
br igh te r .  The  shape of the graphs  suggests  tha t  m a x -  
i m u m  efficiency occurs at field s t reng ths  which  are 
h igher  t h a n  can be achieved in  practice.  S o m e w h a t  
s imi la r  bu t  less r ep roduc ib le  resul t s  were  ob ta ined  
at 500 cps exci ta t ion.  

Electrical properties.--As m e n t i o n e d  earl ier ,  the  
conduc t iv i ty  of the  C a S : E u , C u  phosphor  is ve ry  
h igh  compared  to t ha t  of n o r m a l  Z n S : C u  EL phos -  
phors.  Tab le  VII  shows the  effect of e lectrode r e -  
s is tance on EL ou tpu t  of two phosphors .  U n d e r  s im-  
i l a r  e x p e r i m e n t a l  condit ions,  no percep t ib le  differ-  
ence  could be no ted  for the  usua l  ZnS:  Cu EL phos-  
phor.  Assuming  a s imi la r  slope of log L vs. V -~t~ as 
shown  in  Fig  7 and  a vol tage  drop across the phos -  
phor  l aye r  which  is p ropor t iona l  to its effective r e -  
s i s tance  ~ u n d e r  the  pa r t i cu l a r  condi t ions  of cell oper -  
at ion,  the respec t ive  res is tances  across the th ickness  
of the  110 ~ x 25 m m  pa tch  of phosphor  suspens ion  

s F o r  s i m p l i c i t y ,  t h e  c a l c u l a t i o n  w a s  m a d e  a s  f o r  a n  o h m i c  re s i s t -  
ance .  A c t u a l l y ,  t h e  c o n d u c t i v i t y  i s  p u r e l y  a n  e f f ec t  o f  r  s i n c e  a n  
i n s u l a t i n g  l a y e r  o f  M y l a r  i s  u s e d .  
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Fig. 7. Voltage dependence of El_ of a CaS:Cu, Eu phosphor. 
Cell spacing 110 ~. A, 10,000 cps; B, 400 cps. 
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Fig. 8. Frequency dependence of EL of a CoS:Cu, Eu phos- 
phor. Excitation at 800 v. 

t u r n  out  to be abou t  1000 and  2000 ohms, respec-  
t ively,  i.e., ve ry  low values .  I n a s m u c h  as Fig. 9 sug-  
gests tha t  a more  conduc t ing  phosphor  m a y  also be 
more  efficient ( and  m u c h  b r igh te r )  the  difficulties in  
r ep roduc ib le  phosphor  compar i son  wi th  respect  to 
di f ferent  cell character is t ics  can r ead i ly  be appre -  
ciated. I t  is for this r eason  tha t  on ly  va lues  appea r -  
ing w i t h i n  a ny  one t ab le  or f igure are  compara t ive  
wi th  each other.  

Discussion 

The observa t ions  m a d e  in  this inves t iga t ion  sug-  
gest a mode l  for the  C a S : E u , C u  EL phosphor  con-  
s is t ing of a fine d ispers ion  of Cu~S par t ic les  in  con-  

Table VII. Effect of electrode resistance on EL output 

Table VI. Effect of moisture and additives on EL output 

T i m e  o f  e x p o s u r e  t o  1 0 0 %  r e l a t i v e  h u m i d i t y  
A d d i t i v e  0 1 h r  2 0  h r  

none 2.0 1.5 0.62 
1% CaO 2.0 0.8 0.49 
1% MgO 1.4 0.66 0.45 

R e s i s t a n c e  
f r o m  b u s  b a r  
t o  p h o s p h o r ,  

o h m s  

EL, I0 kc, 800 v 

Phosphor a Phosphor b 

50 4.0 2.5 
90 - -  2.5 

145 - -  2.0 
250 1.8 1.8 
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Fig. 9. Luminous efficiency of EL of two CaS:Cu, Eu phos- 
phors excited at 10,000 cps. A, bright phosphor; B, dim 
phosphor. 

t ac t  w i t h  t he  su r faces  of a r e d - e m i t t i n g  C a S : E u , C u  
phosphor .  I f  t he  coa ted  p h o s p h o r  p a r t i c l e s  a re  a g -  
g l o m e r a t e d ,  t h e r e  r e su l t s  i nc r ea sed  E L  ou tpu t .  The  
r ea son  for  th is  is not  c l ea r  a t  p r e s e n t ;  h o w e v e r ,  one 
r e a s o n  m a y  be p r o p o s e d  on the  g r o u n d s  t h a t  p e n e -  
t r a t i o n  of t he  d i e l ec t r i c  e m b e d d i n g  m a t e r i a l  into the  
i n t e r i o r  of the  a g g l o m e r a t e s  m a y  be  poor ,  so t ha t  
t he  b u l k  of the  e m i t t i n g  m a t e r i a l  is s u b j e c t e d  to 
g r e a t e r  t h a n  a v e r a g e  f ield s t r eng ths .  This  w o u l d  also 
e x p l a i n  t he  p o o r e r  p e r f o r m a n c e  of a l l  sys t ems  in 
w h i c h  t h e  CusS phase  m a y  be  a s s u m e d  to be  in con-  
t ac t  w i t h  the  d ie lec t r ic ,  i.e., e i t he r  s ing le  c r y s t a l  
b a c k g r o u n d  or  su r f ace  coa t ed  a g g l o m e r a t e s .  

The  m o d e l  is in some  re spec t s  s i m i l a r  to t h e  one  
p r o p o s e d  b y  L e h m a n n  for  ZnS:  Cu EL p h o s p h o r s  (4) 
e x c e p t  t h a t  he r e  one seems  to be  d e a l i n g  w i t h  a 
m o r e  h e t e r o g e n e o u s  sys tem.  P h o s p h o r  f o r m a t i o n  in 
ZnS is a s soc ia t ed  w i t h  c o n s i d e r a b l e  c r y s t a l  g rowth ,  
and  the  f o r m a t i o n  of field i n t e n s i f y i n g  d i s t u r b a n c e s  
is a p rocess  occur ing  d u r i n g  th i s  g r o w t h  and  sub j e c t  
on ly  to t he  o v e r - a l l  compos i t ion  of t he  s y s t e m  and  
the  f i r ing p rocedure .  I n  t h e  p r e s e n t  p h o s p h o r ,  h o w -  
ever ,  t h e r e  is l i t t l e  ev idence  of this ,  and  spec ia l  e f -  
fo r t s  m u s t  be  m a d e  to ob t a in  t he  d e s i r e d  p h y s i c a l  
s t r u c t u r e  b y  m e a n s  o t h e r  t h a n  r e l y i n g  on the  u sua l  
( a u t o m a t i c )  r e c r y s t a l l i z a t i o n  process .  I t  can, a t  
p re sen t ,  on ly  be  e s t i m a t e d  t h a t  a t  l e a s t  one p a r -  
a m e t e r  r e s p o n s i b l e  for  h igh  E L  o u t p u t  shou ld  be  
iden t i f i ab l e  w i t h  t he  c o n c e n t r a t i o n  a n d  s t a t e  of d i s -  
p e r s i o n  of  t he  CusS p h a s e  on the  su r f ace  of t h e  
C a S : E u , C u  phosphor .  O t h e r  p a r a m e t e r s  m a y  be the  
c r y s t a l l o g r a p h i c  n a t u r e  and  e l ec t r i c a l  p r o p e r t i e s  of 
t he  Cu~S-CaS in te r face .  I t  is p r o b a b l y  in  th is  r e spec t  
t ha t  t he  compa r i son  w i t h  Z n S : C u  E L  p h o s p h o r s  
b r e a k s  down,  i n a s m u c h  as t he  b r i g h t n e s s  and  effi- 
c i ency  o b t a i n a b l e  in ZnS:  Cu EL p h o s p h o r s  can  on ly  
be  e x p l a i n e d  in  t e r m s  of h i g h l y  spec ia l i zed  junc t ions .  

T h e  EL p r o p e r t i e s  of  C a S : E u , C u  need  no t  be  r e -  
g a r d e d  as an  i so l a t ed  case  a m o n g  a l k a l i n e - e a r t h  su l -  
fides. Bes ides  t he  b l u e - e m i t t i n g  C a S : C u  phosphor ,  
y e l l o w - e m i t t i n g  B a S : C u  EL p h o s p h o r s  w e r e  p r e -  
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p a r e d  success fu l ly  d u r i n g  p r e l i m i n a r y  phases  of th i s  
s tudy .  O r a n g e - r e d  e m i t t i n g  B a S : B a S O 4 : C u  (10) 
p r e p a r e d  w i t h  some n o n i n c o r p o r a t e d  Cu showed  
l o w e r  E L  ou tpu t ,  p o s s i b l y  due  to  p r e s e n c e  of a p p r e -  
c iab le  p h o s p h o r e s c e n c e  (deep  t r a p s ) .  T h e r e  is r e a -  
son to b e l i e v e  tha t ,  u n d e r  su i t ab l e  cond i t ions  of p r e -  
pa ra t ion ,  a n y  k n o w n  s e m i c o n d u c t o r - t y p e  p h o s p h o r  
w h i c h  m a y  be  c o a c t i v a t e d  b y  Cu m a y  be  a m e n a b l e  
to s im i l a r  t r e a t m e n t ,  p r o v i d e d  t h a t  t he  p h o s p h o r  
t o l e r a t e s  t he  h igh  a c t i v a t o r  c o n c e n t r a t i o n  k n o w n  to 
be  a d v a n t a g e o u s  for  EL emiss ion  (22) a n d  t h a t  deep  
t r a p s  can be  r e d u c e d .  

Summary 
A m e t h o d  of o b t a i n i n g  E L  in CaS:  Eu  has  been  p r e -  

sented ,  cons i s t ing  of t he  i n t r o d u c t i o n  of Cu in con-  
c e n t r a t i o n s  g r e a t e r  t h a n  can  be  a c c o m m o d a t e d  in 
t he  p h o s p h o r  la t t ice .  A m o n g  the  va r i ous  p r o c e d u r e s  
t r i ed ,  def in i te  r e l a t i o n s h i p s  have  been  f o u n d  to ex i s t  
b e t w e e n  EL o u t p u t  and  Cu concen t r a t ion ,  f i r ing t e m -  
p e r a t u r e s  a n d  a t m o s p h e r e s ,  f luxes,  and  the  p h y s i c a l  
n a t u r e  of the  r a w  m a t e r i a l  emp loyed .  The  EL e x -  
h i b i t e d  b y  th is  s y s t e m  a p p e a r s  to be  a f o r m  of con-  
t ac t  EL p r o d u c e d  a t  m o r e  po in t s  t h a n  can  be  a c h i e v -  
ed  b y  m e c h a n i c a l  m i x t u r e s ,  and  mic roscop ic  e x a m -  
ina t ion  shows  t h a t  the  bes t  spec imens  cons is t  e n -  
t i r e l y  of t h in  a g g l o m e r a t e s  of u n i f o r m  size. In  a d -  
d i t ion,  i t  is v i s u a l i z e d  t ha t  t he  n a t u r e  of t he  Cu~S- 
C a S : C u ,  Eu i n t e r f a c e  m a y  inf luence  t h e  eff iciency 
of EL p r o d u c e d  at  i n d i v i d u a l  con tac t  points .  The  
p a r a m e t e r s  n e c e s s a r y  to op t imize  th is  effect  r e p r o -  
d u c i b l y  a r e  m o r e  n u m e r o u s  t h a n  could  be  i n v e s t i -  
g a t e d  a t  p re sen t ,  and  th is  d i f f icul ty  is a t  l eas t  p a r -  
t i a l l y  caused  b y  the  c o n d u c t i v i t y  of t he  p h o s p h o r  
w h i c h  inf luences  i ts  r e l a t i v e  p e r f o r m a n c e  u n d e r  
s l i g h t l y  d i f f e ren t  cond i t ions  of exc i t a t ion .  

The  a bse nc e  of  b lue  CaS:  Cu emiss ion  shows  t h a t  
an  e n e r g y  t r a n s f e r  m e c h a n i s m  poss ib ly  ana logous  
to t h a t  occu r r i ng  in Z n S : C u , M n  m a y  t a k e  p lace .  I t  
is f e l t  t ha t  t he  m e t h o d  can  be  a d a p t e d  to o the r  
p h o s p h o r s  w h o s e  a c t i v a t o r  and  t r a p  d i s t r i b u t i o n  
a r e  such as no t  to i n t e r f e r e  w i t h  t he  EL e x c i t a t i o n  
process .  
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Influence of Crystal Size on the Spectral Response Limit 
of Evaporated PbTe and PbSe Photoconductive Cells 
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Royal Radar Establishment, Malvern, England 

ABSTRACT 

Photoconductive layers of PbTe have been formed by evaporat ion on sub- 
strates at different temperatures.  The size of crystals in the layers has been 
estimated from electron micrographs and x - r a y  diffraction, and a correspond- 
ence has been obtained between crystal size and the l imit  of spectral response. 
Sensit ivi ty up to the long wave- leng th  l imit  set by the energy gap is not  
achieved unless the crystals are greater than  a critical size; for lead tel luride 
this is about a quar ter  of a micron. A similar effect has been shown to occur 
with PbSe. 

Pho toconduc t ive  layers  of P b T e  are c o m m o n l y  
p repa red  b y  an  evapora t ion  t echn ique  u sua l l y  in  a 
low p res su re  of oxygen,  fo l lowed by a sensi t iz ing 
heat  t r e a t m e n t  e i ther  in vacuo or in  a low pressure  
of oxygen.  PbS  and  PbSe  cells can be made  s imi-  
lar ly,  or the  layers  can be fo rmed  by  chemical  p r e -  
c ip i ta t ion  f rom solut ions  and  this  m a y  or m a y  not  be  
fol lowed by  hea t  t r e a tmen t .  I t  is wel l  k n o w n  tha t  
the sens i t iv i ty  and  the  spect ra l  response  of layers  
depend  v e r y  m a r k e d l y  on the  p r epa ra t i on  process 
and  on the subsequen t  heat  t r e a tmen t ,  and,  a l though 
some v e r y  sens i t ive  cells have  been  prepared ,  the  
processes employed  are m a i n l y  empi r ica l  (1) and  
the precise  effect of each stage in  the t r e a t m e n t  is 
not  a lways  clear. This  no te  shows tha t  the  long  
w a v e - l e n g t h  l imi t  of the  spectra l  response  of a 
l ayer  is r e l a t ed  to the  size of the  crysta ls  in  the  
l ayer  and  tha t  fu l l  spect ra l  response  is not  developed 
unless  the crys ta ls  are of adequa te  size. Thus  layers  
p repa red  in i t i a l ly  wi th  smal l  crysta ls  r e spond  only  
to the  shor te r  wave  l eng ths  and  one effect of heat  
t r e a t m e n t  is g rowth  of the  crysta ls  wi th  a corre-  
spond ing  ex t ens ion  of the  response  to longe r  wave  
lengths.  

Preparation oS Layers 

The layers  used in  this  inves t iga t ion  were  all  
p repa red  by  the evapora t ion  t echn ique  descr ibed 
in  de ta i l  b y  Young  (2) for  PbTe,  in  D e w a r - t y p e  
cell b l a n k s  fitted wi th  sapphi re  windows.  Powder  
f rom crushed  s ingle  crys ta ls  was  used as s t a r t ing  
ma te r i a l  and  it was  first evapora ted  onto the  sap-  
ph i re  w i n d o w  of the  cell b l a n k  in  a good v a c u u m  

1 A.E.R.E., Harwel l ,  England.  

(10 -' m m  Hg) a nd  t h e n  t r a n s f e r r e d  to the glass 
subs t r a t e  which  car r ied  the  e lect rode system, 
t h r ough  a low pressure  of oxygen  (10 -~ to 10 -~ m m  
Hg) .  The th ickness  of the l ayers  was about  one 
mic ron  and  apar t  f rom the va r i ab le s  no ted  in  Tab le  
I the  condi t ions  of p r e pa r a t i on  were  as nea r ly  i den -  
t ical  as possible for all  layers .  

Measurement  of Spectral Response 

The m e a s u r e m e n t s  of spect ra l  response  were  
made  us ing a Leiss double  monoc h r oma t o r  (3) 
fitted wi th  sod ium chlor ide pr isms.  The  monoch ro -  
mat ic  r ad ia t ion  f rom the ou tpu t  sl i t  was d iv ided  
in to  two beams,  one of which  was  deflected to the  
l ayer  u n d e r  test,  the  other  to Hi lger  thermocouple .  
The pa th  lengths  of the  two beams  were  made  equa l  
in  order  to e l i m i na t e  the effects of a tmospher ic  
absorpt ion .  

The inpu t  r ad i a t i on  to the monochromato r ,  f rom 
a Nerns t  f i l ament  source, was chopped at two f re -  
quenc ies  by  two i n d e p e n d e n t  ro ta t ing  sectored 
disks. One f r e q u e n c y  of 5 cps was  su i tab le  for the  
the rmocoup le  response  t ime,  a nd  the  other  of 800 
cps was used in  the  pho toconduc t ive  response c i r -  
cuit.  The s ignal  f rom the thermocouple ,  af ter  a m -  
pl if icat ion at 5 cps, was used in  a se rvosys tem to 
cont ro l  the a p e r t u r e  of the i n p u t  sl i t  and  so m a i n -  
t a in  a cons tan t  e n e r g y  ou tpu t  f rom the  monoch ro -  
ma t o r  over the  w a v e - l e n g t h  r a nge  1 to 7 microns.  

The  cell u n d e r  test  was connec ted  t h r ough  a series 
load resis tor  to a cons tan t  vo l tage  source and  the  
800 cps s ignal  deve loped  was ampli f ied in  a t u n e d  
h i g h - g a i n  ampli f ier  (4) and  fed to a pen  recorder .  
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The wave-length scale on the chart was derived 
from calibration pips obtained from the mono- 
chromator prism drive. The response curves are re- 

produced as they were drawn by the recorder; the 
wave-length scale is not linear because the disper- 

sion of the prisms is not linear with either prism 
drive or chart drive. The response scale is linear 

but arbitrary as we were not concerned in this study 
with absolute measurements of sensitivity. 

The apparatus was arranged so that spectral re- 

sponses could be monitored while the cells were 
being processed on the pumping system and all 

spectral responses were measured with the cells 

at 90~ 

Electron Microscope Examination of the Layers 
A t  one m i c r o n  the  l a y e r s  a r e  too t h i c k  to be  

e x a m i n e d  d i r e c t l y  in a t r a n s m i s s i o n  e l e c t r o n  m i c r o -  
scope and  r ep l i ca s  have  to be  used.  Some  p h o t o -  
g r aphs  w e r e  t a k e n  in a re f lec t ion  e l e c t r o n  m i c r o -  
scope, b u t  t h e y  w e r e  diff icult  to i n t e r p r e t  and  the  
r ep l i ca  t e c h n i q u e  was  found  to be  the  bes t  w a y  of 
e x a m i n i n g  the  s t r u c t u r e  of the  l ayers .  P r e s h a d o w e d  
a l u m i n u m  rep l i ca s  abou t  250A t h i c k  w e r e  used,  
p r e p a r e d  b y  first  e v a p o r a t i n g  a l a y e r  of bo r i c  ox ide  
onto the  p h o t o c o n d u c t i v e  l ayer ,  t h e n  the  s h a d o w i n g  
m a t e r i a l ,  u r a n i u m  or  g o l d - p a l l a d i u m  a l loy  at  an  
ang le  of ~ 30 ~ and  f ina l ly  t he  a l u m i n u m  l a y e r  e v a p -  
o r a t e d  f r o m  t h r e e  d i r ec t ions  s i m u l t a n e o u s l y  to e n -  
sure  a con t inuous  rep l ica .  The  r ep l i ca s  w e r e  t hen  
f loated off b y  i m m e r s i n g  the  s p e c i m e n  g e n t l y  in 
wa t e r .  The  magn i f i ca t ion  of a l l  the  E. M. p i c tu re s  
is abou t  10,000 t imes ;  c r y s t a l  sizes w e r e  m e a s u r e d  
f rom these  pho tog raphs .  

X-Ray Photographs 

B a c k  ref lec t ion  x - r a y  L a u e  p h o t o g r a p h s  of the  
l a y e r s  w e r e  t aken ,  w i t h  the  f ron t  w i n d o w  of the  
cel l  r e m o v e d ,  us ing  r a d i a t i o n  w h i c h  cons i s t ed  p r e -  
d o m i n a n t l y  of the  Ka l  and  Ka~ l ines  of copper .  A 
h a l f - m i l l i m e t e r  d i a m e t e r  c o l l i m a t o r  d i r e c t e d  the  
b e a m  on to t he  spec imen ,  a n d  the  f i l m - s p e c i m e n  
spac ing  was  3 cm. E x p o s u r e  t imes  of 3-4 h r  w e r e  
r equ i r ed .  

The  x - r a y  p h o t o g r a p h s  g ive  an  i nd i ca t i on  of 
c ry s t a l  size (5) s ince the  s ca t t e r ed  b e a m s  f r o m  v e r y  
sma l l  c r y s t a l s  a r e  b r o a d e n e d  and  the  b r o a d e n i n g  
f rom c r y s t a l s  up  to 300A th i ck  is suff icient  to  p r e -  
ven t  r e s o l u t i o n  of t he  a double t .  B e t w e e n  300A and 
1000A b r o a d e n i n g  s t i l l  occurs,  bu t  the  d o u b l e t  can 
be r e s o l v e d  and  above  1000A the  d o u b l e t  is fu l l y  
reso lved .  C r y s t a l  sizes f r o m  1000A up  to 10,000A 
give  con t inuous  sha rp  d i f f rac t ion  r ings ,  b u t  above  
tha t  t h e r e  a r e  insuff ic ient  o r i e n t a t i o n s  p r e s e n t  in t he  
i r r a d i a t e d  r eg ion  of t he  l a y e r  to g ive  con t inuous  
r ings  w h i c h  t hen  beg in  to a p p e a r  spo t ty .  

D e b y e - S c h e r r e r  p h o t o g r a p h s  t a k e n  on p o w d e r  
s c r aped  f r o m  the  l a y e r s  conf i rmed  t h a t  the  m a t e r i a l  
was P b T e  w i t h  the  same  l a t t i ce  spac ing ,  6.45A, as 
the  o r i g i n a l  c rys ta l s .  

Results 
Lead Telluride.--Figures 1 to 6 show x - r a y  and  

e l ec t ron  mic roscope  p h o t o g r a p h s  and  m e a s u r e m e n t s  
of s p e c t r a l  r e sponse  at  90~ o b t a i n e d  f r o m  a ser ies  
of l e a d  t e l l u r i d e  l a y e r s  p r e p a r e d  as d e s c r i b e d  in 
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Fig. 1. PbZe cell H14 formed at 90~ Electron micro- 
graph, x-ray kaue photograph, and spectral response. 

Fig. 2. PbTe cell H22 formed at 193~ As Fig. 1 

Fig. 3. PbTe cell H21 farmed at 300~ As Fig. I 
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Fig. 4. PbTe cell H20 formed at 420~ As Fig. 1 

Fig. 5 PbTe cell H18 formed at 650~ As Fig. I 

(2) bu t  w i th  the  glass subs t r a t e  held at  different  
t e m p e r a t u r e s  whi le  the layers  were  be ing  formed.  
Table  I gives the subs t r a t e  t e m p e r a t u r e  at  which  
each cell was  formed and  also the long w a v e - l e n g t h  
l imi t  of its pho toconduc t ive  response  and  an  es t i -  
ma te  f rom the x - r a y  and  e lec t ron  mic rographs  of 
the m e a n  size of the c rys ta l l i tes  in  the layer .  

The oxygen  p ressure  at  which  each l ayer  was 
fo rmed  is also g iven  in  Tab le  I, and  it  wi l l  be seen 
that  the p ressure  has been  increased  w i th  subs t ra te  
t empera tu re .  This increase  was  found  to be neces-  
sary  in  order  to ob ta in  a r easonab le  sens i t iv i ty  in  

Fig. 6. PbTe cell H19 formed at 720~ As Fig. 1 

each layer,  bu t  we  found  tha t  oxygen  pressure  by  
i tself  had no inf luence on the  l imi t  of response.  The 
precise role of oxygen  in  the  sensi t iz ing process is 
no t  discussed in  this  paper.  Jones  (6) has shown in 
e xpe r i me n t s  on the ox ida t ion  of lead selenide tha t  
the a m o u n t  of oxygen  t a ke n  up in  the sens i t iz ing  
process is smal l  ( < 2 % ) .  

F r o m  absorp t ion  m e a s u r e m e n t s  on single crys ta ls  
(7) lead t e l lu r ide  should give a photoconduc t ive  
response  at 90~  e x t e nd i ng  to 5.8~ on the long 
w a v e - l e n g t h  side, a s suming  cor respondence  be tween  
absorp t ion  and  pha toconduc t iv i ty .  It  wil l  be seen 
f rom Fig. 1-6 tha t  the fu l l  spec t ra l  response is ob-  
t a ined  only  f rom layers  fo rmed  on the hot te r  sub -  
s t ra tes  and  the l imi t  of response  in  layers  formed 
on the colder subs t ra tes  occurs at shor ter  wave  
lengths.  The reason  becomes a p p a r e n t  f rom the 
e lec t ron micrographs .  These show a progress ive  i n -  
crease in c rys ta l l i t e  size w i th  increas ing  subs t ra te  
t empera tu re ,  as migh t  be expected,  and  it is on ly  
those layers  which  have  crys ta l l i tes  of adequa te  
size which  exh ib i t  the  fu l l  spec t ra l  response out  
to 5.8~. The cr i t ical  size is b e t w e e n  a qua r t e r  and  a 
hal f  a micron;  crysta ls  sma l l e r  t h a n  tha t  are a p p a r -  
en t ly  u n a b l e  to absorb  the longer  w a v e - l e n g t h  r ad i -  
a t ion  and  the spect ra l  response  is l imi ted  cor respon-  
d ingly .  This e xp l a na t i on  is conf i rmed by  the  
d i sc repancy  b e t w e e n  the m e a s u r e d  absorp t ion  of 
l ayers  (8) and  s ingle  crys ta ls  (7) .  The layers  gave 
an  absorp t ion  edge at abou t  2~ (measu red  at 
290~ whereas  the  absorp t ion  edge of s ingle  c rys -  
tals at the same t e m p e r a t u r e  occurs at 4.5~. The 
absorp t ion  edge of s ingle  crys ta ls  var ies  ve ry  l i t t le  

T a b l e  I 

Figure No. 1 2 3 4 5 6 7 

Cell No. H14 H22 H21 H20 H18 H19 H14 
Substrate temp, ~ 90 193 300 420 650 720 90 
Oxygen pressure, mm Hg 5 X 10 -~ 10 -~ 5 X 10 -~ 7 X 10 -3 10 -~ 10 -~ 5 X 10 -4 
Limit  of response, microns 3 x 3 x 4 5 5.8 5.8 2.5 + 
Crystall i te size, microns <0.03 x <0.03 ~ 0.06 0.12 0.25 0.5 

x A f t e r  t h e  l a y e r  h a d  w a r m e d  u p  to  r o o m  t e m p e r a t u r e .  
+ B e f o r e  t h e  l a y e r  h a d  w a r m e d  u p  t o  r o o m  t e m p e r a t u r e .  
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wi th  devia t ions  f rom s to ich iomet ry  or wi th  the s tate  
of s t r a in  of the  crystal .  The condi t ions  of p r e p a r a -  
t ion  of the layers  in  re fe rence  (8) are no t  given,  
so a compar i son  of the i r  proper t ies  wi th  ours is no t  
possible. 

The  response  of cell H18 fo rmed  at 650~ goes 
out  as far  as tha t  of cell H19 fo rmed  at 720~ bu t  
in  the la t te r  cell h igh sens i t iv i ty  is m a i n t a i n e d  r ight  
out  to 5.5~ whereas  in H18 the sens i t iv i ty  fal ls  
r ap id ly  b~yond 4.5~. This aga in  can be a t t r i b u t e d  
to the  difference in  crys ta l  size. A n  a p p a r e n t  a n -  
oma ly  occurs in  the  response of cell H14, p r epa red  
at  90~ which  goes to a s l igh t ly  longer  wave  
l eng th  t han  H22, formed at 193~ These r e spon-  
ses were,  however ,  measu red  af ter  each cell had 
been  a l lowed to w a r m  up to room t empera tu r e ,  cell 
H14 for a longer  t ime  t h a n  H22. Some increase  in 
crys ta l  size m a y  occur at  room t e m p e r a t u r e  so tha t  
spect ra l  responses  measu red  af ter  w a r m i n g  up are 
no t  t r u l y  charac ter i s t ic  of the t e m p e r a t u r e  of for-  
mat ion .  This  is cons is tent  w i th  the  resu l t  in  Fig. 7 
which  shows the  response  curve  of cell H14 t a ke n  
i m m e d i a t e l y  af ter  the  l ayer  was  fo rmed  at  90~  a nd  
before  it  had  been  a l lowed to w a r m  up at all ;  the  
l imi t  of response  occurs at  an  even  shor ter  wave  
length ,  2.5~. I t  was no t  possible  to measu r e  the 
charac ter i s t ic  c rys ta l  size co r respond ing  to 90~ as 
an  x - r a y  or repl ica  could no t  be  t a k e n  w i t h o u t  
l e t t ing  the  l aye r  come to room t empera tu r e ,  bu t  
the  resu l t  can aga in  be exp la ined  in  t e rms  of crys ta l  
size since it is l ike ly  tha t  the l ayer  formed at ve ry  
low t e m p e r a t u r e  consists of ve ry  smal l  crystals.  

The response  of H14 af ter  a f u r t h e r  a n n e a l  at  620~ 
is shown  in  Fig. 8 toge ther  w i t h  the  x - r a y  and  elec- 
t ron  photographs .  The double t  in  the Laue  d i ag ram 
is now d is t inc t ly  resolved,  c.f. Fig.  1 showing tha t  
the  crysta ls  have  g rown  and  this  is conf i rmed in  the  
e lec t ron  micrograph .  The l imi t  of pho toconduc t ive  
response  has now moved  out  to about  5.8~ and  
sens i t iv i ty  is wel l  m a i n t a i n e d  to n e a r l y  5.5~. 
�9 The phys ica l  appea rance  of the  layers  in  Fig. 1, 2, 

and  8 is character is t ic  of l aye r s  which  are fo rmed  
on subs t ra tes  be low room t empera tu re .  I t  is l ike ly  
t ha t  the  cracks develop t h r o u g h  di f ferent ia l  ex -  
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Fig. 7. Spectral response of  PbTe cell H14 measured im- 
mediately af ter  format ion.  
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Fig. 8. Electron micrograph, x-roy Loue photograph, and 
spectral response of Pbme cell H14 a f t e r  anneal at  620~ 

i i I r 
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Fig. 9. Spectral responses of PbSe cells baked at  d i f ferent 
temperatures. (a) Cell H]  left  ot room temperature;  (b) ceil 
H3 baked at 420~ (c) cell H8 baked at 570~ 

pans ion  d u r i n g  the per iod of w a r m i n g  up  to room 
t empera tu re .  

Lead selenide.--Lead se lenide  l ayers  p r epa red  in  
the  same w a y  by  evapora t ion  give s imi la r  resul ts ,  
and  the  dependence  of spect ra l  response  on crys ta l  
size aga in  occurs. The  resul t s  are no t  g iven  here  in 
deta i l  bu t  Fig. 9 shows how the  l imi t  of response  
can  be  move d  to longer  wave  lengths .  Cell  H1 was  
fo rmed  on a cooled subs t ra te  at 90~  t h r ough  an 
oxygen  pressure  of 10 - = m m  Hg, it  was  a l lowed to 
w a r m  up  to room t empera tu r e ,  and  its response  was 
m e a s u r e d  (at  90~ some t ime  later .  The response  
ends at  abou t  3.5~. Cell  H3 was p r e p a r e d  s imi la r ly  
and  s u b s e q u e n t l y  baked  in vacuo (10 -6 m m  Hg) at 
420~ its response  ex tends  to abou t  5.2~. Cell  H8 
was  ba ke d  ins tead  to 570~ w i t h  a cor responding  
ex tens ion  of response  to about  7~, the  same as the 
l imi t  a t  90~  in  s ingle  crys ta ls  (9) .  X - r a y  and  
e lec t ron  mic rographs  of these  layers  aga in  showed 
a g r a dua l  increase  in  crys ta l  size w i th  the  t e m p e r a -  
tu re  of the hea t  t r e a t m e n t .  

Conclusion 

The long w a v e - l e n g t h  l imi t s  of pho toconduc t ive  
response  a nd  absorp t ion  of evapora t ed  l ayers  of 
PbSe  a nd  P b T e  are re la ted  to the  size of the  c rys-  
ta l l i tes  in  the  layer .  By con t ro l l ing  c rys ta l l i t e  size 
the response  or the  absorp t ion  of a l ayer  can be 
m a d e  to t e r m i n a t e  at  a n y  wave  l e n g t h  up  to the  
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l imi t  fixed by  the  ene rgy  gap of the  compound.  Thus  
i n f r a r e d  filters and  select ive n a r r o w - b a n d  fi l ter-  
de tec tor  combina t ions  can be cons t ruc ted  to operate  
a n y w h e r e  w i t h i n  the  spect ra l  r a n g e  of the mater ia l .  
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Relation of Some Surface Chemical Properties of Zinc Silicate 
Phosphor to its Behavior in Fluorescent Lamps 

D. E. Harrison 1 

Luminescent Materials Laboratories, Lamp Metals and Components Department, 
General Electric Company, Cleveland, Ohio 

ABSTRACT 

The importance of the surface properties of zinc silicate phosphor to fluores- 
cent brightness and lumen maintenance  has been demonstrated. A phenome-  
nological theory is developed which accounts qual i ta t ively for some of the 
changes that occur dur ing lamp burning.  Inheren t  in this theory is the concept 
of a h igh- tempera ture  surface phase which is a par t  of the zinc silicate crystal. 
The surface phase may be retained at room tempera ture  by rapid quenching, 
but  if the phosphor is cooled slowly the surface phase dissociates, probably 
into its const i tuent  oxides. As a result  Mn 2§ can be oxidized, and Zn ~§ can be 
reduced either by vacuum firing or by photolysis by u.v. light. Metallic zinc 
is produced as a consequence of lamp burn ing  and it amalgamates with mer-  
cury. The zinc atoms on the phosphor surface act as vapor traps for mercury 
and cause it to distr ibute itself over the surface, probably as t iny droplets. 
The oxidation of Mn ~§ and the reduct ion of Zn ~§ can be prevented by formation 
of a protective layer  on the phosphor surface, e. g. ZnSb20,. It is thought that 
the surface properties of zinc silicate phosphor, par t icular ly  those which affect 
the extent  and perfection of a protective coating, greatly influence the quality 
of lamps produced by identical procedures. 

Zinc  or thosi l ica te  ac t iva ted  by  m a n g a n e s e  is a 
phosphor  which  has been  the subjec t  of n u m e r o u s  
inves t iga t ions  (1 -5) .  In  add i t ion  to the  usua l  g reen  
l u m i n e s c e n t  form, red  and  ye l low phosphors  have  
been  p repa red  (6 -9) .  The g reen  l u m i n e s c e n t  fo rm 
is of va lue  as a l amp  phosphor .  U n f o r t u n a t e l y  how-  
ever,  w h e n  it  is used in  f luorescent  l amps  it exhib i t s  
poor  m a i n t e n a n c e .  Lowry  (10) showed tha t  the 
m a i n t e n a n c e  could be improved  subs t an t i a l l y  by  
the add i t ion  of smal l  a m o u n t s  of Sb~O~ to the phos-  
phor ;  the best  resul t s  were  observed  w h e n  the add i -  
t ion  was made  to the coat ing suspension.  Mer r i l l  
and  Davis  (11) d e m o n s t r a t e d  s imi la r  resul t s  by  
incorpora t ion  of smal l  a m o u n t s  of As plus  Pb  in 
the phosphor  m a t r i x  d u r i n g  synthesis .  

The  prac t ica l  advan tages  of Sb~O, addi t ions  have  
been  used for m a n y  years,  bu t  neve r the les s  seem-  
ing ly  iden t ica l  phosphor  p r epa ra t i ons  and  l a m p -  
m a k i n g  procedures  y ie ld  di f ferent  l amp results.  

The  subjec t  is t r ea ted  as a s u m m a r i z a t i o n  of ob-  
se rva t ions  which  seem p e r t i n e n t  to an  u n d e r s t a n d -  
ing of the zinc si l icate phosphor.  Phase  s tudies  are 

1 P resen t  address :  Meta l lu rgy  Department, Research Laboratories, 
Westinghouse Electric Corp., P i t t sburgh ,  Pa.  

considered  to show tha t  u n d e r  e q u i l i b r i u m  condi-  
t ions phosphor  composi t ions  consist  essent ia l ly  of 
(Zn, Mn)~SiO4 plus  SiO~. The  effects of the ZnO/SiO~ 
rat io and  phosphor  synthes i s  t e m p e r a t u r e  on l u m e n  
ou tpu t  are shown. Some of the surface  chemical  
p roper t ies  of zinc sil icate phosphor  are given,  and  
ev idence  is p r e sen t ed  for changes  in  the  c rys ta l lo-  
graphic  s t ruc tu re  of the surface.  F i n a l l y  a p h e n o m -  
enological  m e c h a n i s m  of f luorescent  de te r io ra t ion  
of zinc si l icate phosphors  in  f luorescent  lamps is 
given.  

Experimental Procedure 
Raw mate r i a l s  used w he r e  silicic acid p repared  

by  hydro lys i s  of t e t rae thy lor thos i l i ca te ,  New Jersey  
Zinc  C o m p a n y  USP grade  ZnO, Mal l inckrod t  r e -  
agent  g rade  MnCO~, Sb~O~, As~O~, (NH4)2HPO,, 
SnO~, TiO2 H,BO~, and  Reynolds  A120~xH~O. Com-  
posi t ions were  mixed  in  a m o r t a r  wi th  acetone un t i l  
dry.  Calc ines  were  p r epa red  in  fused silica crucibles  
at  t e m p e r a t u r e s  r a n g i n g  f rom 1200 ~ to 1300~ Heat  
t r e a t m e n t s  we re  done in  si l icon ca rb ide  electric r e -  
s is tance fu rnaces  and  p l a t i n u m - w o u n d  res is tance 
furnaces .  
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The  pH va lues  of wa te r  suspens ions  of zinc si l icate 
phosphor  were  m e a s u r e d  in  the fo l lowing  m a n n e r :  
60 ml  of dis t i l led wa te r  were  ad jus t ed  to a pH of 
6.0 by  absorp t ion  of a smal l  a m o u n t  of CO~. One 
g ram of phosphor  was added to the  wa t e r  and  the  
m i x t u r e  was  s t i r red  sufficiently to m a i n t a i n  the 
phosphor  in  suspension.  The po lye thy l ene  beake r  
which  con ta ined  the  suspens ion  was covered and  a 
s t ream of n i t r ogen  was passed over  the cover  in  
order  to p r e v e n t  CO~ f rom diffusing in  a r o u n d  the 
electrodes and  st i rrer .  M e a s u r e m e n t s  we re  ob ta ined  
by  means  of a B e c k m a n  glass e lect rode pH meter .  
Resul ts  were  reproduc ib le  to ----- 0.05 pH uni ts .  

L u m e n  data  were  ob ta ined  f rom 40-w f luorescent  
l amps  us ing  s t anda rd  l a m p - m a k i n g  and  p h o t o m e t r y  
procedures .  

Results and Discussion 
Phase Studies 

The sys tem ZnO-SiO~ was inves t iga ted  by  B u n t -  
ing (12) who repor ted  tha t  Zn~SiO, is the  on ly  com-  
pound  which  exists  in  the b i n a r y  system. The 
absence  of a metas i l i ca te  is surpr i s ing ,  for this com- 
pound  is found  in  other  sys tems of the  type  RO-SiO~ 
where  RO ~ CaO, MgO, SrO, BaO, or MnO. L e v -  
erenz (13) pos tu la ted  the exis tence  of a deficiency 
s t ruc tu re  b e t w e e n  the o r t h o - a n d  me ta - s i l i ca t e  com-  
positions.  This  op in ion  was  based on obse rva t ions  
f rom x - r a y  s tudies  tha t  no n e w  phases  appeared  
wi th  ZnO/SiO~ rat ios be tween  the o r t h o - a n d  rec ta-  
si l icate composi t ions  and  tha t  the Zn~SiO, p a t t e r n  
r e m a i n e d  u n c h a n g e d  w h e n  m i x t u r e s  were  p repa red  
f rom ZnO and  silicic acid. 

R e - e x a m i n a t i o n  of the  sys tem conf i rmed the 
ear l ie r  resu l t s  of B u n t i n g  tha t  ZnSiO~ does not  
exist. Microscopic and  x - r a y  e x a m i n a t i o n  of com- 
posi t ions b e t w e e n  Zn2SiO4 and  SiO~ ( in t roduced  as 
silicic acid) revea led  tha t  the silica is v e r y  r e l uc t a n t  
to fo rm a c rys ta l l ine  modif icat ion even  on pro longed  
hea t ing  and  tha t  it  does not  occur as isolated p a r -  
ticles b u t  r a the r  it  appears  to fo rm a "cocoon" 
a r o u n d  the  Zn~SiO~ crystals .  X - r a y  and  microscopic 
data  show no evidence  of solid so lu t ion  b e t w e e n  
Zn~SiO, and  SiO~. 

Studies  in  the sys tem Z n O - M n O - S i O ,  (14) 
showed tha t  there  is a b i n a r y  jo in  b e t w e e n  Zn,  SiO~ 
and  MnSiO,  and  that  MnSiO~ is soluble  in  Zn,SiO~ 
in excess of 10 mole % at 1300~ which  is more  
t han  twice  the a m o u n t  of m a n g a n e s e  n o r m a l l y  used 
as an  act ivator .  Since there  appears  to be no solu-  
b i l i ty  of SiO~ in  e i ther  Zn~SiO~ or (Zn,Mn)~SiO~, 
phosphor  composi t ions  can be rega rded  as essen-  
t ia l ly  a two-phase  sys tem of (Zn,Mn)oSiO~ plus  SiO~. 

In  order  to inves t iga te  the  effects of the  Z n O /  
SiO~ rat io  and  synthes is  t e m p e r a t u r e  of the phosphor  
on l a m p  pe r fo rmance ,  the  fo l lowing synthes i s  t ech-  
n ique  was  used: o v e r - a l l  composi t ions  w i t h  the  de-  
sired ZnO/SiO.o rat ios  were  p r epa red  at  1200 ~ 
1250~ f rom ZnO plus  silicic acid. The  r equ i r ed  
a m o u n t  of m a n g a n e s e  was in t roduced  as the car-  
bona te  in  a second fir ing at e i ther  1200 ~ 1250 ~ or 
1300~ This  p rocedure  yields  a wide  r ange  of phos-  
phor  composi t ions  which  have  high powder  b r i g h t -  
ness. If ZnO + SiO, + MnO in i t i a l ly  are fired to-  
gether,  a f i r ing t e m p e r a t u r e  of 1300~ is r equ i r ed  to 

develop fu l l  b r igh tness  unless  a flux is used. 
Zinc  si l icate phosphor  is exci ted by  2537A or 

3650A rad i a t i on  but  the response  to 3650 develops  
af ter  f ir ing the phosphor  at h igher  t e m p e r a t u r e s  
t h a n  are r e q u i r e d  for good response  to 2537. This  
effect was d e m o n s t r a t e d  by  t h e r m a l  g r ad i en t  f ir ings 
in  air. Zinc  or thosi l ica te  was  p r epa red  at 1200~ 
hr. To this  m a t e r i a l  was  added  the  necessa ry  a m o u n t  
of MnCO~ and  the m i x t u r e  was  fired in  a t h e r m a l  
g rad ien t  f u r n a c e  in  the t e m p e r a t u r e  r ange  f rom 
600 ~ to 1350~ At  1200~ the phosphor  had  95% 
of the  m a x i m u m  fluorescent  b r igh tness  observed  
w h e n  exci ted by  2537, bu t  it  had  p rac t i ca l ly  no 
response  to 3650. 1220~ increased  the response  
bo th  to 2537 a n d  3650. The  m a x i m u m  b r igh tnes s  
u n d e r  2537 was  ob ta ined  b e t w e e n  1250 ~ and  1300 ~ 
bu t  at  1350~ there  was m a r k e d  s in t e r ing  and  a 
decrease in  b r igh tness .  In  contrast ,  the  b r igh tnes s  
u n d e r  3650 increased  in a u n i f o r m  m a n n e r  f rom 
1250 ~ to 1350~ 

Relation 05 Phosphor Preparation to L u m e n  Output  

The effect of var ious  ZnO/SiO~ rat ios  on l a m p  
pe r f o r ma nc e  is g iven  in  Fig. 1. Test  phosphors  were  
p r e p a r e d  by  first f o rming  zinc si l icate at 1200~ and  
then  i n t r oduc i ng  the r equ i r ed  a m o u n t  of m a n g a n e s e  
in  a second f ir ing at  1200~ A control  phosphor  was  
p repa red  by  f ir ing toge ther  ZnO + MnO + SiO~ at  
1300~ u s i n g  a ZnO/SiO~ ra t io  of 1.7/1.0. In  all  tests  
an  add i t ion  of 0.1 wt  % Sb.~O~ was made  to the phos-  
phor  coat ing suspension.  A l ine  on the  o rd ina t e  
opposi te  the ZnO/SiO~ rat io indica tes  the spread  in  
l u m e n  va lues  ob ta ined  f rom a seven l amp  test  at 
zero hours.  The two curves  shown per  test  r ep re sen t  
the  ex t r emes  per  var ia t ion ,  as m e a s u r e d  d u r i n g  the  
t ime  of the  test. The  da ta  show tha t  a phosphor  w i t h  
a mole  rat io of 1.9/1.0 is comparab le  in  l u m e n  p e r -  
fo rmance  to one w i th  a ra t io  of 1.5/1.0, whe reas  a 
phosphor  wi th  a ra t io  of 1.7/1.0 is subs t a n t i a l l y  
bet ter .  By  some me a ns  a ce r ta in  excess of silica 
gives an  i m p r o v e m e n t  in  l u m e n  output ,  bu t  too large 
an  excess cancels  the  in i t i a l  gain.  Since silicic acid 
in  contact  w i th  (Zn,  Mn)~SiO, is r e l u c t a n t  to fo rm 
a c rys ta l l ine  modif icat ion even  on pro longed  hea t -  
ing, too la rge  an  excess of sil ica m a y  have  a de le te r -  
ious effect on l amp  p e r f o r m a n c e  as a resu l t  of c a r r y -  
ing wa te r  into the  lamp.  However ,  the  fact  tha t  
some sort of surface  pro tec t ion  is r equ i r ed  s t rong ly  
suggests tha t  the  surface  proper t ies  of zinc si l icate 
i tself  m a y  be an  i m p o r t a n t  factor  in  phosphor  de-  
precia t ion.  

Z / S "  1"7/I I 

IiO 

I00 

9 0  m~ 
m 

8 0  

HOURS 5 0 0  

Fig. 1. Effect af ZnO/SiO~ ratio on the eff iciency and main- 
tenance of zinc sil icate phasphors, 
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Fig. 2. Effect of f i r ing temperature on the eff iciency and 
maintenance of zinc silicate phosphors. 

F u r t h e r  ev idence  of the  possible effect of surface 
proper t ies  was  g iven  b y  the  fo l lowing  test :  zinc 
si l icate was  fo rmed  at  t250~ the  r e q u i r e d  a m o u n t  
of m a n g a n e s e  was  i n t roduced  in  a second fir ing at  
e i ther  1200 ~ 1250 ~ or 1300~ to y ie ld  composi t ions  
low in  free silica, i.e., (Zno.~0Mno.oo)~SiO,. Lamps  
were  p r e p a r e d  f rom each of the  th ree  test  lots; r e -  
sults  are shown in  Fig. 2. The l ines  on the  o rd in -  
ate opposite the fir ing t e m p e r a t u r e s  and  the  two 
curves  per  test  have  the same m e a n i n g  as in  Fig. 1. 
It  is seen tha t  the spread  w i t h i n  each group  increases  
as the  second firing t e m p e r a t u r e  increases.  As l amp 
b u r n i n g  progresses,  changes  occur which  t end  to 
min imize  the  differences in i t i a l ly  present .  Ev i de n t l y  
h igher  f ir ing t e m p e r a t u r e s  produce  changes  in the 
phosphor  which  m a k e  it more  suscept ib le  to l amp 
m a k i n g  var iables .  

Evidence for the Formation o] a Surface Phase 

The suspic ion tha t  a surface  a l t e ra t ion  does oc- 
cur  in  zinc si l icate phosphor  d u r i n g  synthes is  is con-  
f i rmed by  compar i son  of x - r a y  and  e lec t ron  diffrac- 
t ion  data.  These data,  which  are l is ted in  Table  I, 
were  ob ta ined  f rom a sample  wi th  a mo la r  compo-  
s i t ion of (Zno.~oMno.o~)~SiO~ and  fired th ree  t imes  at  
1250~ hr. The first c o l u m n  lists "d" va lues  ob-  
t a ined  f rom x - r a y  da ta  which  reflect the a r r a n g e -  
m e n t  of a toms in  the  in te r io r  of the  crystal .  The 
four th  co lumn  lists "d" va lues  ca lcula ted  f rom elec-  
t ron  diffract ion da ta  wh ich  gives the a r r a n g e m e n t  
of a toms on the  surface.  Compar i son  of the  two sets 
of "d" values  shows tha t  there  is a shift  in  la t t ice  
spacing b e t w e e n  the  sur face  and  in te r io r  of the  crys-  
tal. 

The  surface  phase canno t  be accounted  for by  an 
accumulation o f  ei ther  ZnO, MnO, Mn~O~, Mn~O~, 
ZnMn~O~, or any  of the c rys ta l l ine  modif icat ions of 
SiO=. Therefore ,  it appears  tha t  a d is t inc t  n e w  phase 
develops on the surface of (Zn,Mn)~SiO,.  

Z inc  si l icate phosphor  can fluoresce e i ther  green,  
yellow, or red, or a comb ina t i on  of these colors de-  
pend ing  on the me thod  of p repa ra t ion .  As was m e n -  
t ioned earl ier ,  zinc si l icate phosphor  develops a 
response  to 3650A exc i t a t ion  w h e n  fired a t  t e m p e r -  
a tu res  h igher  t h a n  abou t  1200~ Since the  g reen  
emiss ion u n d e r  3650A is the  same as tha t  u n d e r  
2537A, it appears  tha t  the  d e v e l o p m e n t  of a surface  
phase serves to in t roduce  n e w  absorp t ion  centers  
bu t  not  d i f ferent  types  of l u m i n e s c e n t  centers.  Com-  
par i son  of the x - r a y  da ta  of ye l low l u m i n e s c e n t  
powders  s tudied  by  Rooksby and  McKeag (7) and  

Pfeiffer  and  F o n d a  (8) ,  respect ive ly ,  and  of ye l low 
and  y e l l o w - g r e e n  l u m i n e s c e n t  films e x a m i n e d  b y  
F e l d m a n  and  O 'Hara  (9) showed no cor re la t ion  
w i th  the sur face  phase  pos tu la t ed  in  the p r e sen t  
s tudy.  The red f luorescent  fo rm is in  a v i t reous  s tate  
as shown by  Pfeiffer  and  Fonda .  

Closely re la ted  to the phenac i t e  s t ruc tu re  of zinc 
or thosi l icate  is the  spinel  a r r a n g e m e n t .  The oxygen  
a toms in  spinel  are  in  a f ace -cen t e r ed  cubic order.  
The  "'d'" spacings of a f ace -cen t e r ed  cubic s t ruc tu re  
were  ca lcula ted  on the basis  of the  s t rongest  l ine  
observed  in  the  e lec t ron  di f f ract ion data.  The las t  
c o l u m n  in  Tab le  I lists the  ca lcu la ted  "d" values .  
There  appears  to be a r ea sonab le  fit b e t w e en  the  
ca lcula ted  va lues  and  the "d" va lues  ob ta ined  f rom 
e lec t ron  dif f ract ion data,  p a r t i c u l a r l y  wi th  the  sma l l e r  
"d" spacings.  The  da ta  show tha t  a surface r e a r -  
r a n g e m e n t  has occurred  and  tha t  it  seems to be a 
sp ine l - l i ke  s t ruc ture .  

The  phenac i t e  and  spinel  s t ruc tu re s  of A~BO, com-  
pounds  are s imi l a r  enough  that ,  in  some cases, an  
increase  in t e m p e r a t u r e  can cause a phase t rans i t ion .  
For  example ,  Li~SO~ and  Li~MoO, are d imorphic  w i th  
l o w - t e m p e r a t u r e  phenac i te  and  h i g h - t e m p e r a t u r e  
spinel  s t ructures .  Since b u l k  Zn~SiO~ does not  have  
a spinel  modificat ion,  and  since, in  general ,  r econ-  
s t ruc t ive  invers ions  show posi t ive  vo lume  changes  
in  the  d i rec t ion  of inc reas ing  t empe ra tu r e ,  a sp ine l  
modif icat ion of zinc sil icate could be expected to be 
s table  at the surface  of the  c rys ta l  at  t e m p e r a t u r e s  
n e a r e r  the me l t i ng  point ,  e.g., 1200~176 T h e r e -  
fore, at  some lower  t empe ra tu r e ,  the  pos tu la ted  su r -  
face phase wi l l  become u n s t a b l e  and  should idea l ly  
i nve r t  back to the  phenac i te  a r r a n g e m e n t .  As wi l l  
be developed later ,  it appears  u n l i k e l y  tha t  a s imple  
inve r s ion  occurs bu t  r a the r  tha t  the surface phase  
dissociates into its cons t i tuen t  oxides. 

Different ia l  t h e r m a l  ana lys i s  da ta  seem to fit this  
gene ra l  scheme: DTA curves  of p rev ious ly  fo rmed  
zinc sil icate phosphors  showed a smal l  bu t  r ep ro -  
duc ib le  exo thermic  effect on heat ing,  b e g i n n i n g  at 
abou t  1250 ~ and  exh ib i t ing  a broad  m a x i m u m  in the  
reg ion  of 1320~ No heat  effects were  observed  
d u r i n g  cooling. H i g h - t e m p e r a t u r e  x - r a y  ana lys i s  
by  H u m m e l  (15) d e m o n s t r a t e d  tha t  the t h e r m a l  
effect is no t  the resu l t  of a " b u l k "  c rys ta l lographic  

Table 1. (Zno.~oMno.os)2SiO4 thrice fired at 1250~ hr 

" S u b s t r a t e  . . . .  S u r f a c e "  F - c u b i c  
a : 9.138 

d I / I  Adl*  d I Ad.~* d 

4.055 60 +0.181 3.874 M +0.696 4.572 
3.509 90 +0.179 3.330 M --O.101 3.229 
2.850 60 +0.096 2.754 S 0 2.754 
2.650 100 +0.108 2.542 M +0.096 .2.638 
2.327 70 +0.085 2.242 M ~-0.046 2.284 
2.017 30 +0.062 1.953 W --0.101 2.043 
1.866 70 +0.060 1.806 M +0.059 1.865 
1.692 20 +0.039 1.653 W +0.105 1.758 
1.602 30 -}-0.015 1.587 W ~-0.028 1.615 
1.523 20 +0.020 1.503 W ~-0.020 1.523 
1.424 60 +0.023 1.401 S --0.008 1.393 
1.340 40 +0.020 1.329 M --0.001 1.319 
1.213 10 ~-0.022 1.191 W --0.002 1.189 
1.007 20 +0.011 0.996 W1VI +0.001 0.997 

* Adl a n d  Ad~ a r e  t h e  d i f f e r e n c e s  b e t w e e n  t h e  " d "  v a l u e s  of  t h e  
" s u b s t r a t e "  a n d  t h e  " s u r f a c e "  a n d  t h e  " s u r f a c e "  a n d  t h e  F - c u b i c  
s p a c i n g s ,  r e s p e c t i v e l y .  
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invers ion .  S ince  the  p h o s p h o r  was  o r i g i n a l l y  f u r -  
n a c e - c o o l e d  f r o m  a b o u t  1250~ a s t ab le  h i g h - t e m -  
p e r a t u r e  su r f ace  p h a s e  has  h a d  an  o p p o r t u n i t y  to 
i n v e r t  to a l o w - t e m p e r a t u r e  modi f i ca t ion  or  to d i s -  
sociate .  The  e x o t h e r m i c  effect a t  1250~ on r e -  
h e a t i n g  sugges t s  a r e c o m b i n a t i o n  r e a c t i o n  of t he  
d i s soc ia t ed  p r o d u c t s  of the  h i g h - t e m p e r a t u r e  s u r -  
face  phase .  If  t h e r e  w e r e  a s imp le  c r y s t a l l o g r a p h i c  
invers ion ,  an  e n d o t h e r m i c  r a t h e r  t h a n  an  e x o t h e r m i c  
effect  w o u l d  be  expec ted .  The  s lugg i shness  of a 
d i s soc ia t ion  or  i nve r s ion  could  p r e v e n t  the  a p p e a r -  
ance  of a n y  d i s t inc t  t h e r m a l  effects on cooling.  

A r o u g h  e s t i m a t e  of the  t h i cknes s  of t he  su r f ace  
l a y e r  can  be  m a d e  b y  c o m p a r i n g  the  p a t t e r n s  o b -  
t a i n e d  b y  x - r a y  and  e l ec t ron  d i f f r ac t ion  t e c h n i q u e  s . 
F o r  ionic  c rys ta l s ,  t he  d e p t h  of e l e c t r o n  p e n e t r a t i o n  
is of the  o r d e r  of 10A (16),  w h e r e a s ,  ox ide  f i lms 
s e v e r a l  h u n d r e d  a n g s t r o m s  in t h i cknes s  h a v e  insuff i -  
c ien t  v o l u m e s  to p r o d u c e  x - r a y  l ines.  S ince  the  x - r a y  
p a t t e r n  d id  not  show even  diffuse l ines  c o r r e s p o n d -  
ing to the  e l ec t ron  d i f f rac t ion  da ta ,  the  su r face  p h a s e  
m a y  be  f rom a b o u t  t en  to s e v e r a l  h u n d r e d  a n g s t r o m s  
in th ickness .  A su r f ace  f i lm w i t h  th is  o r d e r  of  
v o l u m e  could  c o n c e i v a b l y  p r o d u c e  the  t h e r m a l  effect 
d e t e c t e d  b y  DTA.  

Some Suryace Chemical Properties oy Zinc 
Silicate Phosphor 

Differences  in t he  su r face  p r o p e r t i e s  of the  p h o s -  
pho r  a r e  re f lec ted  in m e a s u r e m e n t s  of p H  and  ox i -  
d iz ing  po ten t i a l .  The  d a t a  a re  shown  in Fig.  3. Zinc  
o r thos i l i ca te ,  f r ee  of manganese ,  has  a p H  of a b o u t  
6.80 and,  of course,  no ox id iz ing  p o t e n t i a l  as  ev i -  
d e n c e d  b y  o rgan ic  ind ica to r s  such  as b e n z i d i n e  (17) .  
W h e n  the  p r e v i o u s l y  f o r m e d  zinc s i l i ca te  was  a c t i -  
v a t e d  b y  m a n g a n e s e  to y i e ld  the  compos i t ion  (Zno.~0 
Mn0.~o)~SiO~, f i red at  1250~ hr,  and  cooled in t he  
fu rnace ,  i t  e x h i b i t e d  m a r k e d  ox id iz ing  p o t e n t i a l  
and  a p H  of 7.85. W h e n  th is  p h o s p h o r  was  q u e n c h e d  
f r o m  t e m p e r a t u r e s  above  1000~ the  ox id iz ing  p o -  
t en t i a l  was  los t  a n d  the  p H  d r o p p e d  to 6.82. 

Changes  in p H  and  ox id iz ing  p o t e n t i a l  can  be  e x -  
p l a i n e d  on the  bas i s  of the  p r o p e r t i e s  of a su r f ace  
s t ruc tu re .  A p h o s p h o r  p r e p a r a t i o n  t e m p e r a t u r e  of 
1300~ wi l l  f a v o r  d i v a l e n t  m a n g a n e s e  b y  the  v a l e n c y  
i soba r  effect. S ince  Mn =+ wi l l  subs t i t u t e  i s o m o r p h -  
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Fig. 3. Effect of surface treatment of zinc silicate phos- 
phors on pH. (A) (Zno.eoMno.o~)eSiO,; (B) (Zno.~oMno.o~)~SiO~:BsO3; 
(C) ZnB204; (D) (Zno.9oMno.o~)gSiO~:Sb~O.~; (E) (Zno.9oMno.os)~SiO4:- 
P~O~; (F) Zn3(PO~)~; (G) ZnsSiO4; (H) (Zno.9~Mno.os)2SiO~ air 
quenched from 1050~ 
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ous ly  for  Zn -~, r a p i d  quench ing  of t he  p h o s p h o r  
shou ld  f reeze  in  t he  su r f ace  s t r u c t u r e  in w h i c h  
Mn ~§ is s tab le .  The re fo re ,  a q u e n c h e d  p h o s p h o r  
w o u l d  h a v e  zero  ox id i z ing  p o t e n t i a l  a n d  a p H  s i m i -  
l a r  to t ha t  of u n a c t i v a t e d  zinc o r thos i l i ca te .  On the  
o the r  hand ,  if  the  p h o s p h o r  is cooled  s lowly ,  t he  
su r f ace  p h a s e  has  an  o p p o r t u n i t y  to d i s soc ia te  a n d  as 
a r e s u l t  some of t he  d i v a l e n t  m a n g a n e s e  is ox id ized .  
C o n s e q u e n t l y  the  p h o s p h o r  n o w  e x h i b i t s  h igh  ox id i z -  
ing po ten t i a l .  The  h i g h e r  p H  over  t h a t  of n o n a c t i -  
v a t e d  z inc  s i l i ca te  is p r o b a b l y  a r e su l t  of t he  f o r m a -  
t ion of Mn~O~ x H20 or  MnO~(OH)~ on the  su r f ace  of 
the  p h o s p h o r  w h e r e  i t  s e rves  as a n o t h e r  source  of 
( O H ) -  ions. 

A p h o s p h o r  p r e p a r e d  a t  1300~ a n d  cooled  in  the  
f u r n a c e  w i l l  a c qu i r e  a t a n  co lo ra t i on  a f t e r  s t a n d -  
ing  a f ew  d a y s  in air .  This  effect is m u c h  a c c e l e r -  
a t ed  b y  r e h e a t i n g  the  m a t e r i a l  in  a i r  a t  600~ H o w -  
ever,  if t he  p h o s p h o r  is q u e n c h e d  f r o m  t e m p e r a t u r e s  
above  1000~ i t  is f a r  m o r e  r e s i s t a n t  to p o w d e r  d i s -  
co lora t ion .  Thus,  h i g h e r  ox ides  of m a n g a n e s e  as 
e v i d e n c e d  b y  h i g h e r  ox id i z ing  p o t e n t i a l  and  p o w d e r  
d i s c o lo r a t i on  a p p e a r  to be  a s soc ia t ed  w i t h  t h e  d i s -  
soc ia t ion  of a su r f ace  phase .  

F r o e l i c h  (18) conc luded  f r o m  his  s tud ies  of M n -  
a c t i v a t e d  s i l i ca te  p h o s p h o r s  t h a t  ox id i z ing  m a t t e r ,  
p r e s u m a b l y  M n  ~+, is l o c a t e d  a t  or  n e a r  t h e  su r f ace  
of t he  p h o s p h o r  c rys t a l s .  Thus,  he  o b s e r v e d  t h a t  
Z n - B e  s i l icate ,  w h i c h  is i s o s t r u c t u r a l  w i t h  Zn~SiO~, 
a c t i v a t e d  b y  m a n g a n e s e  a c q u i r e d  a t a n  co lo ra t i on  
and  h igh  ox id iz ing  p o t e n t i a l  w h e n  f i red b e t w e e n  
abou t  350 ~ and  1000~ E x p e r i m e n t s  s h o w e d  tha t  
the  h i g h e r  ox ides  of m a n g a n e s e  d id  no t  d e v e l o p  d u r -  
ing p h o s p h o r  syn thes i s  b u t  on ly  a f t e r  t he  m a t e r i a l  
was  h e a t e d  in  t he  t e m p e r a t u r e  r a n g e  of i n s t a b i l i t y  
p r e v i o u s l y  m e n t i o n e d .  S u m m a r i z i n g ,  F r o e l i c h  c o m -  
m e n t s  tha t ,  " i t  can  be  sa id  t ha t  m a n g a n e s e - a c t i v a t e d  
s i l i ca te  phosphors ,  in  p a r t i c u l a r  Z n - B e  s i l icates ,  
have  a r a t h e r  u n s t a b l e  c r y s t a l  su r face  w h i c h  is s u b -  
j ec t  to c h e m i c a l  d e t e r i o r a t i o n  and  d i s i n t e g ra t i on ,  
d e p e n d i n g  u p o n  the  s u r r o u n d i n g  a t m o s p h e r e  and  
t e m p e r a t u r e .  S m a l l  a m o u n t s  of m a n g a n e s e  ox ide  on 
or  i m m e d i a t e l y  b e l o w  the  c r y s t a l  sur face ,  h e l d  m o r e  
or  less loose ly  in  t he  la t t ice ,  a r e  f a i r l y  eas i ly  
a t t a c k e d  b y  o x y g e n  f r o m  the  a t m o s p h e r e  or  o the r  
ox id iz ing  subs tances .  T h e y  seve r  t h e i r  b o n d s  w i t h  
t he  o t h e r  ox ides  in t he  c r y s t a l  l a t t i c e  and  a re  ox i -  
d ized  to free,  b r o w n  m a n g a n i c  oxide ,  Mn~O,, g iv ing  
r ise  to a change  in t he  n a t u r a l  color  a n d  an  a p p a r e n t  
loss of f luorescen t  b r i g h t n e s s . . . "  

The  o x i d a t i o n  of su r f ace  m a n g a n e s e  can  be  a v o i d -  
ed in o the r  w a y s  t h a n  b y  quench ing .  Re t i r ing  the  
p h o s p h o r  w i t h  (NHJ~HPO4 p r o d u c e s  a f i lm of zinc 
p h o s p h a t e  on the  m a t e r i a l  a t  t e m p e r a t u r e s  f r o m  
300 ~ to 800~ The  ox id i z ing  p o t e n t i a l  is los t  and  
the  pH is v e r y  n e a r l y  t h a t  of Zn3(POJ~ as s h o w n  in 
Fig.  3. S i m i l a r  t r e a t m e n t  of the  p h o s p h o r  w i t h  t I ,BO,  
d e s t r o y s  t he  ox id i z ing  p o t e n t i a l  and  y i e ld s  a m a t e r i -  
a l  w i t h  a p H  n e a r l y  t h a t  of ZnB~O~. H o w e v e r ,  t he  
f i r ing t e m p e r a t u r e  is l i m i t e d  to 300~176 because  
of the  v o l a t i l i t y  of B20.~. Re t i r ing  the  p h o s p h o r  w i t h  
Sb_~O3 p r o d u c e s  a f i lm of ZnSb.~O~ as r e v e a l e d  b y  
x - r a y  ana lys i s ,  and  aga in  t he  ox id iz ing  p o t e n t i a l  is 
lost .  
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Changes  in  the  surface  p roper t i es  of z inc si l icate 
phosphor  can be p roduced  at modera t e  t e m p e r a t u r e s  
in  vacuum.  The  p rocedure  was to place the  phosphor  
sample  in  an  a l u m i n a  boat  which  t hen  was sealed in  
a P y r e x  t ube  and  evacua ted  to 1~. The t ube  was  i n -  
ser ted in  a f u rnace  so tha t  one end  p r o t r u d e d  f rom 
the  furnace .  Samples  were  hea ted  at  600~ for 20 hr. 
Resul ts  ob ta ined  f rom u n t r e a t e d  phosphor  and  phos-  
phors  w i th  va r ious  surface modif icat ions  are shown  
in  Tab le  II. Z inc  or thosi l icate  f ree of m a n g a n e s e  
was  pa r t i a l l y  reduced,  and  meta l l i c  zinc collected 
on the  cool po r t ion  of the  tube.  Manganese  solid 
solut ions  in  zinc or thosi l ica te  subs t an t i a l l y  increased  
the  r educ t ion  of zinc as ev idenced  by  a da rke r  gray  
powder  and  l a rger  deposits of meta l l ic  zinc on the 
tube .  

W h e n  zinc si l icate phosphor  is fired at 1200 ~ 
1300~ u n d e r  n e u t r a l  or r educ ing  condi t ions,  the  
powder  t u r n s  g ray  in  color and  the f luorescent  
b r igh tness  is m u c h  decreased.  Therefore ,  it appears  
tha t  Zn~SiO, i tself  m a y  be subjec t  to r educ t ion  qu i t e  
apa r t  f rom the effect of a surface phase. However ,  
s ince the  fo rma t ion  of meta l l i c  zinc can be p r e v e n t e d  
by  su i tab le  surface  t r ea tmen t ,  the  surface s t ruc tu re  
of zinc si l icate seems to p lay  an  i m p o r t a n t  role in  
the  process. A s s u m i n g  tha t  the surface s t ruc tu re  
does con t r ibu t e  d i rec t ly  to the fo rma t ion  of meta l l i c  
zinc, the  effect m a y  arise f rom two causes. U n d e r  
the same condi t ions  of v a c u u m  hea t  t r e a t m e n t  zinc 
me ta l  wi l l  d is t i l l  f rom ZnO. Consequen t ly  the  oc- 
cu r rence  of zinc me ta l  in the phosphor  m a y  be the  
resu l t  of the  presence  of ZnO f rom the dissociat ion 
of the surface  at  600~ A n o t h e r  possible cause m a y  
be f rom an  o x i d a t i o n - r e d u c t i o n  reac t ion  which  oc- 
curs as a resu l t  of the ins t ab i l i ty  of the surface phase. 
Since the coord ina t ion  n u m b e r  of sil icon in  i no r -  
ganic  c rys ta l l ine  ma te r i a l s  is i n v a r i a b l y  four ,  the  
pos tu la t ion  of a su r f ace - sp ine l  phase  suggests  the  
occurrence  of a " n o r m a l "  spinel  s t ruc ture .  Tha t  is, a 
s t ruc tu re  in  which  Si '+ ions are in  fourfold  and  
Zn "+ ions are in  sixfold coord ina t ion  positions.  W h e n  
zinc sil icate which  was p repa red  at  a high t e m p e r a -  
tu re  is r ehea ted  at  a mode ra t e ly  low t empera tu re ,  
e.g., 600~ the su r f ace - sp ine l  phase becomes u n -  
s table  and  a t t emp t s  to fo rm a phenac i t e  s t ruc ture .  
This requ i res  tha t  the  Zn  ~§ ions change  the i r  
coord ina t ion  n u m b e r  f rom 6 back  to 4 since all  
ca t ion sites in the phenac i t e  s t ruc tu re  are fourfo ld  
coord ina t ion  posit ions.  A l though  the o v e r - a l l  
c a t i o n / a n i o n  ra t io  has to be m a i n t a i n e d  in the  s t ruc -  
t u r e  t rans i t ion ,  it m a y  be tha t  local surface condi -  
t ions  give r ise to o x i d a t i o n - r e d u c t i o n  reac t ions  be -  
tween  O ~- and  Zn  ~§ ions. The loss of Zn  and  O_~ u n -  

Table II. Stability of zinc silicate phosphor 

Fluores- 
cent 

b r i g h t -  
n e s s  

B o d y  color  (2537A 
a f t e r  600~ D e -  r a d . )  

f o r  2 0 h r  pos i t  (Zn ,Mn)~  
O x i d i z i n g  a t  Ip~ H g  on  S i04  

S a m p l e  p o t e n t i a l  p r e s s u r e  t u b e  a t  100% 

Zn~SiO~ - -  Light gray Zinc 
(Zn, Mn)~SiO, Positive Dark gray Zinc 72% 
(Zn, Mn) ~SiO~: P~O.~ Negative Dark gray - -  72% 
(Zn, Mn) .~SiO,: As~O~ - -  White - -  102% 
(Zn, Mn) .~SiO,: Sb_oO~ - -  White - -  97% 

ba lances  the  s to ich iomet ry  so tha t  dissociat ion of 
the  sur face  phase resul ts .  As shown in  Tab le  II, Mn  ~+ 
subs t i tu t ions  for Zn  ~§ increases  the a m o u n t  of m e t a l -  
lic zinc produced.  However ,  cons idera t ion  of the 
free e n e r g y  changes  shows tha t  r educ t ion  of Zn  ~§ 
canno t  resu l t  f rom the  ox ida t ion  of Mn  ~§ Therefore,  
it appears  tha t  m a n g a n e s e  p lays  an  ind i rec t  role in  
the r educ t ion  of zinc ions a nd  it m a y  serve to in -  
crease the  ins t ab i l i ty  of the  surface phase.  E x a m i n a -  
t ion of the  re la t ive  field s t reng ths  of Mn  ~§ or M n  ~§ 
and  Zn  ~§ (where  field s t r eng th  is defined as ionic 
v a l e n c e / i o n i c  rad ius )  shows tha t  m a n g a n e s e  ions 
have  h igher  po la r iz ing  power  t h a n  zinc ions. Con-  
sequent ly ,  ox ida t ion  of Mn  ~* enables  it to compete  
more  successful ly  for oxygen  ions t h a n  can  Zn ~§ As 
a resul t ,  a no t he r  d i s r u p t i v e  force is i n t roduced  which  
would  t end  to cause dissociat ion of the  h i g h - t e m -  
p e r a t u r e  phase. 

The reac t iv i ty  of zinc si l icate phosphor  is d e m o n -  
s t ra ted  by  the ease wi th  which  it wi l l  react  wi th  
other  oxides to form a second compound  on the su r -  
face of the  phosphor.  For  example ,  ALO~ wil l  react  
wi th  zinc sil icate at  1000~ to fo rm a layer  of 
ZnA120~, a spinel.  By su i t ab le  surface t r e a t m e n t  both  
the ox ida t ion  of Mn ~§ and  the  r educ t ion  of Zn  ~* ions 
can be p reven ted .  Re- f i r ing  the  phosphor  wi th  Sb~O~, 
or As~O~ forms surface  films of ZnSb~O0 and  p robab ly  
ZnAs~O6, respect ively .  As a resul t  the  phosphor  body 
color r e m a i n s  whi te  and  the  f luorescent  b r igh tness  is 
ma in t a ined .  Since ZnAs~O~ has low u.v. absorp t ion  
and  causes r educ t ion  of oxidized m a n g a n e s e  p resen t  
in the u n t r e a t e d  phosphor  to the d i v a l e n t  state, the 
powder  b r igh tness  is somewhat  h igher  t h a n  tha t  of 
the u n t r e a t e d  mater ia l .  A surface film of zinc phos-  
pha te  p r e v e n t e d  zinc me ta l  f rom vola t i l iz ing  f rom 
the phosphor,  bu t  r educ t ion  still  occur red  as evi -  
denced by  a gray powder  color and  loss of f luorescent  
b r igh tness  (see Tab le  I I ) .  

A f luorescent  l amp  provides  a l o w - p r e s s u r e  en -  
v i r o n m e n t  for the  phosphor  and, d u r i n g  exhaust ,  
t e m p e r a t u r e s  in  excess of 500~ In  addi t ion  there  
is the poss ib i l i ty  of r educ ing  Zn  ~+ by  photolysis  
f rom u.v. r ad ia t ion  p roduced  by  the  m e r c u r y  arc. 
Kress in  (19a) repor ts  tha t  g ray ing  occurs in  zinc 
si l icate phosphors  on exposure  to s t rong  u.v. light. 
He has a t t r i b u t e d  the observed g ray ing  to the for-  
ma t ion  of e l emen ta l  manganese .  Two of the ex-  
pe r i me n t s  on which  Kres s in  (19b) bases his con-  
clusions are  the fo l lowing:  

(a) A weighed  a m o u n t  of g ray  i r r ad ia t ed  phos-  
phor  was placed in  a sil ica bu lb  and  hea ted  in  the 
presence  of a m e a s u r e d  smal l  a m o u n t  of oxygen  
un t i l  the whi te  color of the  or ig ina l  phosphor  was  
restored.  The oxygen  then  was p u m p e d  off, b u r n e d  
with h y d r o g e n  to form water ,  and  the  l a t t e r  de t e r -  
m i ne d  by  means  of K a r l  F ischer  reagent .  The  a m o u n t  
of oxygen  used up by  the phosphor  t hen  was found  
by  difference. A b l a n k  sample  of u n a c t i v a t e d  zinc 
sil icate w i thou t  manganese ,  ca r r ied  t h r ough  the 
en t i re  process as before,  showed no oxygen  consump-  
t ion wha tever .  

(b)  Zinc  sil icate w i th  m a n g a n e s e  was  set t led on a 
quar tz  p la te  and  i r r ad i a t ed  in  v a c u u m  wi th  a 
quar tz  lamp.  D u r i n g  this  exper imen t ,  the  vessel  was  
connec ted  to a mass spect rometer ,  a nd  the  evolu t ion  
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of oxygen  could be detected wi th  this i n s t r u m e n t .  A 
b l a n k  r u n  w i th  zinc si l icate free of m a n g a n e s e  did 
not  show the evo lu t ion  of any  oxygen.  

Kress in ' s  da ta  can be equa l ly  wel l  accounted  for 
by  the  fo rma t ion  of e l e m e n t a l  zinc. Thus,  the  con-  
sumpt ion  of oxygen  in  e x p e r i m e n t  (a) and  the evo-  
lu t ion  of oxygen  in  e x p e r i m e n t  (b)  could be associ-  
ated w i th  the  ox ida t ion  and  r educ t ion  of zinc. The 
fact tha t  the b lank,  which  conta ins  no manganese ,  
did no t  show a s imi la r  reac t ion  is p r o b a b l y  a resu l t  
of zinc or thosi l ica te  hav ing  low absorp t ion  for u.v. 
rad ia t ion .  

If metallic zinc is produced by photolysis or by 
the mechanism described earlier, it logically can be 
expected to react with mercury, probably to form 
an amalgam. To test this hypothesis phosphor was 
brushed from lamps after they had burned for 3000 
hr. Mercury was separated from the phosphor by 
shaking a suspension of 5 g of the phosphor in an 
NH,OH solution, which caused dispersion of the 
phosphor, until a ball of mercury collected at the 
bottom of the tube. The 4 mg of mercury which were 
recovered were washed with acetic acid to dissolve 
traces of Zn,SiO,. Chemical analysis revealed that 
the mercury contained 5 wt % Zn but no Mn. Micro- 
scopic examination of the zinc amalgam before 
chemical analysis revealed that it consisted of a 
mixture of liquid and well defined hexagonal plate- 
lets. These platelets are described by Mellor (20) as 
beta-zinc amalgam. Reference to the phase diagram 
of the system Zn-Hg (21) shows that Zn is soluble 
in Hg to 2.15 wt % at 20~ Therefore, zinc in excess 
of this limit separates from the liquid as crystals of 
beta-zinc amalgam. 

Relation of Surface Properties to the Accumulation 

of Mercury on the Phosphor 
A m e c h a n i s m  of l u m e n  deprec ia t ion  is ind ica ted  

in wh ich  zinc me ta l  sites on the  phosphor  surface  
act as "vapor  t raps"  which  cause the  m e r c u r y  to 
d i s t r ibu te  i tself  over the phosphor  surface.  Of the 
severa l  factors  respons ib le  for l u m e n  deprecia t ion ,  
adsorp t ion  of m e r c u r y  is gene ra l l y  r ega rded  as the  
p r inc ipa l  cause (22).  The  condensa t ion  of m e r c u r y  
in  t i n y  drople ts  on the  phosphor  surface  has been  
considered  by  Froel ich  (22).  If it  is a s sumed  tha t  
the n o r m a l  10-20% l u m e n  drop is the  resu l t  of 
shadowing  by  m e r c u r y  droplets,  the size of the  d rop-  
lets r equ i r ed  lies b e t w e e n  tha t  necessa ry  to cover  a 
cer ta in  f rac t ion  of the l amp  surface to t ha t  r equ i r ed  
to cover the  same f rac t ion  of the  geometr ic  surface  
of the phosphor  powder .  Thus,  a 40-w l amp  wi th  i n -  
t e rna l  surface  area  of 1320 cm" wou ld  r equ i r e  spheres  
of 0.1 to 0.05/~ in  d i ame te r  to shadow 10-20% of 
the sur face  area. A 40-w f luorescent  l amp  conta ins  
about  3.7 g of zinc si l icate phosphor  wh ich  has a 
surface area  of 1.0 to 1.3 m~/g. Therefore ,  the  geo-  
met r ic  surface  area  is in  the order  of 10" cm 2. A g a i n  
a s suming  tha t  the m e r c u r y  condenses  in  spheres,  
droplets  w i th  d iamete r s  in the  order  0.01 to 0.001 
would  be r equ i r ed  to cover  10-20% of the  geometr ic  
phosphor  surface area. 

App l i ca t ion  of the w e l l - k n o w n  Thomson  equa t i on  
(23) shows tha t  a m e r c u r y  sphere  w i th  a 0 .1~ 
d i ame te r  wou ld  have  abou t  10% h igher  vapor  p res -  

sure  t h a n  tha t  over  a flat surface.  The  equa t ion  is 
not  va l id  for spheres  wi th  d iamete r s  0.01-0.001/~ 
since the surface  t ens ion  is no longer  i n d e p e n d e n t  
of the  d iameter .  Such classical cons idera t ions  do 
not  t ake  in to  account  the  effect of sur face  forces on 
the behav io r  of smal l  drople ts  of m e r c u r y  nor  do 
they  consider  the  effect of zinc a toms in  "seeding"  
the condensa t ion  of t i n y  m e r c u r y  droplets.  

The behav io r  of excess silica w i th  Zn~SiO~ suggests  
tha t  surface forces are appreciable .  As was  de-  
scr ibed earl ier ,  excess silicic acid used in  the  p r e p a r a -  
t ion  of Zn_.SiO, is r e l uc t a n t  to fo rm a c rys ta l l ine  
modif icat ion and  tends  to fo rm a cocoon a r o u n d  the  
zinc sil icate crystals.  In  contrast ,  excess silicic acid 
used in  the  p r e p a r a t i o n  of CaSiO~ r e a d i l y  fo rms  
quar tz  crysta ls  which  t end  to r e m a i n  as isolated 
part ic les .  Thus,  it seems possible tha t  smal l  drople ts  
or patches  of m e r c u r y  mi gh t  be p a r t i c u l a r l y  s table  
on the surface  of the  zinc si l icate phosphor.  U n f o r -  
t una te ly ,  e lec t ronmicroscopy  has no t  resolved the  
p r ob l e m so tha t  the  d i s t r i bu t ion  of m e r c u r y  is s t i l l  a 
m a t t e r  of conjec ture .  

I t  is i n s t ruc t ive  to no te  tha t  a l amp which  has 
b u r n e d  for some t ime  and  t h e n  is r ehea ted  to abou t  
300~ wi l l  r ega in  subs t a n t i a l l y  al l  of its l u m e n  drop, 
bu t  the  ra te  of l u m e n  decrease on r e - b u r n i n g  is 
m u c h  g rea te r  t h a n  it  was in i t ia l ly .  E v i d e n t l y  the  
sites which  cause deposi t ion  of m e r c u r y  on the  su r -  
face of the phosphor  are no t  des t royed  by  hea t ing  
to 300~ wi th  the  resu l t  tha t  the  l u m e n  drop is m u c h  
more  rap id  because  of the  g rea te r  n u m b e r  of sites 
opera t ing .  Such  a descr ip t ion  is in  qua l i t a t i ve  agree -  
m e n t  w i th  the  obse rva t ion  tha t  a g ray  colored phos-  
phor,  which  had  been  r e move d  f rom a l amp  af ter  
some hours  of b u r n i n g ,  could no t  be  b leached  by  
acetic acid u n t i l  the sample  had  been  r ehea ted  to 
abou t  300~ Hea t ing  zinc a m a l g a m  to this  t e m p e r a -  
tu re  wi l l  d is t i l l  off the m e r c u r y  a nd  leave  a res idue  
of zinc. Since zinc a m a l g a m  is inso lub le  in  acetic 
acid whereas  zinc is soluble,  it is necessa ry  to de-  
compose the a m a l g a m  before  the  zinc can  be dis-  
solved. 

Relation of Phosphor Surface Chemistry to Lamp 
Brightness 

The behav io r  of zinc si l icate phosphor  d u r i n g  
l amp  m a k i n g  and  l amp b u r n i n g  is complicated.  
However ,  the  obse rva t ions  discussed serve  at least  
qua l i t a t i ve l y  to account  for the  ma j o r  changes  in  
phosphor  br igh tness .  Phosphor  r e move d  f rom a 
l a m p  i m m e d i a t e l y  af ter  l amp  m a k i n g  is discolored 
and  it  has suffered about  a 10% loss in  br igh tness .  
Two factors  con t r i bu t e  to this  effect. Since the  
phosphor  was  f u r n a c e  cooled, dissociat ion of the  
sur face  phase  has led to h ighe r  ox ida t ion  states of 
m a n g a n e s e  and  consequen t ly  a t a n  colorat ion.  The 
add i t ion  of Sb~O. to the  coat ing suspens ion  has led to 
the  fo rma t ion  of ZnSb,O~ which  has h igh u.v. absorp -  
t ion. 

As l amp  b u r n i n g  progresses  the  phosphor  suffers 
f u r t h e r  losses in  b r igh tness  as m e r c u r y  collects on 
the surface of the  mater ia l .  The  body  color changes  
f rom a t a n  co lora t ion  to a d a r k  g ray  color. Meta l l ic  
zinc a toms are be l i eved  to serve as "vapor  t raps"  
which  cause the m e r c u r y  to be d i s t r i bu t ed  over  the 
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Table III. Effect of various additives on the lumen performance 
of zinc silicate phosphors 

0 hr, 100 hr, 500 hr, 
Sample LPW LPW LPW 

(Zn, Mn) ~SiO~ 95.7 83.3 70.9 
(Zn, Mn) ~SiO4: P~O~ 110.4 81.6 65.1 
(Zn, Mn) ~SiO~: 0.25 wt  % As~O~ 110.3 98.0 85.8 
(Zn, Mn) ~SiO~: 0.10 wt  % Sb208 102.6 95.2 84.2 
(Zn, Mn)~SiO,: 0.10 wt  % As20~ -b 

0.10 wt  % Sb~O~ 108.4 98.3 85.1 
(Zn, Mn)~SiO~:special t r ea tmen t  109.0 104.1 99.0 

su r f ace  of t he  phospho r .  Two  fac to rs  can  l e ad  to t he  
p r o d u c t i o n  of m e t a l l i c  zinc:  the  decompos i t i on  of 
the  su r f ace  phase ;  and  r e d u c t i o n  of Zn ~+ b y  p h o t o -  
lysis .  Bo th  effects m a y  ope ra t e ,  b u t  i t  is n e v e r t h e l e s s  
c l ea r  t h a t  p r e v e n t i o n  of t he  o x i d a t i o n  of Mn ~+ and  
r e d u c t i o n  Zn ~+ shou ld  g ive  s u b s t a n t i a l  i m p r o v e m e n t s  
in l u m e n  ou tpu t .  

The  benef i t  of a p r o t e c t i v e  coa t ing  is d e m o n s t r a t e d  
b y  the  l u m e n  d a t a  s h o w n  in T a b l e  III .  The  a d d i t i o n  
of e i t he r  (NH~)~HPO~, Sb~Os, or  As~O5 w a s  m a d e  to 
the  coa t ing  suspens ion .  As  a r e s u l t  t h e  d e v e l o p -  
m e n t  of a su r f ace  f i lm mos t  p r o b a b l y  occurs  on ly  
d u r i n g  lehr ing .  L a m p s  p r e p a r e d  f r o m  u n t r e a t e d  
zinc s i l i ca te  gave  a b o u t  71 l p w  ( l u m e n s  p e r  w a t t )  
a f t e r  500 h r  of b u r n i n g .  The  a d d i t i o n  of P~O5 gave  
on ly  65 lpw.  This  r e s u l t  is cons i s t en t  w i t h  t he  d a t a  
g iven  in  Tab le  II  w h i c h  show tha t ,  a l t h o u g h  P~O5 
add i t i ons  p r e v e n t e d  o x i d a t i o n  of Mn ~+, r e d u c t i o n  of 
Zn 2+ d id  occur.  The  l a r g e r  l u m e n  dec rease  o b s e r v e d  
t h a n  for  u n t r e a t e d  p h o s p h o r  m a y  be  the  de l e t e r i ous  
effect  of a d d i t i o n a l  H20 in t he  l a m p  f r o m  u n r e a c t e d  
H~PO4. As  is w e l l  known ,  t he  a d d i t i o n  of 0.1 w t  % 
Sb~O~ to t he  coa t ing  suspens ion  g ives  s u b s t a n t i a l  i m -  
p r o v e m e n t s  bo th  in i n i t i a l  l u m e n s  and  l u m e n  m a i n -  
t enance  so t ha t  a f t e r  500 h r  l a m p s  have  a b o u t  84 lpw.  
A mi l l  a d d i t i o n  of 0.1 w t  % Sb~O~ p lus  0.1 w t  % 
As~O~ was  b e t t e r  a t  100 h r  t h a n  e i the r  Sb~O~ or  As~O~ 
alone.  The  s u b s t a n t i a l  ga in  in zero hou r  l u m e n  
a c h i e v e d  b y  a d d i n g  As~O~ a lone  or  in c o m b i n a t i o n  
w i t h  Sb~O~ is p r o b a b l y  the  r e su l t  of b e t t e r  f o r m e d  
ZnAs~O~ or  ZnSb~O~ on the  su r face  of t he  zinc s i l i -  
ca te  c rys ta l s .  E v i d e n t l y  t he  su r face  l a y e r  is not  e n -  
t i r e l y  s t ab l e  s ince  t he  i n i t i a l  ga in  in l u m e n s  over  
Sb~O, a lone  was  lost  a f t e r  abou t  500 h r  of bu rn ing .  
By  spec ia l  t r e a t m e n t  of t he  p h o s p h o r  i t  is poss ib le  
to ach ieve  99 l p w  a f t e r  500 hr.  Thus,  a p p r o p r i a t e  
s u r f ace  t r e a t m e n t  of the  p h o s p h o r  i m p r o v e s  not  on ly  
t he  l u m e n  o u t p u t  b u t  also the  l u m e n  m a i n t e n a n c e .  

I dea l l y ,  (Zn,  Mn)~SiO,  s t ab i l i zed  b y  a s u i t a b l e  
su r f ace  f i lm shou ld  be  an  o p t i m u m  p h o s p h o r  c o m -  
pos i t ion .  H o w e v e r ,  a c e r t a i n  excess  of s i l ica  is r e -  
q u i r e d  as  shown  b y  the  d a t a  in Fig .  1. A p h o s p h o r  
w i t h  a ZnO/SiO~ ra t io  of 1.9/1.0 gave  l o w e r  l u m e n s  
t h a n  one w i t h  a r a t i o  of 1.7/1.0. S ince  Sb20~ was  
a d d e d  to the  coa t ing  suspens ion ,  a f i lm of ZnSb~O6 
could  f o r m  on ly  d u r i n g  l eh r ing ,  t h a t  is, in t he  m i n u t e  
or  two  t h a t  t he  p h o s p h o r  was  a b o v e  a b o u t  500~ I t  
seems  l i k e l y  t h a t  a n y  f ac to r  w h i c h  affects  t he  k ine t i c s  
of f o r m a t i o n  of ZnSb~O5 also w i l l  affect  l a m p  p e r f o r m -  
ance.  S i m i l a r  r e su l t s  a r e  s h o w n  b y  the  d a t a  in Fig.  2. 
A p a r t i c u l a r  p h o s p h o r  compos i t i on  had  v a r y i n g  sus -  
c e p t i b i l i t y  to l a m p - m a k i n g  cond i t ions  d e p e n d i n g  
on the  t e m p e r a t u r e  at  w h i c h  the  p h o s p h o r  was  p r e -  
pa r ed .  S ince  i t  is shown  t h a t  su r f ace  a l t e r a t i o n s  do 

occur  in zinc s i l icate ,  i t  is l i k e l y  t h a t  d i f fe ren t  h e a t  
t r e a t m e n t s  w i l l  p r o d u c e  v a r i o u s  deg rees  of su r f ace  
a l t e r a t i on .  The  change  in r e sponse  to 3650A e x c i t a -  
t ion  a p p e a r s  to be  a s soc ia t ed  w i t h  a l t e r a t i o n s  in 
su r f a c e  s t r u c t u r e  w h i c h  also could  c o n c e i v a b l y  
h a v e  a m a r k e d  effect  on the  k ine t i c s  of the  f o r m a t i o n  
of ZnSb~O6. Thus,  hea t  t r e a t m e n t s  w h i c h  p r o d u c e  
changes  in r e sponse  to 3650A e xc i t a t i on  also y i e l d  
phospho r s  w h i c h  g ive  l a m p s  w i t h  d i f fe ren t  l u m e n  
outputs .  Consequen t ly ,  i t  a p p e a r s  t h a t  the  su r f ace  
p r o p e r t i e s  of a phosphor ,  p a r t i c u l a r l y  those  w h i c h  
affect  the  e x t e n t  and  p e r f e c t i o n  of a p r o t e c t i v e  coa t -  
ing, g r e a t l y  inf luence  the  q u a l i t y  of l a m p s  p r o d u c e d  
b y  i den t i ca l  p rocedures .  

The  p r o p o s e d  m e c h a n i s m  of zinc s i l ica te  p h o s p h o r  
d e t e r i o r a t i o n  does  not  e x p l a i n  w h y  some l a m p s  ac -  
t u a l l y  i m p r o v e d  in m a i n t e n a n c e  f r o m  100 to 500 h r  
( see  Fig.  2).  Also  in need  of an  e x p l a n a t i o n  is t h a t  
a l t h o u g h  z i n c - b e r y l l i u m  s i l i ca te  and  zinc s i l ica te  a re  
i s o s t r u c t u r a l  t he  f o r m e r  is m u c h  m o r e  s t ab le  in l a m p s  
t h a n  the  l a t t e r .  H o w e v e r ,  in t he  case of z i n c - b e r y l -  
l i u m  s i l ica te  t h e r e  is the  p o s s i b i l i t y  of f o r m i n g  a 
su r face  f i lm of Be.~SiO, w h i c h  m a y  he lp  p r e v e n t  
r e d u c t i o n  of  Zn~+.These r e su l t s  e m p h a s i z e  t h a t  t h e r e  
a r e  m a n y  o t h e r  fac tors  n e e d i n g  r e s e a r c h  to e x p l a i n  
the  m a i n t e n a n c e  of l amps .  

Acknowledgments  

G r a t e f u l  a c k n o w l e d g m e n t  is g iven  to Miss E i l een  
A l l e s s a n d r i n i  of G e n e r a l  E lec t r i c  C o m p a n y  R e s e a r c h  
L a b o r a t o r y  for  s u p p l y i n g  the  e l ec t ron  d i f f rac t ion  
da ta ,  to Miss M a r y  V. H of fma n  for  o b t a i n i n g  some 
of t he  l a m p  da ta ,  to Mr. J. G. R a b a t i n  for  s u p p l y i n g  
the  DTA da ta ,  to Mr. J. W. H u n t e r  for  ana lys i s  of 
t he  zinc a m a l g a m ,  and  to Dr.  C. A. B r o w n  for  his 
m a n y  s t i m u l a t i n g  discussions .  

Manuscr ip t  received Sept. 16, 1959. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ ished in the December  1960 
JOURNAL. 

REFERENCES 
1. G. R. Fonda,  J. Phys. Chem., 43, 561 (1939). 
2. K. H. Butler,  This Journal, 93, 143 (1948). 
3. E. Nagy, J. Optical Soc. Am., 39, 42 (1949). 
4. H. W. Leverenz,  "An In t roduc t ion  to the Lumines-  

cence of Solids," pp. 223-233, John Wiley  and 
Sons, New York  (1950). 

5. S. Larach  and J. Turkevich,  Phys. Rev., 89, 1060 
(1953). 

6. A. Schleede and A. Gruhl ,  Z. Elektrochem., 29, 411 
( 1923). 

7. H. P. Rooksby and A. H. McKeag,  Trans. Faraday 
Soc., 37, 308 (1941). 

8. H. G. Pfeiffer  and G. R. Fonda,  This Journal, 99, 
140 (1952). 

9. C. Fe ldman  and Margare t  O'Hara,  J. Optical Soc. 
Am., 48, 816 (1958). 

10. E. F. Lowry,  This Journal, 95, 242 (1949). 
11. J. B. Merr i l l  and A. B. Davis, U.S. Pat.  2,554,999 

(May 29, 1951). 
12. E. N. Bunting, J. Resvarch Nat. Bur. Standards, 4, 

134 (1930); R. P. 136; E. M. Levin, H. F. Mc- 
Murdie,  and F. P. Hall,  "Phase  Diagrams for 
Ceramists ,"  The Am. Ceram. Soc. (1956). 

13. H. W. Leverenz,  loc cir., p. 328. 
14. D.E.  Harrison,  Unpubl i shed  data.  
15. F. A. Hummel,  P r iva te  communicat ions.  
16. C. E. Hall,  " In t roduct ion  to Electron Microscopy," 

p. 252, McGraw-Hi l l  Book Co., Inc., New York  
(1953). 



Vol.  107, No. 3 S U R F A C E  C H E M I C A L  P R O P E R T I E S  217 

17. F. Feigl,  "Qual i ta t ive  Analys is  by  Spot  Tests, "pp. 55, 
242, Elsevier  Publ i sh ing  Co., Inc., A m s t e r d a m  
(1947). 

18. H. C. Froel ich,  Trans. Electrochem. Soc., 87, 429 
(1945). 

19a. G. Kressin,  "Technisch-Wissenschaf t l iche  A b h a n d -  
lungen der  Osram Gesel lschaft ,"  p. 235, Spr inger  
Ver lag  (1958). 

19b. G. Kressin,  P r iva te  communicat ions.  

20. J. W. Mellor,  " Inorganic  and Theore t ica l  Chemis-  
t ry ,"  vol. IV, p. 1038, Longmans,  Green  & Co., 
London (1946). 

21. E. A. Anderson,  "Metals  Handbook,"  p. 1222, The 
Amer ican  Society for Metals,  Cleveland (1948). 

22. H. C. Froel ich,  J. Applied Phys., 17, 573 (1946). 
23. Samuel  Glasstone,  "Textbook of Phys ica l  Chem-  

is t ry ,"  p. 495, D. van  Nors t rand  Co., Inc., New 
York  (1946). 

The System BaO-TiO -P O : Phase Relations, 
Fluorescence, and Phosphor Preparation 

D. E. Harrison ~ 

Luminescent Materials Laboratory, Lamp Metals and Components Department, 
General Electric Company, Cleveland, Ohio 

ABSTRACT 

The subsolidus phase relations were determined in the system BaO-TiO~- 
P205 by using x-ray and petrographic techniques. Four compounds were 
isolated and individually prepared: 2BaO:TiO~:P~O5 melts congruently at 
1197 ~ ___3~ BaO:TiO~:P~O~ has a r ap id ly  revers ib le  d imorphic  invers ion  at 
967 ~ __+5~ and i t  mel ts  congruent ly  at  1428~ 3~ 4BaO:3TiO~:P,O5 mel ts  
incongruent ly  at 1302 ~  _ 3~ and BaO:4TiO2:3P~O~ mel ts  incongruen t ly  at 
1368 ~ +- 3~ The only compound in the system which  is of the  se l f -ac t iva ted  
type  is 2BaO: TiO,: P~O~. I t  has an emission s imi lar  to tha t  of MgWO~. Composi-  
t ions of m a x i m u m  fluorescence are  res t r ic ted  to the join 2BaO:P~O,- 
2BaO: TiO,: P20~ since composit ions off this join contain e i ther  BaO: TiO,: P~O~, 
4BaO:3TiO,:P~O~ or  TiO~ which have  high u.v. absorpt ion  but  a re  nonfluores-  
cent phases.  

H e n d e r s o n  and  R a n d y  ( l a )  d e v e l o p e d  a p h o s p h o r  
w i t h  a compos i t ion  of 2Ba~P~O~:0.5 to 2.5 TiO~. 
( In  th is  pape r ,  " a c t i v a t o r  c o n c e n t r a t i o n s "  such as 0.5 
to 2.5 TiO~ r e f e r  to moles  of m a t e r i a l  p e r  mo le  of 
Ba~P~OT.) This phosphor, which is excited by 2537A 
radiation, has an emission similar to that of MgWO4 
and it is of the self-activated type. It is reported that 
maximum fluorescence occurs with a composition of 
2Ba~P~O~: 1.0 TiO~ b u t  t h a t  r e l a t i v e l y  l a r g e  i nc r ea se s  
in t he  c o n c e n t r a t i o n  of t i t a n i a  on ly  s l o w l y  d e c r e a s e  
t h e  i n t e n s i t y  of f luorescence.  

The  s y s t e m  BaO-TiO~-P~O5 p r o v i d e s  an  u n u s u a l  
o p p o r t u n i t y  to r e l a t e  t he  t e r n a r y  p h a s e  r e l a t i o n s  to  
t h e  f luorescen t  p r o p e r t i e s  w i t h o u t  t h e  u n c e r t a i n t i e s  
a t t e n d i n g  the  i n t r o d u c t i o n  of s m a l l  a m o u n t s  of an  
a c t i v a t o r  as t h e  f o u r t h  componen t .  The  p u r p o s e  of 
th i s  s t u d y  was  to d e t e r m i n e  the  subso l idus  p h a s e  r e -  
l a t ions  and  to show h o w  the  b r i g h t n e s s  of p h o s p h o r  
compos i t i ons  is in f luenced  b y  s m a l l  a m o u n t s  of n o n -  
f luoresc ing  phases  w h i c h  n e c e s s a r i l y  occur  as a r e -  
su l t  of t he  t e r n a r y  p h a s e  r e l a t ions .  Subso l i dus  p h a s e  
r e l a t i o n s  w e r e  d e t e r m i n e d  b y  e x a m i n i n g  c o m p a t i b i l -  
i t y  t r i a n g l e s  a n d  i so la t ing  compounds .  I t  is h o p e d  
t h a t  t he  phase  d a t a  and  p a r t i c u l a r l y  t he  c h a r a c t e r -  
i za t ion  of the  f luorescen t  c o m p o u n d  wi l l  p r o v e  u se fu l  
in  a f u n d a m e n t a l  s t u d y  of th is  s e l f - a c t i v a t e d  p h o s -  
phor .  

Experimental Procedure 
R e a g e n t  g r a d e  BaCO3, BaHPO~, TiO~, (NH4)~ HPO~, 

and  BaF~ w e r e  used  as s t a r t i n g  m a t e r i a l s .  C o m p o s t -  

1 Present  address: Metal lurgy Depar tment ,  Research Laboratories,  
Westinghouse Electric Corp., Pi t tsburgh,  Pa. 

tions were prepared by grinding the ingredients in 
a mortar with acetone until dry. Calcines were pre- 
pared in either fused silica or platinum crucibles at 
temperatures ranging from 700 ~ to II00~ for peri- 

ods up to 3 weeks. 
X-ray data were obtained from a General Electric, 

XRD-5, diffractometer using Cuk~ radiation (k 
1.540A) filtered with nickel. 

The immersion technique was used to determine 
the refractive index of crystals. Indices up to 1.700 
were determined to an accuracy of _0.001, from 1.71 
to 1.80 to an accuracy of ---0.005, and 1.84 to 2.00 to 
an accuracy of ___0.02. 

Differential thermal analysis (DTA) data were 
obtained with an automatically recording apparatus, 
as described by Rabatin and Card (2). 

The melting points of compounds were determined 
by a quench technique similar to that described by 
Shepherd, Rankin, and Wright (3). Thermoeouples 
were calibrated using gold (rap, I063~ lithium 
metasilicate (rap, 1201~ and diopside (nap, 
1392~ Since it was impossible to quench 20-g 
samples of ternary compound compositions to 
glasses, calcines were used as starting materials for 
quench studies. 

Ultraviolet absorption was measured by determin- 
ing the u.v. reflected from a sample. The detector 
consisted of a Corning 9863 filter, a layer of zinc 
silicate phosphor, a green filter, and a barrier layer 
photocell. 

Relative fluorescent brightness was measured by 
a barrier layer photocell corrected to eye sensitivity. 
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Results and Discussion 
Phase studies, binary systems.--The sys tem BaO-  

TiO~ was e x a m i n e d  ex tens ive ly  by  Rase and  Roy (4) .  
F ive  compounds  exist :  2BaO:TiO~, BaO:TiO~, BaO: 
2TiO=, BaO:3TiO~, and  BaO:4TiO.~. The compound  
BaO: 2TiO~ has a lower  l imi t  of s tab i l i ty  at 1210~ 
be low this t e m p e r a t u r e  the  composi t ion  is a m i x t u r e  
of BaO:TiO~ and  BaO:3TiO~. J o n k e r  and  Kwes t roo  
(5) d iscovered two new  compounds  which  be long  to 
the  b i n a r y  system.  These compounds ,  2BaO:5TiO~ 
and  2BaO:9TiO~, are  s tabi l ized by  smal l  addi t ions  
of SnO,~ or ZrO~. The  sys tem TiO~-P~O~ was e x a m i n e d  
r ecen t l y  by  H a r r i s o n  and  H u m m e l  (6) who showed 
tha t  5TiO~:2P~O~ and  TiO~:P~O~ are the  on ly  com-  
pounds  which  occur in  this  system. 

No comple te  phase d i a g r a m  of the  sys tem 
BaO-P~O~ is repor ted ,  bu t  a n u m b e r  of compounds  
are  claimed.  Gla tze l  (7) repor t s  the  occurrence  of 
BaO:P.~O~, and  O u v r a r d  (8) shows the  ex is tence  of 
2BaO:P~O~. A cubic form of 3BaO:P~O~ is l is ted in  
the ASTM X - r a y  Diffract ion Pa t t e rns ,  and  a r h o m b o -  
hedra l  form is repor ted  by  Zacha r i a sen  (9) .  Re-  
cent ly ,  Langgu th ,  Osterheld,  and  K a r l - K r o u p a  (10) 
p resen ted  x - r a y  data  for a new  compound  3BaO: 
2P~O~. R e - e x a m i n a t i o n  of the sys tem conf i rmed the 
exis tence  of the  four  compounds  claimed. F u r t h e r  
w o r k  was  done on the n e w  compound  3BaO:2P~O~. 
Since it was no t  possible to quench  the en t i re  com-  
posi t ion to a glass, conven t iona l  quench  t echn ique  
could no t  be used  to d e t e r m i n e  the  me l t i ng  point .  
Af te r  fus ion  the  quenched  produc t  a lways  consisted 
of 3BaO: 2P=O~ plus  glass. Therefore ,  it is conc luded  
t e n t a t i v e l y  tha t  the 3:2 compound  mel ts  c ong r u -  
ent ly .  DTA gave an  e n d o t h e r m  at 900~ on hea t ing  
and  a second e n d o t h e r m  at 990~ fol lowed by  m e l t -  
ing. The t h e r m a l  effect at 900~ is the resu l t  of a 
s lowly revers ib le  d imorph ic  inve r s ion  which  was  
found  by  stat ic  me thods  to occur at 870 ~ +-- 10~ 
Microscopic e x a m i n a t i o n  showed tha t  the l o w - t e r n -  

P, % 
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Fig. 1. System BaO-TiO2-P~O5 
Comp. No. 
1 --BOO: P~O5 
2 - -3  BaO:2P205 
3--2BaO: P205 
4 - - 3  BaO: P=O5 
5--2BaO:TiO2 
6--BaO:TiO~ 
7--BaO:3TiO~ 

Comp. No. 
8--BaO:4TiO2 
9--5TiO=:2P=O5 

1 0-~TiO,~: P,~O.~ 
17--BaO:4TiO~:3 P,~O, 
20--BaO:TiO,~: P,~O, 
32--2BaO:TiC~: P~O~ 
34- -4  BaO: 3TiO2: P~O~ 

p e r a t u r e  fo rm has m a x i m u m  a nd  m i n i m u m  re f rac -  
t ive  indices  of 1.628 and  1.618, respect ively .  The  
h i g h - t e m p e r a t u r e  fo rm is n e a r l y  isotropic wi th  a 
re f rac t ive  index  of abou t  1.626. Typica l  x - r a y  p a t -  
t e rns  of the  h igh-  and  l o w - t e m p e r a t u r e  forms are 
g iven  in  Tab le  II  and  compared  w i th  the  data  of 
Langgu th ,  Osterheld,  a nd  K a r l - K r o u p a .  Langgu th ,  
et al. fired the i r  sample  of 3:2 at  550~ hr,  
whereas  in  the  p re sen t  work  the  l o w - t e m p e r a t u r e  
fo rm was p r epa red  at  800~ hr. The differences 
in  c rys ta l  de ve l opme n t  ob ta ined  at these  fir ing t e m -  
pe r a t u r e s  m a y  account  for the  d iscrepancies  in  the  
x - r a y  data.  

Phase studies, ternary system.--Compatibijity 
t r i ang les  were  d e t e r m i n e d  by  compar i son  of x - r a y  
and  microscopic da ta  of t e r n a r y  composi t ions  w i th  
da ta  f rom the  b i n a r y  systems. Composi t ions  inves -  
t iga ted  are shown in  Fig. 1 and  l is ted in Table  I. 

Table I. Compositions in the system BaO-TiO2-P~O~ 

M o l e  % c o m p o s i t i o n  
C o m p .  

N o .  BaO T i 0 2  P20~ Phases present 

1 50.0 - -  50.0 BP 
2 60.0 - -  40.0 B~P~ 
3 67.0 - -  33.0 B~P 
4 75.0 - -  25.0 B3P 
5 67.0 33.0 -- B~T 
6 50.0 50.0 -- BT 
7 25.0 75.0 -- B% 
8 20.0 80.0 -- BT4 

9 -- 71.5 28.5 T~P._, 
10 - -  50.0 50.0 TP 
11 5.0 55.0 40.0 BTP -5 BT,P:, -k T 
12 3.0 76.0 21.0 BT4P:~ -5 T~B.~ -5 T 
13 25.0 25.0 50.0 BP -5 BT 
14 28.5 28.0 43.5 BP -5 BT -I- BTP 
15 14.3 42.8 42.8 TP -5 BTP 
16 15.0 45.0 40.0 TP -5 BTP -5 BT,P~ 
17 12.5 50.0 37.5 BT,P:, 
18 16.0 57.0 27.0 BTP -5 BT4P:~ -5 T 

19 9.1 63.6 27.3 BTP -5 BT4P:, -5 T 
20 33.3 33.3 33.3 BTP 
21 37.5 37.5 25.0 BTP -5 B,~TP -5 T 
22 25.0 50.0 25.0 BTP -5 T 
23 33.3 50.0 16.7 B~TP -5 T 
24 30.8 61.5 7.7 B,T~P -5 T 
25 25.5 73.5 1.0 ? 
26 20.0 77.5 2.5 ? 
27 41.6 41.6 16 .8  B~TP -5 B,T:~P -5 T 
28 43.5 53.5 3.0 B4T~P -5 BT + BT~ 
29 50.0 10.0 40.0 BP -5 BTP + B~P~ 
30 50.0 12.5 37.5 B3P~ -5 BTP 
31 50.0 20.0 30.0 B~P -5 BTP + B~TP 
32 50.0 25.0 25.0 B~TP 
33 50.0 30.0 20.0 B~TP -5 B~%P 
34 50.0 37.5 12 .5  B~T~P 
35 50.0 40.0 10.0 B,%P -5 BT 
36 55.0 22.5 22.5 B~P -5 B~TP + B~T.~P 
37 55.0 35.0 10.0 B3P -5 B~T~P -5 BT 
38 60.0 20.0 20.0 B~P + B~T~P + B~P 
39 63.0 31.0 6.0 B~P -5 BT -5 B~T 
40 67.0 10.0 23.0 B~P -5 B~%P + B:,P 
41 67.0 17.0 16.0 B~P -5 BT 
42 71.5 14.3 14.3 B~P -5 B~T 
43 80.0 10.0 10.0 ? 

L e g e n d :  
BP = BaO:P~O5 
B s P 2  = 3 B a O : 2 P 2 0 5  
B 2 P  = 2 B a O : P ~ O 5  
B3P ~ 3BaO:P205 
B2T = 2BaO:TiO~ 
BT = BaO:TiOs 
BT8 = BaO:3TiOs 

BT4 = BaO : 4TIO2 
T~P2 = 5TiO2:2P2Os 
TP = TiOs:P~O5 
BT4P~- BaO:4TiO2:SP2Os 
BTP = BaO:TiO2:P205 
B2TP = 2BaO:TiO2:P205 
B4TsP = 4BaO:3TiO_~:P205 
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Table II. Characteristic x-ray patterns 

H i g h -  
t e m p e r a t u r e  
3BaO :2P205 

(25~ 

d l / I  

( A f t e r  L a n g g u t h ,  
et aL) 

3 B a O  : 2PeO5 

d I/I 

LOW- 
t e m p e r a t u r e  
3BaO :2P205  

(25~ 
a z/I 

6.32 20 
4.95 15 
3.93 50 5.10 w 
3.83 100 
3.45 85 4.66 w 
3.37 55 4.19 w 
3.32 70 3.97 w 
3.29 45 
3.21 80 3.76 w 
3.14 50 3.58 s 
3.07 45 3.44 w 
3.03 85 3.38 w 
2.91 20 3.30 s 
2.82 45 2.99 w 
2.79 50 2.93 w 
2.70 20 2.79 m 
2.40 15 2.72 w 
2.33 15 2.60 w 
2.24 35 2.54 w 
2.19 20 
2.16 35 
2.14 45 
2.11 30 
2.09 50 2.23 m 
2.07 20 2.19 w 
2.02 15 
1.996 25 2.13 v w  
1.951 20 2.10 m 
1.916 15 
1.717 15 
1.646 20 

2BaO:TiO2:P~O5 

Low- 
t e m p e r a t u r e  

B a O :  TiO2:P205 
(25~ 

d 1/I d 1/I 

7.76 25 
5.24 30 
5.01 15 
4.87 15 
4.74 30 
4.44 5 
3.95 10 
3.88 15 
3.81 50 
3.63 80 
3.52 70 
3.42 25 
3.34 100 
3.14 30 
3.10 60 
2.83 50 
2.76 50 
2.59 10 
2.55 35 
2.42 10 
2.40 20 
2.37 20 
2.33 10 
2.24 10 
2.20 35 
2.16 15 
2.14 25 
2.09 35 
2.07 25 
2.05 10 
2.04 15 
1.988 10 
1.971 10 
1.940 20 
1.909 25 
1.883 15 
1.843 20 
1.816 20 
1.799 20 
1.742 25 

1.720-1.705 15 
1.668 15 
1.589 15 
1.572 10 
1.567 10 
1.552 10 
1.520 20 

1.432-1.414 10 
1.397 15 

H i g h -  
t e m p e r a t u r e  

B a O  : TiO~: P205 
(I024~ 

d Uz 

8.34 
4.17 
3.90 
3.59 
2.84 
2.78 
2.73 
2.65 
2.39 
2.28 
2.25 
2.19 
2.14 
1.943 
1.751 

30 
80 
25 
10 
5 

i00 
10 
3 
3 
3 
3 
3 
5 
3 

i0 

7.69 
4.39 
4.13 
3.86 
3.75 
2.96 
2.85 
2.72 
2.60 
2.57 
2.43 
2.25 
2.15 
2.13 
2.12 

10 
30 
20 
40 
50 

100 
30 

5 
20 
30 
25 

5 
10 

5 
10 

4.41 
4.15 
3.83 
3.34 
3.20 
2.91 
2.82 
2.77 
2.66 
2.59 
2.54 
2.41 
2.23 
2.20 
2.12 

45 
5 

77 
10 
10 

100 
5 
5 
5 

20 
85 
30 
10 

5 
35 

1.665 3 
1.338 5 

1.940 I0 
1.928 10 
1.875 10 
1.792 15 
1.738 5 
1.557 5 
1.545 5 
1.476 10 
1.462 5 
1.284 5 
1.246 5 
1.202 10 
1.030 10 

1.916 50 
1.776 25 
1.663 15 
1.627 15 
1.543 30 
1.529 30 

4 B a O  : 3TIO2:P205 BaO: 4TIO2: SP20~ 

d I / I  d 1/1 

4.74 10 4.19 70 
4.69 10 3.67 100 
4.44 5 3.45 l0 
4.27 10 3.07 10 
4.06 5 2.83 90 
3.57 20 2.71 10 
3.41 5 2.66 10 
3.25 i0  2.41 20 
3.18 100 2.25 5 
3.04 5 2.19 5 
2.93 5 2.18 10 
2.86 10 2.04 10 
2.80 60 1.984 10 
2.66 10 1.920 5 
2.41 5 1.833 20 
2.37 5 1.760 5 
2.34 20 1.711 5 
2.20 10 1.646 10 
2.18 10 1.576 10 
2.10 20 1.529 5 
2.02 5 1.513 5 
1.928 20 1.502 5 
1.854 5 1.498 10 
1.792 10 1.460 10 
1.732 5 1.409 5 
1.682 20 
1.617 5 
1.586 5 
1.432 5 
1.399 5 
1.383 5 
1.379 5 
1.281 5 
1.253 5 
1.201 5 
1.075 5 
1.058 5 

S i n c e  t h e  t e m p e r a t u r e  r a n g e  e x a m i n e d  w a s  f r o m  
800 ~ to  1100~  B a O : 2 T i O ~  d o e s  n o t  a p p e a r  as  a 
p h a s e  i n  t h e  t e r n a r y  s y s t e m .  C o m p o s i t i o n  No.  28 
c o n s i s t e d  of  a m i x t u r e  of  4 B a O : 3 T i O ~ : P ~ O 5  + B a O :  
TiO~ + B a O : 3 T i O ~  b u t  n o t  2 B a O : 5 T i O ~ .  T h e r e f o r e ,  
i t  a p p e a r s  t h a t  2 B a O :  5TiO~ d o e s  n o t  o c c u r  as  a s t a b l e  
p h a s e  i n  t h e  t e r n a r y  s y s t e m  in  t h e  t e m p e r a t u r e  
r a n g e  s t u d i e d .  T h e  s l u g g i s h n e s s  w i t h  w h i c h  e q u i -  
l i b r i u m  is r e a c h e d  i n  t h e  t r i a n g l e s  3BaO:P~O~ - -  
2 B a O : T i O ~  - -  B a O  a n d  4 B a O : 3 T i O ~ : P ~ O 5  - -  B a O :  
3TiO~ - -  TiO~ p r e v e n t e d  d e t e r m i n a t i o n  of  t h e  p h a s e  
r e l a t i o n s  w i t h i n  t h e s e  t r i a n g l e s .  H o w e v e r ,  t h e  
b o u n d a r i e s  of  t i l e  t r i a n g l e s  a r e  c o r r e c t  as  d r a w n .  N o  
e x t e n s i v e  s o l i d  s o l u t i o n  r e g i o n s  e x i s t  i n  t h e  t e r n a r y  
s y s t e m .  F o u r  t e r n a r y  c o m p o u n d s  w e r e  d i s c o v e r e d  
a n d  i n d i v i d u a l l y  p r e p a r e d .  A d i a g r a m  of  t h e  c o m -  
p a t i b i l i t y  t r i a n g l e s  is g i v e n  i n  F ig .  1 a n d  t h e  p h a s e  

d a t a  a r e  l i s t e d  i n  T a b l e  I. 
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The compound  2BaO: TiO~: P.~O5 has m a x i m u m  a nd  
m i n i m u m  re f rac t ive  indices of 1.688 and  1.672, r e -  
spect ively.  At  1197 ~ --+ 3~ 2 :1 :1  mel ts  c ong r u -  
ent ly .  DTA showed no t h e r m a l  effects be twe e n  ca. 
100~ and  th~ me l t i ng  t empe ra tu r e .  A character is t ic  
x - r a y  p a t t e r n  is l is ted in  Tab le  II. 

The compound  BaO: TiO~:P~O~ has m a x i m u m  and  
m i n i m u m  ref rac t ive  indices  of 1.84 and  1.79, r e -  
spect ively,  and  it mel t s  c o n g r u e n t l y  at 1428 ~ • 3~ 
DTA exhib i t s  an  e n d o t h e r m  at 970~ on hea t ing  and  
a e x o t h e r m  at  905~ on cooling. The t h e r m a l  effects 
are  the  resu l t  of a r a p i d - r e v e r s i b l e - d i m o r p h i c  i n v e r -  
sion. H i g h - t e m p e r a t u r e  x - r a y  e x a m i n a t i o n  showed 
tha t  the i nve r s ion  occurs at 967 ~ +5~  Charac te r i s -  
tic x - r a y  diffract ion da ta  of the  h igh -  and  l o w - t e m -  
p e r a t u r e  forms  are  g iven  in  Tab le  II. 

The compound  4BaO:3TiO~:P~O~ has a re f rac t ive  
index  of abou t  1.71, and  it  mel ts  i n c o n g r u e n t l y  at  
1302 ~ • 3~ into a l iqu id  and  3BaO:P~O~. Compar i -  
son of the  x - r a y  da ta  of 4 :3 :1  and  3:1 shows tha t  
t hey  are a lmost  iden t ica l  b u t  differences in  optical  
proper t ies  of these two compounds  p roved  tha t  4: 3: 1 
dissociates in to  3:1 and  a l iquid.  DTA shows no 
t h e r m a l  effects f rom abou t  100~ to the  me l t i ng  
t empe ra tu r e .  A charac ter i s t ic  x - r a y  p a t t e r n  is g iven  
in  Tab le  II. 

The compound  BaO:4TiO.~:3P~O, has re f rac t ive  
indices b e t w e e n  1.88 and  1.92, and  it mel t s  i ncon-  
g r u e n t l y  at  1368 ~ -- 3~ in to  a l iqu id  and  p r o b a b l y  
1: 1: 1. X - r a y  e x a m i n a t i o n  of the  dissociated p roduc t  
did not  r evea l  a c lear ly  defined phase  bu t  suggests 
tha t  it  m igh t  be a t r ans i t i on  phase b e t w e e n  the  
h igh -  and  l o w - t e m p e r a t u r e  forms of 1: 1: 1. DTA 
showed no t h e r m a l  effects f rom about  100~ to the 
me l t i ng  t empe ra tu r e .  

Fluorescent studies.--Reference to Fig. 1 shows 
tha t  the composi t ion  region,  2Ba_~P~O~:0.5-2.5TiO~, 
of usefu l  phosphors  r epor ted  by  Hende r son  and  
R a n b y  lies on the  jo ins  2BaO: P=O0-2BaO: TiO~:P~O~ 
and  2BaO:TiO,:P~O~-TiO~. Obse rva t ion  of the  end  
m e m b e r s  reveals  tha t  2: 1:1 fluoresces a b lue  color 
whereas  2:1 and  TiO~ do not  fluoresce at all. The  
o p t i m u m  phosphor  composi t ion  c la imed by  H e n d e r -  
son and  R a n b y  is 2Ba~P.~O~: 1.0TiO~ or ac tua l ly  50 
mole  % 2BaO: P~O~ -t- 50 mole  % 2BaO: TiO~: P~O~, 
since there  is essen t ia l ly  no so lubi l i ty  be twe e n  end  
members .  Surpr i s ing ly ,  a composi t ion  wi th  50 mole 
% d i lu t ion  by  2:1 fluoresces on ly  s l ight ly  less 
b r i g h t l y  t h a n  the  2: 1:1 compound.  This  m a y  be ex -  
p l a ined  by  the r e l a t i ve ly  low u.v. absorp t ion  of 
2BaO:P~O~ and  the me thod  of m e a s u r i n g  powder  
br ightness .  P o w d e r  b r igh tnes s  is m e a s u r e d  f rom a 
sample  which  has effect ively inf ini te  th ickness  for 
u.v. l ight ;  therefore  low absorbing ,  nonf luoresc ing  
par t ic les  behave  as voids. In  this  regard  it  is i n t e r -  
es t ing to e x a m i n e  the  f luorescence of composi t ions  
in  the  compa t ib i l i ty  t r i ang les  which  t e r m i n a t e  at 
the  2: 1 : 1 compound.  

Composi t ion  No. 31, for example ,  is a m i x t u r e  of 
35 mole  % 2:1 :1 ,  31 mole  % 1:1:1 ,  and  34 mole  % 
2: 1. However ,  this  composi t ion  has on ly  52% of the  
b r igh tness  of 2: 1:1 or 2Ba=P~O~: 1.0TiO~ because  of 
the  presence  of 1 :1 :1  which  has h igh u.v. absorp-  
t ion  bu t  no fluorescence. A s imi la r  s i tua t ion  exists  in 
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Table Ill. Ultraviolet absorption and fluorescent brightness 
of Ba-Ti-phesphate compositions 

Mole  % com pos i t i on  in  
t e r m s  of c o m p a t i b l e  phases  

Comp. 
No. 2:1:1 1 : 1 : 1  4:3:1 2:1 TiO2 

% 
p o w d e r  
b r i g h t -  

U.V. ness  i n  
abs. t e r m s  of 

i n  % 2 : 1 : 1  

32 100 . . . .  96 100 
20 - -  100 - -  - -  - -  98 0 
34 - -  - -  100 - -  - -  97 0 

3 - -  - -  - -  100 - -  21 0 
TiO~ . . . .  i00 96 0 

31 35 31 - -  34 - -  97 52 

36 44 - -  28 28 - -  96 68 

21 47 42 - -  - -  11 97 36 

27 57 - -  26 - -  17 96 25 

composi t ion No. 36 which  is composed of 44 mole  % 
2 :1 :1 ,  28 mole  % 4:3 :1 ,  a nd  28 mole  % 2:1. L ike  
1: 1: 1, the  presence  of 4: 3: 1, which  is a nonf luores -  
cent,  h igh ly  u.v. absorb ing  phase,  causes this  com-  
posi t ion  to have  on ly  68% of the  b r igh tness  of 2: 1: 1. 
Composi t ions  Nos. 21 and  27 exh ib i t  on ly  36 and  
25% br ightness ,  respect ively ,  due  to the  presence  of 
TiO~ in  add i t ion  to e i ther  1: i :  1 or 4: 3: i .  Abso rp t ion  
and  b r igh tness  da ta  are s u m m a r i z e d  in  Table  III.  

E~ect of phosphor composition on brightness.-  
Because of the  low reac t iv i ty  of TiO~, the  fo rma t ion  
of 2 :1 :1  can be fac i l i ta ted  by  us ing  an  excess of 
2BaO: P~O~. More  sa t is factory  resu l t s  can be ach ieved  
by  employ ing  a flux, such as BaF~, as was used by  
H e n d e r s o n  and  Ranby .  Since chemical  ana lys i s  
shows tha t  f luor ine  is lost on firing, the  BaF~ appears  
to be oxidized to BaO, a p p a r e n t l y  by  a mass act ion 
effect. In  order  to r e m a i n  on the  2:1 --  2: 1:1 jo in  or 
to a r r ive  at the 2: 1:1 compound,  it  is necessary  to 
compensa te  for the  add i t iona l  BaO wi th  P~Os. The  
use of SrF2, as c la imed in  a r ecen t  p a t e n t  by  Uehara ,  
Kobuke ,  and  Tomish ima  (11),  p r o b a b l y  requ i res  
s imi la r  t r e a tmen t ,  since it  is l ike ly  tha t  smal l  
a m o u n t s  of Sr wi l l  subs t i tu te  for Ba in  the  phosphor  
ma t r ix .  

A p a r t i c u l a r l y  effective me thod  of i n t roduc ing  ex -  
t r a  P~O~ is by  use of BaO:P~O~. Conven ien t ly ,  this  
compound  mel t s  c o n g r u e n t l y  in to  a s table  l iqu id  at  
843 ~ • 3~ Since  phosphor  synthes is  proceeds 
r ap id ly  at abou t  10O0~ the  combined  effects of a 
f luoride flux a nd  l iqu id  BaO: P~O5 yie ld  w e l l - f o r m e d  
phosphor .  The  l iqu id  in i t i a l ly  p roduced  by  me l t i ng  
of BaO:P.~O~ does no t  cause s in te r ing ,  and  a phos-  
phor  wi th  smal l  par t ic le  size is obta ined.  

The  d r a m a t i c  effect on phosphor  b r igh tness  w i th  
composi t ions  on e i ther  side of the  2: 1:1 --  2:1 j o in  
is d e m o n s t r a t e d  b y  the fo l lowing expe r imen t :  Three  
composi t ions  were  p repa red  (A) 4BaHPO4 + 1.3TiO~ 
+0.07BaF~; (B) 4BaHPO, -p 1.3TiO~ ~- O.07BaF~ 
0.07BaO:P~O~; a nd  (C) 4BaHPO~ + 1.3TiO.~ ~- 
O.07BaF~ + 0.14BaO:P~O~. Compos i t ion  (A) lies jus t  
off the  j o in  in  the  compa t ib i l i t y  t r i ang l e  2:1 - -  2: 1:1 - -  
4: 3: 1. Composi t ion  (B) is on the  jo in  and  composi -  
t ion  (C) is aga in  located off the  jo in  in the t r i ang l e  
2:1 - -  2 :1 :1  - -1 :1 :1 .  Al l  composi t ions  were  fired 
at 9OO~ for 2 hr,  a second t ime  at  930~ for 2 hr ,  
a nd  f inal ly  fired at 1000~ for 15 hr. The resul t s  of 
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Table IV. Relative fluorescent brightness of some 
Ba-Ti-phosphate compositions 

T H E  S Y S T E M  BaO-TiO.2-P.~,O5 

Hea t  t r e a t m e n t s  
Compos i -  900~ fo r  930~ fo r  1000~ for  

t ion  2 h r  2 h r  15 h r  

A* 96 82 82 
B* 92 92 100 
C* 74 76 80 

900~ fo r  930~ fo r  980~ Sor 
2 h r  2 h r  15 h r  

D$ 98 90 69 
E$ 96 96 100 
F$ 57 59 69 

*A: 62.4mole%2:l:l + 36.7mole%2:l + 0.9mole%4:3:l 
B: 62.Smole%2:1:1 + 37.2mole%2:1 
C: 57.5mole%2:1:1 + 39.2mole%2:l + 3.3mole% 1:1:1 

SD: 44.5mole ~2:1:1 + 53.Smole%2:l + 2.0mole%4:3:l 
E: 46.5 mole % 2:1:1 + 53.5 mole % 2:1 
F: 37.0 mole % 2:1:1 + 56.5mole%2:1 + 6.5mole % 1:1:1 

p o w d e r  b r i g h t n e s s  m e a s u r e m e n t s  a r e  g iven  in  Tab le  
IV. A s s u m i n g  loss o n l y  of w a t e r  a n d  f luorine,  the  
f ired compos i t ions  a r e  g iven  in T a b l e  IV in mo le  p e r  
cent  b y  c o m p a t i b l e  phases .  

The  b r i g h t n e s s  d a t a  show t h a t  as e q u i l i b r i u m  is 
a t t a i ned ,  compos i t ion  (A)  w h i c h  con ta ins  0.9 mole  
% 4 :3 :1 ,  and  compos i t ion  (C)  w h i c h  con ta ins  3.3 
mole  % 1 :1 :1  h a v e  on ly  80% of t he  b r i g h t n e s s  of 
compos i t i on  (B)  on the  jo in  2: 1:1 - -  2: 1. The  loss in 
b r i g h t n e s s  of compos i t ions  (A)  and  (C)  shows  t ha t  
4 :3 :1  a n d  1 :1 :1  a r e  m o r e  effect ive  a b s o r b e r s  for  
u.v. r a d i a t i o n  t h a n  t h e i r  mo le  p e r c e n t a g e s  w o u l d  
suggest .  E x a m i n a t i o n  of t he  r e a c t i o n  sequence  r e -  
vea l s  t h a t  t he  first  p h a s e  to fo rm is 2BaO: P~O~ f rom 
the  decompos i t i on  of BaHPO~. 2BaO: P~O~ reac t s  w i t h  
TiO~ to fo rm 2BaO: TiO~: P~O~ and  d e p e n d i n g  on com-  
pos i t ion  e i t he r  4 : 3 : 1  or  1: 1:1 fo rm as e q u i l i b r i u m  
is r eached .  The  r e a c t i o n  sequence  is i l l u s t r a t e d  b y  
compos i t ion  ( A ) .  A n  in i t i a l  f i r ing at  900~ gave  a 
p r o d u c t  w i t h  96% b r i g h t n e s s  b u t  success ive  f i r ings  
a t  930 ~ and  1000~ l o w e r e d  the  b r i g h t n e s s  to 82%. 
Compos i t i on  (C)  w h i c h  has  t he  a d d i t i o n a l  f luxing  
ac t ion  of l i qu id  BaO:P~O~ a p p r o a c h e d  t h e  e q u i l i b -  
r i um v a l u e  d u r i n g  the  in i t i a l  f i r ing a t  900~ Thus,  
i t  seems  l i k e l y  t ha t  t he  4: 3:1 and  1:1 : 1 phases  oc-  
cur  on the  su r faces  of t he  2 :1 :1  and  2:1 phase s  
w h e r e  t h e y  can  ac t  as  m o r e  ef fec t ive  a b s o r b e r s  for  
u.v. l i gh t  t h a n  the i r  mo le  p e r c e n t a g e s  w o u l d  ind ica te .  

T h r e e  o the r  compos i t ions  w e r e  se l ec t ed  s im i l a r  to 
( A ) ,  ( B ) ,  and  (C) .  The  a d d i t i o n a l  compos i t ions  
we re  p r e p a r e d  as fo l lows  (D)  4.0BaHPO4 + 1.0TiO~ 
+ 0.15BaF~; (E)  4.0BaHPO~ + 1.0TiO~ + 0.15BaF~ 
+ 0.15BaO:P~O~; and  ( F )  4.0BaHPO~ + 1.0TiO~ + 
O.15BaF~ + 0.30BaO:P~O~. F l u o r e s c e n t  b r i g h t n e s s  
d a t a  a n d  compos i t i ons  b y  c o m p a t i b l e  phase s  a r e  
g iven  in  T a b l e  IV. The  r e su l t s  p a r a l l e l  those  o b -  
t a i n e d  f r o m  compos i t ions  ( A ) ,  (B ) ,  and  (C) .  In  a d -  
di t ion,  i t  is d e m o n s t r a t e d  t h a t  d o u b l i n g  the  a m o u n t  
of 4 : 3 : 1 f r o m  0.9 m o l e  % in (A)  to 2.0 mo le  % in 
(D) on ly  f u r t h e r  dec reases  the  b r i g h t n e s s  b y  abou t  
10%. Thus  i t  a p p e a r s  t h a t  doub l ing  the  a m o u n t  of 
4 :3 :1  i nc reases  t h e  ef fec t ive  u.v. a b s o r b i n g  a r e a  b y  
abou t  10%, w h i c h  a g a i n  sugges t s  t h a t  4 : 3 : 1  occurs  
as pa t ches  on the  su r f ace  of t he  phosphor .  
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Conclusions 
1. The  subso l idus  p h a s e  r e l a t i o n s  w e r e  d e t e r -  

m i n e d  in t he  s y s t e m  BaO-TiO~-P~O~. F o u r  
t e r n a r y  c o m p o u n d s  w e r e  i so l a t ed :  ( a )  2BaO: 
TiO~:P~O~ me l t s  c o n g r u e n t l y  at  1197 ~ ----- 3~ 
a n d  i t  ha s  m a x i m u m  a n d  m i n i m u m  r e f r a c t i v e  
ind ices  of 1.688 a n d  1.672, r e s p e c t i v e l y ;  (b )  
BaO:TiO~:P~O~ me l t s  c o n g r u e n t l y  a t  1428 ~ ----- 
3~ a n d  i t  has  m a x i m u m  a n d  m i n i m u m  r e -  
f r a c t i v e  ind ices  of 1.84 and  1.79, r e s p e c t i v e l y ;  
(c) 4BaO: 3TiO~: P~O~ has  a r e f r a c t i v e  i n d e x  of 
abou t  1.71, and  i t  m e l t s  i n c o n g r u e n t l y  a t  1302 ~ 
_+3~ and  (d)  BaO:4TiO~:  3P~Oo m e l t s  i ncon -  
g r u e n t l y  a t  1368 ~ • 3~ and  t h e  r e f r a c t i v e  
ind ices  l ie  b e t w e e n  1.88 a n d  1.92. 

2. 3BaO: 2P_~O~ e x h i b i t s  a s l owly  r e v e r s i b l e  d i -  
m o r p h i c  i nve r s ion  a t  870 ~ • 10~ The  l o w -  
t e m p e r a t u r e  modi f i ca t ion  has  m a x i m u m  and  
m i n i m u m  r e f r a c t i v e  ind ices  of 1.628 and  1.618, 
r e spe c t i ve ly .  The  h i g h - t e m p e r a t u r e  f o r m  is 
n e a r l y  i so t rop ic  w i t h  a r e f r a c t i v e  i n d e x  of 
abou t  1.626. 

3. 2BaO:TiO~:P~O~ is t he  o n l y  c o m p o u n d  in t he  
s y s t e m  w h i c h  is of t h e  s e l f - a c t i v a t e d  type .  I t  
has  a n  emiss ion  s im i l a r  to  t h a t  of MgWO,.  

4. Compos i t i ons  w i t h  m a x i m u m  f luorescence  a r e  
r e s t r i c t e d  to t he  lo in  2BaO:P~Oo-2BaO:TiOf :  
P~O~, s ince  compos i t i ons  off th i s  j o in  con ta in  
e i t he r  BaO:TiO~:P~O~, 4BaO:3TiO~:P~O~, or  
TiO~ w h i c h  h a v e  h igh  u.v. a b s o r p t i o n  bu t  a r e  
nonf luo rescen t  phases .  
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ABSTRACT 

A film boil ing technique is used to increase  the ra te  of the rmal  decomposi-  
t ion of silicon te t ra iodide.  The silicon is deposi ted mol ten  on a submerged  in-  
duc t ion-hea ted  graphi te  shape and is collected after  its depa r tu re  f rom the hot  
zone by flotation. Appara tus  is descr ibed for the synthesis  and purif icat ion of 
large  quant i t ies  of sil icon te t ra iodide .  

D e p e n d i n g  on the  s e m i c o n d u c t o r  app l i ca t ion ,  s i l i -  
con of p u r i t y  of as l i t t l e  as  one p a r t  p e r  b i l l i on  is 
r e q u i r e d .  Zone  s e g r e g a t i o n  has  been  of l i m i t e d  use  
for  si l icon.  M a n y  diff icul t ies  have  been  e n c o d n t e r e d  
w h e n  m e l t i n g  a n d  so l id i fy ing  s i l icon in k n o w n  c r u -  
c ib le  m a t e r i a l s .  The  mos t  ef fec t ive  m e t h o d  of zone 
s e g r e g a t i o n  u t i l i zes  a f loa t ing  zone (1) .  

S e m i c o n d u c t o r  g r a d e  s i l icon has  been  p r e p a r e d  
b y  the  r e d u c t i o n  of s i l icon t e t r a c h l o r i d e  w i t h  zinc 
v a p o r  (2 ) ,  the  r e d u c t i o n  of a h a l o g e n a t e d  s i l icon 
c o m p o u n d  w i t h  h y d r o g e n  (3 -8 ) ,  and  b y  the  t h e r m a l  
decomposition of silane (9) and of silicon tetra- 
iodide (i0, ii). 

Recently it was shown that the rate of deposition 
of titanium from the thermal decomposition of ti- 
tanium tetraiodide could be increased greatly if the 
geometry were changed from the Van Arkel-de- 
Boer (12) method to a film boiling geometry (13). 
This is the basis of the apparatus described below. 

Silicon tetraiodide is a suitable starting material. 
The free energy change for the decomposition 
SiL-~ Si Jr-2I~ at 1 arm becomes zero at about 
1770~ This figure may be in considerable error 
because of the uncertainty of the data available 
(14). At this temperature, K of the reaction, L -~ 21, 
is about 8 1/mole -I with a contribution of --7.32 
kcal/mole (15). 

The partial pressure of iodine which limits the 
reaction is supplied by the decomposition. The rate 
of the decomposition by film boiling is most depen- 
dent on the removal of iodine from the reaction 
zone (11) .  

S i l i con  t e t r a i o d i d e  me l t s  a t  127~ and  boi l s  a t  
300~ m p  122~176 bp  301.5~ (16) .  I t s  d e n -  
s i ty  is g r e a t e r  t h a n  t ha t  of s i l icon and  a ids  in the  
r e m o v a l  of  the  p r o d u c t  f r o m  the  r e a c t i o n  zone by  
f lotat ion.  S i l i con  t e t r a i o d i d e  can be p r e p a r e d  eas i ly  
in l a r g e  q u a n t i t i e s  ( A p p e n d i x  I )  and  can  b e  pur i f ied  
in l a r g e  quan t i t i e s  ( A p p e n d i x  I I ) .  

Experimental 
Apparatus.--The a p p a r a t u s  for  t he  decompos i t i on  

consis ts  of a g r a p h i t e  hea te r ,  A in Fig.  1, hea t ed  
w i th  coils, B, d r i v e n  b y  a 20 k w  r f  g e n e r a t o r .  The  
h e a t e r  is h e l d  at  i ts  base  b y  two  m o l y b d e n u m  wires ,  
C, in an  i n n e r  q u a r t z  l iner ,  D. This  l i n e r  a s s e m b l y  
can  be c h a n g e d  w i t h o u t  d i s a s s e m b l i n g  the  en t i r e  

Fig. 1. Apparatus for the decomposition of silicon tetraio- 
dide by fi lm boiling. 

a p p a r a t u s .  The  i n n e r  l i ne r  and  the  ou te r  q u a r t z  
l iner ,  E, a r e  c o n t a i n e d  in the  r eac to r ,  F, w h i c h  has  a 
t o t a l  v o l u m e  of a b o u t  10 1 and  res t s  in sand.  The  
r e a c t o r  is f i t ted  w i t h  a 2-1 f eed ing  flask, G, and  
feed ing  tube ,  H, a s idea rm,  I, a n d  a l a rge  u p p e r  
jo in t .  The  u p p e r  j o i n t  con ta ins  a gas  in le t  tube ,  J, on 
w h i c h  a r e  h u n g  a ser ies  of t a n t a l u m  baffles ,  K.  A t -  
t a c h e d  to t he  s ide  a r m  is the  co lumn,  L, f i l led w i t h  
q u a r t z  cul le t ,  M. A condenser ,  N, l eads  f rom the 
top  of the  c o l u m n  to a 10-1 r e c e i v i n g  flask, O. Con-  
nec t ed  to the  r e c e i v i n g  f lask is a v e n t  or  s tack,  P, in 
w h i c h  is p l a c e d  a c l ean ing  c rank ,  Q. A l l  j o in t s  a re  
he ld  t o g e t h e r  w i t h  ba l l  j o i n t  c l a m p s  excep t  t he  l a r g e  
jo in t ,  wh ich  is h e l d  t o g e t h e r  w i t h  a cha in  and  sp r ing  
c lamp,  R. The  cha ins  on each  s ide  of the  j o in t  a r e  
he ld  w i t h  sp r ings  of su i t ab l e  n u m b e r  and  s t reng th .  
The  cha ins  d i s t r i b u t e  the  p r e s s u r e  even ly .  

Operation.--After the  g r a p h i t e  h e a t e r  has  been  
p u t  into p l ace  and  abou t  3 1 of l i qu id  s i l icon t e t r a -  
i od ide  h a v e  b e e n  added ,  t he  a p p a r a t u s  is f lushed 
w i t h  an ine r t  gas  such as a rgon.  The  g r a p h i t e  t hen  
is h e a t e d  to j u s t  b e l o w  the  de c ompos i t i on  t e m p e r -  
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a t u r e  (1800~ es t . ) .  The  f lushing gas is a d j u s t e d  to 
the  p o i n t  w h e r e  the  h e a v y  v a p o r s  of s i l icon t e t r a -  
iod ide  j u s t  r i se  to t he  baff les .  This  k e e p s  t he  l a rge  
j o i n t  b e t w e e n  the  r eac to r  and  the  top clean.  As  the  
bo i l ing  con t inues  the  condens ing  v a p o r s  r i se  in the  
co lumn  a n d  h e a t  it. This  p r e v e n t s  c logging  of the  
cold c o l u m n  l a t e r  by  iodine.  The  p o w e r  p u t  in to  the  
g r a p h i t e  is i nc r ea sed  and  decompos i t i on  begins .  
Iod ine  v a p o r s  obscure  a l l  the  i n n e r  p a r t s  of the  a p -  
p a r a t u s  and  the  decompos i t i on  p roceeds  w i t h  iod ine  
d i s t i l l i ng  out  of the  co lumn  and  into the  condense r  
and  r e c e i v i n g  flask. To p r e v e n t  c logging,  t he  con-  
dense r  is h e a t - c y c l e d  p e r i o d i c a l l y  to m e l t  t he  so l id i -  
fied iod ine  d o w n  into  t he  rece ive r .  The  c rys t a l s  in 
the  s t a c k  a r e  b r o k e n  f r ee  w i t h  t he  c rank .  

The  m o l t e n  s i l icon bu i lds  up  c o n t i n u o u s l y  on the  
g r a p h i t e  a n d  b r e a k s  to the  su r face  of t he  s u r r o u n d -  
ing l i qu id  in  a b r i g h t  d i s p l a y  of m o l t e n  d rop le t s .  
The  i n n e r  q u a r t z  l i n e r  d i r ec t s  t he  s i l icon d r o p l e t s  u p -  
w a r d  a n d  d u m p s  t h e m  out  onto  the  su r f ace  of the  
l i qu id  t e t r a i od ide .  The  o u t e r  q u a r t z  l i n e r  p r e v e n t s  
t he  m o l t e n  d r o p l e t s  f r o m  f loat ing into  t h e  s ide  of 
t he  glass  con ta ine r .  V e r y  f ew  d r o p l e t s  s t i ck  to a n y  
surface .  F r e s h  s i l icon t e t r a i o d i d e  is a d d e d  as i t  is 
n e e d e d  d u r i n g  the  decompos i t i on  to keep  the  l i qu id  
l eve l  up.  This  is a ccompl i shed  b y  m e l t i n g  the  so l id i -  
fled s i l icon t e t r a i o d i d e  in t he  f eed ing  f lask and  
t h r o u g h  the  f eed ing  t ube  t r ap .  

A f t e r  s e v e r a l  pounds  of s i l icon h a v e  col lec ted ,  the  
p o w e r  is t u r n e d  off, t he  top  is opened ,  a n d  the  i n n e r  
l i ne r  r e m o v e d .  The  pe l l e t s  t hen  can  be  r e m o v e d  
w i t h  a t a n t a l u m  screen  l ad l e  (S, Fig.  1).  The  pe l l e t s  
a r e  soaked  in  d i s t i l l ed  w a t e r  and  t h e n  in h y d r o -  
f luoric  ac id  so lu t ion  to r i d  t h e m  of a n y  si l ica.  A f t e r  
w a s h i n g  a n d  d r y i n g ,  t he  p e l l e t s  a r e  r e a d y  for  use. 

In  d i s a s s e m b l i n g  the  a p p a r a t u s  the  j o in t s  of the  
f eed ing  t u b e  and  the  condense r  a r e  loosened  b y  
h e a t i n g  and  a r e  s epa ra t ed .  The  top of t he  r e a c t o r  is 
r e m o v e d  a n d  the  l i qu id  con ten t s  of t h e  r e ac to r  
p o u r e d  ( u s u a l l y  w i t h  f i l t e r ing)  in to  a f lask  for  s to r -  
age.  The  g l a s s w a r e  is c l eaned  b y  an  o v e r n i g h t  i m -  
m e r s i o n  in  hot,  10% s o d i u m  h y d r o x i d e  solut ion,  
f o l l owed  b y  a s c r u b b i n g  in  A l c o n o x  so lu t ion  and  a 
r inse  in  d e m i n e r a l i z e d  w a t e r .  

Heater.--Special a t t e n t i o n  m u s t  be  p a i d  to the  
su r face  on w h i c h  the  s i l icon depos i t s  s ince n a t u r a l l y  
no c o n t a m i n a t i o n  of t he  s i l icon b y  the  su r f ace  m a -  
t e r i a l  or  i ts  i m p u r i t i e s  is des i red .  The  bes t  m a t e r i a l  
found  was  g raph i t e .  

The  g r a p h i t e  se lec ted  has  to be  b o t h  p u r e  and  
dense  fo r  th is  app l i ca t ion .  I t  was  f o u n d  t h a t  c o m m e r -  
c ia l  g r a p h i t e  w i t h  a d e n s i t y  of less  t h a n  a b o u t  1.70 
was  c o m p l e t e l y  d i s i n t e g r a t e d  in to  s i l icon c a r b i d e  by  
m o l t e n  si l icon.  This  d e s t r u c t i v e  process  was  seen 
less f r e q u e n t l y  as m o r e  dense  g r a p h i t e  was  used.  As  
s i l icon s t a r t s  to fo rm  on a g r a p h i t e  su r f ace  a p r o -  
t ec t ive  l a y e r  of s i l icon  c a r b i d e  forms.  Th is  p r e v e n t s  
f u r t h e r  r e a c t i o n  un less  t he  g r a p h i t e  is porous .  In  
this  case  t he  s i l icon runs  in to  t he  pores ,  f o r m i n g  
some s i l icon  ca rb ide .  The  v o l u m e  of the  s i l icon  c a r -  
b ide  is g r e a t e r  t h a n  t ha t  w h i c h  the  g r a p h i t e  o r ig i -  
n a l l y  occupied ,  r e s u l t i n g  in  a c r a c k  w h i c h  r e l i eves  
the  s t ra in .  S i l i con  runs  in to  th is  c r ack  and  the  d e -  
s t r u c t i v e  p rocess  cont inues .  
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The  shape  se l ec t ed  for  the  g r a p h i t e  has  smoo th  
con tours  to e n c o u r a g e  the  l eas t  v io l en t  l i qu id  and  
gas  flow a r o u n d  i t  a n d  to  m i n i m i z e  the  s t r a in s  i n -  
d u c e d  on i ts  s u r f a c e  b y  the  th in  s i l icon  c a r b i d e  l aye r .  

U n f o r t u n a t e l y  t h e r e  is a f ini te  so lub i l i t y  of c a rbon  
in m o l t e n  si l icon.  T h e r e f o r e  t he  g r a p h i t e  (or  s i l icon 
c a r b i d e )  d i s so lves  to an  a p p r e c i a b l e  e x t e n t  in t he  
s i l icon t ha t  has  fo rmed .  A v e r y  s m a l l  a m o u n t  of 
s i l icon c a r b i d e  c ry s t a l l i z e s  out  of the  s i l icon pe l l e t s  
as t h e y  so l id i fy .  This  a m o u n t s  to abou t  0.1%. Oc-  
c a s iona l l y  a g r a p h i t e  h e a t e r  had  to be  r e p l a c e d  b e -  
cause  of e x t e n s i v e  eros ion.  

S i l icon  c a r b i d e  was  used  in s eve ra l  e x p e r i m e n t s  
and  found  to e r o d e  a b o u t  as  r a p i d l y  as t he  dense  
g r a p h i t e  s ample s .  

Results 
Product.--The p r o d u c t  is a mass  of v a r i o u s  s ized  

p o l y c r y s t a l l i n e  d r o p l e t s  of s i l icon r a n g i n g  f r o m  1/s 
to % in. in d i a m e t e r .  M a n y  of t he  d r o p l e t s  b r o k e  
a f t e r  sol id i f ica t ion.  The  p r o d u c t  is p i c t u r e d  in Fig.  2. 

Ra tes  as h igh  as 120 g / h r  h a v e  been  obse rved .  
This  c o r r e s p o n d s  to 10 g of s i l i e o n / h r / c m  ~. B y  
s u s p e n d i n g  the  g r a p h i t e  in t he  vapor ,  a r a t e  of 
1.0 g / h r / c m  ~ was  o b t a i n e d  a t  a b o u t  1800~ This  
t en fo ld  i nc rea se  in  t he  r a t e  b y  the  i n t r o d u c t i o n  of 
f i lm bo i l ing  c o m p a r e s  w i t h  t h e  f ac to r  of 100 f o u n d  
by  P e t e r s e n  (13) us ing  t i t a n i u m  t e t r a i o d i d e .  

The  p u r i t y  of t he  p r q d u c t  was  d e t e r m i n e d  b y  
d r a w i n g  a t es t  c r y s t a l  f r o m  each  b a t c h  and  m e a s u r -  
ing  i ts  r e s i s t i v i ty .  The  a v e r a g e  r e s i s t i v i t y  of  a b o u t  
a t h o u s a n d  runs  was  found  to be  abou t  5-10 o h m -  
cm, p - t y p e .  The  i m p u r i t y  e l e m e n t  was  iden t i f i ed  as 
boron  b y  d e t e r m i n i n g  the  s e g r e g a t i o n  coefficient.  
The  h ighes t  r e s i s t i v i t i e s  f o u n d  w e r e  in  t he  300 
o h m - c m  range ,  b u t  i t  is b e l i e v e d  th is  was  due  to 
compensa t ion .  

A l t h o u g h  the  s m a l l  c a r b o n  (or  c a r b i d e )  con t en t  
in the  s i l icon d id  not  affect  t he  r e s i s t i v i t y ,  i t  i n t e r -  
f e r ed  in t he  g r o w t h  of s ingle  c r y s t a l s  b y  a p p e a r i n g  
as a dross  on t h e  m o l t e n  p r o d u c t  d u r i n g  c r y s t a l  
g rowing .  

S e v e r a l  m e t h o d s  h a v e  b e e n  used  to r e m o v e  the  
s i l icon c a r b i d e  f r o m  the  p roduc t .  The  p r o d u c t  has  

Fig. 2. The product: solidified droplets of silicon 
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been  f i l tered t h rough  qua r t z  wool and  f r i t t ed  quar tz  
disks bu t  these steps, whi le  r e m o v i n g  the  carbide,  
i n t roduce  oxygen  (17).  

Temperature of decomposition.--The decomposi -  
t ion in  this  sys tem s tar t s  sudden ly  because  the 
sudden  d a r k e n i n g  of the  con ten t s  of the  reactor  is 
seen w h e n  the  t e m p e r a t u r e  is increased  by  ve ry  smal l  
inc rements .  Severa l  me thods  have  been  used to es t i -  
ma te  this  t empe ra tu r e .  Direct  opt ical  m e a s u r e m e n t  
was imposs ib le  because  of the  deep iodine  color. 
Ju s t  p r ior  to decomposi t ion,  the  t e m p e r a t u r e  is 
abou t  1700~ W h e n  the  g raph i t e  was  hea ted  in  
a rgon  wi th  the  same power  i npu t  as above,  the  t e m -  
pe ra tu r e  was  abou t  150 ~ higher .  I n  one case where  
si l icon t e t ra iod ide  was  used,  h y d r o g e n  was  i n t r o -  
duced j u s t  u n d e r  the  hea te r  to ob ta in  be t t e r  v i s i -  
bi l i ty .  The  deep iod ine  color was  d ispel led  e v e r y -  
where  except  in  the  i m m e d i a t e  ne ighborhood  of the  
decomposi t ion  zone. I t  is i n t e re s t ing  to no te  tha t  
u n d e r  these  condi t ions  smal l  quan t i t i e s  of t r i iodo-  
s i lane  d is t i l led  out  of the  co lumn.  

P l ac ing  a t he rmocoup le  ins ide  the  g raph i te  a nd  
free f rom si l icon t e t ra iod ide  vapors  could no t  be  
accompl ished  w i thou t  the d i s in t eg ra t ion  of the  t he r -  
mocouple  wi th  s i l icon at  t e m p e r a t u r e s  somewhat  
be low whe re  the  reac t ion  appears  to begin .  

A f u r t h e r  es t imate  of the  decomposi t ion  t e m p e r a -  
tu re  was  a t t emp ted  by  obse rv ing  the  t ime  it  took 
the  pel le ts  to solidify. K n o w i n g  the  hea t  of fus ion  
and  the  hea t  capaci ty  of m o l t e n  si l icon and  a s sum-  
ing an  emiss iv i ty  as h igh  as un i ty ,  one can  ca lcula te  
the t ime  r equ i r ed  for  a pe l le t  of a g iven  size to 
solidify, a s suming  hea t  loss by  r ad i a t i on  only.  The  
ca lcu la ted  cooling t ime  is st i l l  m u c h  la rger  t h a n  the 
observed,  showing  cons iderab le  heat  loss by  con-  
duct ion.  

T h e r m o d y n a m i c s  predic ts  an  e q u i l i b r i u m  decom-  
posi t ion  t e m p e r a t u r e  of 1770~ at  1 a tm  bu t  this  is 
ve ry  d e p e n d e n t  on the  iodine  pa r t i a l  pressure .  Reduc-  
ing  the iodine p ressure  reduces  the  t e m p e r a t u r e  at  
which  decomposi t ion  can  take  place. A discussion 
of this  e q u i l i b r i u m  has been  made  by  Schlifer  a nd  
Morcher  (18, 19) and  by  L o o n a m  (20).  I t  is i n t e r -  
es t ing to note  that ,  w i th  an  adequa te  supp ly  of 
iod ine  at  a total  p re s su re  of 1 atm, the fo rma t ion  of 
si l icon te t ra iod ide  is se l f - sus ta in ing ,  somet imes  p ro -  
duc ing  t e m p e r a t u r e s  sufficient to sof ten qua r t z  
( A p p e n d i x  I ) .  

Summary 
A n  appa ra tu s  has been  used for  the t he rm a l  de-  

composi t ion  of s i l icon t e t ra iod ide  by  fi lm boi l ing  on 
a g raph i t e  surface to p roduce  semiconduc tor  grade 
si l icon at  a ra te  of 120 g /h r .  The  es t ima ted  decom-  
posi t ion t e m p e r a t u r e  is 1800~ at  1 atm. The smal l  
so lub i l i ty  of ca rbon  in  si l icon at  this  t e m p e r a t u r e  
does no t  affect the  res i s t iv i ty  b u t  does h i n d e r  the  
g rowth  of s ingle  crys ta ls  f rom the  product .  

APPENDIX I 
Apparatus  for the Product ion of Large Quanti t ies 

of Silicon Tetraiodide 

Li terature  on prepara t ion  of-metal halides by direct 
combinat ion are too numerous  to mention.  Much of the 
preparat ive work on silicon halides has been done by 
Schumb, et al. (21). The following represents  an im-  
p rovement  on Szekely's method (3) in  that  the appa- 
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Fig. 3. Apparatus for the preparation of silicon tetroiodide 

ratus can be r u n  almost cont inuously and that  the rate 
of the reaction is .somewhat higher. 

Experimental.--Resublimed iodine was purchased in 
25-1b drums from J. T. Baker Chemical Company, Phi l -  
lipsburg, New Jersey. The crude silicon (low a luminum 
grade) was purchased in 100 lb drums from the Elec- 
t ro-Metal lurgical  Division of Union Carbide and Car- 
bon Corporation. The silicon was crushed to about 1 
mesh before use. 

The apparatus (Fig. 3) consists of a 5 1 boiler flask, 
A, fitted with an inlet  tube, B, and an opaque quartz 
burn ing  tube, C. A heat ing mantle ,  D, surrounds the 
boiler and supports it. The assembly is supported by a 
s turdy tripod, E. The lower port ion of the burn ing  
tube is surrounded by a resistance furnace, F. A tanta-  
lum or molybdenum wire plug, G, in the neck of the 
burn ing  tube supports the silicon charge, H. A one- 
holed rubber  stopper and a glass tube in the top of the 
burn ing  tube act as a secondary inlet  tube, I. The bu rn -  
ing tube has a side arm which connects through an el- 
bow, J, to a 5 1 receiver, K. The receiver is fitted with 
an open tube, L, called a stack. 

To ready the apparatus for use, the burn ing  tube is 
filled with crushed silicon and the boiler is loaded with 
about 4 1 (40 lb) of molten iodine. This mater ia l  is 
general ly iodine recovered from the decomposition of 
silicon tetraiodide. The system is swept with argon 
slowly through both inlet  tubes. 

The furnace is turned on and its temperature  in-  
creased unt i l  the purple vapors appearing in the side 
arm and elbow change to a white aerosol of silicon 
tetraiodide. The boiler tempera ture  is increased and 
the reaction proceeds vigorously as iodine distills up into 
the burn ing  tube. Usual ly  the furnace is tu rned  off 
completely to avoid overheating as the reaction is self- 
sustaining. 

As the reaction continues, the flushing gas is de- 
creased to a very  low flow rate. The necks of the re-  
ceiver and the stack are heated periodically with a 
large soft flame to melt  down any solid that  has col- 
lected. Silicon in the burn ing  tube is knocked down 
into the reaction zone by tapping the tube gently with a 
heavy wooden stick. To r un  the apparatus more or less 
continuously,  the boiler and bu rn ing  tube can be re-  
charged and the receiver replaced. The washing pro- 
cedure for the burn ing  apparatus  is identical to that 
used for the decomposition apparatus. 

The impure  product  that  distills into the receiver is 
usual ly  a dark p ink ish-brown l iquid cooling to a brown 
waxy solid. The rate of product ion can be controlled 
by regulat ing the boiler tempera ture  and averages 7.5 



Vol. 107, No. 3 P R E P A R A T I O N  O F  S E M I C O N D U C T I N G  G R A D E  Si  225 

Fig. 4. Still for the disti l lation of silicon tetraiodide 

l b / h r  of crude product.  The yield is essentially quan-  
ti tative. 

The rate  of burning cannot be increased great ly  be-  
cause several  t imes the opaque quartz  tube had sagged 
dangerously because of over-heat ing.  If pure silicon is 
used as the start ing material ,  the react ion starts wi th  
great  difficulty and the burning ra te  is quite slow. 

A P P E N D I X  II 

Sti l l  for  the Purif icat ion of Large  Quanti t ies 
of Sil icon Tetra iodide 

The still used for  the purification is an easily buil t  
laboratory-scale  still for  handl ing of large quanti t ies of 
a dense, high boiling mater ia l  such as silicon te t ra -  
iodide. It  is of the usual type with  a few innovat ions 
for use wi th  silicon tetraiodide. The weight  of the 
column and rece iver  is counterbalanced so that  a re -  
distr ibution of weight  dur ing disti l lation will  not strain 
the neck of the boiler flask. The the rmomete r  was e l im-  
inated f rom the prototype still head because it was 
more convenient  to take product  cuts on an empir ical  
basis. 

ExperimentaL--The apparatus (Fig. 4) consists of a 
12-1 boiler pot, A, enclosed in a heat ing mantle,  B. The 
mant le  and flask are supported by a sturdy tripod, C. 
The boiler has a side arm, D, for the introduct ion of 
crude silicon tetraiodide. A column, E, 72 in. long and 
3 in. in d iameter  is packed with  % in. glass helices, F, 
and is connected to the boiler. The column is sur-  
rounded by two jackets. The inner  jacket,  G, is wound 
with  nichrome wire, H, to balance the heat  loss of the 
column. The outer  jacket,  I, is insulating. To facil i tate 
the construction of the apparatus, the jackets were  each 
made of two parts. The column assembly is held in 
position by three  grooved Transi te  rings, J. The column 
rests in glass wool, K. The weight  of the column as- 
sembly is supported by the bottom Transi te  retainer.  The 
top of the column connects to an insulated still head, L, 
which is fitted with  a gas inlet  tube, M. The receiver ,  N, 
is at tached to the still head and is fitted with  a vent,  
O, called a stack. An internal  extension on the head 
directs the disti l late away f rom the joint  be tween  the 
head and the receiver.  The column and rece iver  as- 
sembly is at tached to a movable  rack, P. The column, 
receiver,  and rack  are counterbalanced by a weight,  Q, 
to prevent  strain on the neck of the boiler  flask. 

Usually the charge of crude silicon tetraiodide is 
about 85 lb. It  is contaminated largely  wi th  iodine. The 
first f ract ion is deeply colored with  iodine, bp 184~ 
and somewhat  contaminated with  boron triiodide. By 
the t ime the pure  yel low disti l late of silicon tetraiodide 
appears these impuri t ies  have been collected. The t em-  
pera ture  of the upper  par t  of the column is lowered 
sl ightly by decreasing the power  in the winding of the 
upper, inner  jacket.  The throughput  stops and the re -  
ceiver is quickly changed. Product  is s imilar ly taken  in 
batches. Crude silicon tetraiodide can be added as de- 
sired. 

The disti l lation was carr ied out at 1 atm to avoid the 
use of vacuum equipment .  This step did necessitate the 
intl:oduction of suitable insulat ion and heat ing of the 
apparatus. 

The reflux rat io during operat ion was about 3:1 and 
it is es t imated that  there  were  about seven theoret ical  
plates. 

The product  is a yel low l iquid or a whi te  solid wi th  
the mel t ing point found to be 127~ The th roughput  of 
the column could be as large as 7 lb /hr ,  because there  
was good separat ion of impurities.  The nearest  boiling 
containment  was boron tr i iodide with  a boiling point 
of 210~ (16), a separat ion of 90~ f rom silicon te t ra -  
iodide. The product  was analyzed spectroscopically and 
no impuri t ies  were  found. 

Manuscript  received June  22, 1959. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the December  1960 
JOURNAL. 
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Imaging-Furnace Developments for High-Temperature Research 
P e t e r  E. G l a s e r  

Arthur D. Little, Inc., Cambridge, Massachusetts 

ABSTRACT 

The pr inciples  of imaging furnaces  using the sun or a high in tens i ty  electr ic  
arc a re  presented.  The per fo rmance  of imaging furnaces  wi th  the two energy  
sources are  cont ras ted  and the re la t ive  advantages  of each source are  pointed 
out. Detai ls  on arc per formance  and construct ion are  given. Advances  in in-  
s t rumenta t ion  for measur ing  and "controlling t empe ra tu r e  and hea t  flux are 
described.  The funct ion of a flux d is t r ibu tor  to obta in  la rger  un i fo rmly  hea ted  
a rea  is expla ined.  

T h e  goa l  of h i g h - t e m p e r a t u r e  r e s e a r c h  is to o b -  
t a in  a b e t t e r  u n d e r s t a n d i n g  of t he  b e h a v i o r  of 
m a t e r i a l s  u n d e r  cond i t ions  of e x t r e m e  t e m p e r a t u r e s .  
The re fo re ,  m e a n s  h a d  to be  f o u n d  to g e n e r a t e  h igh  
t e m p e r a t u r e s  u n d e r  c o n t r o l l e d  cond i t ions  in t he  
l a b o r a t o r y .  A m o n g  the  a p p r o a c h e s  for  g e n e r a t i n g  
h igh  t e m p e r a t u r e s  a r e  those  r e l y i n g  on h e a t  t r a n s f e r  
b y  a gas, i n d u c t i o n  hea t ing ,  or  r e s i s t ance  hea t ing ,  
and  those  us ing  o n l y  r a d i a n t  h e a t i n g  b y  m e a n s  of 
an  i m a g i n g  fu rnace .  

T h e  i m a g i n g  fu rnace ,  an  op t i ca l  s y s t e m  to con-  
c e n t r a t e  r a d i a t i o n  f r o m  a s u i t a b l e  hea t  source,  has  
been  f o u n d  a u se fu l  r e s e a r c h  tool  in  s tud ies  of h i g h -  
t e m p e r a t u r e  p h e n o m e n a .  In  an  i m a g i n g  fu rnace ,  t he  
h e a t  source  is f a r  e n o u g h  f r o m  the  s a m p l e  to  t r a n s -  
m i t  h e a t  b y  r a d i a t i o n  on ly  and  no t  by. conduc t ion  
or  convec t ion .  The  a d v a n t a g e s  of th is  m e t h o d  a r e  
f r e e d o m  f rom c o n t a m i n a t i o n  of t he  s a m p l e  ( b o t h  b y  
f u r n a c e  vapo r s  a n d  a s a m p l e  c o n t a i n e r ) ,  t h e  pos s i -  
b i l i t y  of s t u d y i n g  the  b e h a v i o r  of the  m a t e r i a l  in 
e i t h e r  a i r  or  a c o n t r o l l e d  a t m o s p h e r e ,  and  the  ease  
w i t h  w h i c h  i n s t r u m e n t s  can be  b r o u g h t  close to t he  
s a m p l e  w i t h o u t  b e i n g  s u b j e c t e d  to excess ive  hea t .  

Imaging Sys tems  

D u r i n g  the  pa s t  f e w  years ,  so la r  fu rnaces ,  us ing  
the  sun  to p r o v i d e  r a d i a n t  ene rgy ,  have  c r e a t e d  
c o n s i d e r a b l e  i n t e r e s t  (1 ) ,  a l t h o u g h  t h e i r  d e p e n d e n c e  
on t h e  w e a t h e r  has  r e s t r i c t e d  t h e i r  app l i ca t ions .  The  
s u b s t i t u t i o n  of an  a r t i f i c ia l  source  to  p e r m i t  the  use  
of an  i m a g i n g  f u r n a c e  ins ide  a l a b o r a t o r y  has  been  
f o u n d  to offer  def in i te  a d v a n t a g e s  (2) .  The  d e v e l o p -  
m e n t  of n e w  h i g h - i n t e n s i t y  e l ec t r i c  a rcs  (3)  has  
p r o v i d e d  r a d i a n t - e n e r g y - p r o d u c i n g  capab i l i t i e s  b e -  
y o n d  those  f o u n d  in a so lar  fu rnace .  

F i g u r e  1 shows  the  poss ib le  a r r a n g e m e n t s  b y  
w h i c h  the  source  can  be  i m a g e d  onto a sample .  A 
s ing le  p a r a b o l o i d a l  m i r r o r  (4)  a n d  a p a r a b o l o i d a l  
m i r r o r  in c o m b i n a t i o n  w i t h  a flat  m i r r o r  (5)  h a v e  
been  used  to i m a g e  t h e  sun  onto  t h e  sample .  E l l i p -  
s o i d a l -  (6)  and  p a r a b o l o i d a l - m i r r o r  c o m b i n a t i o n s  
(7)  h a v e  been  used  in c o n j u n c t i o n  w i t h  e l ec t r i c  
arcs.  A n  op t i ca l  s y s t e m  us ing  an  e l l i p so ida l  m i r r o r  
w i t h  t he  source  l o c a t e d  a t  t he  m a j o r  foca l  d i s t a n c e  
(8)  p r o d u c e s  a r e d u c e d  i m a g e  and  the  h ighes t  f lux 
dens i ty ,  w h i l e  a r e f r a c t i v e  s y s t e m  (9)  is c a p a b l e  of 
g iv ing  a u n i f o r m  i m a g e  i r r a d i a t i o n .  The  t w o - p a r a -  
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Fig. 1. Optical systems of imaging furnaces 

b o l o i d a l - m i r r o r  and  t w o - e l l i p s o i d a l - m i r r o r  sys t ems  
have  f o u n d  w ide  usage ;  t w o - e l l i p s o i d a l  m i r r o r s  
have  some a d v a n t a g e  in  conven ience  of con t ro l l ing  
the  r ad i a t i on .  

The  choice  of op t i ca l  s y s t e m  and  i m a g i n g  source  
d e p e n d s  on the  de s i r e d  c h a r a c t e r i s t i c s  of t he  image.  
A s ingle  m i r r o r  t ends  to h a v e  the  leas t  t r a n s m i s s i o n  
loss, and,  if  the  loca t ion  of the  source  is t r ansposed ,  
e i t he r  an e n l a r g e d  or  r e d u c e d  i m a g e  can  be  ob ta ined .  
In  a d d i t i o n  to the  t y p e  of i m a g e  o b t a i n e d  (as  d e t e r -  
m i n e d  b y  the  op t i ca l  s y s t e m ) ,  the  r a d i a t i o n  f lux 
dens i ty ,  d i s t r i b u t i o n  of t he  f lux  d e n s i t y  at  t he  focal  
zone, and  f luc tua t ion  in t he  source  o u t p u t  inf luence 
the  use fu lnes s  of an  i m a g i n g  fu rnace .  

W h e n  the  sun is u sed  as t he  r a d i a t i o n  source,  t he  
f lux d e n s i t y  at  t he  i m a g e  is d e t e r m i n e d  b y  the  
a m o u n t  of r a d i a t i o n  t h a t  r eaches  t he  co l lec t ing  
m i r r o r  s y s t e m  a f t e r  a b s o r p t i o n  b y  the  a t m o s p h e r e  
( a b o u t  1.3 c a l / c m ~ / m i n ) .  Because  of t h e  l im i t ed  
o u t p u t  of th i s  r a d i a t i o n  source ,  c o n s i d e r a b l e  effor t  
h a d  to be  e x p e n d e d  in e s t a b l i s h i n g  the  o p t i m u m  size 
and  g e o m e t r y  (10) of t he  co l l ec t ing  m i r r o r s  so t ha t  
a h igh  i m a g e  f lux d e n s i t y  cou ld  be  a t t a ined .  

226 
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Electric-Arc Sources 
The e lec t r i c  a rcs  t ha t  have  been  used  in i m a g i n g  

fu rnaces  a r e  of t h e  Beck  (11) type .  The  o u t s t a n d i n g  
v i s ib le  c h a r a c t e r i s t i c  of th is  h i g h - i n t e n s i t y  e l ec t r i c  
a rc  is a j e t  of gaseous  m a t e r i a l  e j e c t ed  f r o m  the  
anode  c r a t e r  in the  f o r m  of a v e r t i c a l  t a i l  f lame.  The  
flow ve loc i t y  a n d  flow d i r ec t i on  of  th is  t a i l  f lame a re  
d e t e r m i n e d  b y  i n t e r n a l  e l e c t r o m a g n e t i c  f ields and  
t h e r m a l  effects.  These  v a p o r i z e d  a n o d e  componen t s ,  
c o m p r i s i n g  a toms,  ions, and  p o s s i b l y  some d i a t o m i c  
molecules ,  r a d i a t e  v e r y  s t rong ly ;  t h e i r  s t e a d y - s t a t e  
b e h a v i o r  d e p e n d s  on the  c u r r e n t  dens i ty .  Much  of 
the  r a d i a t i o n  t h a t  e m a n a t e s  f rom the  gaseous  m a -  
t e r i a l s  of t he  t a i l  f lame is lost ,  s ince  i t  canno t  be  
c o n c e n t r a t e d  in to  an  image .  A c o n s i d e r a b l e  i m -  
p r o v e m e n t  ove r  t he  c o n v e n t i o n a l  h i g h - i n t e n s i t y  e l ec -  
t r i c  a rc  is r e p r e s e n t e d  b y  the  G r e t e n e r  (12) b l o w n  
arc. F i g u r e  2 shows  the  m e c h a n i s m  b y  w h i c h  a b l o w n  
a rc  is ob ta ined .  T a n g e n t i a l  a i r  j e t s  s u r r o u n d i n g  the  
anode  d i r ec t  a conica l  s t r e a m  of a i r  i n w a r d  t o w a r d  
the  arc.  In  th is  m a n n e r ,  t he  gaseous  m a t e r i a l s  a r e  
c o n c e n t r a t e d  in  t he  f o r m  of a c y l i n d e r  of b r i l l i a n t l y  
g lowing  gases.  In  add i t ion ,  t he  a i r  j e t s  s u r r o u n d i n g  
the  anode  cool  t he  ou t s ide  su r f ace  thus  a l l o w i n g  a 
h i g h e r  c u r r e n t  d e n s i t y  w i t h o u t  an  inc rease  in  c a r b o n  
consumpt ion .  

Operational Requirements 
O p e r a t i o n a l  r e q u i r e m e n t s  and  e x p e r i m e n t a l  p r o -  

cedures  m a y  d e t e r m i n e  the  t y p e  of source  and  op -  
t i ca l  s y s t e m  of an  i m a g i n g  fu rnace .  The  s p a t i a l  d i s -  
t r i b u t i o n  of  t he  r a d i a n t  f lux d e n s i t y  at  t h e  foca l  
zone of t h e  co l l ec t ing  m i r r o r  m u s t  be  cons ide red ;  
i t  has  been  s h o w n  to fo l low a p p r o x i m a t e l y  a G a u s -  
s ian  d i s t r i b u t i o n  (13).  A use fu l  p a r a m e t e r  d e s c r i b -  
ing i t  is t he  r a d i a l  d i s t ance  f r o m  the  op t i ca l  ax i s  a t  
w h i c h  the  f lux d e n s i t y  has  d r o p p e d  to 90% of t h a t  
m e a s u r e d  on the  axis .  The  n a t u r e  of t he  op t i ca l  
sy s t em and  the  size and  t y p e  of source  d e t e r m i n e  
w h a t  th is  r a d i a l  d i s t ance  wi l l  be.  

A l t h o u g h  a m a x i m u m  i m a g e  f lux d e n s i t y  is d e -  
s i rab le ,  a c o n s t a n t  f lux d e n s i t y  at  t he  i m a g e  p l a n e  is 
necessa ry .  W h e n  the  sun  is u sed  as t h e  r a d i a t i o n  
source,  n e a r l y  i dea l  cons t an t  cond i t ions  p r e v a i l  a t  
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the  image ;  no  o t h e r  source  has  been  ab le  to p r o d u c e  
e q u i v a l e n t  condi t ions .  

Cons t ancy  of f lux d e n s i t y  is in f luenced  b y  n o n -  
u n i f o r m  compos i t i on  of t he  arc  e lec t rodes ,  i r r e g u l a r  
b u r n i n g  of t he  e l ec t rodes  ( caused  b y  the  effects of 
m a g n e t i c  f ie lds) ,  v a r i a t i o n s  in  the  s u p p l y  of vo l tage ,  
u n s a t i s f a c t o r y  e l e c t r o d e  feed  dev ices  a n d  contro ls ,  
and  an  u n s t a b l e  a rc  ( c a u s e d  b y  an  excess ive  c u r r e n t  
d e n s i t y ) .  The  pos i t i on ing  of t he  pos i t i ve  c a r b o n  in 
the  foca l  p l a n e  of t he  source  m i r r o r  is c r i t i ca l ;  a 
m o v e m e n t  of 1/~ in. f r o m  the  e l ec t rode  foca l  p l a n e  
can  cause  a change  of 10% in t h e  f lux d e n s i t y  a t  
the  image .  

The  d u r a t i o n  of an  e x p e r i m e n t  to be  p e r f o r m e d  in 
an i m a g i n g  f u r n a c e  m a y  inf luence  the  se lec t ion  of 
a source.  T h e o r e t i c a l l y ,  the  sun  p r o v i d e s  the  longes t  
d a i l y  o p e r a t i n g  t ime  for  an  i m a g i n g  fu rnace ,  b u t  
ac tua l ly ,  th is  t i m e  d e p e n d s  on the  loca t ion  of the  
fu rnace  and  on the  w e a t h e r .  In  the  n o r t h e r n  l a t i -  
tudes ,  a t m o s p h e r i c  cond i t ions  m a y  l imi t  the  n u m b e r  
of u n i n t e r r u p t e d  o p e r a t i n g  hour s  a v a i l a b l e ;  t he  
e lec t r i c  a rc  offers a b e t t e r  a l t e r n a t i v e  w h e n  c o n t i n -  
uous use  of t he  i m a g i n g  f u r n a c e  is des i red .  

C o n s i d e r a b l e  i m p r o v e m e n t s  h a v e  been  m a d e  in 
the  s t r u c t u r e  of e l ec t rodes  (14) for  i m p r o v i n g  the  
p e r f o r m a n c e  of e l ec t r i c  arcs,  p a r t i c u l a r l y  t he  b l o w n  
arc. T h e  i m p r o v e d  c a r b o n  e l ec t rodes  h a v e  a co red  
s t r u c t u r e  des igned  to p r e v e n t  d i s t u r b i n g  l igh t  f luc-  
t ua t i ons  w h e n  the  a r c  is be ing  bu rned .  A s u i t a b l e  
e l ec t rode  has  a d o u b l e - c o r e d  cons t ruc t ion .  The  i n n e r  
core  con ta ins  r a r e  e a r t h  c o m p o u n d s  t h a t  p r o v i d e  a 
h igh  i n t e n s i t y  of l igh t ;  the  p r o p o r t i o n  of r a r e  e a r t h  
in the  ou te r  core  is g r e a t e r  t h a n  t h a t  in t he  i n n e r  
core. E x p e r i m e n t a l l y  p r o d u c e d  e l e c t r o d e s  us ing  th is  
cons t ruc t i on  a l l o w  a f a r  g r e a t e r  c u r r e n t  d e n s i t y  to 
be  e m p l o y e d  a n d  t hus  m a k e  poss ib l e  a h i g h e r  f lux  
dens i ty .  

A t  l o w e r  c u r r e n t  dens i t ies ,  e l ec t rodes  m a y  h a v e  
to be  r e p l a c e d  in  a b o u t  20 min ,  w h i l e  a t  h i g h e r  c u r -  
r en t  dens i t ies ,  t h e y  m a y  h a v e  to be  c h a n g e d  in 
a b o u t  5 min.  Disk  ca thodes  can  o p e r a t e  for  s e v e r a l  
hours .  

ADL-Strong Arc-Imaging Furnace 
A d o u b l e - e l l i p s o i d a l - m i r r o r  s y s t e m  has  b e e n  d e -  

s igned  on the  bas i s  of r e q u i r e m e n t s  posed  b y  h i g h -  
t e m p e r a t u r e  r e s e a r c h  p rocedu re s .  This  s y s t e m  offers 
an e x c e l l e n t  c o m p r o m i s e  b e t w e e n  the  r e q u i r e m e n t s  
of h i g h - r a d i a t i o n  f lux dens i ty ,  l a r g e  i m a g e  size, 
t e m p e r a t u r e  control ,  d u r a t i o n  of t he  r a d i a t i o n  pulse ,  
and  f l ex ib i l i t y  for  e x p e r i m e n t a l  m e a s u r e m e n t s .  
F i g u r e  3 is a d i a g r a m  of t he  A D L - S t r o n g  a r c -  

Fig. 3. Diagram of ADL-Strong arc imaging furnace 
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imag ing  furnace .  The  arc source is a G r e t e n e r - t y p e  
arc w i th  a 1 0 - m m  rod anode  and  a c a r b o n - d i s k  
cathode. A n  a u x i l i a r y  6-in.  d i ame te r  col lect ing 
mi r ro r  located b e h i n d  the anode reflects a por t ion  
of the  r ad ia t ion  to the m a i n  source mir ror .  Two 
el l ipsoidal  21-in.  d i ame te r  mi r ro r s  are used;  these  
can be opera ted  w i th  the opt ical  axis in  e i ther  a 
hor izon ta l  or ve r t i ca l  posi t ion b y  the  inse r t ion  of 
a flat d iagona l  mir ror .  Wi th  the  opt ical  axis in  the  
ver t ica l  posit ion,  it  is possible to me l t  powders  and  
s tudy  l iqu id  phases,  w i th  the p a r e n t  ma te r i a l s  f o r m-  
ing the conta iner .  

T e m p e r a t u r e s  of the  sample  are cont ro l led  by  a 
t e m p e r a t u r e  m o d u l a t o r  tha t  consists of a s l id ing 
a p e r t u r e  w i th  remote  electr ic  controls.  A n  a l i g n m e n t  
and  focusing disk forms  pa r t  of the  m o d u l a t o r  a nd  
enables  the mi r ro r s  to be a l igned  on the  opt ical  
axis and  a sample  to be. located in  the focal plane.  
The sample  is m o u n t e d  on a pos i t ioner  tha t  pe rmi t s  
t r i - ax i a l  m o v e m e n t  t h rough  remote  electric drives.  
Two shut te rs  are used, one located nea r  the  i n t e r -  
med ia te  image,  and  the  other  jus t  b e h i n d  the  ope n -  
ing in  the col lect ing mir ror .  The  purpose  of these 
shu t te r s  is to p e r m i t  the sepa ra t ion  of inc iden t  and  
reflected r ad i a t i on  f rom the  sample  as wel l  as to 
a l low a specific r ad i a t i on  pulse  to be obta ined.  The  
power  r equ i r ed  by  the  arc is 180 amp con t inuous  to 
300 amp i n t e r m i t t e n t  at 75 v and  is suppl ied  by  a 
s e l en ium rectifier.  

Measurement Techniques 
Once the capab i l i t y  of gene ra t i ng  high t e m p e r a -  

tu re  wi th  an  imag ing  fu rnace  had  been  developed,  
the need  arose to have  i n s t r u m e n t s  ava i l ab le  for 
the m e a s u r e m e n t  of phys ica l  pa ramete r s ,  p a r t i c u -  
l a r ly  heat  flux and  t empera tu re .  

Heat F lux  

Calor imeter . - -Figure  4 shows the  cross sect ion of 
the ca lo r imete r  (15),  des igned to m e a u r e  heat  flux 
reach ing  the focal zone of the col lect ing mir ror ,  
where  the ene rgy  a r r i v ing  over  a 140-degree solid 
ang le  is a c c u m u l a t e d  ins ide  a b l a c k - b o d y  cavi ty  
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Fig. 5. Cross section of calorimeter 

and  t r a n s f e r r e d  to the c i rcu la t ing  wa te r ;  this  energy  
is ca lcu]ated f rom m e a s u r e m e n t s  of the  t e m p e r a t u r e  
rise and  q u a n t i t y  of w a t e r  flowing. The device is de-  
s igned wi th  an accuracy  of • 5% and  has been  used 
as our  basic ca l ib ra t ing  calor imeter .  

F igure  5 shows a cross section of the wa te r -coo led  
ca lor imete r  used to m e a s u r e  the r ad ia t ion  over 180- 
degree solid angle. The m e a s u r i n g  area  of the calor i -  
me te r  is b l ackened  and  water -cooled ,  a nd  the t e m -  
pe ra tu r e  rise and  q u a n t i t y  of w a t e r  f lowing is 
measured .  This type  of ca lo r imete r  requ i res  cal i -  
bra t ion ,  since some of the  inc iden t  ene rgy  is r ad ia ted  
aga in  at the  f ron t  surface.  

Radiometer . - -The  two ca lor imeters  descr ibed 
measure  the total  r ad ia t ion  received over a 
specific d i ame te r  at the focal plane.  In  some i n -  
stances, it  m a y  be of in te res t  to measu re  the m a x i -  
m u m  flux dens i ty  ( r a t he r  t h a n  the average  flux 
dens i ty )  as wel l  as the  flux d i s t r ibu t ion  across the  
focal p lane.  

F igu re  6 shows a c i r cu la r - fo i l  r ad iome te r  (16).  
The rece iv ing  area  of this  wa te r -coo led  rad iomete r  
is 0.9 m m  in  d iameter .  Since it has a v e r y  short  t ime  
constant ,  the  m e a s u r e m e n t  of r ap id ly  v a r y i n g  fluxes 
or of the con t inuous  t r ave r sa l  of the focal p lane  can 
be accomplished.  F igu re  7 shows the cross section 
th rough  the  rad iometer .  A b lackened ,  t h i n  c i rcular  
foil of c o n s t a n t a n  fas t ened  to a wa te r -coo led  copper 
block absorbs  the rad ia t ion ,  and  a t h in  copper wi re  
a t tached  to the cen te r  of the c i rcular  foil measures  
the t e m p e r a t u r e  rise at  its center .  

Fig. 4. Cross-section of calorimeter Fig. 6. Circular foil radiometer 
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The  c i r c u l a r - f o i l  r a d i o m e t e r  c a l i b r a t e d  w i t h  the  
abso lu t e  c a l o r i m e t e r  can  also m e a s u r e  t he  r a d i a t i o n  
f lux d e n s i t y  at  the  foca l  zone. F i g u r e  8 shows  the  
f lux d i s t r i b u t i o n  o b t a i n e d  in bo th  the  so la r  f u rnace  
and  the  a r c - i m a g i n g  f u r n a c e  w i t h  the  r a d i o m e t e r .  
Also  shown  a re  the  i n s t a n t a n e o u s  f lux v a r i a t i o n s  
r e c o r d e d  b y  the  r a d i o m e t e r  in t he  a r c - i m a g i n g  f u r -  
nace;  t he se  v a r i a t i o n s  a r e  of the  o r d e r  of • 5%. 
I m p r o v e m e n t s  in t he  e l ec t r i c  f eed ing  device ,  the  
p o w e r  supp ly ,  and  the  u n i f o r m i t y  of t he  e l ec t rode  
a r e  e x p e c t e d  to f u r t h e r  r e d u c e  the  f lux va r i a t i ons .  

W h e n  a s h o r t - t i m e  r a d i a t i o n  pu l se  is to be  used,  
c o n v e n t i o n a l  c a l o r i m e t e r s  c anno t  be  a p p l i e d  u se -  
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Fig. 8. Flux distribution and variation 

Fig. 9. Copper disk calorimeter 
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Table I. Performance data ADL-Strong arc imaging furnace 

E q u i v .  
D e v i c e  F l u x ,  b l a c k  b o d y  A m p  @ A n o d e  

c a l / c m  2 s e c  t e m p ,  ~  75  v d . c .  c a r b o n  t y p e  

R a d i o m e t e r  

1 m m  diam 265 3750 300 Expe r imen ta l  
"Ul t rex"  

225 3600 155 Modified "U1- 
t r ex"  

C a l o r i m e t e r  

9.5 m m  d iam 220 3550 300 Expe r imen ta l  
"Ul t rex"  

145 3240 155 Modified "U1- 
t rex"  

fu l ly .  Ins tead ,  a c o p p e r  d i sk  is  s u s p e n d e d  b y  th in  
wi res ,  and  i ts  t e m p e r a t u r e  is m e a s u r e d  b y  a t h e r m o -  
coup le  a f t e r  c a l i b r a t i o n  w i t h  t he  c a l o r i m e t e r  
(F ig .  9) .  

T a b l e  I shows  the  p e r f o r m a c e  d a t a  of t he  A D L -  
S t r o n g  a r c - i m a g i n g  fu rnace .  A l t h o u g h  in  p r i o r  w o r k  
4000~ ( o b t a i n e d  f r o m  c a l o r i m e t r y )  was  r e p o r t e d  
as t h e  h ighes t  v a l u e  a t t a ined ,  t he  l o w e r  t e m p e r a -  
t u r e s  m e a s u r e d  in the  A D L - S t r o n g  f u r n a c e  a r e  
p a r t i a l l y  a t t r i b u t e d  to the  use  of second  s u r f a c e -  
co l l ec t ing  m i r r o r s .  

Temperature Measurements 
C o n v e n t i o n a l  op t i ca l  p y r o m e t e r s  m e a s u r e  a c c u r -  

a t e l y  on ly  the  t e m p e r a t u r e s  of a b l a c k  b o d y  (17) ,  a 
cond i t ion  t h a t  f ew samp le s  a r e  ab l e  to sa t i s fy .  A l -  
t h o u g h  d r i l l i n g  s m a l l  holes  in to  t he  s a m p l e  su r face  
to a p p r o x i m a t e  b l a c k  body  cond i t ions  is v a l i d  
t h e o r e t i c a l l y ,  th is  e x p e d i e n t  r a i se s  ques t ions  con -  
c e rn ing  t h e  u n i f o r m i t y  of c a v i t y  t e m p e r a t u r e s  and  
m a y  no t  be  f eas ib le  w i t h  some of t he  s a m p l e s  to 
be  tes ted .  

The  op t i ca l  p y r o m e t e r  can  b e  used  for  a c c u r a t e  
t e m p e r a t u r e  m e a s u r e m e n t s  in an  i m a g i n g  f u r n a c e  if 
s u i t a b l e  s h u t t e r s  a r e  p r o v i d e d  fo r  s e p a r a t i n g  e m i t t e d  
and  re f lec ted  r ad i a t i on .  R a d i a t i o n  e m i t t e d  by ,  or  
re f lec ted  f rom,  t he  s a m p l e  is o b s e r v e d  w i t h  an  o p -  
t i ca l  p y r o m e t e r  s igh t ed  t h r o u g h  a hole  a t  t h e  cen t e r  
of t h e  co l lec t ing  m i r r o r  (Fig .  3) .  The  s h u t t e r  l o c a t e d  
n e a r  t he  i n t e r m e d i a t e  i m a g e  pos i t i on  r o t a t e s  a b o u t  
an  axis  t ha t  is s l i g h t l y  d i s p l a c e d  f r o m  the  op t i ca l  
ax i s  of t he  e l l i p so ida l  m i r r o r s  a n d  p e r i o d i c a l l y  
sh ie lds  t h e  s a m p l e  f r o m  the  a rc  r ad i a t i on .  A n  off- 
ax is  s h u t t e r  b e h i n d  the  co l l ec t ing  m i r r o r  is p r o v i d e d  
w i t h  a s m a l l  open ing  t h a t  co inc ides  w i t h  t he  op t i ca l  
ax is ;  i t  is d r i v e n  in  s y n c h r o n i z a t i o n  w i t h  t he  p r e -  
v ious  s h u t t e r  b y  m e a n s  of s y n c h r o n o u s  motors .  The  
f ield coils of t he  m o t o r s  a r e  c o n n e c t e d  in  such  a 
m a n n e r  t h a t  t he  two  shu t t e r s  can  be  e i t he r  in phase  
or  out  of phase .  In  the  i n - p h a s e  pos i t ion ,  on ly  r a d i a -  
t ion  e m i t t e d  b y  the  s a m p l e  is obse rved ,  s ince  a l l  
o the r  r a d i a t i o n  is p r e v e n t e d  f r o m  r e a c h i n g  the  
sample .  In  the  o u t - o f - p h a s e  pos i t ion ,  bo th  e m i t t e d  
r a d i a t i o n  a n d  t h e  a r c  r a d i a t i o n  re f lec ted  f r o m  t h e  
s a m p l e  a r e  obse rved .  

The  a p p a r e n t  su r face  t e m p e r a t u r e  of t he  s a m p l e  is 
m e a s u r e d  w i t h  t he  two  s h u t t e r s  r o t a t i n g  in  phase .  
A second  t e m p e r a t u r e  is t h e n  m e a s u r e d  w i t h  t h e  
s h u t t e r s  out  of phase .  K i r chho f f ' s  e q u a t i o n  r e l a t i n g  
r e f l ec t iv i ty  to e m i s s i v i t y  can  t h e n  be  u sed  to  d e t e r -  
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m i n e  the  a p p r o x i m a t e  spec t r a l  emi s s iv i t y ;  once 
this  is known ,  t he  t r u e  t e m p e r a t u r e  can  be  ca l cu -  
l a t e d  

M a r c h  1 9 6 0  

1 ~(X,T) 
K [1] 

e v~/x~.~ - -  1 e c'~/x~M - -  1 

1 ~(x,T) K[1  -- ~(X,T) ] 
- -  K + 

e c'~l~r~ - -  1 eC~l ~ - -  1 e ~'~lx~ e - -  1 

e ( k , T ) =  1 - 1  ( 1 1 ) ( e r  
K e c2/xr~ - -  1 e c~/xr~ - -  1 

k 
T~ = In -1 [1 + K e ( k , T )  (eC'~/~%1 - -  1)]  [2]  

C~ 

The  first  equa t ion  r e l a t e s  the  i n - p h a s e  a p p a r e n t  
t e m p e r a t u r e  of the  s a m p l e  to the  t r u e  s a m p l e  t e m -  
p e r a t u r e .  The  second e q u a t i o n  r e l a t e s  the  o u t - o f -  
p h a s e  a p p a r e n t  t e m p e r a t u r e  to the  s a m p l e  t e m p e r a -  
t u r e  and  to t he  ef fec t ive  t e m p e r a t u r e  of t h e  arc  source.  
The  las t  t e r m  in th is  e q u a t i o n  r e p r e s e n t s  the  r e -  
f lected a rc  r a d i a t i o n  r e c e i v e d  b y  the  p y r o m e t e r .  

A n  ef fec t ive  a rc  t e m p e r a t u r e  m u s t  be  used  in t he  
e q u a t i o n  in p lace  of t he  arc  t e m p e r a t u r e ,  because  
the  m i r r o r s  of the  i m a g i n g  f u r n a c e  a r e  no t  pe r f ec t  
re f lec tors  and  do no t  h a v e  pe r f ec t  g e o m e t r y .  These  
i m p e r f e c t i o n s  r educe  the  spec t r a l  b r i g h t n e s s  of the  
arc  image .  F o r  d e t e r m i n a t i o n  of the  ef fec t ive  arc  
t e m p e r a t u r e ,  a p l a i n  m i r r o r  is p l a c e d  abou t  2 in. 
in f ron t  of t he  focal  zone, and  the  a p p a r e n t  t e m p e r a -  
t u r e  of t he  arc  i m a g e  is m e a s u r e d  w i t h  an  op t ica l  
p y r o m e t e r  p r o v i d e d  w i t h  su i t ab l e  f i l ters .  These  
equa t i ons  can then  be  so lved  s i m u l t a n e o u s l y  to g ive  
a v a l u e  of the  spec t r a l  emiss iv i ty .  The  v a l u e  of the  
e m i s s i v i t y  is t hen  used  w i t h  t he  first  equa t ion  so 
t ha t  a t r u e  t e m p e r a t u r e  a c c u r a t e  to 5% is ob ta ined .  
A c o m p a r a b l e  m e a s u r i n g  p r o c e d u r e  has  been  used  
to m e a s u r e  ca thode  t e m p e r a t u r e s  in a c a v i t y  (18).  

A modi f i ed  op t ica l  p y r o m e t e r  a l lows  the  m e a s u r e -  
m e n t  of t e m p e r a t u r e s  a u t o m a t i c a l l y  and  p r o v i d e s  a 
r eco rd  of t e m p e r a t u r e  v a r i a t i o n s  occu r r i ng  as fas t  
as 1/100 of a second. 

F l u x  U n i f o r m i t y  

The  op t i ca l  s y s t e m  used  in an  i m a g i n g  fu rnace  
d e t e r m i n e s  the  spa t i a l  d i s t r i b u t i o n  of the  r a d i a n t  
flux dens i ty .  W i t h  the  t w o - e l l i p s o i d a l - m i r r o r  sys -  
tem, a h igh  flux d e n s i t y  ove r  a l i m i t e d  i m a g e  size 
is o b t a i n e d  (Fig.  8) .  A t  t imes  i t  m a y  be  d e s i r a b l e  to 
e n l a r g e  the  i m a g e  a r e a  and,  i n s t ead  of a G a u s s i a n  
d i s t r i bu t i on ,  to ob t a in  a u n i f o r m  d i s t r i b u t i o n  over  
a l a r g e r  area .  The  use fu lness  of de focus ing  (19) 
d e p e n d s  to a l a rge  e x t e n t  on the  t y p e  of op t ica l  
sy s t em;  de focus ing  is u s u a l l y  a c c o m p a n i e d  b y  a 
dec rea se  in  u n i f o r m i t y  even  as t he  i m a g e  size i n -  
creases .  A l t h o u g h  op t i ca l  sys t ems  to o b t a i n  l a r g e r  
i m a g e s  w i t h  a u n i f o r m  d i s t r i b u t i o n  h a v e  been  d e -  
ve loped  (20) low flux dens i t i e s  u s u a l l y  resu l t .  To 
mee t  t he  r e q u i r e m e n t s  for  e i the r  a h igh  t e m p e r a t u r e  
ove r  a s m a l l  a r e a  or  a u n i f o r m  flux d i s t r i b u t i o n  
ove r  a l a r g e  area ,  a f lux r e d i s t r i b u t o r  was  deve loped .  
This  f lux r e d i s t r i b u t o r  (Fig .  10) can  be  p l aced  in 
f ron t  of  t he  focal  p l a n e  of  t he  i m a g i n g  f u r n a c e ;  i t  
p r o v i d e s  a u n i f o r m  d i s t r i b u t i o n  ove r  a f a i r l y  l a rge  

Fig. 10. Flux redistr ibutor 

Fig. I 1. Sample exposed with redistributor 

Fig. 12. Sample exposed wi thout  redistributor 

i m a g e  area .  By  us ing  this  i n s t r u m e n t ,  w e  w e r e  ab le  
to c o n c e n t r a t e  20 ca l / cm2/sec  ove r  a s/s-in, squa re  
a rea ;  F i g u r e  (11) shows the  i nc r ea sed  u n i f o r m i t y  
of b u r n e d  p a t t e r n s  When the  r e d i s t r i b u t o r  is used ;  
Fig.  12 shows  the  p a t t e r n  w i t h o u t  t he  f lux r e d i s -  
t r i bu to r .  This  dev ice  i n t e r cep t s  the  f lux b y  m e a n s  
of four  m i r r o r s  and  r e d i s t r i b u t e s  i t  onto  t he  s a m p l e  
p l a n e  in a u n i f o r m l y  i l l u m i n a t e d  area .  

The  effect of a n o n u n i f o r m i t y  in the  e n e r g y  b e a m  
is a l m o s t  c o m p l e t e l y  e l i m i n a t e d  b y  the  use  of  t he  
f lux r e d i s t r i b u t o r .  I f  U~ is t he  m a x i m u m  n o n u n i -  
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f o r m i t y  e x p r e s s e d  as a p e r c e n t a g e  of the  f lux d i s -  
t r i b u t i o n  w i t h o u t  a f lux r e d i s t r i b u t o r ,  t hen  w i t h  t he  
r e d i s t r i b u t o r  t he  n o n u n i f o r m i t y  is g i v e n  b y :  

So 
U < - - U , .  

100 

w h e r e  S~ is a s h a d o w  a t t e n u a t i o n  func t ion  d e p e n d i n g  
on the  r a t io  of l e n g t h  to ins ide  d i m e n s i o n  and  on 
the  r e f l ec t iv i ty  of the  ins ide  su r faces  of t he  f lux 
r e d i s t r i b u t o r .  

Conclusions 
The  use  of i m a g i n g  fu rnaces  for  t h e  r a d i a n t  h e a t -  

ing of m a t e r i a l s  has  been  of cons ide r ab l e  i n t e r e s t  
to m a n y  r e sea r che r s .  Because  of t he  newnes s  of the  
device ,  h o w e v e r ,  the  l a ck  of i n s t r u m e n t a t i o n ,  and  
t h e  n o n e x i s t e n c e  of w e l l - d e f i n e d  e x p e r i m e n t a l  p r o -  
cedures ,  i ts  a p p l i c a t i o n s  have  no t  as y e t  been  w i d e -  
sp read .  As  m o r e  i n f o r m a t i o n  accumula t e s ,  i ts  a d -  
v a n t a g e s  and  d r a w b a c k s  wi l l  b e c o m e  m o r e  fu l ly  
a p p r e c i a t e d  and  i ts  u se fu lness  d e m o n s t r a t e d  in a 
g r e a t e r  n u m b e r  of r e s e a r c h  p ro jec t s .  As  is the  case 
w i t h  m a n y  n e w  r e s e a r c h  tools,  i t  c anno t  be  e x p e c t e d  
to so lve  a l l  h i g h - t e m p e r a t u r e - r e s e a r c h  p r o b l e m s ;  
r a t he r ,  i t  w i l l  be  a p p l i c a b l e  to those  r e s e a r c h  p r o -  
j ec t s  w h e r e  t he  i n g e n u i t y  of the  e x p e r i m e n t e r  and  
e x p e r i m e n t a l  r e q u i r e m e n t s  m a k e  i t  i n v a l u a b l e .  
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ABSTRACT 

Reaction of a luminum with Hall cell electrolyte forms a luminum mono- 
fluoride and sodium which dissolve in  some form to give the bath a reducing 
capacity equivalent  to a free a luminum content of about one tenth  per cent. 
The so-called "metal mist" forms in the presence of moisture and consists of 
hydrogen bubbles containing a small  partial  pressi~re of a luminum mono- 
fluoride, sodium, and sodium tetrafluoroaluminate.  Increasing the NaF/A1F~ 
ratio of the electrolyte increases the sodium and decreases the a luminum mono- 
fluoride part ial  pressure, but  sodium has a much higher part ial  pressure; hence, 
a low NaF/AIF~ ratio is desirable to minimize metal  reoxidation. Carbon dioxide 
is abundan t  in the anode gas of a smelt ing cell and is soluble in  the bath. 
It  oxidizes the free metal  both in  and over the bath. The rate of this reoxida- 
l ion appears to be controlled by the rate of diffusion and convection of dis- 
solved metal  away from the meta l -ba th  interface. 

A lmos t  any  o x y g e n - c o n t a i n i n g  gas, i nc lud ing  
wa t e r  vapor,  is r educed  w h e n  it  is b u b b l e d  th rough  
Hal l  ba th  (87% NaF-A1F.~ of var ious  NaF/A1F~ r a -  
tios, 8% CaF.o, 5% AI=O~) w h e n  the  e lec t ro ly te  is 
contac t ing  a l u m i n u m ,  t he r eby  ind i r ec t ly  oxidiz ing 
the  a l u m i n u m .  The  m e c h a n i s m  of the  a l u m i n u m  re -  
oxidat ion,  the  composi t ion  of the  "mis t"  or "fog" t ha t  
forms,  and  even  the  ques t ion  of w h e t h e r  acid ba th  
(excess A1F~ over  the  cryol i te  composi t ion)  or a lka -  
l ine  ba th  (excess NaF)  causes the  grea te r  me ta l  loss 
have,  however ,  been  the  subjec t  of cons iderab le  con-  
t rove r sy  (1-16) .  

Var ious  inves t iga to r s  have  repor ted  the  fog to be 
sodium (4-9) ,  a l u m i n u m  (10-13) ,  a l u m i n u m  m o n o -  
f luoride (16),  a l u m i n u m  carb ide  (19),  h y d r o g e n  
(14,15), or some combina t i on  of these. The a p p a r e n t  
composi t ion of the  fog was inf luenced by  the  me thod  
used to iden t i fy  the  fog. Inves t iga to rs  i m m e r s i n g  
copper  str ips in  ba th ,  held over  a l u m i n u m ,  p icked  up  
a l u m i n u m  in the copper, which  has a h igh so lubi l i ty  
for a l u m i n u m .  They  i n t e rp r e t ed  this as ind ica t ing  
the  mis t  was  a l u m i n u m .  However ,  inves t iga to rs  
s imi l a r ly  us ing  lead, which  has a h igh so lub i l i ty  for 
sodium, found  tha t  the  lead picked up  sodium. 

Composition of Mist 

A mis t  mus t  be a separa te  phase,  bu t  bubb l e s  of 
sod ium vapor  or a l u m i n u m  monof luor ide  vapor  were  
ru l ed  out by  t h e r m o d y n a m i c  considera t ions ,  for 
these  vapors  canno t  exist  at 1 a tm pressure  at the  
ba th  t e m p e r a t u r e  in  contact  wi th  mo l t en  cryoli te .  
T h e r m o d y n a m i c s  did not  ru le  out  the  p resence  of 
these gases at a m u c h  lower  pa r t i a l  pressure ,  b u t  
this  p resupposed  the presence  of some other  gas. 
There  was also the poss ibi l i ty  of a mis t  of f inely 
d iv ided  a l u m i n u m  suspended  in the  cryoli te,  and  
mechan i sms  for  ob ta in ing  such suspens ions  have  
been  pos tu la ted  (12,13). 

To s tar t  the p re sen t  inves t iga t ion ,  it was t hough t  
des i rab le  to e x t e n d  Gr jo the im ' s  inves t iga t ion  (14) 
of meta l s  which  fo rm a mis t  in  Hal l  baths.  At  980~ 
in  a g raph i te  crucible,  it  was  found  tha t  a mis t  

fo rmed w h e n  m a g n e s i u m ,  a l u m i n u m ,  sodium, or 
zinc was added to the bath.  Sod ium and  zinc caused 
a v io len t  b u b b l i n g  w h e n  added, bu t  a foggy appea r -  
ance r e m a i n e d  for 15 to 30 m i n  af ter  the  ba th  be -  
came still.  The ba th  r e m a i n e d  clear  w h e n  tin, nickel ,  
lead, copper, or s i lver  was  added. The  meta l s  tha t  
made  a mis t  were  al l  me ta l s  capable  of displacing 
hyd rogen  f rom water .  Since sodium a nd  zinc were  
above the i r  boi l ing points ,  it  m igh t  be c la imed tha t  
the mis t  was vapors  of these metals .  The  other  mis t  
formers,  however ,  we re  wel l  be low the i r  boi l ing 
t empera tu res .  

Opera tors  of the Hoopes - type  a l u m i n u m  ref ining 
cells c la imed tha t  the  ba th  in the i r  cells did not  form 
a mist.  To inves t iga te  this  and  to observe  the effect 
of l ower ing  the sodium ion concen t r a t i on  of the bath,  
mel ts  were  p repa red  of the  fo l lowing composi t ions 
by weight :  

Ba th  1 - -30% BaF~, 21.5% A1F~, 37.5% Na~A1Fo, 
11% MgF~ 

Bath  2 - - 1 8 %  BaF.~, 21%A1F.,, 45%Na~A1F~, 16% 
C a G  

Bath  3 - - 2 6 %  A1F.,, 58% Na~A1F~, 16%CaF~ 
Bath  4 - - 100%  Li~A1F~ 

These ba ths  all  fo rmed  a mis t  w h e n  a l u m i n u m  
was added. The most  logical  e xp l a na t i on  for the ba th  
in commerc ia l  re f in ing  cells be ing  free f rom mis t  is 
tha t  the  ba th  had  a l a ye r  of mo l t en  a l u m i n u m  float- 
ing on its surface a nd  was  t he r e by  pro tec ted  f rom 
abso rb ing  mois ture .  

Local cell action.--The loss of a l u m i n u m  w h e n  
held u n d e r  fused salts  in  P y r e x  was studied.  No loss 
of me ta l  was found  in  pu re  NaC1-KC1 eutect ic  at 
750~ Wi th  the add i t ion  of 10% Na,A1F~ both chem-  
ical and  e lec t rochemica l  so lu t ion  of a l u m i n u m  oc- 
curred.  E lec t rochemica l  so lut ion was  ob ta ined  by  
p lac ing  a g raph i te  rod in to  the ba th  and  contac t ing  
the a l u m i n u m .  The  ra te  of e lec t rochemica l  so lut ion 
was cont ro l led  by  po la r i za t ion  of the  ca rbon  and  took 
a ca rbon  area a p p r o x i m a t e l y  six t imes  the  me ta l  
area to ob ta in  double  the  ra te  of chemical  solution.  A 
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tenfo ld  increase  in  me ta l  loss was ob ta ined  wi th  a 
ca rbon  area rough ly  30 t imes  the  me ta l  area.  

Loss in inert crucibIes.--To d e t e r m i n e  if mis t  fo r -  
ma t ion  in  the  Hal l  ba th  was the  resu l t  of e lec t ro-  
chemical  act ion and  ru le  out the  carbide  mis t  theory,  
n e u t r a l  Hal l  ba th  and  ba th  No. 3 were  each me l t ed  
in crucibles  of s in te red  a lumina ,  si l icon n i t r ide ,  and  
magnes i te ,  respect ively .  These ba ths  fo rmed  a mis t  
u p o n  the  add i t ion  of a l u m i n u m ,  regard less  of the  
crucible  used. 

To e l imina te  comple te ly  any  crucible  effect or 
local cell action,  a pool of m o l t e n  ba th  was me l t ed  in  
a pile of powdered  Hal l  ba th  us ing  r ad i an t  e n e r g y  
f rom an electr ic  arc in  a rgon  b e t w e e n  t u n g s t e n  elec-  
trodes. The m o l t e n  ba th  held in  solid ba th  was  clear. 
A 0.1 mg piece of a l u m i n u m  was dropped in  the  
pool. It moved  abou t  by  convect ion  cu r ren t s  and  left  
a t ra i l  of mis t  r e m i n d i n g  one of the tai l  of a comet.  
Even tua l ly ,  the  a l u m i n u m  was consumed.  W h e n  a 1 
mg piece of a l u m i n u m  was added, it res ted on the  
bo t tom and  a mis t  rose in  s t reamers .  A 1-g piece 
comple te ly  fogged in  the  bath.  Since no ca rbon  was  
p resen t  in  the  system, these tests  ru led  out  the  car -  
bide mist  theory.  They  also ind ica ted  tha t  no elec-  
t ro ly t ic  cell ac t ion was necessary  for mist  format ion .  
Based on the foregoing ev idence  Gr jo the im ' s  con-  
c lusion was  accepted:  tha t  a mis t  of hyd rogen  forms 
by  the  reac t ion  b e t w e e n  free me t a l  and  mo i s tu r e  t ha t  
dissolves in  the  bath .  

Howard  (18) has shown tha t  a vapor  of sod ium 
tetrafluoro a l u m i n a t e  (NaA1F~) exists over m o l t e n  
cryolite.  Therefore ,  one mus t  conclude tha t  the  h y -  
drogen  bubb le s  wi l l  have  a smal l  pa r t i a l  p ressure  of 
NaA1F~. 

Formation 05 a Hydrogen Mist 

While  the tests  jus t  descr ibed  gave ind i rec t  ev i -  
dence of a mis t  of hydrogen ,  they  did no t  p rove  tha t  
hyd rogen  was the  on ly  source of mist.  G r j o t h e i m  
(15) suggested tha t  p o l y n u c l e a r  me ta l  ions m a y  
cause a foggy appearance .  A more  q u a n t i t a t i v e  test  
was des igned there fore  to ascer ta in  if h y d r o g e n  was 
the only  source of fog or mist.  Baths  of the  des i red 
composi t ion were  mixed  as d ry  powdered  reagen t  
grade chemicals  and  added to a crucible  at the  
bo t tom of a sealed retort ,  as shown in  Fig. 1. The 
ba th  was dr ied  at 200~ for 12 hr, then  me l t ed  and  
held at 980~ Dry  a rgon  was flushed con t inuous ly  
t h rough  the  re to r t  at 100 cc /min .  The re tor t  had  a 
rep laceable  copper s leeve e x t e n d i n g  f rom the top of 
the crucible  to the  top of the re tor t ,  a d is tance  of 12 
in. Metal l ic  vapors  condensed  and  pa r t i a l l y  a l loyed 
with this sleeve. Some meta l  condensed  also on and  
in  the gas in le t  and  out le t  tubes.  The top of the  r e -  
tor t  was wa t e r  cooled to protect  the  "O" r ing  seals 
and  to cool the  uppe r  pa r t  of the  copper sleeve. The 
escaping gases passed consecu t ive ly  t h rough  an  e lec-  
t rostat ic  p rec ip i t a to r  to r emove  pa r t i cu l a t e  mat te r ,  
sod ium fluoride pel le ts  to r emove  HF, m a g n e s i u m  
perch lora te  to r emove  mois ture ,  ascari te  to r emove  
CO~, hot copper oxide to oxidize CO to CO~ and  h y -  
drogen  to water ,  m a g n e s i u m  perch lo ra te  to absorb  
the  oxidized hydrogen ,  and  f inal ly  ascar i te  to r emove  
CO_. oxidized f rom CO. The absorp t ion  chambers  
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F U R N A C E  

Fig, 1. Sealed system for metal  mist tests 

were  weighed pe r iod ica l ly  d u r i n g  the  test. Also, 
t h r o u g h o u t  the run,  observa t ions  were  made  of the  
mis t  in  the ba th  t h r ough  a glass w i n d o w  equ ipped  
wi th  a shu t te r  and  wipe r  opera ted  t h r ough  "O" r ing  
seals. Ba th  samples  w e r e  t a k e n  and  me t a l  addi t ion  
made  by  control  rods opera ted  t h r o u g h  "O" r ing  
seals so tha t  the  sys tem was n e v e r  open to the  a t -  
mosphere .  

As soon as the b a t h  became  mol ten ,  b a t h  sample  
No. 1 was taken.  T h e n  100 g of a l u m i n u m  were  
added to the  r e m a i n i n g  750 g of m o l t e n  bath.  As 
soon as the  me ta l  mel ted ,  the  ba th  became fogged 
and  the surface was  agi ta ted  by  escaping gas b u b -  
bles. Af te r  1/2 hr, the  t ime  of m a x i m u m  h y d r o g e n  
evo lu t ion  d e t e r m i n e d  by  weigh t  ga in  of the  absorp -  
t ion  bottle,  ba th  sample  No. 2 was  taken .  Since it 
was difficult to see c lear ly  enough  t h r ough  the  w i n -  
dow to be sure of the  comple te  absence of mist ,  du -  
pl icate runs  were  made  of the first th ree  tests. The 
re tor t  was opened a f te r  72 hr, at which  t ime  all 
m e a s u r a b l e  hyd rogen  evo lu t ion  had  stopped. The 
bath, at this  t ime, was  in  each case f ound  to be m i s t -  
free. The t ak ing  of ba th  sample  No. 3, therefore ,  was 
set at 72 hr. Table  I gives the  resul ts .  The free meta l  
in the  frozen ba th  samples  was d e t e r m i n e d  by  h y -  
drogen  evo lu t ion  wi th  HC1 and  is r epor ted  in  equ iv -  
a len t  per  cent  free a l u m i n u m .  Both  h y d r o g e n  and  
m e t h a n e  were  f r e q u e n t l y  evolved.  The  me thane ,  as-  
sume d  to have  come f rom AI~C3, r ep resen ted  0-0.24% 
ALC3 by  weight  in  the  bath.  There  was  no cor re la t ion  
be t w e e n  the  evo lu t ion  of m e t h a n e  and  the presence  
of mis t  or the NaF /A1F ,  ra t io  of the  bath .  

A n  a t t e mp t  was m a d e  to ana lyze  the  f rozen ba th  
samples  separa te ly  for meta l l i c  sod ium and  meta l l i c  
a l u m i n u m  by  v a c u u m  dis t i l l a t ion  a nd  b y  m e r c u r y  
ext rac t ion .  No free a l u m i n u m  or sod ium was  found  
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Table I. Results of bath sample No. 3 Table II. Weight less (in grams) of aluminum 

Bath mol ten ( length of 10 min  40 min 72 hr 
t ime) 

Aluminum present  u n -  No Yes Yes 
der bath 

Bath appearance Clear Fogged Clear 
H,., evolution None 0.2-0.25 None 

m l / m i n  
Reducing power of bath, 

as equivalent  % free 
a luminum 

With 3.6%* A1F~ in 
bath 

With neut ra l  ba th  
With 11.5%* NaF in  

bath 

0.00% 0.08% 0.09% 

0.00% 0.11 0.10 
0.00% 0.12 0.11 

Crucible C C C BN SiC 
NaF/A1F3 wt  ratio, 1.34 1.50 1.86 1 . 5 0  1.50 

start  
NaF/A1F~ wt ratio, 1.14 1.34 1.31 1 . 4 3  ND 3 

end 
Aluminum losses as 

Na condensate 3.1g 5.5g 10.0 g 0.2g ND ~ 
A1 condensate 0.8 0.6 0.4 0.5 ND 5 
Carbide 5.7 2.5 3.7 0 ND' 
Into crucible 1.1 0.6 0.8 ND 2 ND ~ 
Oxidized by H~O 0.5 0.4 0.4 1.3 1.6 
Na+A1F  dissolved 0.6 0.7 0.8 ND 3 ND ~ 

in bath 
Total A1 loss 11.8 10.3 16.1 ND ND 
Weighed loss of A1 ~ 11.1 11.3 16.9 5.1 15.9 

* I n i t i a l  compos i t ion ,  b y  we igh t .  

by e i ther  method,  bu t  this  was a t t r i b u t e d  to f au l ty  
technique .  I t  is p l a n n e d  some t ime  in  the  f u t u r e  
to m a k e  a more  deta i led  s tudy  of these techniques .  

A n  a p p a r e n t  separa t ion  of the  a l u m i n u m  and  
sod ium was ob ta ined  by  h y d r o g e n  evolut ion ,  us ing  
first wa t e r  and  then  a sodium hydrox ide  solut ion.  
The first evo lu t ion  was assumed to r ep re sen t  meta l l i c  
sodium, aga in  cor rec t ing  for any  m e t h a n e  evolut ion .  
W h e n  all  evo lu t ion  stopped, sufficient NaOH was 
added to the  wa t e r  to make  a 10% NaOH solution.  
The second evo lu t ion  was assumed to r ep re sen t  a l u -  
m i n u m .  Hal l  ba th  w i th  a NaF/A1F~ weigh t  ra t io  of 
1.5 showed 0.16% Na and  0.05% A1 by  this t ech-  
n ique ,  whi le  ba th  wi th  a NaF/A1F~ rat io of 1.3 
showed 0.10% Na and  0.05% A1. These resul t s  we re  
not  exac t ly  cons is ten t  wi th  Table  I or wi th  theory.  
Theory  would  lead one to expect  a h igher  a l u m i n u m  
concen t r a t i on  in  the second ba th  sample,  for A1F in 
the mo l t en  ba th  should decompose to A1 and  A1F.~ in  
the f rozen ba th  samples.  It was feared  tha t  w a t e r  
was g iv ing  some evolu t ion  f rom the a l u m i n u m .  Be-  
cause of this, no grea t  re l iance  is p laced  in  this  
me thod  of separa te ly  ana lyz ing  for A1 and  Na. 

A mis t  or fog was  p resen t  on ly  w h e n  h y d r o g e n  
was  be ing  evolved.  No second type  of mis t  suspected  
by  G r j o t h e i m  was found.  No hyd rogen  was  evolved 
un t i l  a l u m i n u m  was added. Upon add i t ion  of a l u m i -  
num,  free me t a l  was found  in the ba th  and  a mis t  
formed.  Af te r  72 hr, hyd rogen  evo lu t ion  had  stopped,  
bu t  the  ba th  st i l l  con ta ined  free metal .  La te r  we 
shal l  see tha t  the  f ree  meta l  in  so lu t ion  creates  a 
vapor  p ressure  of a l u m i n u m  monof iuor ide  and  so- 
d i u m  over  the bath.  The me ta l  loss t h rough  reac t ion  
wi th  moi s tu re  a p p a r e n t l y  depended  on how dry  the  
ba th  and  c ruc ib le  were  in i t ia l ly .  

Metal Losses 

Table  II  gives the  weigh t  loss in  g rams  of the  a l u -  
m i n u m  and  shows the  var ious  ways  in  which  this  
a l u m i n u m  was  lost. The a l u m i n u m  loss into the  
cruc ib le  was d e t e r m i n e d  by  a chemical  ana lys i s  of 
the c ruc ib le  for calc ium,  sodium, a l u m i n u m ,  fluorine,  
and  a l u m i n u m  carbide,  all  corrected for a b l a n k  of 
the  cruc ib le  before  the  test. The a l u m i n u m  loss into 
the c ruc ib le  was  t a k e n  as the  excess of me ta l  ions 
over  the  f luoride ion on an  e q u i v a l e n t  basis. The  
tota l  carb ide  f igure inc luded  both  the  carbide  on the  

ND---Not d e t e r m i n e d .  
1 W e i g h t  loss  is  no t  a ccu ra t e  because  of d i f f icu l ty  in  s e p a r a t i n g  

adhe red  b a t h  f r o m  a l u m i n u m .  
D id  no t  w a n t  to sacrif ice e x p e n s i v e  crucible .  
P r e v i o u s  da t a  a p p e a r e d  suff icient .  
Di f f icu l t  to o b t a i n  i n  ca rb ide  sys tem.  
Cu c o n d e n s i n g  s leeve  b e c a m e  de t ached  d u r i n g  run .  

crucible  a nd  adhe r ing  to the  a l u m i n u m .  The  a l u m i -  
n u m  loss by  reac t ion  wi th  mois tu re  dissolved in  the  
ba th  was d e t e r m i n e d  by  the hyd rogen  evo lu t ion  f rom 
the system. The a l u m i n u m  loss as a vapor  escaping 
f rom the  b a t h  was  d e t e r m i n e d  by chemical  analys is  
of the copper  shield and  gas in le t  and  exit  tubes  and  
the condensa te  adhe r ing  to them.  Both free a l u m i -  
n u m  and  sod ium were  found.  Na tura l ly ,  m u c h  of the  
sodium condens ing  did no t  a l loy wi th  the copper and  
b u r n e d  w h e n  the re tor t  was opened. Care was t aken  
to min imize  the  loss of sod ium oxide fumes  and the  
sodium tha t  b u r n e d  was  d e t e r m i n e d  f rom the  sodium 
oxide formed.  

A l u m i n u m  and Sodium Vaporization 

Perhaps  the m a n n e r  in  which  the  sodium and  
a l u m i n u m  condensa te  va r ied  wi th  ba th  ratio,  shown 
in Table  II, is even  a more  s ignif icant  f inding than  
the composi t ion  of the  fog. Metal l ic  sod ium in the  
vapor  over  the  ba th  p r o b a b l y  is accounted  for by  
the e q u i l i b r i u m :  

A1 +Na~A1F~ 
(lig) (ba th )  

~ 3 N a  + 2A1F~ 
1L (ba th )  

3Na 
(p in  a rgon)  

(ba th)  

The vapor  p ressure  of a l u m i n u m  is too low to ac-  
count  for the  t r ans fe r  of a l u m i n u m .  The most  p l a u -  
sible e x p l a n a t i o n  for the  a l u m i n u m  t r ans fe r  is tha t  
the a l u m i n u m  was car r ied  as a l u m i n u m  monof luo-  
r ide vapor  t h rough  the  fo l lowing sequence  of r e -  
actions:  

2A1 + A1F~ ~- 3A1F 
(l ig)  (ba th )  (ba th )  

3A1F ~ 2A1 ~- A1F~ 
(p in  a rgon)  (Cu al loy)  (solid) 

To check this  theory  a 1/s in. d iamete r  copper rod 
was sealed in  a g raph i t e  capsule  1 in. OD x 2 in. long 
wi th  % in. th ick walls.  The air  in  the  pores and  
cavi ty  of the capsule  was  replaced wi th  a rgon  by  
p lac ing  the  capsule  in  the  chamber ,  evacua t ing ,  and  
then  f i l l ing wi th  argon.  The capsule  was  t hen  
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floated on m o l t e n  ba th  for 24 hr. Af te r  the  tes t  the  
capsule  was  b r o k e n  open. No ba th  p e n e t r a t e d  the  
capsule,  bu t  the  surface  of the  copper rod was 
covered wi th  a whi te  powder  tha t  was  found  by  
x - r a y  diffract ion to be A1F~. The copper  rod had  as-  
sumed  the color of ye l low brass  and  qua l i t a t i ve  
spec t rographic  ana lys i s  showed it  to have  p icked up  
b e t w e e n  1 and  10% a l u m i n u m .  This  was  t a k e n  as 
ev idence  of a s izable vapor  p ressure  of a l u m i n u m  
monof iuor ide  over  the  bath.  

In  the foregoing reason ing  it was  assumed  tha t  
a l u m i n u m  monof luor ide  and  sod ium were  soluble  in  
some form in  the  bath,  o therwise  the re  appeared  to 
be no m e c h a n i s m  for ca r ry ing  free me ta l  f rom the  
pool of a l u m i n u m  u n d e r  the ba th  to the  surface of 
the ba th  to gene ra t e  a vapor  p ressure  of a l u m i n u m  
monofluoride,  and  sodium. However ,  the  dissolved 
species need  not  be a l u m i n u m  monof luor ide  and  so- 
d ium.  Ei ther  wou ld  suffice, or any  other  appropr i a t e  
species such as AI, A1 +, Na2 +, or any combination of 
these. Through their respective equilibriums with 
the bath, these constituents would create a vapor 
pressure of aluminum monofluoride and sodium over 
the bath and give the bath an activity of aluminum 
monofluoride and sodium so that it would reduce 
carbon dioxide or moisture. 

Since the argon flow was the same in all the metal 
holding tests, the ratio of the weights of aluminum 
and sodium condensed should, on a mole basis, be 
proportional to the partial pressures of the alumi- 
num monofluoride and sodium over the bath. Even 
though the partial pressure of AIF was increased by 
a low NaF/AIF8 ratio, sodium still had a higher par- 
tial pressure over the bath than AIF and apparently 
a higher activity in the bath. This to a large extent 
explains why acid baths give higher current effi- 
ciencies than neutral or alkaline baths. 

The steps in the reoxidation of aluminum ap- 
peared to be: (a) a reaction at the metal-bath inter- 
face to give a solution of free metal or its equivalent 
in the bath, (b) diffusion and convection of the free 
metal away from this interface, (c) reaction be- 
tween the free metal from the bath and carbon di- 
oxide from the anode. Reoxidization of free metal by 
moisture cannot account for more than about 0.6% 
loss in current efficiency for unburned gas from 
commercial cells averages less than 1% hydrogen 
by volume. 

Nozaki and Miyanchi (12), investigating industrial 
cells that were suddenly disconnected due to war 
action, found that the free metal concentration in the 
electrolyte varied from none near the anodes to the 
maximum near the metal pad. Bath samples taken 
in the static metal holding tests showed the equiva- 
lent of about 0.1% free aluminum. A sample of 
similar electrolyte taken 3 in. from the side of an 
anode and 3 in. above the metal pad of an operating 
cell  showed only  the  e q u i v a l e n t  of 0.02% free  a lu -  
m i n u m  or abou t  one fifth of the e q u i l i b r i u m  value.  
A s imi la r  sample  of e lec t ro ly te  was  t a k e n  and  CO~ 
d e t e r m i n e d  as present .  I t  appears  f rom the concen-  
t r a t i on  and  d i s t r i bu t ion  of f ree me t a l  tha t  the  slow 
step in  the r eox ida t ion  of a l u m i n u m  in commerc ia l  
cells is the t r a n s p o r t  of free me t a l  f rom the  cathode 

to the v i c in i ty  of the anode.  This  is conf i rmed f u r t h e r  
by  the obse rva t ion  tha t  g rea te r  anode -ca thode  sepa-  
ra t ion  improves  c u r r e n t  efficiency. 

Solubil i ty of CO~ in Bath 

FSr l and  and  Associates (17) have  repor ted  so lu-  
b i l i ty  of CO... in  m o l t e n  cryoli te .  This  was  conf i rmed 
by  t ak ing  a qu ick ly  f rozen sample  of e lectrolyte ,  as 
descr ibed previous ly ,  f rom an  opera t ing  cell and  a 
s imi lar  sample  as a b l a n k  f rom the  sealed system. 
Both were  hea ted  to a p p r o x i m a t e l y  500~ in  a vac -  
u u m  and  the gas evolved  ana lyzed  by a mass  spec-  
t rograph.  The 10-g sample  of the  ba th  f rom the  r e -  
duc t ion  pot evolved a p p r o x i m a t e l y  21 ~g of ca rbon  
dioxide. The sample  f rom the  sealed sys tem evolved 
two mic rog rams  of ca rbon  dioxide. This was  t aken  
as conf i rmat ion  of FSr l and ' s  f indings.  

The fact tha t  both sod ium and  ca rbon  dioxide 
were  p re sen t  in  the sample  of e lec t ro ly te  f rom a 
commerc ia l  cell ind ica tes  a h igh ly  n o n e q u i l i b r i u m  
condi t ion  exists  w i t h i n  the  electrolyte .  A p p a r e n t l y  
there  are s t ra ta  of d ispersed and  dissolved ca rbon  
dioxide and  dissolved free me ta l  which  are be ing  
mixed  and  react ing.  

N u m e r o u s  other  gases also were  evolved f rom the  
sample  of the e lec t ro ly te  f rom the  r educ t ion  pot. 
They  are l is ted in  Tab le  III. 

Other Sources of A l u m i n u m  Loss 

A n o t h e r  m a j o r  source of a l u m i n u m  loss in  these 
tests was the  fo rma t ion  of a l u m i n u m  carbide.  There  
was  some ind ica t ion  (Tab le  II)  tha t  the carb ide  for -  
m a t i o n  was  more  severe in  acid baths,  bu t  the  t r end  
was  not  v e r y  dis t inct .  The  loss of free metal ,  p rob -  
ab ly  mos t ly  sodium, p e n e t r a t i n g  into the  cruc ib le  ac- 
counts  for most  of the r e m a i n i n g  me ta l  loss. 

Use of Crucibles Other than Carbon 
A test  in  a bo ron  n i t r i de  cruc ib le  showed an  ab -  

n o r m a l l y  smal l  a l u m i n u m  loss. W h e n  the  cell was 
opened  and  the  ba th  poured,  however ,  the  me t a l  pad 
was  covered w i th  a da rk  film. The test  made  in  a 
si l icon carb ide  (SiN bonded)  cruc ib le  showed p r ac -  
t ica l ly  the  same me ta l  loss as in  a g raph i te  crucible.  
If the  p r inc ipa l  cause of me t a l  loss were  an  e lec t ro-  
chemical  cell reac t ion  b e t w e e n  the a l u m i n u m  and  
the  carbon,  t hen  it wou ld  appea r  tha t  the  me t a l  loss 
wou ld  be lower  both  w i th  the  SiC and  BN crucibles  
because  of the  lower  e lect r ical  conduc t iv i ty  of the  
crucibles.  The fact tha t  the  loss was  p rac t i ca l ly  the  
same in  SiC as in  the  g raph i t e  c ruc ib le  wou ld  lead 
one to be l ieve  that ,  at least  u n d e r  the  condi t ions  of 
these tests, the  solut ion of a l u m i n u m  was p r e d o m i -  
n a n t l y  chemical  r a t h e r  t h a n  e lect rochemical .  P r e v i -  

Table III. Gases evolved from a rapidly frozen 10-g sample of 
electrolyte from a reduction pot when reheated to 

500~ in vacuum 

Carbon dioxide 21 micrograms 
Nitrogen 5 
Carbon monoxide 4 
Hydrogen 1 
Sulfur  dioxide 1 
Water 1 
Silicon tetrafluoride 0.1 
Carbon disulfide 0.1 
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ous tests in  Pyrex ,  us ing  fluorides d i lu ted  by  chlo-  
rides, showed the  me ta l  loss was  increased  by  e lec-  
t ro ly t ic  cell action.  Pe rhaps  in  the  p resen t  case, ca r -  
bide fo rma t ion  on the  g raph i t e  crucible  i nh ib i t ed  
local cell action,  or it  could be tha t  s t ra ight  chemical  
reac t ion  was  fast  enough  to m a i n t a i n  the e q u i l i b r i u m  
concen t r a t i on  in  the  bath.  C a r b o n  dioxide b u b b l i n g  
t h rough  the  b a t h  in  a commerc i a l  cell  c e r t a in ly  wi l l  
r e m o v e  the  free meta l s  f rom the  ba th  at a m u c h  
grea te r  rate.  U n d e r  these condi t ions  cell ac t ion  to 
form sodium m a y  become a factor.  In  the  p re sen t  
test, the lower  me t a l  loss in  the  boron  n i t r i de  c ruc i -  
ble  appea red  to be associated w i th  the  p resence  of a 
bor ide  film over  the  surface of the  a l u m i n u m .  

Conclusions 
Molten  Hal l  ba th  in  contact  w i th  mo l t en  a l u m i n u m  

develops  a r educ ing  capaci ty  e q u i v a l e n t  to abou t  
0.1% free a l u m i n u m  dissolved in  the  bath.  The  p res -  
ence of sod ium and  a l u m i n u m  monof luor ide  vapors  
over  the ba th  indicates  so lu t ion  of free me ta l  in  
some form in  the  bath .  The v is ib le  mist,  on the  o ther  
hand,  is h y d r o g e n  fo rmed  by  reac t ion  b e t w e e n  mois -  
t u r e  and  free me t a l  dissolved in  the  bath.  N a t u r a l l y  
the  bubb le s  con ta in  a smal l  pa r t i a l  p ressure  of Na, 
A1F, and  NaA1F~. A l u m i n u m  monof luor ide  and  so- 
d i u m  vapors  are  evolved even  f rom a clear, m i s t -  
f ree bath.  I nc r ea s ing  the  NaF/A1F~ rat io  of the  ba th  
increases  the  sod ium loss and  decreases  the  a l u m i -  
n u m  monof luor ide  loss. The  a l u m i n u m  monof luor ide  
loss, however ,  is smal l  compared  to the  sod ium loss 
even  f rom an  acid bath.  In  an  opera t ing  r educ t ion  
cell the free me ta l  concen t ra t ion  in  the ba th  does no t  
reach its e q u i l i b r i u m  va lue  in  the  b u l k  of the  ba th  

bu t  var ies  f rom a m a x i m u m  nea r  me t a l  pad to a 
m i n i m u m  nea r  the  anode.  This indica tes  tha t  the  
process of diffusion and  convect ion  of f ree me ta l  in  
the ba th  is the  r a t e - c o n t r o l l i n g  step in  the  r eox ida -  
t ion of a l u m i n u m .  

Manuscript  received Ju ly  6, 1959. 

Any discussion of this paper  will  appear in  a Discus- 
sion Section to be published in  the December 1960 
J O U R N A L .  
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Anodic Precipitation of Tracer Manganese as Dioxide 

Edward A. Heintz I and L. B. Rogers 

Department o] Chemistry and Laboratory for Nuclear Science, 

Massachusetts Institute of Technology, Cambridge, Massachusetts 

ABSTRACT 

Quant i ta t ive recovery of carr ier-free  10-9M manganese  (II) is possible from 
weakly acidic solutions. The use of lead dioxide as either a nonisotopic carrier 
or a chemical displacing agent makes possible high recoveries from more 
acidic solutions. 

Elec t ro ly t ic  p rocedures  for the recovery  of r ad io -  
act ive  t racers  offer the advan t ages  of be ing  easi ly  
adap tab le  to r emote  cont ro l  opera t ion  as wel l  as be -  
ing qu i te  selective. The p resen t  s tudy  a imed  to define 
condi t ions  u n d e r  wh ich  ca r r i e r - f r ee  m a n g a n e s e  
could be deposi ted q u a n t i t a t i v e l y  as the dioxide. In  
addi t ion,  the  use of lead dioxide  as a car r ie r  (1) was  
e x a m i n e d  because  it  enab led  be t t e r  recover ies  to be 
made  f rom solu t ions  too acidic to pe rmi t  deposi t ion  
of t r ace r  m a n g a n e s e  dioxide  alone.  

The  choice of lead as a ca r r i e r  was also based on 
the  r eady  ava i l ab i l i t y  of condi t ions  (2) and  m e c h a n -  

1 M e t a l s  Research Laboratories,  Union Carbide Metals  Co., Niagara 
Falls, N. Y. 

ism (3) for its anodic  deposit ion.  The  abi l i ty  of 
t h a l l i u m  (II I )  oxide to car ry  m a n g a n e s e  was i n -  
ves t iga ted  on ly  brief ly and  was found,  as expected,  
to be less sat isfactory.  

Results 
Anodic behavior o~ manganese alone.--The only  

deposi table  species in  so lu t ion  was m a n g a n e s e  (II)  
e i ther  as a rad ioac t ive  t race r  alone, at an  es t imated  
concen t ra t ion  of 10-gM in  1.0M po tas s ium n i t r a t e  so- 
lut ions,  or w i th  added  nonrad ioac t ive  m a n g a n e s e  up 
to mi l l imola r .  F i g u r e  1 shows that ,  as the  pH was 
increased,  complete  deposi t ion  of c a r r i e r - f r ee  m a n -  
ganese  dioxide (10-gM) was  first a t t a i ned  at pH 4. 
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Fig. 1. Effect of initial pH on the deposition of trace 
manganese-S2 from 1.0M potassium nitrate. 

Initial pH Final pH 
Open circle 1.00 1.00 
Open tr iangle 2.10 1.92 
Open Square 3.48 3.10 
Large X 4.05 3.90 
Solid circle 4.92 6.15 
Solid tr iangle 6.02 7.05 
Hal f  & hal f  square 9.05 9.00 

The decrease  found  at  more  anodic  po ten t ia l s  has 
been  a t t r i b u t e d  to fo rma t ion  of a h igher  va lence  
state hav ing  g rea te r  so lubi l i ty  (1) .  

In  ~general, the  m a n g a n e s e  could be deposited,  
s t r ipped,  and  redepos i ted  at  wi l l  by  choosing the  
p roper  potent ia l ,  t h e r e b y  ind ica t ing  tha t  r e m o v a l  
f rom solu t ion  was  p r i m a r i l y  an  e lec t rochemica l  
process. However ,  the c o n t r i b u t i o n  of adsorp t ion  was  
eva lua ted  by  m e a s u r i n g  at  open circui t  the  decrease 
in ac t iv i ty  of a t racer  so lu t ion  wi th  t ime.  At  pH 
values  less t h a n  7.0, adsorp t ion  was negl ig ible ,  i.e., 
less t h a n  3% in 12 hr. At  pH 9.0, however ,  v i r t u a l l y  
all  of the  ac t iv i ty  was  adsorbed w i t h i n  an  hour.  I t  
was su rpr i s ing  to find most  of the  r a d i o m a n g a n e s e  
on the  electrode.  

F r o m  pH 3.5 to 6.0, the  curves  (at  the  50% level )  
shif ted at  a r a t e  of 155 m v / p H  uni t .  If the  reac t ion  
were  

Mn *§ + 2H~O ~ MnO~ + 4H* + 2e [1] 

this shift  should  be 120 m v  at 25~ The d i sc repancy  
m a y  ind ica te  tha t  some deposi ted m a n g a n e s e  was  
not  in the t e t r a v a l e n t  state.  However ,  some of the  
d i sc repancy  can be a t t r i b u t e d  to pH changes  d u r i n g  
a run .  For  example ,  a series of poin ts  were  ob ta ined  
us ing solut ions  ca re fu l ly  ad jus t ed  to pH 6.10 before  
electrolysis  at  each poten t ia l .  These  showed a spread  
of --+0.03 v at  the  leve l  of 50% deposi ted whereas  a 
comparab le  s tudy  at  pH 4.00 showed less t h a n  +_0.01 
v var ia t ion .  I t  is i n t e re s t ing  to no te  tha t  the  ex t en t  
of deposi t ion was  u s u a l l y  in  a g r e e m e n t  w i th  an 
ear l ie r  e s t imate  (4) of 10 ~ for the a p p a r e n t  so lu-  
b i l i ty  p roduc t  of m a n g a n e s e  dioxide. 

At a g iven  pH, one wou ld  expect  the  comple teness  
of deposi t ion to increase  w i th  the  concen t r a t i on  of 
manganese .  W h e n  more  t racer  was  present ,  a l a rger  
pe rcen tage  of m a n g a n e s e  p rec ip i ta ted  u n d e r  a g iven  
set of condi t ions.  Thus,  95% prec ip i t a ted  w h e n  th ree  
t imes the  n o r m a l  a m o u n t  of t r ace r  was  used com-  
pared  to 80% f rom the  n o r m a l  amoun t .  In  addi t ion,  
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the  deposi t ion curve  p roved  to be the  same as tha t  
for the  n o r m a l  a m o u n t  of r a d i o m a n g a n e s e  p lus  10-~M 
of i ne r t  m a n g a n e s e  ( I I )  n i t ra te .  Decreas ing  the 
t race r  to one -ha l f  the  s t a n d a r d  a m o u n t  resu l t ed  in  
on ly  60% coprecipi ta t ion.  Inspec t ion  of the  above 
da ta  showed that ,  regard less  of the  in i t i a l  a m o u n t  of 
t r ace r  present ,  a p p r o x i m a t e l y  the  same a m o u n t  of 
t racer  r e m a i n e d  in  so lu t ion  at the comple t ion  of the  
deposit ion.  The average  concen t r a t i on  of m a n g a n e s e  
in  the  t racer  ca lcu la ted  f rom these da ta  was 1 x 
10-~M, the  same as e s t ima ted  f rom ac t iv i ty  data.  
Exact  a g r e e m e n t  was  fo r tu i tous  bu t  did indica te  
tha t  c o n t a m i n a t i o n  of the  t racer  wi th  non rad ioac t ive  
m a n g a n e s e  was no t  serious. 

Higher  concen t ra t ions  of m a n g a n e s e  were  ex -  
a m i n e d  by  add ing  non rad ioac t ive  manganese .  F igu re  
2 shows tha t  n e a r  pH 2.0 comple te  depos i t ion  was 
a t t a ined  at 10-~M and  higher .  F r o m  the t racer  a lone 
a m a x i m u m  of 10% was deposited.  This curve  served 
as a " b l a n k "  for l a te r  coprec ip i ta t ion  studies.  

Coprecipitation of trace manganese w i th  lead di- 
ox ide . - -The  pH reg ion  in  which  ca r r i e r - f r ee  m a n -  
ganese  dioxide p rec ip i t a ted  comple te ly  was  suffi- 
c i en t ly  h igh to i n c u r  in t e r f e rences  f rom a n u m b e r  
of other  e l ements  if a t t empts  were  made  to apply  the  
me thod  to mix tures .  For  tha t  reason,  coprec ip i ta t ion  
f rom more  acidic media  (1) was  inves t iga ted  f u r -  
ther.  

Fac tors  which  affect the  coprec ip i ta t ion  of rad io -  
m a n g a n e s e  wi th  lead are  appl ied  potent ia l ,  pH, and  
the  a m o u n t  of carr ier .  The lower  l imi t  of po ten t i a l  
was tha t  a t  which  lead deposi ted as its dioxide. This 
l imi t  depended  on the  in i t i a l  concen t r a t i on  of lead 
( I I ) ,  sh i f t ing  a p p r o x i m a t e l y  30 m v  in  a cathodic 

d i rec t ion  wi th  each tenfo ld  increase  in  concent ra t ion .  
The  uppe r  l imi t  was  the  po ten t i a l  at  which  ox ida t ion  
of m a n g a n e s e  to a higher ,  more  soluble  va lence  be -  
came significant.  Both the  uppe r  a nd  lower  l imi ts  
were  pH dependen t ,  sh i f t ing  a p p r o x i m a t e l y  120 m v  
in  a cathodic d i rec t ion  w i th  each tenfo ld  increase  
in  pH. 
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Fig. 2. Effect of total  manganese concentration on the 
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deposition of manganese from 1.0M potassium nitrate. 

Initial concentration Initial Final 
of total manganese pH pH 

Open circle Trace 2.10 1.92 
Open square 1 x 10-~M -k trace 2.00 1.93 
Open tr iangle 1 x 10-~M Jr trace 2.04 1.95 
Large X I x 10-~M -t- trace 2.00 1.90 
Solid circle 1 x 10-~M -k trace 2.07 1.95 
Hal f  & half  square 1 x 10-~M -t- trace 2.00 1.88 
Solid tr iangle 2 x 10-SM -k trace 1.90 1.72 
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Fig. 3. Coprecipitation of manganese with 50 mg lead (ll) 
carrier as a function of potential in 1.0M potassium nitrate at 
a pH of 2.0. (a) initial pH 2.00, final pH 1.85, E ~ +1-1.320 
v vs. SCE; (b) initial pH 2.00, final pH 1.85, E ~ -I-1.275 
v vs. SCE. Open circle, per cent manganese deposited, open 
triangle, per cent lead deposited. 

Before s ta r t ing  s tudies  of coprecipi ta t ion,  deposi-  
t ions  of lead or m a n g a n e s e  a lone were  m a d e  at a 
n u m b e r  of d i f ferent  po ten t ia l s  us ing  di f ferent  in i t i a l  
concent ra t ions .  The re la t ive  ra tes  la ter  p roved  to be 
the  same w h e n  both  e lements  were  deposi ted si- 
mu l t aneous ly .  

Effect 0)r applied potential and amount of carrier. 
- - F i g u r e  3 i l lus t ra tes  the  effect of appl ied  po ten t i a l  
at a g iven  pH. At  the less anodic  potent ia l ,  lead de-  
posi ted s lower  and  gave a somewha t  more  adhe ren t  
deposit.  Use of a less anodic  po ten t i a l  is ana logous  
in  an  o r d i n a r y  p rec ip i t a t ion  process to a s lower  ra te  
of add i t ion  of reagent ,  a change  which  u sua l l y  leads 
to l a rge r  and  more  n e a r l y  perfect  crystals.  However ,  
the par t ic les  formed at both  po ten t ia l s  were  suffi- 
c ien t ly  la rge  (g rea te r  t h a n  1 ~) to give sharp  l ines 
on x - r a y  powder  diffract ion pictures .  

At  the  less anodic  potent ia l ,  there  was no reason  
for the  po ten t i a l  to change  the ra te  of deposi t ion  of 
the m a n g a n e s e  because  the  po ten t i a l  was  st i l l  suffi- 
c ient  to oxidize all  of it to the  t e t r a v a l e n t  state. 
Hence,  the  ne t  effect was  grea ter  coprec ip i ta t ion  for 
a g iven  a m o u n t  of lead. Table  I shows tha t  the  effect 
was more  s t r ik ing  for smal le r  a m o u n t s  of car r ie r  
w h e r e  the  f inal  f rac t ion  of m a n g a n e s e  coprecipi ta ted  
was u sua l l y  smal ler .  The logar i thmic  d i s t r i bu t ion  
coefficient, k, (5) was no t i ceab ly  la rger  w h e n  the 
ra te  of deposi t ion  was  s lower  a l though  ne i t he r  case 
gave a cons tan t  va lue  d u r i n g  a run .  For  example ,  
the  va lues  ob ta ined  for a r u n  at +1.275 v decreased 
con t inuous ly  f rom 6 to 2, whe reas  at  +1.320 v they  
s ta r ted  at 2 and  decreased to 0.3. The homogeneous  
d i s t r i bu t ion  coefficient, D, (6) also changed  du r ing  a 
r u n  bu t  it  va r ied  more  t h a n  k and  in  an  a p p a r e n t l y  
r a n d o m  fashion.  

At  po ten t ia l s  more  anodic  t h a n  +1.380 v, the  
efficiency of coprec ip i ta t ion  decreased marked ly .  At  
a po ten t i a l  of +1.425 v, lead was p rac t i ca l ly  com- 
p le te ly  deposi ted at  the  end  of 5 hr, whi le  rad io -  
m a n g a n e s e  was on ly  abou t  o n e - t h i r d  coprecipi tated.  
For  a s imi la r  deposi t ion at +1.480 v on ly  abou t  9% 
of the  m a n g a n e s e  coprecipi tated.  At  these h igher  po-  
tent ia ls ,  m a n g a n e s e  was  p r o b a b l y  oxidized more  or 
less to the  more  soluble  h e p t a v a l e n t  s tate  in  which  
fo rm its t e n d e n c y  to coprec ip i ta te  should  be smal ler .  

Table I. Effect of applied potential on the coprecipitation from 
1.0M potassium nitrate of manganese-52 with lead dioxide after 

four hours 

P e r  cent  
pH p e r  cent  m a n g a n e s e  

Applied Mg. lead lead coprecipi-  
In i t ia l  F inal  potential ,  v p resen t  d e p o s i t e d  t o t e d  

1.00 1.00 +1.350 50 100 81 
1.00 1.00 + 1.320 50 70 96 
2.00 1.85 +1.320 50 100 85 
2.00 1.83 + 1.275 50 85 98 

1.00 0.98 +1.350 25 100 82 
1.00 1.00 + 1.320 25 44 95 
2.03 1.92 + 1.320 25 100 80 
2.05 1.95 + 1.275 25 76 96 

1.05 1.05 + 1.350 15 100 53 
2.00 1.83 + 1.350 15 100 69 

0.98 0.98 + 1.350 10 100 18 
1.00 1.00 +1.320 10 50 74 
2.08 1.90 + 1.320 10 100 58 
2.02 1.96 +1.275 10 78 94 

1.03 1.00 +1.350 5 100 10 
2.05 1.89 +1.350 5 100 24 

In  order  to d e t e r m i n e  w h e t h e r  the  m a n g a n e s e  was 
f i rmly b o u n d  in  the  deposi t  or he ld  on the  surface,  
50 mg of l ead  ( I I )  at +1.350 v was  comple te ly  de-  
posi ted a long wi th  84% of the  r ad iomanganese .  The 
po ten t ia l  was  t h e n  ra ised to +1.480 v and  the  i n -  
crease in  the a m o u n t  of m a n g a n e s e  in  the  aqueous  
phase de t e rmined .  Af te r  4 hr,  on ly  4% of the  tota l  
m a n g a n e s e  had  r e t u r n e d  to the  solut ion.  If the  t racer  
had  been  d i s t r ibu ted  equa l ly  t h r o u g h o u t  the  deposit ,  
the 4% r e move d  would  have  come f rom the  top n ine  
layers  of lead dioxide. However ,  since the  t rue  area 
of the electrode was u n d o u b t e d l y  at least  t en  t imes 
the  geomet r ica l  area,  the t r ace r  m u s t  have  been  
s t r ipped only  f rom the surface.  

Effect of electrode size.--A smal l  gauze anode 
hav ing  a geomet r ica l  surface  a rea  of 13 cm 2 and  a 
p l a t i n u m  wi re  anode h a v i n g  a geometr ica l  surface 
area  of 4 cm "~ were  subs t i tu ted ,  in  tu rn ,  for the  79 
cm 2 gauze electrode.  Solu t ions  of 1.0M potass ium 
n i t r a t e  wi th  50 mg lead (II)  p lus  the  s t a n d a r d  
a m o u n t  of r a d i o m a n g a n e s e  were  used af ter  ad ju s t -  
m e n t  to a g iven  pH. 

At  pH 1.0, a g rea te r  f rac t ion  of r a d i o m a n g a n e s e  
deposited t h a n  lead. This  seemed reasonab le  because,  
a l though  the  ra tes  of deposi t ion,  as measu red  by  de-  
p le t ion  of the  solut ion,  were  cons ide rab ly  s lower  
t h a n  observed for the large gauze electrode, the ra te  
at which  lead was  deposi t ing at the  smal l  e lectrode 
af ter  the first few mi nu t e s  was  ac tua l ly  h ighe r  in  
te rms  of mi l l imoles  per  square  cen t ime te r  per  m i n -  
u te  t h a n  in  the more  deple ted  solut ion h a v i n g  the  
la rger  electrode.  The resu l t  is comparab le  to tha t  
ob ta ined  by  us ing  more  carr ier ,  or to tha t  in  which  
lead deposi t ion was  slowed by  a change  in  the  elec-  
t ro ly te  (vide infra). 

At pH 2.0, the  s i tua t ion  was  reversed,  and  a 
grea te r  f rac t ion  of lead deposited.  A change  in  the 
ra te  of lead deposi t ion was observed  cons is ten t ly  be -  
tween  pH 1 and  2, bu t  no sa t i s fac tory  ra t iona l i za t ion  
can be suggested for its existence.  I r r e gu l a r  behav io r  
has also been  e n c o u n t e r e d  u n d e r  other  condi t ions  

(4) .  
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Table II. Removal at -t-1.350 v of manganese-52 by successive Table III. Effect of supporting electrolyte on the coprecipitation 
additions of lead (11) at 41.350 v of manganese-52 with 50 mg lead (11) 

P e r  cent  or ig ina l  P e r  cen t  o r i g i n a l  R e l a t i v e  R e l a t i v e  
Mn r e m o v e d  M n  r e m o v e d  % P b  % M n  

(A) loll  2.0 A m o u n t  (A) 1oH 1.0 depos i t ed  coprec ip .  
A m o u n t  Ca lcu -  lead,  Ca lcu -  S u p p o r t i n g  per  p e r  % M n  
lead,  m g  O b s e r v e d  la ted* m g  O b s e r v e d  l a t e d  e l ec t ro ly te  ~ (9) m i n u t e  m i n u t e  coprec ip .  

10 55 55 5 24 24 1.0 M NaC10~ 0.58 3.18 1.13 58 
10 20 23 5 18 19 1.0 M LiC104 0.91 1.05 0.65 58 
10 13 12 5 15 14 1.0 M KNOB 0.45 1.05 0.89 80 
10 7 6 5 8 7 1.0 M NaNO~ 0.55 0.53 0.53 95 
10 3 3 5 6 6 1.0 M LiNO~ 0.76 0.43 0.38 85 

. . . .  5.0 M NaC10~ -- 3.80 1.00 26 
Total coprecip. 98 99 75 70 4.0 M NaC10, plus 

1.0 M NaNO8 - -  3.18 2.00 66 
m) pH 1.0 4.9 M NaC104 plus 

10 18 5 11 0.1 M NaNO.~ - -  3.80 1.00 23 
10 19 5 8 
10 20 5 10 (B) p ~  2.0 
10 19 5 8 1.0 M NaC104 0.53 3.18 1.13 60 

- -  - -  1.0 M LiC10~ 0.91 1.59 0.94 56 
Total coprecip. 76 37 1.0 M KNO~ 0.45 1.59 0.92 84 

1.0 M NaNO~ 0.55 1.59 1.15 94 
1.0 M LiNO~ 0.76 1.05 1.00 90 * C a l c u l a t e d  on t he  bas i s  of t he  f irst  e x t r a c t i o n  f a c t o r  b e i n g  con-  

s t an t  d u r i n g  t he  success ive  add i t ions .  

Successive additions of carrier.---Large a m o u n t s  of 
car r ie r  r e q u i r e d  grea t  care in  h a n d l i n g  to avoid 
mechan i ca l  losses f rom the  electrode.  To decrease  
the total ,  a series us ing  smal l  successive addi t ions  of 
car r ie r  was  explored  as be ing  ana logous  to cross-  
cu r r en t  ex t r ac t ion  (7) .  Da ta  for successive 5 and  10 
mg addi t ions  g iven  in  Tab l e  II  show that ,  at a pH of 
2.0, an  a p p r o x i m a t e l y  cons tan t  ex t r ac t ion  factor,  E, 
was obta ined .  R e m e m b e r i n g  tha t  the  ex t r ac t ion  fac-  
tor is defined as the  ra t io  of the a m o u n t  deposi ted to 
the a m o u n t  r e m a i n i n g  in  so lu t ion  of a g iven  level  of 
carr ier ,  the  ra t io  for 10 mg addi t ions  was  1: 1, whi le  
for 5 mg addi t ions  it  was about  1 : 3. 

In  contrast ,  at a pH of 1.0, E va r i ed  w i th  each 
add i t ion  of lead such tha t  for each 10 mg add i t ion  of 
lead abou t  20% of the  initial a m o u n t  of t race  was r e -  
moved;  for each 5 mg, about  10% of the  initial 
a m o u n t  of t race  present .  Gordon  (8) has  descr ibed 
a type  of coprec ip i ta t ion  in  which  the  a m o u n t  of 
t racer  car r ied  per  u n i t  we igh t  of ca r r i e r  was  i nde -  
p e n d e n t  of the  a m o u n t  of t r ace r  p re sen t  in i t ia l ly .  He 
a t t r i b u t e d  this to phase  sa tura t ion .  To test  this, suc-  
cessive 10 mg por t ions  of lead were  added  to a so lu-  
t ion  con t a in ing  th ree  t imes  the n o r m a l  a m o u n t  of 
tracer.  I n  this  case, each 10 mg por t ion  car r ied  8%, 
7% and  8% of the in i t i a l  t r ace r  present .  On  a we igh t  
basis, the  a m o u n t  of t r ace r  coprec ip i ta ted  wi th  a 
g iven  a m o u n t  of ca r r i e r  was  the same as before. A l -  
though  it  seems un l ike ly ,  the  lead dioxide fo rmed  at 
pH 1.0 b e h a v e d  as though  it were  s a tu ra t ed  w i th  
m a n g a n e s e  dioxide. 

Effect of supporting electrolyte.--Table III  shows 
the effect of a change  in  e lec t ro ly te  on the  deposi t ion  
rates  of lead and  manganese .  In  each case lead was  
comple te ly  deposited,  a l t hough  the  t ime  r e q u i r e d  
depended  on the suppor t ing  electrolyte .  Pe rch lo ra t e  
gene ra l l y  led to fas ter  deposi t ions  of lead t h a n  did 
n i t ra te ,  poss ib ly  due to i nh ib i t i on  by  lead  n i t r a t e  
complexes  of the  type  PbNO~ § (10),  pe rch lo ra te  h a v -  
ing less t e n d e n c y  to fo rm such complexes  (11).  
Nitr i te,  at  a concen t r a t i on  of 0.01M, had  no effect. 
For  a g iven  anion,  it  appears  tha t  the  ra te  of l ead  

deposi t ion was  re la ted  i nve r se l y  to the h y d r a t e d  
cat ionic rad i i  (12) which  decrease  on going f rom 
l i t h i u m  to potass ium.  

In  add i t ion  to inc reas ing  the  re la t ive  ra te  of lead 
deposit ion,  pe rch lo ra te  media  could affect adverse ly  
the  a m o u n t  of r a d i o m a n g a n e s e  coprecipi ta ted  in  a n -  
other  way,  especia l ly  w h e n  ve ry  concen t ra t ed  sup-  
por t ing  e lec t ro ly tes  were  used. T h e r m o d y n a m i c a l l y ,  
the reac t ion  

Mn ++ -~ CIOj ~- 2H +-> Mn § ~- C10~- -~ 2H~O [2] 

is spontaneous as written, as it has a negative change 
in free energy of some 20 kcal. This was tested by 
observing that in a millimolar solution of manganese 
(II), which was 1.0M in sodium perchlorate and at 
pH 2.0, a brown precipitate formed after two days 
without noticeable change in the pl-I. At the trace 
level, some manganese could react in this way during 
a run and thus form a radiocolloid that would not 
deposit on the anode. Such a result was actually ob- 
served: in 5.0M perchlorate, only 26% of the tracer 
coprecipitated; in a mixture of perchlorate and ni- 
trate, only 66% of the tracer coprecipitated (com- 
pared with 85% in the absence of the perchlorate). 
Even the deposition of millimolar manganese at a 
pH of 1.0 from 1.0M sodium perchlorate was only 
80% comple te  a t  a po t en t i a l  of +1.300 v, whereas  
f rom 1.0M po tas s ium n i t r a t e  so lu t ion  u n d e r  iden t ica l  
condit ions,  depos i t ion  was  more  t h a n  99% complete.  

Open-circuit studies.--Byrne (4) no ted  that ,  w h e n  
an  electrode was  d i sconnec ted  f rom the po ten t ios ta t  
fo l lowing an  incomple te  coprec ip i ta t ion  and  was a l -  
lowed to s t and  ove r n i gh t  in  the solut ion,  a lmos t  al l  
of the  r a d i o m a n g a n e s e  was  f ound  on the  e lect rode 
in  the  morn ing .  This  p h e n o m e n o n  was  easi ly  checked 
as shown by  the  da ta  r u n  in  Tab le  IV. A s imi la r  
s tudy  at pH 2.0 gave resul t s  tha t  were  v i r t u a l l y  
identical .  In  bo th  cases, the  change  in  po ten t i a l  was  
s imi la r  to t h a t  observed  by  W y n n e - J o n e s  and  co- 
worke r s  (13) for p u r e  lead dioxide.  

T h e r m o d y n a m i c a l l y ,  the  reac t ion  

PbO~ + Mn § -> Pb +§ -~ MnO~ [3] 
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Table IV. Changes in solution characteristics with time that 
occurred on disconnecting the exter.al potential ( +  1.350 v) 
from an anode in 1.0M potassium nitrate solution ot pH 1.0 

Time, Potential, Per cent Mn Per cent Pb 
hr v deposited deposited 

0.0 1.350 80 99 
0.5 1.325 - -  - -  
1.0 1.305 84 96 
2.0 1.293 86 95 
5.0 1.273 87 94 

10.0 1.255 98 88 

has a nega t ive  change  in  free ene rgy  of abou t  2.4 
kcal.  Pos tp rec ip i t a t ion  of r a d i o m a n g a n e s e  onto the 
electrode is, therefore ,  spon taneous  and  is qu i te  
p r o b a b l y  due  to chemical  r e p l a c e m e n t  r a the r  t h a n  to 
adsorpt ion,  a l t hough  some con t r i bu t i on  f rom the 
l a t t e r  canno t  be  en t i r e ly  discounted.  

F a r r a d i n i  and  Ha i s s insky  (14) had repor ted  tha t  
a t race  of p ro t ac t i n ium-233  was  deposi ted s p o n t a n e -  
ously  on a f resh ly  p r e p a r e d  lead dioxide  electrode 
bu t  no t  on one tha t  had  been  aged ove rn igh t  in  dis-  
t i l led  water .  The difference b e t w e e n  a "f resh"  and  
an  "aged" lead dioxide e lect rode was  a t t r i b u t e d  to a 
layer  of oxygen  dissolved in  the  crys ta l  la t t ice  or 
held  on the  surface  of the  "f resh"  oxide. Af te r  such 
an  e lect rode had  been  s tored in  dis t i l led wa t e r  for 
12 hr, the oxygen  had  escaped p r e sumab ly .  A com-  
pa rab le  s tudy  for m a n g a n e s e - 5 2  was  u n d e r t a k e n  so 
as to ru le  out  this  possibi l i ty .  Both p l a t i n u m  and  lead 
dioxide electrodes were  examined .  

Severa l  lead d ioxide  electrodes were  p r epa red  by  
anodiz ing  p l a t i n u m  gauze electrodes at +1.350 v in  
a 1.0M po tas s ium n i t r a t e  so lu t ion  con ta in ing  50 mg 
of lead (II)  at a pH of 1.0. Some electrodes were  
used i m m e d i a t e l y  ( " f r e s h " ) ;  others  were  s tored in 
dis t i l led  w a t e r  ove rn igh t  ( "aged" ) .  W h e t h e r  the 
oxide was " f resh"  or "aged" made  no difference:  
about  65% of the  t race  m a n g a n e s e  deposi ted at open 
circui t  in  the  first hour ;  ano the r  25%, in  the  nex t  
hour.  The deposi ts  reached  98% af ter  a to ta l  of 6 
hr  ind ica t ing  tha t  surface  oxygen  was u n i m p o r t a n t .  

To ru l e  out  the  u n l i k e l y  poss ibi l i ty  tha t  oxygen  
a lone  on the  surface  of ba re  p l a t i n u m  could cause 
r a d i o m a n g a n e s e  to deposit ,  a p l a t i n u m  elec t rode was  
anodized in  the  absence  of 1cad. I t  was  t h e n  d iscon-  
nec ted  f rom the  po ten t ios t a t  and  a s t a n d a r d  a m o u n t  
of r a d i o m a n g a n e s e  added. Af te r  4 hr, on ly  a l i t t le  
more  t h a n  1% of the  m a n g a n e s e  had  deposi ted  on 
the  electrode.  To comple te  the circle, it was  shown  
tha t  if lead  dioxide were  deposi ted comple te ly  f rom 
1.0M po tas s ium n i t r a t e  at pH 1.0 before add ing  m a n -  
ganese  t racer ,  f u r t h e r  electrolysis  at +1.350 v de-  
posi ted on ly  8% of the  manganese .  Clear ly ,  w h e n  
lead was  no t  deposi t ing,  the  appl ied  po ten t i a l  
s t rong ly  de t e r r ed  the deposi t ion  of manganese .  

Coprecipitation of trace manganese w i th  thall ium 
(III) oxide.---The ca r ry ing  ab i l i ty  of t h a l l i u m  ( I I I )  
oxide was  inves t iga ted  briefly.  T h a l l i u m  was chosen 
because  it p rov ided  a di f ferent  type  of oxide w i th  r e -  
gard  to s t ruc tu re  and  a tomic  ratio.  Also, t h a l l i u m  
could be  d e t e r m i n e d  eas i ly  w i t h  a po l a rog ra ph  and  
its anodic  deposi t ion  behav io r  had  been  no ted  (15).  
Coprec ip i ta t ions  were  expected  to be m u c h  less effi- 
c ient  because  it  p re sen ted  a change  in  va lence  type.  

At  a pH of 1.0, t h a l l i u m  ( I I I )  oxide wou ld  no t  
deposi t  on an  anode  f rom a so lu t ion  con ta in ing  50 
mg  of t h a l l i u m  (I )  in  1.0M po tas s ium n i t r a t e  a l -  
t hough  t h a l l i u m  was  oxidized, as ev idenced  by  the  
h igh  c u r r e n t  flow. However ,  u s ing  50 mg t h a l l i u m  
(I)  at  a pH of 2.0, abou t  90% of the  t h a l l i u m  could 
be deposited, p r e s u m a b l y  at TLO~, before  the  r e -  
m a i n d e r  p rec ip i t a ted  into the b u l k  of the  so lu t ion  
and  ru led  out f u r t h e r  s tudy.  A p p r o x i m a t e l y  6% of 
the  m a n g a n e s e  coprec ip i ta ted  w i th  the t h a l l i u m  
( I I I )  oxide tha t  adhered  to the  electrode.  The de-  
posi t ion was rapid,  on ly  20 m i n  be ing  r equ i r ed  to 
deposi t  90% of the  tha l l ium.  Because  the t ime  was  
r a t h e r  short, it was  t hough t  tha t  the  t racer  migh t  no t  
have  had  sufficient t ime  to incorpora te  i tself  in  the  
crystal ,  so a sma l l e r  electrode of 13 cm ~ geomet r ica l  
a rea  was  used. As in  the  case of lead, somewhat  more  
t race r  deposited,  b u t  no t  enough  to m a k e  t h a l l i u m  a 
use fu l  car r ie r  for manganese .  

Discussion and Conclusions 
The isolat ion a nd  s imu l t aneous  concen t ra t ion  of 

10-9M ca r r i e r - f r ee  m a n g a n e s e - 5 2  by  anodic  e lec t ro-  
deposi t ion as d ioxide  is q u a n t i t a t i v e  above pH 4. The  
po ten t i a l  mus t  be l imi ted  so as to avoid low recovery  
due  to fo rma t ion  of a more  so luble  h igher  va lence  
state. A lower  pH would  p r o b a b l y  be necessary  to 
decrease the i n t e r f e r ence  f rom other  e l ements  if t hey  
were  present .  In  t ha t  case, coprec ip i ta t ion  wi th  lead  
dioxide  could be used to effect comple te  recovery  of 
the  manganese .  The  la te r  separa t ion  of m a n g a n e s e  
f rom lead could be done in a va r i e ty  of ways  i n -  
c lud ing  cathodic deposi t ion  of lead in to  mercury .  

Chemical  d i sp lacemen t  of m a n g a n e s e  (II)  f rom 
aqueous  so lu t ion  by  reac t ion  wi th  e lect rolyt ic  lead 
dioxide  was s lower  t h a n  electrolysis  bu t  a lways  
quan t i t a t ive .  The  use of powdered  lead dioxide 
should  make  the  r e p l a c e me n t  faster,  bu t  it wou ld  
necess i ta te  a f i l t rat ion.  Other  t echn iques  leading  to 
s lower  bu t  more  n e a r l y  comple te  recovery  for a 
g iven  a m o u n t  of lead dioxide are the use of smal le r  
e lectrodes and  of successive addi t ions  of smal l  po r -  
t ions  of carr ier .  

The m e c h a n i s m  for  anodic  coprec ip i ta t ion  of m a n -  
ganese  and  lead d ioxide  appears  to be e i ther  a n o m a l -  
ous m i x e d - c r y s t a l  f o rma t ion  or i n t e r n a l  adsorpt ion,  
processes which  a re  difficult to d i s t ingu ish  (16).  A l -  
t hough  the  dioxides  of lead a nd  m a n g a n e s e  c rys t a l -  
lize in  the rhombic  and  t e t r agona l  systems, respec-  
t ively,  anomalous  m i x e d - c r y s t a l s  migh t  form. H o w -  
ever,  the fact tha t  the  logar i thmic  d i s t r ibu t ion  con-  
stant ,  X, did no t  have  a cons tan t  va lue  indicates  i n -  
t e r n a l  adsorp t ion  to be the more  p robab le  m e c h -  
anism.  

Experimental  

Chemicals.--Solutions of ca r r i e r - f r ee  s i x - d a y  
m a n g a n e s e - 5 2  were  p repa red  by  dissolving d e u t e -  
r o n - b o m b a r d e d  c h r o m i u m  in  10M sul fur ic  acid and  
d is t i l l ing  p e r m a n g a n i c  acid (17).  Ca lcu la t ions  f r o m  
rad ioac t iv i ty  da t a  ind ica ted  tha t  these solut ions were  
abou t  10-gM in  manganese -52 .  Ev idence  has been  
cited to show tha t  the  concen t r a t i on  of to ta l  m a n -  
ganese  was in  the  same range.  Before use, al l  m a n -  
ganese-52  stock solut ions  were  preca thodized  for  2 
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hr  at  a po ten t i a l  which  in su red  tha t  al l  of the  t racer  
was in  the  d iva l en t  state. Other  stock solut ions,  al l  
of t h e m  ni t ra tes ,  were  a 0.0103M solu t ion  of m a n -  
ganese  (II)  s t anda rd i zed  by  the  b i s m u t h a t e  me thod  
(18) ; a 50 m g / m l  so lu t ion  of lead ( I I )  s t anda rd i zed  
as the su l fa te  (19) ; and  a 50 m g / m l  so lu t ion  of t ha l -  
l i um ( I ) ,  s t anda rd ized  aga ins t  b r o m a t e  (20).  

Apparatus.--Deposi t ions were  ca r r i ed  out  us ing  a 
vo lume  of 150 ml  in  a glass cell 5 cm in  d i ame te r  and  
12.5 cm tall.  A p l a t i n u m  gauze anode  wi th  a geo- 
met r i ca l  area  of 79 cm ~ was  used except  in  one set of 
expe r imen t s  whe re  a 13 cm ~ gauze and  a p l a t i n u m  
spira l  w i th  a geomet r ica l  area  of 4 cm ~ were  sub -  
s t i tuted.  Electrodes  were  p r e - a n o d i z e d  in  1.0M su l -  
furic  acid. Ni t ra te  or pe rch lo ra te  sal t  br idges  were  
used to connec t  the s a tu ra t ed  calomel  re fe rence  elec-  
t rode and  the  isolated p l a t i n u m  cathode to the  elec-  
t ro ly t ic  solut ion.  The  so lu t ion  was  s t i r red  by  a m a g -  
ne t ized  Tef lon-covered  s t i r r ing  bar.  The  t e m p e r a -  
ture,  un less  o therwise  specified, was  m a i n t a i n e d  at  
25.5 ~ _0 .5~  

The po ten t i a l  of the  anode was con t ro l led  to at 
least  ---+2 m v  us ing  poten t ios ta t s  (21).  The  po ten t ia l s  
were  ad jus ted  at the  b e g i n n i n g  of each r u n  and  
checked at i n t e rva l s  t he rea f t e r  us ing  a Rub icon  po-  
t en t i ome te r  r ead ing  to _0.1 my.  Al l  pH m e a s u r e -  
men t s  we re  made  w i t h  a B e c k m a n  Model  G pH 
meter .  

A s i n g l e - c h a n n e l  d i f ferent ia l  d i sc r imina tor ,  cou-  
pled t h rough  a l i nea r  ampli f ier  to a t h a l l i u m - a c t i -  
va ted  sod ium iodide sc in t i l la tor  was  used to ob-  
ta in  the  g a m m a - r a y  spec t rum in  the  charac te r i za t ion  
of the  m a n g a n e s e - 5 2  in  the  r ad iochemica l  studies.  
The same sc in t i l l a to r -ampl i f i e r  c o m b i n a t i o n  coupled 
to a b i n a r y  scaler  was  used to count  samples  w i t h -  
d r a w n  f rom the  deposi t ion cells. 

Procedures 

Etectro~ytic.--A typ ica l  e lect rolyt ic  so lu t ion  was  
p r epa red  by  add ing  145 ml  of a chosen suppor t ing  
e lec t ro ly te  to the deposi t ion cell a long wi th  a p r e -  
d e t e r m i n e d  v o l u m e  of car r ie r  solut ion,  u sua l l y  0.1 to 
1.0 ml  f rom a K i r k  mic ro-p ipe t .  A s t a n d a r d  vo lume  
of r ad iomanganese ,  f rom 1.0 to 4.0 ml,  was  t hen  
added so as to p roduce  about  10,000 cpm above the  
average  b a c k g r o u n d  of 250 cpm. E q u i l i b r i u m  was 
reached  af ter  1 h r  at  a g iven  po t en t i a l  w h e r e u p o n  a 
500 ~1 sample  was  w i t h d r a w n  for ana lys i s  and  the 
po ten t i a l  ad jus ted  for the  nex t  electrolysis .  To define 
a curve  for per  cent  deposi ted vs. po ten t ia l ,  the  po-  
t en t i a l  was  changed  anod ica l ly  in  successive 50 m v  
inc rement s .  Af te r  r each ing  the des i red l imi t ing  po-  
tent ia l ,  the  d i rec t ion  of change  was  reve r sed  un t i l  
al l  the  deposi t  had b e e n  s t r ipped off the  electrode.  
This p rocedure  tes ted bo th  r ep roduc ib i l i t y  and  re -  
ve r s ib i l i t y  of the  system. 

Analy t ica l . - -The  500 ~1 sample  was  placed in  a 
o n e - d r a m  glass vial  and  counted  for at least  1 ra in  
or u n t i l  10,000 counts  above b a c k g r o u n d  had  reg-  
is tered in order  to m i n i m i z e  the  coun t ing  e r ro r  (22) .  
In  ca lcu la t ing  the a m o u n t  of t r ace r  or ca r r i e r  de-  
posi ted at  any  g iven  t ime,  correct ions  were  made  
for the  a m o u n t  of so lu t ion  p rev ious ly  w i t h d r a w n  
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and,  in  the case of the  rad iochemica l  m e a s u r e m e n t s ,  
for the b a c k g r o u n d  and  the  n a t u r a l  decay of the  r a -  
dionucl ide .  

M a n g a n e s e  was  ana lyzed  b y  the  per ioda te  me thod  
(23) w h e n  p r e se n t  in  macro  a m o u n t s  (i.e., 10 -' to 
10~M). Lead  and  t h a l l i u m  were  d e t e r m i n e d  by  con-  
v e n t i o n a l  po la rograph ic  p rocedures  (24, 25). 

Acknowledgment 
The au thors  are i ndeb t ed  to Dr. Char les  F. Mor r i -  

son, Jr., for a s sembl ing  a nd  ca l ib ra t ing  the  coun t ing  
e q u i p m e n t  used in  this  s tudy  a nd  to Dr. A. D. P e a r -  
son for x - r a y  diffract ion p ic tures  of deposits.  

This  work  was  suppor ted  in  pa r t  by  the  Un i t ed  
Sta tes  Atomic  E n e r g y  Commiss ion  u n d e r  Cont rac t  
A T ( 3 0 - 1 ) - 9 0 5 .  

Manuscript  received Aug. 28, 1958. 

Any  discussion of this paper  will  appear in  a Discus- 
sion Section to be published in the December 1960 
JOURNAL. 

REFERENCES 
1. J. T. Byrne  and L. B. Rogers, This Journal, 103, 442 

(1956). 
2. W. T. Schrenk and P. H. Delano, Ind. Eng. Chem., 

Anal. Ed., 3, 27 (1931). 
3. M. L. Nichols, ibid., 3, 385 (1931). 
4. J. T. Byrne,  Ph.D. Thesis, Mass. Inst i tute  of Tech- 

nology, 1951. 
5. H. Doerner  and W. Hoskins, J. Am. Chem. Soc., 47, 

662 (1925). 
6. L. Henderson and J. Kracek, ibid., 49, 738 (1927). 
7. L. Alders, "Liquid-Liquid Extraction," pp. 64-86, 

Elsevier Publ ish ing Co., Houston, Texas (1955). 
8. L. Gordon, J. I. Peterson, and B. P. Burtt ,  Anal. 

Chem., 27, 1770 (1955). 
9. W. M. Latimer,  "Oxidation Potentials," 2nd Ed., p. 

349, Prent ice-Hal l ,  Inc., New York (1952). 
10. H. M. Hershenson, M. E. Smith, and D. N. Hume, 

J. Am. Chem. Soc., 75, 507 (1953). 
11. H. Remy, "Treatise on Inorganic Chemistry," Vol. I., 

p. 809, Elsvier Publ ish ing Co., Houston, Texas 
(1956). 

12. E. W. Washburn,  J. Am. Chem. Soc., 31, 322 (1909). 
13. W. Beck, P. Jones, and W. F. K. Wynne-Jones ,  

Trans. Faraday Soc., 50, 1249 (1954). 
14. C. Fe r rand in i  and M. Haissinsky, J. Chim, Physique, 

1956, 722. 
15. P. Delahay and G. L. Stiehl, J. Am..Chem. Soc., 73, 

1755 (1951). 
16. O. Hahn, "Applied Radiochemistry," Chapters 4 and 

5, Cornell  Univers i ty  Press, Ithaca, N. Y. (1936). 
17. J. D. H. Str ickland and G. Spicer, Anal. Chim. Acta, 

3, 543 (1949). 
18. I. M. Kolthoff and E. B. Sandell, "Textbook of 

Quant i ta t ive  Inorganic Analysis," 3rd Ed., p. 677, 
Macmil lan Co., New York (1952). 

19. Ibid., p. 669. 
20. Ibid., p. 606. 
21. R. W. Lamphere  and L. B. Rogers, Anal. Chem., 22, 

463 (1950). 
22. R. J. Rainwater  and C. S. Wu, Nucleonics, 1, No. 2, 

60 (1947). 
23. N. H. Furman,  Editor, "Scott's Standard Methods of 

Chemical Analysis," 5th Ed., p. 573, D. van  
Nostrand, Inc., New York (1939). 

24. I. M. Kolthoff and J. J. Lingane, "Polarography," 
2nd Ed., p. 528, Interscience Publ ishers  Inc., New 
York (1952). 

25. Ibid., p. 520. 



Mass Transfer and Current Distribution 
under Free Convection Conditions 

Kameo Asada, Fumio Hine, Shiro Yoshizawa, and Shinzo Okada 

Department of Industrial Chemistry, Faculty o5 Engineering, Kyoto University, Kyoto, Japan 

ABSTRACT 

Corre la t ion  of mass t rans fe r  wi th  cur ren t  dis tr ibut ion,  for  deposi t ion and 
dissolut ion of metals ,  on ver t ica l  electrodes,  under  free convect ion conditions,  
is discussed. The equat ion of mass t ransfe r  and the Laplace  equation,  de t e rmin -  
ing the  concentra t ion and potent ia l  dis t r ibut ions,  respect ively ,  a re  solved si-  
mul taneous ly .  The resul ts  expla in  most fea tures  of observed cur ren t  d i s t r ibu-  
tions. 

Th is  p a p e r  is c o n c e r n e d  w i t h  c u r r e n t  d i s t r i b u t i o n  
for  depos i t i on  and  d i s so lu t ion  of m e t a l s  a t  v e r t i c a l  
e lec t rodes .  The  r a t e  of m e t a l  depos i t i on  m a y  be  con-  
t r o l l e d  m a i n l y  or  p a r t l y  b y  the  r a t e  of t r a n s f e r  of 
ions  to the  ca thode .  In  t he  absence  of ag i t a t ion ,  ions  
a r e  u s u a l l y  t r a n s f e r r e d  b y  f r ee  convec t ion ,  a p rocess  
w h i c h  has  r e c e i v e d  m u c h  t h e o r e t i c a l  a n d  e x p e r i -  
m e n t a l  i n v e s t i g a t i o n  (1 -14 ) .  Owing  to d e p l e t i o n  of 
r e a c t i v e  ions, t he  d e n s i t y  of t he  ca thod ic  r eg ion  b e -  
comes l o w e r  t h a n  t ha t  of t he  b u l k  of t he  so lu t ion ;  
an  u p w a r d  flow of so lu t ion  t hen  resu l t s .  ( C i r c u m -  
s tances  at  t he  anod ic  r eg ion  a re  j u s t  r e v e r s e d . )  A 
di f fus ion l a y e r  f o r m e d  a r o u n d  a b o d y  is g e n e r a l l y  
t h i cke r  w i t h  i nc rea s ing  d i s t a n c e  f r o m  the  f r o n t a l  
edge  of t h e  body.  Hence ,  u n d e r  l i m i t i n g  c u r r e n t  
cond i t ions  t he  c u r r e n t  d e n s i t y  (or  the  r e c i p r o c a l  of 
the  t h i c k n e s s  of the  d i f fus ion  l a y e r )  is i n v e r s e l y  
p r o p o r t i o n a l  to t he  fourth roo t  of the  d i s t a n c e  f r o m  
the  b o t t o m  of t he  ca thode ,  as  conf i rmed  b y  W a g n e r  
(3) ,  Ib l  (8 ) ,  a n d  W i l k e  (11) .  

E v e n  a t  c u r r e n t  dens i t i e s  b e l o w  l i m i t i n g  ones,  t he  
same  t y p e  of c u r r e n t  d i s t r i b u t i o n  w o u l d  be  expec ted ,  
if the  i n t e r f a c e  c o n c e n t r a t i o n  of the  r e a c t i v e  species  
r e m a i n s  un i fo rm.  Such  u n i f o r m i t y  of t he  i n t e r f ace  
c o n c e n t r a t i o n  is, h o w e v e r ,  not  a l w a y s  the  case, as 
d i scussed  b y  Ib l  (5, 10) a n d  W a g n e r  (13) .  In  the  
case  of  r e c t a n g u l a r  ce l l  w i t h  v e r t i c a l  e l e c t rode s  on  
oppos i t e  ends,  a r e d u c t i o n  of the  e l e c t r o l y t i c  c u r -  
r e n t  is a c c o m p a n i e d  b y  m o r e  u n i f o r m  c u r r e n t  d i s -  
t r i bu t ions ,  because  of t he  p r e d o m i n a n c e  of ohmic  
d rop  a n d  c h e m i c a l  p o l a r i z a t i o n  ove r  c o n c e n t r a t i o n  
po la r i za t ion .  U n d e r  such  c i r c u m s t a n c e s  t he  t h i c k -  
ness  of  t h e  d i f fus ion l a y e r  t ends  to  be  p r o p o r t i o n a l  
to t he  fiyth roo t  of t he  d i s t a n c e  f r o m  the  b o t t o m ;  th is  
sugges t s  t h a t  the  mass  t r a n s f e r  p rocess  is no t  e x -  
c lu s ive ly  d e p e n d e n t  on h y d r o d y n a m i c  condi t ions .  

This  p a p e r  desc r ibes  a t h e o r e t i c a l  a p p r o a c h  to t he  
i n t e r m e d i a t e  d o m a i n  b e t w e e n  the  e x t r e m e  cases:  u n i -  
f o r m  i n t e r f a c e  c o n c e n t r a t i o n  a n d  u n i f o r m  c u r r e n t  
dens i ty .  This  r e q u i r e s  s i m u l t a n e o u s  c o n s i d e r a t i o n  of 
mass  t r a n s f e r  and  c u r r e n t  d i s t r i bu t i on .  These  two  
p r o b l e m s  h a v e  so f a r  b e e n  s t u d i e d  r a t h e r  s e p a r a t e l y .  
Effects  of  mass  t r a n s f e r  on p o l a r i z a t i o n  c h a r a c t e r i s -  
t ics  w e r e  i n t e r p r e t e d  b y  us ing  the  t h i cknes s  of t he  
d i f fus ion l a y e r  c a l c u l a t e d  f r o m  the  l i m i t i n g  cu r ren t ,  

e.g. ( 14 ) ;  th is  is no t  r i go rous  un le s s  the  p o l a r i z a t i o n  
is u n i f o r m  a n d  of t he  n a t u r e  of c o n c e n t r a t i o n  p o l a r i -  
za t ion  (13) .  On the  o t h e r  hand ,  i t  has  been  a c c e p t e d  
t h a t  p r e d o m i n a n c e  of p o l a r i z a t i o n  ove r  ohmic  d r o p  
i m p r o v e s  c u r r e n t  d i s t r i bu t ions ,  e.g. (15) .  But  th is  
conc lus ion  is b a s e d  on the  t ac i t  a s s u m p t i o n  t h a t  t h e  
r e l a t i o n s h i p  b e t w e e n  c u r r e n t  d e n s i t y  and  p o l a r i z a -  
t ion  is the  s a m e  fo r  e v e r y  p o i n t  on the  e lec t rode .  
Such  a cond i t ion  app l i e s  to c h e m i c a l  po l a r i z a t i on  b u t  
is no t  a l w a y s  r e a l i z e d  w h e n  mass  t r a n s f e r  p l a y s  a 
p a r t  in po l a r i za t ion .  I t  fo l lows  f r o m  these  d i scus -  
sions,  t h a t  mass  t r ans f e r ,  e l e c t r o d e  k inet ics ,  a n d  
e l e c t r i c a l  r e s i s t ance  of b a t h s  a n d  e l ec t rode  m a t e r i a l s  
a r e  u n i t e d  t h r o u g h  t r a n s f e r  of e l ec t r i c  cha rge  or  c u r -  
r e n t  d i s t r i bu t i on .  

A n  i n t e g r a t i o n  of mass  t r a n s f e r  w i t h  t he  o the r  t w o  
fac to r s  has  been  t r e a t e d  in  r e l a t e d  fields of science.  
M o d e r n  theo r i e s  of p o l a r o g r a p h y  have  s y s t e m a t i -  
ca l l y  c o r r e l a t e d  e l ec t rode  k ine t i c s  to di f fus ion (16) ;  
in  a d d i t i o n  the  effect  of ohmic  d rop  on p o l a r o g r a p h i c  
w a v e s  has  been  d e s c r i b e d  (17) .  H e a t  t r a n s f e r  f r o m  
a t w o - d i m e n s i o n a l  sol id  w a l l  to a m o v i n g  fluid has  
been  a n a l y z e d  (18) .  Lev i ch  (19) and  the  p r e s e n t  
a u t h o r s  (20) d i scussed  c u r r e n t  d i s t r i b u t i o n s  ove r  a 
f lat  p l a t e  e l e c t r o d e  in a l o n g i t u d i n a l  flow u n d e r  t h e  
cond i t i on  of u n i f o r m  po la r i za t ion .  This  p r o b l e m  
is m a t h e m a t i c a l l y  i d e n t i c a l  to s i m p l e  mass  t r a n s f e r  
p rocesses  such  as t he  d i s so lu t ion  of n o n e l e c t r o l y t e s  
s t ud i e d  b y  s e v e r a l  a u tho r s  (21-23) .  W e a v e r  a n d  
P a r r y  (24) e s t i m a t e d  c u r r e n t  d i s t r i b u t i o n s  a t  a 
s t r e a m i n g  m e r c u r y  e l ec t rode  u n d e r  n o n u n i f o r m  
po la r i za t ion ,  b y  a s s u m i n g  tha t ,  in  th is  case, r e s i s t -  
ance  of so lu t ion  is loca l ized  to t he  v i c in i t y  of t h e  
e l e c t r o d e  sur face .  

Theoretical 
The  m o d e l  to be  t r e a t e d  is a cel l  of r e c t a n g u l a r  

v e r t i c a l  sec t ion  w i t h  v e r t i c a l  e l ec t rodes  f u l l - e n d  on 
oppos i t e  sides.  T h e  x - a x i s  is chosen  as the  ca thode  
su r f ace  and  x m e a s u r e s  the  v e r t i c a l  d i s t ance  f r o m  
the  b o t t o m  of t he  cell .  The  y - a x i s  is t he  b o t t o m  of 
t h e  cel l  and  y m e a s u r e s  t he  h o r i z o n t a l  d i s t ance  f r o m  
the  ca thode  t o w a r d  the  anode .  1 The  he igh t  and  
b r e a d t h  of the  cel l  a r e  d e n o t e d  b y  h, and  b, r e s p e c -  

A glossa ry  of s y m b o l s  w i l l  be  f o u n d  a t  t he  end of t h e  pape r .  
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t ive ly .  The  ca thode  (y  = 0) and  a n o d e  (y  = b)  a r e  
d i s t i n g u i s h e d  b y  subsc r ip t s  c and  a, r e s p e c t i v e l y .  

D i s t r i b u t i o n  of c o n c e n t r a t i o n  C is d e t e r m i n e d  
b y  a d i f f e r en t i a l  e q u a t i o n  of mass  t r ans f e r .  The  d i s -  
t r i b u t i o n  of p o t e n t i a l  fo l lows  the  L a p l a c e  e q u a t i o n  

O ~ l O x  ~ + 0~/0 y~ = 0 [ 1 ]  

E q u a t i o n  [1]  is v a l i d  if  t h e r e  is an  excess  of i n d i f -  
f e r e n t  e l e c t r o l y t e  in t he  b a t h  so t h a t  d i f fus ion  p o -  
t e n t i a l  g r a d i e n t s  a r e  neg l i g ib l e  in c o m p a r i s o n  w i t h  
ohmic  ones a n d  the  c o n d u c t i v i t y  ~ is un i fo rm.  The  
b o u n d a r y  cond i t ions  a r e  c o m m o n  to bo th  e l e c t r o d e  
sur faces  and  a re  e x p r e s s e d  b y  

i : i~! ( ~  exp  [--~nF(E--Eo)/RT] 
- - e x p  [ ( 1 -  ~) n F  (E--Eo)/RT]! 

= n F D ] ~ C - -  ~  
: K (O~/Oy) at  y : 0 and  y : b [2]  

In  Eq. [2] ,  i is the  loca l  c u r r e n t  dens i ty ,  i~ t he  e x -  
change  c u r r e n t  dens i ty ,  a t he  t r a n s f e r  coefficient,  n 
the  n u m b e r  of F a r a d a y s  p e r  g r a m - i o n  r eac t ing ,  F t he  
F a r a d a y ,  E the  loca l  e l ec t rode  po t en t i a l ,  E~ the  e q u i -  
l i b r i u m  e l e c t r o d e  po ten t i a l ,  R the  m o l a l  gas  conten t ,  
T the  a b s o l u t e  t e m p e r a t u r e ,  ~ and  ~C the  concen -  
t r a t i o n  of the  r e a c t i v e  spec ies  a t  t h e  e l e c t r o d e  su r f a c e  
and  in  t he  bu lk ,  r e spec t i ve ly ,  D t h e  d i f fus ion coeffi- 
c ient  of t he  r e a c t i v e  species,  a n d  8 t he  d i f f e r en t i a l  
t h i ckness  of t h e  di f fus ion l aye r .  A l t h o u g h  no t  neces -  
s a r y  for  the  p r o b l e m ,  i t  is c o n v e n i e n t  to a s sume  t h a t  
t he  s ame  k ine t i c s  o p e r a t e  a t  the  c a thode  and  anode ;  in 
o the r  words ,  c o m m o n  va lues  of E~, n, to, a n d  a a r e  
a s s igned  to b o t h  e lec t rodes .  This  p r o b l e m  was  so lved  
b y  m e a n s  of success ive  a p p r o x i m a t i o n .  

I f  d i s t r i b u t i o n  of i is g iven,  t he  e q u a t i o n  of mass  
t r a n s f e r  m a y  be  so lved  a p p r o x i m a t e l y  and  one ob -  
t a ins  

~ : nFDki-~f~o i dx [3]  
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�9 [cosh (slr[b -- y ] / h ) f~  It sin (s~rx/h)dx 

- - c o s h  (sTry/h) ]~ I~ sin ( s~x /h )dx]}  [6]  

w h e r e  L,  Io a r e  def ined  b y  

Ij : f~o (ij ---0 dx ( fo r  j : a, c) [6 ' ]  

w h e r e  k is a cons t an t  specific to t h e  sys tem.  The  
d e r i v a t i o n  of Eq. [3]  and  an e v a l u a t i o n  of k is d e -  
s c r ibed  in t h e  fo l lowing  sect ion.  W h e n  the  a n o d e  is 
concerned ,  x shou ld  be  r e p l a c e d  b y  h - -  x in Eq. [3] .  

On the  o t h e r  hand ,  Eq. [1]  was  so lved  b y  e x p a n -  
s ion into  a F o u r i e r  ser ies .  The  o r ig in  of t he  p o t e n t i a l  
r was  chosen  to s a t i s fy  

r ~o : -- (E~--Eo) 

r -- 4o. = V - -  (Eo - -  E~) [4]  

V be ing  t h e  t e r m i n a l  v o l t a g e  ( c o n s t a n t  a long  a n y  
c u r r e n t  f lux) .  E q u a t i o n  [4]  is s e l f - cons i s t en t ,  if 
the  p o t e n t i a l  d rop  w i t h i n  e l e c t r o d e  m a t e r i a l  is 
neg l ig ib l e  a n d  if  t he  e q u i l i b r i u m  emf  of the  ce l l  is 
zero.  E q u a t i o n  [1] ,  t he  l a s t  m e m b e r  of Eq. [2] ,  and  
t h e  a d d i t i o n a l  b o u n d a r y  cond i t i on  a t  t he  b o t t o m  a n d  
top  of the  e l e c t r o l y t e  

O~/Ox:O at  x : 0  and  x = h  [5]  

a r e  sa t is f ied b y  
r  + 

-- (2 /~h)  ~ {cos (s~rx/h) [sinh(s~rb/h) ]-" 
s = l  

and  w h e r e  r is t he  m e a n  c a thode  p o t e n t i a l  a n d - i  
the  m e a n  c u r r e n t  dens i ty .  

A cyc le  of success ive  a p p r o x i m a t i o n  is c o m p o s e d  

of: ( i )  spec i f ica t ion  of ~bo as the  g i v e n  cond i t i on  ( i n -  
s t e a d  of V) ,  ( i t )  a s s u m p t i o n  of io a n d  i~, f o l l o w e d  b y  

ca l cu l a t i on  of i, ( i i i )  e v a l u a t i o n  of r and  Ca b y  
m e a n s  of Eq. [6] ,  ( iv )  d e t e r m i n a t i o n  of io cons i s t en t  
w i t h  4o t h r o u g h  Eqs. [ 2 ] - [ 4 ] ,  and  (v )  s i m u l t a n e o u s  
d e t e r m i n a t i o n  of ia and  V cons i s t en t  w i t h  r  t h r o u g h  

Eqs. [ 2 ] - [ 4 ]  a n d  sa t i s fy ing  the  cond i t ion :  io = to. 
As  the  i n t e g r a t i o n  of  i and  the  ca l cu l a t i on  of t he  r e -  
su l t ing  F o u r i e r  coefficients w e r e  done  r e p e a t e d l y ,  
io and  i~ w e r e  a p p r o x i m a t e d  b y  def in i te  n u m b e r s  of 
e x p o n e n t i a l  a n d  p o l y n o m i n a l  t e r m s  of ( x / h ) ,  r e -  
spec t ive ly .  This  l ed  to no se r ious  e r r o r  e x c e p t  in t he  
n e i g h b o r h o o d  of t he  l o w e r  edge  of t h e  ca thode ,  w h e r e  
IOi/Oxl is v e r y  l a rge .  Such  an  ana lys i s  cou ld  be  e x -  
t e n d e d  to m o r e  c o m p l i c a t e d  g e o m e t r y ,  i f  a p r i o r  
a p p l i c a t i o n  of c o n f o r m a l  m a p p i n g  is poss ib le .  

Thickness of Diffusion Layer 
One of t h e  spec ia l  f e a t u r e s  of ionic  mass  t r a n s f e r  

p rocesses  b y  f r ee  convec t ion  as c o m p a r e d  w i t h  the  
c o r r e s p o n d i n g  hea t  t r a n s f e r  p rocesses  and  those  b y  
fo r ced  convec t ion  is t he  b e h a v i o r  of  spec ies  i nd i f f e r -  
en t  to e l e c t r o d e  reac t ions .  Those  spec ies  c o n t r i b u t e  
to t h e  d e n s i t y  d i f fe rence  to an  e x t e n t  n e a r l y  as 
l a r g e  as  the  r e a c t i v e  ones;  in  th i s  r e s p e c t  a n a l y s i s  b y  
W a g n e r  (3)  a p p e a r e d  to be  r igorous ,  and  his  t r e a t -  
m e n t  was  fo l lowed .  Ca thod ic  depos i t i on  of coppe r  
f r o m  C u S O , - -  H~SO, b a t h s  was  t a k e n  as an  e x a m p l e ,  
w i t h  t he  s a m e  c o o r d i n a t e s  as in t he  p r e c e d i n g  sec-  
t ion.  W a g n e r ' s  a n a l y s i s  was  modi f i ed  in t h e  f o l l o w -  
ing t h r e e  ways .  ( A )  The  i n t e r f a c e  c o n c e n t r a t i o n  
~ w a s  r e g a r d e d  as  a v a r i a b l e  w i t h  :c i n s t e a d  of a 
cons tan t .  (B)  S ince  the  v e l o c i t y  prof i le  u sed  b y  
W a g n e r  g ives  v a l u e s  of t he  l i m i t i n g  c u r r e n t  w h i c h  
a r e  too  h igh ,  t h e  prof i le  of W i l k e  (12) was  e m -  
p loyed ,  ~ a n d  the  t h i cknesses  of t he  h y d r o d y n a m i c  
b o u n d a r y  l a y e r  a n d  t h e  d i f fus ion l a y e r s  of a l l  spec ies  
p r e s e n t  w e r e  a s s u m e d  e q u a l  and  d e n o t e d  b y  8'. (C)  
In  o r d e r  to t a k e  m i g r a t i o n  of H § in to  accoun t  W a g -  
ne r  d i f f e r e n t i a t e d  t h e  t h i ckness  of t he  H § d i f fus ion  
l a y e r  f r o m  t h a t  of Cu +§ In  t he  p r e s e n t  p a p e r ,  t he  
c o n c e n t r a t i o n  prof i le  of Cu §247 w i l l  be  g i v e n  b y  

(C -- ~  -- ~ = 2yl~ ' - -  2 ( y / ~ ' )  ~ + (y/~')~ 
[7]  

and  a p a r a m e t e r  e w i l l  be  i n t r o d u c e d  in  t he  prof i le  
of H +, i.e., t h e  l a t t e r  prof i le  w i l l  be  g i v e n  b y  a p o w e r  
ser ies  in y/~' w i t h  t h e  coefficients of t h e  first,  second,  
t h i r d  and  f o u r t h  p o w e r  t e r m s  t a k e n  as  (2 + E/3),  
- -  E, -- (2 -- E) and (i -- e/3), respectively. 

2 A l t h o u g h  t he  o b s e r v a t i o n  of  b o u n d a r y  l aye r s  ( u n i f o r m  c u r r e n t  
dens i ty )  b y  Ib l  (10), p u b l i s h e d  d u r i n g  t he  p r e s e n t  s tudy ,  is  in  
f a v o r  of  t he  f o r m e r  profiIe,  d i scuss ion  o f  t h e  profiIe  i t se I f  is  ou t -  
s ide  t he  l i m i t s  of  t h i s  paper .  
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This gives a d i f ferent ia l  equa t ion :  

(1 /8k )  �9 d [8 " ( * C - - ~  
= 2 ( * C -  ~ = i / n F D  

where  

k = 126 ( v D / g ) / [ 9 f i ~ - -  fi2 (18 --  e ) / ( 6  + e)] 

= - - ( 9 0 t - - 3 0 ) / ( 1 5 t + 2 )  [8] 
In  Eq. [8],  ~ is the  k i n e m a t i c  viscosity,  g the  acceler -  
a t ion  of gravi ty ,  t the t r ans f e r ence  n u m b e r  of H +, fl, 
and  fl~ the  dens i ty  coefficients (i.e., the r e l a t ive  i n -  
crease in  dens i ty  caused  by  u n i t  increase  in  the  
concen t ra t ions  of CuSO, and  H=SO,, r e spec t ive ly ) ,  
and  ~ *C and  D refer  to Cu ++. Equa t i on  [8] was  
solved for the fo l lowing  three  cases, wi th  the  b o u n d -  
a ry  cond i t ion  for F: 

(~ '=  O, at  x = 0 [9] 

(i) P rov ided  the i n t e r face  concen tra t ion  ~ is in-  
d e p e n d e n t  of  x ,  the  d i f fe rent ia l  th ickness  of the  d i f -  
fus ion  l ayer  ~ and  the  l imi t ing  c u r r e n t  dens i ty  i~ are 
expressed by  

and  

~ ' =  4 k x / 3 ( * C  - - ~  

i~ = nFD *C(3 * C / 4 k x )  ~/~ [10] 

respect ively .  E q u a t i o n  [10] is d i f ferent  f rom those 
p re sen t ed  by  o ther  au thors  (1-4, 12) on ly  in  the 
de ta i l  of the cons t an t  k and  gives es t imates  of l im i t -  
ing cu r r en t s  in  accordance  wi th  those observed  by  
Wi lke  (11).  

(it) If the  f unc t iona l  dependence  of i on x is 
k n o w n ,  Eq. [8] leads to Eq. [3]. In  the special  case 
of u n i f o r m  c u r r e n t  densi ty ,  it fol lows f rom Eq. [3] 
tha t  

B ~ = n F D k x / i  [ 11 ] 

which  is s imi la r  to those p resen ted  by  Spa r row and  
others  (10, 13, 25).  

(i i i)  W h e n  the  elec trode po ten t ia l  E is u n i f o r m  
over  the  e lectrode,  one ob ta ins  f rom Eqs. [2] ,  [7], 
and  [8] 

d ~ l d ~ =  F (3~ + 5 ) / ( ~  + 1) ~ 
whe re  

= kf$ ' /2D,  

= k �9 k t ~ x / * C  D ~ (k  t -  kb), 

kr = ( i J n F  * C )  exp [ - -  a n F ( E - - E ~ ) / R T ]  

k , =  ( i , / n F * C )  exp [ ( 1 - - a ) n F ( E - - E e ) / R T ]  [12] 

which  is solved as 

3 1 1 

- -  5 in (1 + ~)  + 2 # / ( 1  + ~) .  [13]  

At ~ = 0 and  ~ Eq. [13] reduces  to Eqs. [11] and  
[10], respect ively .  C u r r e n t  d i s t r ibu t ions  ca lcula ted  
f rom Eq. [13] were  used as the  first a p p r o x i m a t i o n  
for the  p rocedure  descr ibed  in  the  p reced ing  section. 

Experimental and Results 
A m e t h a c r y l a t e  cell  (5 cm width ,  32 cm b r e a d t h  

and  15 cm dep th  ID)  was  filled w i t h  so lu t ion  up  
to a level  x = 10 cm f rom the  bot tom,  and  i m m e r s e d  

in  a ba th  cont ro l led  at 25~ Copper  e lectrodes  (0.1 
m m  in th ickness )  were  covered  wi th  po lyv iny l  
chloride pa i n t  except  for the  electrode surfaces, 
which  were  5 cm in  wid th  a n d  10 cm in  depth.  The 
cathode was  placed in contac t  wi th  one of the end  
walls.  The anode  was suppor ted  by  grooves cut  into 
the sides a nd  bo t tom of the cell, at d i f ferent  dis tances 
y from the cathode. Local current densities were 
measured by weighing what deposited or dissolved. 
Since introduction of a Luggin capillary might dis- 
turb hydrodynamic conditions, local electrode poten- 
tials were measured in the following way: five 
holes (I mm in diameter) were drilled on one of the 
side walls at different depths for each electrode po- 
sition, and each hole was connected with rubber 
tubing to a glass vessel in which a saturated calomel 
electrode was inserted in turn. 

As noted by Ibl (8), excess of indifferent electro- 
lytes retards the establishment of diffusion layers 
typical for free convection, while shortage of indif- 
ferent electrolytes may invalidate the assumptions 
on which the theory is based. From these consider- 
ations a system, 0.1M CuSO~--1.5MH2SO4, was 
chosen. For this system theoretical and experimental 
values of current densities and electrode potentials 
were obtained. Typical results are represented in 
Fig. i-4. The following physical properties are used 
in  the ca lcu la t ion :  ~ = 0.543 m h o / c m ,  D = 5.99 X 
10 -6 cm2/sec, v = 1.15 X 10 -~ cm2/sec, B I =  120.6 
cm3/mole, fl= = 53.5 cm3/mole, and  t = 0.81 (26-28, 
and  I n t e r n a t i o n a l  Cri t ical  Tab les )  ; k ine t ic  data  were  
es t imated  at  ie = 10 -1 m a / c m  ~ and  ~ = 0.5 (20).  

F igures  1 and  2 refer  to the  case of inf ini te  d is -  
t ance  b e t w e e n  electrodes (b = ~ in  Fig. 1, ca lcu-  
lated, and  b = 32 cm in Fig. 2, e x p e r i m e n t a l ) .  Ca th -  
odic c u r r e n t  d i s t r ibu t ions  shift  f rom an  inverse  
four th  root  dependence  on x (Eq. [10])  to a v i r t ua l l y  
u n i f o r m  shape, wi th  decreas ing  m e a n  c u r r e n t  den -  
sity. As a l r eady  men t ioned ,  this  is a t t r i b u t a b l e  to 
the compet i t ion  of concen t r a t i on  pola r iza t ion  wi th  
chemical  po la r iza t ion  and  the  res is tance  of the bath.  
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Fig. 1. Calculated distributions of (a) cathodic current 
density and (b) cathode potential, for b = oo; x is the vertical 
distance from the bottom. 
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Fig. 2. Observed distributions of (a) cathodic current den- 
sity, (b) onodic current density, (c) cathode potential ,  and (d) 
anode potential ,  for b = 32 crn. 

The effect of the  first two factors is seen separa te ly  
in  the dashed curves  of Fig. 1, r ep re sen t i ng  the  case 
of u n i f o r m  pola r iza t ion  [ re fe r  to (i i i)  of the p reced-  
ing sect ion] .  The last  factor  resul t s  in  m u c h  more  
u n i f o r m  c u r r e n t  d i s t r ibu t ions  and  n o n u n i f o r m  elec- 
t rode po ten t ia l s  [see Fig. 1 (b)  and  Fig. 2 ( c ) ] J  
Re la t ive ly  low po la r i za t ion  a round  the  lower  po r -  
t ion of the cathode in  associat ion w i th  r e l a t ive ly  
high c u r r e n t  dens i ty  shows p l a in ly  the  pecu l ia r  ef-  
fect of mass t r ans f e r  on c u r r e n t  d i s t r ibu t ions .  This  
s i tua t ion  was observed also by  Ibl  (5) .  On the  other  
hand,  anodic  cu r r en t  densi t ies  and  poten t ia l s  are 
v i r t u a l l y  u n i f o r m  (see Fig. 2), because  anodic  
po la r iza t ion  is a lmost  exc lus ive ly  a chemical  one as 
expected  f rom Eq. [2]. 

F igures  3 and  4 re fe r  to the case of f inite d is tance  
b e t w e e n  electrodes (b = 2 cm) .  The m u t u a l  inf lu-  
ence of the  cathode and  the anode,  whose  c u r r e n t  
d i s t r ibu t ions  were  o r ig ina l ly  n o n u n i f o r m  and  u n i -  
form, respect ively ,  wou ld  cause be t t e r  u n i f o r m i t y  of 
c u r r e n t  d i s t r i bu t ion  at the cathode and  worse  u n i -  
f o rmi ty  at  the anode.  D i s t r ibu t ions  of cathodic cu r -  
r en t  densi t ies  and  po ten t ia l s  were,  however ,  p rac -  
t ica l ly  u n a l t e r e d  f rom the  p rev ious  case (b = oo) 
whi le  m a r k e d  change  resu l t s  at  the anode;  c u r r e n t  
densi t ies  at the anode,  l ike those at  the cathode, now  
become re l a t ive ly  h igh at n e a r  the bot tom.  This  ma y  
be unde r s tood  f rom the  difference in  po la r iza t ion  
character is t ics .  Owing  to the  inc lus ion  of concen t r a -  
t ion  polar iza t ion,  the  slope JOE~at I of cathodic po la r -  
izat ion curves  is l a rger  t h a n  tha t  of anodic  ones at 
the  same  c u r r e n t  densi ty .  The  l a rger  the  slope a nd  
the  conduc t iv i ty  of the  ba th ,  the  s t ronger  is t h e  
buf fe r ing  act ion aga ins t  change  in  c u r r e n t  densi t ies  
(15).  

Extension to Practical Conditions 
The above discussions are concerned  exc lus ive ly  

w i th  0.1M C u S O , - -  1.5M H=SO, so lu t ion  at  25~ In  

E x c e p t  fo r  the  p r e s e n t  case of a r e c t a n g u l a r  g e o m e t r y ,  t h e  re -  
s i s t ance  of t he  b a t h  does n o t  he lp  t he  e s t a b l i s h m e n t  of u n i f o r m  
c u r r e n t  d i s t r i b u t i o n s ,  w h i l e  c h e m i c a l  p o l a r i z a t i o n  a l w a y s  does. 
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this  sys tem the  effect of mass  t r ans fe r  on c u r r e n t  
d i s t r ibu t ions  was  r e ma r ka b l e ,  because  the  conduc-  
t iv i ty  is h igh  for the  concen t r a t i on  of reac t ing  ions. 
On the  o ther  hand,  typ ica l  w o r k i n g  condi t ions  in  i n -  
d u s t r y  are as follows: for e lec t ropla t ing ,  0.8M CuSO, 
--0.5M H.30, ,  20-30~ and  5-15 ma/cm~; for e lec-  
t roref ining,  0.6M C u S O , - - 1 . 5 M  H~SO,, 50~ and  20 
m a / c m  ~ (29).  The conduct iv i t i es  of these  ba ths  are no t  
m u c h  di f ferent  f rom those of the  p re sen t  s tudy,  and  
c u r r e n t  densi t ies  m a y  be less t h a n  one ha l f  of the  
l imi t ing  values .  Such condi t ions  wou ld  cor respond 
to the  curves  on Fig. I n u m b e r e d  4 or less. Hence  
fa i lu re  in  u n i f o r m i t y  of c u r r e n t  d i s t r ibu t ions  due  to 
mass t r ans f e r  m a y  be to lerable ,  and  it w ou ld  be 
over looked because  of p robab l e  p r e d o m i n a n c e  or 
superpos i t ion  of geomet r ica l  effects. 

Next,  cells for tes t ing  p l a t i ng  condi t ions  (such as 
Ha r ing  and  Hu l l  cells) are  men t ioned .  The  p r i nc i -  
ple  on which  the i r  use is based  is such tha t  c u r r e n t  
d i s t r ibu t ions  in  the  ver t ica l  d i rec t ion  due  to mass 
t r ans fe r  are  lef t  out  of cons idera t ion ,  and  effects of 
po la r iza t ion  are  i n t e r p r e t e d  in  a unif ied  w a y  in  t e rms  
of the  t h r o w i n g  power.  Such  a cell is, however ,  op-  
e ra ted  by  n a t u r e  u n d e r  more  severe  condi t ions  
t h a n  in  prac t ica l  p la t ing .  I ndeed  Ib l  (5) r epor ted  
tha t  deposits  appea red  in  a t r i a n g u l a r  fo rm on the  
corner  n e a r e r  to the  anode a nd  the  bo t tom of a Hul l  
cell. Moreover ,  Sh re i r  and  S mi t h  (30) found  tha t  
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qua l i t y  of deposits  was worse  at  the u p p e r  hal f  of 
cathodes even  u n d e r  o r d i n a r y  condi t ions.  
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GLOSSARY OF SYMBOLS 

b - -  distance between electrodes (cm) 
C - -  concentrat ion of reactive species (mole /cm ') 

~  of reactive species at the elec- 
trode surface (mole /cm ~) 

* C - - c o n c e n t r a t i o n  of reactive species at the bulk  
(fnole/cm ") 

D - - d i f f u s i o n  coefficient of reactive species (cm2/ 
see) 

E - -  electrode potential  (volt) 
E6 - -  equi l ibr ium electrode potential  (volt) 
F ~ the Faraday (amp sec/eq) 
g - - a c c e l e r a t i o n  of gravi ty (cm/sec ~) 
h - - h e i g h t  of electrodes (cm) 
i - -  cur rent  density (amp/cmD 

i ~ -  l imit ing current  density (amp/cm ~) 
L -  exchange current  density (amp/cm ~) 
k - -  defined by Eq. [8] (mole) 

kr, kb - -  apparent  rate constants of the forward and 
backward reactions, respectively, defined by 
Eq. [12] (cm/sec) 

n - - n u m b e r  of Faradays per gram-ion reacting 
(eq/mole)  

R ~ molal gas constant ( joules/deg K mole) 
t - -  t ransference number  of H § (dimensionless) 

T ~ absolute temperature  (deg K) 
V - -  te rminal  voltage (volt) 
x - -  vertical  coordinate parallel  to electrodes meas-  

ured from the bottom of the cell (cm) 
y - - h o r i z o n t a l  coordinate perpendicular  to elec- 

trodes measured from the cathode towards the 
anode (cm) 

~ t ransfer  coefficient (dimensionless) 
~, ~ - -  density coefficients (see text) (cm~/mole) 

~ differential thickness of diffusion layer  (cm) 
8' ~ integral  thickness of diffusion layer (cm) 
e - -  parameter  of migrat ion for H + (dimensionless) 

- -  conductivi ty (mho/cm) 
~ defined by Eq. [12] (dimensionless) 

v - -  kinematic  viscosity (cm~/sec) 
- -  defined by Eq. [12] (dimensionless) 

r  potential  (volt) 
subscripts 

~ cathode 
a ~ anode 
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Technical,,,, Notes 
On the Influence of Combinations of Impurities 

on the Electrolysis of Zinc 
Georg Steintveit and Hans Holtan, Jr. 

Det Norske Zinkkompani A/S ,  Eitrheim, Odda, Norway, and Metallurgy Department, 

Norways Institute o] Technology, Trondheim, Norway, respectively 

It  is a wel l  es tabl ished fact  that  the electrolysis  of 
zinc sulfa te  solutions is ve ry  sensi t ive to impur i t ies  
present  in the electrolyte ,  and resul ts  of exper i -  
menta l  invest igat ions  have been repor ted  both in 
textbooks  (1) and in the l i t e ra tu re  (2).  In recent  
years  the subject  seems to have gained increased in-  
te res t  (3-12).  Some invest igators  have  also appl ied  
radioact ive  t racers  in thei r  studies (13-15).  

Metal l ic  impur i t ies  of known poisonous action are 
Ge, Sb, As, Sn, Co, Ni, Se, Te, etc. F u r t h e r  it is also 
assumed tha t  organic mater ia l s  affect zinc deposi-  
tion. Of pa r t i cu la r  in teres t  in this  respect  is be ta  
naphthol  or a l p h a - n i t r o s o - b e t a - n a p h t h o l  (16), as 
this  reagent  is found in some technical  electrolytes.  
Combinat ions of the  impur i t ies  ment ioned are p a r -  
t i cu la r ly  harmful .  Especia l ly  is the combined effect 
of Co and Sb known to be ve ry  dangerous  (17, 18). 
Nevertheless ,  the re  seems to exist  some confusion 
regard ing  the subject  as at  least  one zinc p roducer  
(19, 20) keeps a high level  of Co in solution and in 
addi t ion adds amounts  of Sb and beta  naphthol  to 
improve  zinc deposition. 

Our  invest igat ions comprised the combined action 
of several of said impurit ies  in concentrat ions which 
m a y  occur in actual  p lan t  operation.  

The influence of as much as four impur i t ies  p res -  
ent  s imul taneous ly  was invest igated.  I t  was found 
tha t  there  is no l aw of add i t iv i ty  for the  influence of 
impuri t ies .  Thus the presence of only one of two im-  
pur i t ies  may  not ha rm the electrolysis  at  all, bu t  
when they  are presen t  s imul taneous ly  they  may  be 
harmful .  S imi lar  findings were  repor ted  la te r  by  
Turoshima and S tender  (6).  Angel  and  co-workers  
(21) have per formed  s imi lar  exper iments  on chlo-  
r ine-caus t ic  electrolysis.  One of our resul ts  was the  
observat ion  of the  ve ry  bad  influence of the  combi-  
nat ion Co,Sb and be ta  naphthol .  Below are shown 
the resul ts  of a series of exper iments  pe r fo rmed  
under  ident ical  .conditions in cells fed wi th  the fol-  
lowing solutions: 

% c u r r e n t  
P u r e  z inc  s u l f a t e  s o l u t i o n  et~iciency 

1. 0.003 g Co/1 90.3 
2. 0.050 mg Sb/1 91.7 
3. 0.030 g beta naphthol/1 91.1 
4. 0.003 g Co/1 -b 0.050 mg Sb/1 76.8 
5. 0.03 g beta naphthol/1 -~ 0.050 mg 

Sb/1 91.4 
6. Co precipitated from 10 mg/1 to 4 

rag/1 by means of beta naphthot 81.6 
7. As 6 ~ 0.050 mg Sb/1 25.1 
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Conditions dur ing electrolysis  were:  cur rent  density,  
4.2 amp/dm2; cell t empera tu re ,  39~ zinc content,  
130 g / l ;  cell acidity,  app rox ima te ly  90 g H.~SO4/1; 
t ime be tween  s t r ipping cathodes, 48 hr. 

We see tha t  the influence of the combinat ions 
Co,Sb, and Co,beta naphtho l  are  ha rmfu l  and tha t  
the combinat ion Co,Sb,beta naphthol  is ex t r eme ly  
unfavorable .  In the l a t t e r  case the deposits  were  
heavi ly  corroded and showed a character is t ic  ap-  
pearance  of pinholes and of spheres under  which 
there  were  voids. 

There  is no doubt  tha t  a rea l  corrosion takes  place  
even if there  is present  a "cathodic protec t ion"  cur -  
ren t  of 4.2 a m p / d i n  ". This is c lear ly  seen also in the  
s imple case where  Co is added as the only impur i ty .  
I t  then formed holes in the deposits,  and these holes 
grow as the  electrolysis  is continued. When a good 
deposit  is formed from a pure  solution, it  is possible 
to s tar t  corrosion of the deposit  by adding the p roper  
combinat ions of impur i t ies  to the  solution. When 
beta naphthol  was present  as the only impur i ty ,  we 
observed t iny  holes in the  deposits. Lashkorev  and 
K r y n k o v a  (22) have shown tha t  the discharge of 
zinc and other  ions is inhibi ted  by  be ta  naphthol .  Dur -  
ing electrolysis,  hydrogen  bubbles  are  p robab ly  a t -  
tached to the beta  naphthol ,  thus making  the holes 
visible. 

A theore t ica l  inves t igat ion of the  phenomenon is 
planned.  
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Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1960 
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Dendritic Inclusions in AISb Grown-Junction Diodes 

H. C. Gorton 

Battel le Memorial  Inst i tute,  Columbus,  Ohio 

One of the  d i s t u r b i n g  factors  in  the  d e v e l o p m e n t  
of so l id-s ta te  devices is the  anoma lous  behav io r  of 
i n d i v i d u a l  un i t s  fabr ica ted  f rom m a t e r i a l  w i th  seem-  
ing ly  homogeneous  character is t ics .  One  of the  causes 
for such anomal ies ,  found  in g r o w n - j u n c t i o n  diodes 
of aluminum antimonide, has been the inclusion of 
impurities in the form of long filaments, which in 
some cases pass through the junction. The possibility 
of a similar mechanism for such anomalous behavior 
in other semiconductor devices also is suggested. 

The peak inverse voltage of grown-junction AlSb 
diodes generally has been consistent with values ex- 
pected for material of a given carrier concentration, 
and general uniformity has been observed in the 
electrical properties of different diodes cut from the 
same ingot. 

In several AISb crystals, p-n junctions were grown 
by adding tellurium or selenium to the melt after 
pulling had commenced. In each of the cases of in- 
terest, 0.5 a/o (atomic per cent) tantalum had been 
added to the melt prior to pulling the crystal (i). In 
one such crystal, the mobility and carrier concentra- 
tion of the p-type material were 420 cm 2 v -I sec -I and 
I x I0 TM em -~, respectively. Consequently, peak inverse 
voltages in excess of 150 v were expected. However, 
of seven diodes fabricated from single-crystal sec- 
tions of the grown junction, five were linear and two 
broke down at about 5 v reverse potential. 

Microscopic examination of the diodes, after hav- 
ing been etched in I:I HCI: HNO,, revealed the pres- 
ence of long, thin fibers about 1 to 5 ~ in diameter 
oriented parallel with the direction of growth of the 
crystal and penetrating the junction. A powder 
Debye-Sherrer pattern of the filaments showed them 
to be Al~Ta. The fortuitous fact that AI.Ta happens 
to be insoluble in the etchant used to prepare the 
diodes made observation of the inclusions possible. 
Figure 1 shows a sectioned slice of an AlSb ingot 
containing a p-n junction. The increase in the den- 
sity of the  f i l aments  t o w a r d  the  cen te r  of the  crys ta ls  

Fig. 1. Section of AISb ingot with AIsTa inclusions show- 
ing p-n ]unction. 

m a y  be seen in the  figure. Each of the  two diodes 
m e n t i o n e d  above tha t  showed some rect if icat ion was  
t a ke n  f rom n e a r  the  edge of the crystal .  The effect of 
the fibrous inc lus ions  on the e lect r ical  proper t ies  of 
a p - n  j u n c t i o n  is r ead i ly  apparen t .  The fibers appear  
to be shor ter  on the  r igh t  t h a n  on the  left, because  
they  in te rsec t  the surface  on the  r igh t  at a s l ight ly  
s teeper  angle.  

As m a y  be seen in  Fig. 1, the g rowth  of the fi la- 
me n t s  is i nh ib i t ed  at the  p - n  j u n c t i o n  nea r  the pe-  
r i p h e r y  of the crystal ,  ev iden t ly  r e su l t i ng  f rom a 
phys ica l  d i s tu rbance  due  to the add i t ion  of the im-  
pur i ty .  This  d i s c on t i nu i t y  in  the  g rowth  of the  f i la-  
men t s  is ind ica t ive  of the  fact tha t  t h e y  are fo rmed  
as the  crys ta l  is be ing  g rown  and  are  no t  associated 
w i th  so l id-s ta te  diffusion processes s u b s e q u e n t  to the  
f o r ma t i on  of the crystal ,  such as the  decora t ion  of 
dislocations.  

F igu re  2 is a pho tomacrog raph  of the  top side of 
the  same spec imen shown  in  Fig. 1. The  b r igh t  spots 
on the  da rk  b a c k g r o u n d  are  the ends  of the  f i laments  
p r o t r u d i n g  f rom the  etched surface.  Areas  of h igher  
and  lower  dens i ty  of the f i laments  m a y  be seen to 
have  rad ia l  s y m m e t r y .  The  rad ia l  s y m m e t r y  of the  



Vol. 107, No. 3 

Fig. 2. Section of AISb ingot showing f i laments protruding 
from etched surface. 

Fig. 3. Exploded v iew of section of Fig. 2 showing l inear 
array of inclusions. Scale, 1 ~  in. ~ 1 mm. 

g r o u p i n g  of the  f i l amen t s  a p p a r e n t l y  is a s soc ia t ed  
w i th  d i f fus ion  of t he  i m p u r i t y  to p r e f e r r e d  s i tes  a t  
the  s o l i d - l i q u i d  in t e r face .  A d e t a i l e d  s t u d y  of th is  
p h e n o m e n o n  m a y  l ead  to a g r e a t e r  u n d e r s t a n d i n g  of 
the  s t r u c t u r e  of t he  s o l i d - l i q u i d  i n t e r f a c e  u n d e r  v a r i -  
ous g r o w t h  condi t ions .  I t  is also i n t e r e s t i n g  to no te  
t h a t  such f ibrous  inc lus ions  m a y  g r o w  in a s ing l e -  
c r y s t a l  m a t r i x ,  w i t h o u t  t h e m s e l v e s  ac t ing  as n u c l e a -  
t ion  cen t e r s  for  n e w  c rys t a l l i t e s .  

A c loser  e x a m i n a t i o n  of Fig .  2 shows  s e v e r a l  a r e a s  
of p a r a l l e l  l i n e a r  a r r a y s  of t he  f ibrous  inc lus ions ,  
w h i c h  a r e  s u p e r i m p o s e d  on the  a n n u l a r  a r e a s  of h igh  
and  low d e n s i t y  of impur i t i e s .  These  p a r a l l e l  l i n e a r  
a r r a y s  a r e  loca l ized  to s ingle  c r y s t a l  sec t ions  of t he  
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ingot .  F i g u r e  3 is an  e x p l o d e d  v i e w  of a s m a l l  sec t ion  
of t h e  c r y s t a l  shown  in Fig.  2. H e r e  the  l i n e a r  a r r a y  
of t he  inc lus ions  is qu i t e  a p p a r e n t .  Such  an  a r r a y  
i m m e d i a t e l y  sugges t s  i ts  s i m i l a r i t y  to d i s loca t ion  
e tch  p i t s  in  o t h e r  s e m i c o n d u c t i n g  ma te r i a l s .  

Bi l l ig  (2)  s h o w e d  th.at c ry s t a l s  possess ing  the  zinc 
b l e n d e  s t r u c t u r e  so l id i fy  d e n d r i t i c a l l y  w h e n  f r eez ing  
t a k e s  p l ace  a t  a r a p i d  ra te .  I t  is he r e  sugges t ed  t h a t  
even  w i t h  t he  r e l a t i v e l y  s low p u l l i n g  r a t e s  a s soc ia t ed  
w i t h  n o r m a l  c r y s t a l - g r o w i n g  techn iques ,  i nc ip i en t  
d e n d r i t i c  g r o w t h  t a k e s  p l ace  a t  the  s o l i d - l i q u i d  i n -  
t e r face .  C r y s t a l  g r o w t h  t h e r e f o r e  w o u l d  i n i t i a t e  
a long  p r e f e r r e d  c r y s t a l  p l anes  f r o m  w h i c h  i t  w o u l d  
e x t e n d  d e n d r i t i c a l l y  in  the  p l a n e  of t he  s o l i d - l i q u i d  
in te r face .  A n  inc ip i en t  d e n d r i t i c  l a t t i c e  a t  t he  so l id -  
l i qu id  i n t e r f a c e  t h e r e f o r e  w o u l d  be  bu i l t  up  whose  
s t r u c t u r e  w o u l d  be  c h a r a c t e r i s t i c  of t he  c r y s t a l l o -  
g r a p h i c  p l a n e  p r e s e n t i n g  i t se l f  to t he  mel t .  I m p u r i -  
t ies  in  t h e  m e l t  w i t h  s e g r e g a t i o n  coefficients less  
t h a n  one t h e r e f o r e  w o u l d  t e n d  to be  t r a p p e d  in t he  
i n t e r s t i ce s  of t he  i nc ip i en t  d e n d r i t i c  la t t ice .  S ince  
the  d i f f e ren t  c r y s t a l l o g r a p h i c  su r faces  w o u l d  p r o p a -  
ga t e  t h e m s e l v e s  in to  t he  i n t e r s t i ce s  of t he  d e n d r i t i c  
la t t ice ,  a n y  i m p e r f e c t i o n s  in  t he  c r y s t a l  g r o w t h  
w o u l d  t e n d  to f o r m  d i s loca t ions  in these  a r e a s  also. 
I n  e i t he r  case, if t he  d i s loca t ions  w e r e  m a d e  v i s ib l e  
as e tch  p i t s  or  if t he  i m p u r i t i e s  w e r e  m a d e  v i s ib le  
e i t h e r  as e tch  p i t s  or  as i n so lub l e  inc lus ions ,  t h e y  
w o u l d  show o r d e r e d  a r r a y s  c h a r a c t e r i s t i c  of the  
d e n d r i t i c  g r o w t h  of the  m a t r i x .  

I t  is f u r t h e r  sugges t ed  t ha t  c e r t a i n  impur i t i e s ,  such 
as ALTa,  s e g r e g a t i n g  to the  i n t e r s t i ce s  of t h e  d e n -  
d r i t i c  l a t t i c e  w o u l d  t e n d  to p r o p a g a t e  t h e m s e l v e s  
a long  the  d i r ec t i on  of g r o w t h  of t he  c rys ta l .  V i sua l  
o b s e r v a t i o n  of such  inc lus ions  w o u l d  be  r e n d e r e d  
imposs ib le ,  e x c e p t  as  e tch  p i t s  w h e r e  t h e y  w o u l d  
i n t e r s ec t  a sur face ,  if  t h e y  h a p p e n e d  to be so lub le  
in  t h e  e t c h a n t s  used  to  p rocess  t h e  semiconduc to r s .  
Such  a s i t ua t i on  m a y  be  a f ac to r  in a ccoun t i ng  for  
t he  d i s t u r b i n g  fac t  t h a t  some c r y s t a l s  w h o s e  b u l k  
p r o p e r t i e s  show a c c e p t a b l e  e l e c t r i c a l  c h a r a c t e r i s t i c s  
n e v e r t h e l e s s  a r e  u n s u i t a b l e  for  dev ice  app l i ca t ion .  
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Flaschen  and  Van  Ui te r t  (1) made  a l ow- r e s i s t -  
ance ohmic contact  to fe r r i t e  and  semiconduc t ing  
t i t a n a t e  ceramics  w i th  i n d i u m  we t t ed  w i th  m e r c u r y  
or ga l l i um r u b b e d  on the  surface.  For  inves t iga t ive  
purposes  and  pe rhaps  for some appl ica t ions  the  low 
me l t i ng  i n d i u m - g a l l i u m  al loy is sat isfactory.  The 
difficulty of a t t ach ing  t e r m i n a l s  to i n d i u m - g a l l i u m ,  
due to its suscept ib i l i ty  to phys ica l  de te r io ra t ion  by  
mechan ica l  abuse  and  changes  in  its we t t i ng  p rop-  
erties,  has spu r r ed  the  search for a more  prac t ica l  
contac t  m a t e r i a l  This  pape r  descr ibes  a me thod  of 
p r epa r ing  s table  l ow- res i s t ance  ohmic contacts  to 
t i t a n a t e  ceramics  to which  t e r m i n a l s  can be soldered. 
The  process can be used to m a k e  ohmic contacts  to 
i n t e rme ta l l i c  compounds  such as g a l l i u m - a r s e n i d e  
and  the rmoelec t r i c  semiconduc tors  such as b i s m u t h -  
te l lur ide .  The me thod  consists of deposi t ing  me ta l  
contacts  such as n icke l  on appropr i a t e  surfaces  of the 
ma te r i a l  and  s u b s e q u e n t l y  hea t  t r e a t i ng  the  contacts.  
Nickel  is deposi ted most  c o n v e n i e n t l y  by  chemical  
reduct ion ,  the  "electroless"  process (2) .  Electroless  
n ickel  deposi t ion was  used by  S u l l i v a n  and  Eigler  
(3) to m a k e  ohmic contacts  to silicon, w h e r e  a heat  
t r e a t m e n t  m a y  not  be requi red .  

Experimental 
Most of the e x p e r i m e n t a l  work  to be descr ibed 

here  was done on l a n t h a n u m - d o p e d  b a r i u m  t i t ana te  
ceramics (Bao,9,Lao o~TiO~) which  are n - t y p e  semicon-  
ductors.  These ma te r i a l s  exh ib i t  la rge  posi t ive  t e m -  
p e r a t u r e  coefficients of res i s tance  (4) .  Two s table  
l ow- re s i s t ance  ohmic contacts  are r equ i r ed  on de-  
vices for t he rmis to r  appl icat ions .  The test  spec imens  
were  wafers  1 cm in  d i ame te r  and  about  2 m m  thick. 
The adhes ion  and  surface  coverage of the electroless 
n icke l  deposi t  on the  t i t a n a t e  ceramic  is improved  if 
the  surface  is p r epa red  by  lapping,  for example  wi th  
No. 600 si l icon carbide.  The a rea  to be coated w i th  
n icke l  is "ac t iva ted"  by  d ipp ing  in  s t annous  and  
p a l l a d i u m  chlor ide solut ions  (5) .  This  p rocedure  de-  
posits a t h in  layer  of p a l l a d i u m  on the surface  which  
catalyzes the  s tar t  of n icke l  deposi t ion by  chemical  
r educ t ion  in  the  "electroless"  solut ion.  Three  m i n -  
u tes  in  the  electroless n icke l  so lut ion (so lu t ion  t e m -  
p e r a t u r e  ~ 9 5 ~  deposits  a l ayer  of n icke l  about  
0.001 m m  th ick  which  is adequa te  for contact  p u r -  
poses. 

Results and Discussion 
The electroless n icke l  contact  on the  t i t a n a t e  ce- 

r amic  is n o n o h m i c  as deposited.  A low- re s i s t ance  
ohmic contact  is ob ta ined  w h e n  the  spec imen  is hea t  
treated to at least 170~ for about I0 rain. This is 
illustrated in Fig. 1 which gives the voltage-current 
curves obtained at room temperature on a typical 
titanate ceramic disk with electroless nickel contacts. 
The initial V-I curve is nonlinear, and at 0.7 v the 
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Fig. 1, E f fec t  o f  hea t  t rec ] tment  t e m p e r a t u r e  on the  
v o l t a g e - c u r r e n t  re la t i on  o f  o d isk o f  l a n t h a n u m - d o p e d  ba r i um  
t i t a n o t e  ceromJc w i t h  e lectro]ess n icke l  contacts .  Specimens 
measured  a t  room t e m p e r a t u r e .  

to ta l  res is tance  1 is about  1400 ohms. Af te r  the ce- 
r amic  has been  hea t  t r ea ted  for 10 m i n  at 54~ 
the contact  res i s tance  is decreased b u t  it is still  n o n -  
ohmic. Higher  hea t  t r e a t m e n t  t e m p e r a t u r e s  decrease 
the  contact  res i s tance  sti l l  fu r ther .  The contact  r e -  
s is tance con t inues  to decrease w i th  increas ing  hea t  
t r e a t m e n t  t e m p e r a t u r e  up to abou t  170~ where  it 
approaches  a m i n i m u m  value.  This  m a y  be con-  
s idered a m i n i m u m  processing t e m p e r a t u r e  for ob-  
t a i n i ng  l ow- re s i s t ance  ohmic contacts.  The tota l  
sample  res i s tance  of 14 ohms at this  po in t  is e ssen-  
t i a l ly  the body  res i s tance  of the  ceramic  as d e t e r -  
m i n e d  by  the  four  po in t  p robe  method.  

The  res i s tance  of the  ohmic contac t  increases  w i th  
t ime  af ter  heat  t r e a tmen t .  This  ag ing  effect decreases 
if longer  hea t  t r e a t m e n t  t imes are used or the  t e m -  
p e r a t u r e  of heat  t r e a t m e n t  is raised.  It  was found  
that ,  w i th  heat  t r e a t m e n t  t e m p e r a t u r e s  up to abou t  
250~ the  t ime  of hea t  t r e a t m e n t  was  an  i m p o r t a n t  
factor.  Longer  hea t  t r e a t m e n t  t imes  decreased the  
ra te  at which  the  contact  res i s tance  increased  w i t h  
t ime.  The t ime  factor  became less i m p o r t a n t  as the  
hea t  t r e a t m e n t  t e m p e r a t u r e  approached  250~ 
Above  250~ hea t  t r e a t m e n t s  longer  t h a n  5 or 10 
m i n  did no t  change  the  aging character is t ics  of the  
ohmic  contact .  The  most  s table  ohmic  contacts  w e r e  
ob ta ined  w h e n  the  spec imen was  hea ted  to the  h i g h -  
est t e m p e r a t u r e  t r ied,  400 ~ 

1 The  to t a l  r e s i s t ance  i nc ludes  the  r e s i s t ance  of two  contac ts  p l u s  
t he  b o d y  re s i s t ance  of  t he  sam!ole. 

250 
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Fig. 2. Effect of heat treatment temperature on power 
aging of eleetroless nickel contacts on lanthanum-doped 
barium titanate disks. Samples measured at room tempera- 
ture. 

The  effect of heat  t r e a t m e n t  t e m p e r a t u r e  on contact  
res i s tance  aging is shown  in  Fig. 2. For  this  expe r i -  
ment ,  electroless n icke l  contacts  we re  appl ied  to a 
series of 20-ohm ceramic  disks and  each group  was  
hea t  t r ea ted  at  a d i f ferent  t empe ra tu r e .  The heat  
t r e a t m e n t  t ime  was  30 m i n  for 150 ~ and  200~ and  
10 m i n  for 300 ~ and  400~ Those hea ted  to 300 ~ 
and  400~ were  t i n n e d  wi th  l e a d - t i n  solder to p ro -  
tect  the  electroless n icke l  f rom excessive oxidat ion.  
These aging tests  we re  car r ied  out  at  an  e leva ted  
t e m p e r a t u r e  of abou t  80~ since it  was  found  tha t  
some hea t ing  accelera ted  the  aging effect. The  s am-  
ples were  hea ted  e lec t r ica l ly  by  pass ing  e i ther  a.c. 
or d.c. c u r r e n t  t h rough  the  ceramics.  P lo t t ed  in  Fig. 
2 is the  per  cent  increase  in  to ta l  res i s tance  as a 
f u n c t i o n  of ag ing  t ime  in  days. The tota l  res i s tance  
m e a s u r e m e n t s  were  a lways  made  at room t e m p e r a -  
ture .  W h e n  hea t  t r ea ted  at  150~ the  tota l  res i s tance  
of the  test  pieces increased  l i n e a r l y  w i th  t ime  and  the  
res i s tance  doubled  in  abou t  12 days. The contact  r e -  
s is tance s tab i l i ty  i m p r o v e d  w i t h  h ighe r  hea t  t r e a t -  
m e n t  t empera tu res .  At  400~ the re  was  a sl ight  
change  d u r i n g  the  first day  af ter  which  no f u r t he r  
res i s tance  change  was  detected up  to 16 days. 

L o n g - t i m e  shelf  aging tests ind ica te  tha t  e lec t ro-  
less n icke l  contacts  hea t  t r ea t ed  even  at 400~ are  
no t  per fec t ly  s tabi l ized aga ins t  increases  in  the  con-  
tac t  res is tance.  If  the  contact  res i s tance  becomes too 
large,  however ,  the  low contact  res i s tance  ob ta ined  
af ter  the  in i t i a l  hea t  t r e a t m e n t  can be r e n e w e d  wi th  
ano the r  br ie f  hea t  t r e a t m e n t .  

The  resu l t s  ob ta ined  wi th  t i t a n a t e  ceramics  can  be 
exp la ined  if it is a s sumed  tha t  the  in i t i a l  n o n o h m i c  
behav io r  of electroless n i cke l  is due to an  adsorbed  
l ayer  of oxygen  be t w e e n  the  ceramic  and  the n icke l  
(6) .  The hea t  t r e a t m e n t  removes  the adsorbed  oxygen  
p r e s u m a b l y  by  reac t ion  w i t h  the  nickel .  The  de-  
t e r io ra t ion  of the  ohmic contac t  is a t t r i b u t e d  to the 
r e - f o r m a t i o n  of the  i n su l a t i ng  oxygen  l ayer  as the  
resu l t  of oxygen  diffusion to the  ce r amic -n i cke l  i n -  
terface.  

E lec t rop la ted  nickel ,  copper,  gold, i nd ium,  and  s i l -  
ver  have  also been  used  to m a k e  ohmic contacts  to 
t i t a n a t e  ceramics.  E lec t rop la ted  n icke l  gives the  same 
resul t s  as electroless nickel ,  however ,  the  l a t t e r  
is p r e f e r r e d  over  p la ted  n icke l  since it is more  con-  
v e n i e n t  to use  in  this  appl icat ion.  I n d i u m  prov ides  an  
ohmic contac t  as p la ted  bu t  the  adhes ion  is poor. S i l -  
ver  contacts  m u s t  be  hea t  t r ea t ed  in  a v a c u u m  or in  
an  o x y g e n - f r e e  sys tem to p roduce  the  ohmic  contact .  
Oxygen  diffuses t h r ough  s i lver  r ap id ly  at  e leva ted  
t e m p e r a t u r e s  thus  the  oxygen  l aye r  at the  semicon-  
d u c t o r - s i l v e r  in te r face  is r e m o v e d  by  chemica l  r e -  
act ion on hea t ing  only  in  an  o x y g e n - f r e e  ambien t .  
Electroless  n icke l  contacts  on g a l l i u m - a r s e n i d e  
s ingle  crysta ls  are  made  ohmic  by  t i n n i n g  the  n icke l  
w i th  a l e a d - t i n  solder. The  hea t  t r e a t m e n t  a lone  does 
no t  m a k e  the  contact  ohmic. Sharp less  (7) has 
shown  tha t  t in  is i m p o r t a n t  in  p roduc ing  ohmic 
contacts  to ga l l i um- a r se n i de .  

Manuscript  received Ju ly  22, 1959. This paper  was 
prepared for del ivery before the Ottawa Meeting, Sept. 
28-Oct. 2, 1958. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1960 
JOURNAL. 
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The  f o r m a t i o n  of c ry s t a l s  of the  a r s e n i d e s  and  
p h o s p h i d e s  of i n d i u m  or  g a l l i u m  b y  a v a p o r  phase  
r e a c t i o n  b e t w e e n  the  l o w e r  v a l e n c y  ha l i de s  of these  
m e t a l s  a n d  a r s en i c  or  p h o s p h o r u s  has  b e e n  p r e v i -  
ous ly  r e p o r t e d  (1) .  This  w o r k  has  now been  e x -  
t e n d e d  to show t h a t  t he se  bas ic  r eac t i ons  m a y  also 
be  used  to p r e p a r e  t he  c o m p o u n d s  b y  the  fo l lowing  
m e t h o d s :  (a )  con t inuous  flow v a p o r  p h a s e  r e a c t i o n  
in t he  p r e s e n c e  of an  u n r e a c t i v e  c a r r i e r  gas;  (b )  d i -  
r ec t  r e a c t i o n  in t he  l i qu id  phase ;  (c)  by  pas s ing  AsH.~ 
or  PH~ into  t he  m o l t e n  ch lo r ides ;  and  (d )  b y  a r e -  
p l a c e m e n t  r e a c t i o n  s t a r t i n g  w i t h  AsCI~ or  PClo and  
the  meta l .  

The  fo l l owing  equa t ions  i l l u s t r a t e  the  o v e r - a l l  r e -  
ac t ions  i nvo lved .  

2 MC1 + Y ~  MCL + MY [1] 

3 MCI~ -t- Y ~ 2 MC13 + MY [2]  

w h e r e  M c o r r e s p o n d s  to In  or  Ga  and  Y to As  or  P. 

Of t he  poss ib l e  r e a c t i o n s  u n d e r  each  h e a d i n g  on ly  
those  i n v o l v i n g  i n d i u m  m o n o c h l o r i d e  and  g a l l i u m  
d i c h l o r i d e  w e r e  i nves t iga t ed .  Some  of the  r eac t i ons  
r e s u l t e d  in the  f o r m a t i o n  of co lored ,  sol id  c o m p l e x e s  
w h i c h  d e c o m p o s e d  at  h i g h e r  t e m p e r a t u r e s  to g ive  
t h e  a p p r o p r i a t e  I I I - V  compound .  R e f e r e n c e  is m a d e  
to the  poss ib l e  s t r u c t u r e  of these  i n t e r m e d i a t e s  in t he  
d i scuss ion  sect ion.  

X - r a y  d i f f r ac t ion  m e a s u r e m e n t s  w e r e  used  to es-  
t ab l i sh  t he  i d e n t i t y  of a l l  the  I I I - V  c o m p o u n d s  p r o -  
duced.  

The  v a r i o u s  m e t h o d s  offer a l t e r n a t i v e  r o u t e s  to t he  
u l t i m a t e  pur i f i ca t ion  of the  compounds .  In  th i s  r e -  
spec t  i t  has  been  e s t a b l i s h e d  t h a t  ch lo r ine  has  l i t t l e  
or  no effect on the  e l ec t r i ca l  p r o p e r t i e s  of InAs,  b u t  
w e  have  no t  c a r r i e d  out  a n y  e x p e r i m e n t s  to d e t e r -  
m i n e  the  effect of th is  e l e m e n t  on the  o t h e r  t h r e e  
c o m p o u n d s  u n d e r  d iscuss ion.  

Experimental 
E x a m p l e s  of t he  r eac t i ons  g iven  u n d e r  ( a ) ,  ( b ) ,  

(c)  and  (d)  a b o v e  a r e  as fo l lows :  
(a )  A con t inuous  flow v a p o r  p h a s e  m e t h o d  was  

c a r r i e d  out  b y  pas s ing  g a l l i u m  d i ch lo r i de  and  As  
v a p o r  in p u r e  n i t r o g e n  as  a c a r r i e r  gas  t h r o u g h  a 
h e a t e d  q u a r t z  tube .  The  r e a c t a n t s  w e r e  i n t r o d u c e d  
into  t h e  m a i n  t u b e  f rom s e p a r a t e l y  h e a t e d  c o m p a r t -  
m e n t s  such t h a t  t h e  compos i t ion  of the  f inal  m i x t u r e  
w a s  in t h e  p r o p o r t i o n s  g iven  in Eq. [2] .  A f t e r  m i x -  
ing,  t he  v a p o r s  passed  t h r o u g h  a f u r n a c e  set  a t  a p -  
p r o x i m a t e l y  800~ fo l l owed  b y  a n o t h e r  a t  600~ 
T h e  l a t t e r  f u r n a c e  s e r v e d  to r e m o v e  a n y  u n c h a n g e d  
r e a c t a n t s  a n d  v o l a t i l e  p roduc t s .  G a A s  w a s  d e p o s i t e d  
in  p o w d e r y  fo rm in th is  fu rnace ,  and  a 75% y i e l d  

was  o b t a i n e d  b y  a s ing le  p a s s a g e  t h r o u g h  the  
hea te r s .  

(b )  Di rec t  r e a c t i o n  in  the  l i qu id  phase  was  c a r -  
r i ed  ou t  b y  h e a t i n g  g a l l i u m  d i c h l o r i d e  w i t h  a r s en i c  
p o w d e r  u n d e r  a p u r e  n i t r o g e n  gas  a t m o s p h e r e ,  a t  
a p p r o x i m a t e l y  500~ for  24 hr .  The  g a l l i u m  a r -  
s en ide  f o r m e d  w a s  s e p a r a t e d  m e c h a n i c a l l y  f r o m  t h e  
s m a l l  a m o u n t  of f r ee  g a l l i u m  w h i c h  r e s u l t e d  f r o m  
the  h e a t i n g  and  f ina l ly  b a k e d  out  u n d e r  v a c u u m  at  
600~ 

To prepare the phosphides of the metals, liquid 
yellow phosphorus was reacted with gallium dichlo- 
ride or indium monoehloride at substantially 300~ 
in a pure nitrogen gas atmosphere for 1 hr. Normally 
only a temperature sufficient to keep the chloride in 
a molten condition was necessary to produce the re- 
action. Colored complexes varying from yellow to 
red were obtained. On heating slowly to approxi- 
mately 500~ these decomposed to give InP or GaP. 

(c) AsH3 and PH8 are relatively unstable gases, 
AsH~ decomposing into its elements at about 230~ 
and PH3 at 440~ Passage of AsH~, in a carrier gas of 
pure hydrogen, through gallium dichloride at ap- 
proximately 300~ produced an orange-colored 
complex which decomposed on heating slowly to 
600~ to give GaAs powder. GaP was similarly pre- 
pared by passing PH8 in a nitrogen carrier gas 
through gallium dichloride at approximately 300~ 
the yellow complex formed being slowly heated to 
500~ under vacuum to give GaP powder. 

Passage of PHi, in a pure nitrogen carrier gas, 
through InC1 at approximately 300~ produced a red 
complex which yielded InP on heating slowly to 
500~ under vacuum. 

(d) A variation of the basic reactions was carried 
out by employing AsCL or PCI;, and the appropriate 
metal. Using the reaction between AsCl3 and In as an 
example, when these are heated in molecular pro- 
portions an exchange reaction occurs 

AsCL -t- In  ~ InCl~ -t- As  

If  the  r eac t i on  t a k e s  p lace  us ing  an  excess  of In, 
InAs  is f ina l ly  p r o d u c e d .  I t  is a s s u m e d  tha t  a l o w e r  
h a l i d e  of In  is f o r m e d  at  one s t age  b y  the  r eac t i on  
b e t w e e n  InCl~ and  In  and  t ha t  th is  r eac t s  w i t h  a r -  
senic  to fo rm i n d i u m  a r s e n i d e  as  in the  bas ic  Eq. 
[1]  a n d  [2] .  

A l l  of t he  fou r  c o m p o u n d s  w e r e  p r o d u c e d  in th i s  
w a y  b y  h e a t i n g  t h e  ch lo r ides  to t h e i r  bo i l ing  p o i n t  
(AsCL 130~ PCL 76~ w i t h  t he  m e t a l  in s ea l ed  
e v a c u a t e d  qua r t z  t ubes  a r r a n g e d  ve r t i c a l l y .  As  the  
r e a c t i o n  p rogres sed ,  t he  t e m p e r a t u r e  w a s  g r a d u a l l y  
i n c r e a s e d  to a p p r o x i m a t e l y  350~ F i n a l l y ,  the  t u b e s  
w e r e  p l aced  h o r i z o n t a l l y  in a f u r n a c e  and  h e a t e d  
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s lowly to 600~ wi th  wha t  was or ig ina l ly  the top 
end of the tube p ro t rud ing  in order  to free the I I I -V  
compound from volat i le  products.  The tubes were  
sealed off in the  middle  and d rawn  off. In  the  case 
of InAs and GaAs the powders  produced were  mel ted  
by  dropping the tubes ver t i ca l ly  at 4 c m / h r  through 
a furnace.  In  all  cases except  InP the compounds 
were  produced wi th  efficiencies g rea te r  than  95% 
the single exper iment  wi th  InP yie lding 65 %. 

Of the react ions described under  the four head-  
ings, react ion (d)  is considered to be most wor thy  
of fu r the r  invest igat ion wi th  r ega rd  to the  p r e p a r a -  
t ion of the semiconduct ing compounds in the state of 
high puri ty .  The AsCL or PC18 may  be purified by  
careful  f rac t ional  dis t i l la t ion and f inal ly dis t i l led 
into react ion capsules containing h ighly  purified In 
or Ga which are then sealed off. On complet ion of 
the react ion as de ta i led  above InAs and GaAs may  
be mel ted  d i rec t ly  or in jected into a "floating zone" 
or "hanging drop" of the  mol ten  compound. 

InP and GaP powders  produced f rom the react ion 
are  more difficult to mel t  due to the  high pressures  of 
phosphorus  produced at the mel t ing  points of these 
mater ia ls .  Melt ing of InP may  be a t t empted  in am-  
poules of ex t ra  thick wal l  or by  using an autoclave 
pumped  up to a p ressure  equal  to the  dissociation 
vapor  pressures  produced by the mol ten  compound. 
A l t e rna t ive ly  the  InP powder  may  be  used as charge 
mate r i a l  for a crys ta l  pul l ing appara tus .  

Discussion 
The composition of the colored complexes ob-  

served during some of the  react ions was not e luci-  
dated.  Gal l ium dichlor ide has been denoted as GaCL 

InAs ,  InP ,  GaAs ,  G a P  253 

but  is ac tua l ly  dimorphic  s imilar  to indium dichlo-  
ride. Evidence for the  formula t ion  of Ga'(GamC1,) 
has been given by x - r a y  diffraction studies wi th  
crys ta l l ine  ga l l ium dichlor ide  (2) and by  Raman  
spectra  of the fused compound (3).  Fu r t he r  evidence 
for the formula t ion  which may  have  a considerable  
bear ing  on the s t ruc ture  of the observed complexes 
has been obta ined by  passing H~S through ga l l ium di -  
chloride (4).  A solid complex containing Ga, C1, and 
S was obta ined  of va r i ab le  composition, the react ion 
occurr ing with the Ga ~ ion. I t  seems possible tha t  
the  react ions be tween  ga l l ium dichlor ide and AsH~, 
PHi, and l iquid phosphorus behave  in an analogous 
manner .  
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The Change in Open-Circuit Potential of the Manganese Dioxide 
Electrode on Discharge and the Discharge Mechanism 
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ABSTRACT 

Discharge of electrodeposited MnO2 electrodes for successive short periods at 
pH 8, with t ime for r ea t t a inment  of equil ibrium, shows that  the potential  of 
par t ia l ly  discharged MnO~ is a l inear  funct ion of the amount  of lower oxide 
formed over part  of the discharge. With this relationship, some previous data 
on the overpotential  of MnO~ in acid electrolytes are in terpre ted more simply 
than before in terms of the discharge mechanism previously proposed. The 
overpotent ial  is shown to be a l inear  funct ion of the square root of the current  
density. 

In  prev ious  a t t empts  to measu re  the change  in  
open-c i r cu i t  po ten t i a l  of the  MnO,~ electrode as the 
resul t  of discharge,  the  t ime  a l lowed for recovery  
f rom pola r iza t ion  was  insuff icient  (1, 2). This  was  
suspected at the t ime, bu t  a compensa t ing  slow de-  
crease in  po ten t i a l  made  longer  t imes  of doub t fu l  
value.  The me ta l  anode  used in  the d ischarge  was 
p r o b a b l y  respons ib le  for m u c h  of the  decrease  (3) ,  
and  in  the p re sen t  i nves t iga t ion  this  source of e r ror  
was avoided.  Af te r  a smal l  d ischarge  the  po ten t i a l  
increased for 4 to 40 days, d e p e n d i n g  on how m u c h  
the  e lect rode had  been  d ischarged  prev ious ly .  The  
final, n e a r l y  cons tan t  po ten t i a l  was  an  app rox i -  
ma te ly  l i nea r  func t ion  of the  a m o u n t  of d ischarge  
over  the first qua r t e r  of the tota l  capacity.  The  i n t e r -  
p re t a t ion  of some ove rpo ten t i a l  m e a s u r e m e n t s  wi th  
acid e lect rolytes  (4) has been  recons idered  in  the  
l ight  of this  resul t .  

Experimental 
Electrodes.--MnO~ was e lect rodeposi ted  on g r a p h -  

ite rods f rom a b a t h  of 0.33M MnSO,  and  0.67M 
H~SO~, or f rom a s imi la r  ba th  con ta in ing  also 0.3M 
(NH,)~SO, at 90~ (1, 2, 5). The g raph i te  rods were  
of 0.48 cm d i ame te r  and  were  covered for a l eng th  
of 5.1 to 5.2 cm, and  on one end, w i th  MnO~, g iv ing  
an  a p p a r e n t  a rea  of 8 cm ~. Much of the  ba re  por t ion  
of the rod was  covered w i th  glass sealed to the 
graphi te  by  g lyp ta l  c emen t  for p ro tec t ion  f rom the  
electrolyte.  The c u r r e n t  in  the  e lec t rodeposi t ion  was  
25 ma (3.13 m a / c m  ~) and  the  t ime  30 min ,  g iv ing  
about  0.2 mi l l imole  of MnO~. The MnO~ fo rmed  in  
the  ba th  w i thou t  (NH4)~SO~ was p r o b a b l y  ~-MnO~ 
(6).  Tha t  deposi ted in  the presence  of (NH~)~SO, has 
been  shown to differ in  d ischarge  cha rac t e r i s t i c s  
f rom :~-MnO~ (5) and  was  p r o b a b l y  l a rge ly  a-MnO~. 

Af te r  e lectrodeposi t ion,  the  electrodes were  washed  
by  a l lowing  t h e m  to s tand  in  test  tubes  of 0.01M 
(NH,)~SO~ acidified to pH 4.5, this  so lut ion be ing  
changed  daily.  Wash ing  was  con t inued  u n t i l  a test  
for Mn ++ in  the  wash  solut ion by  ox ida t ion  to M n O j  
wi th  KIO,  was  negat ive .  This u sua l l y  r equ i r ed  2 to 
3 weeks. Each electrode was  t h e n  i m m e r s e d  in  an  
e lect rolyte  of 1M (NH~)~SO4 buffered at pH 8 by  

NH~. This  por t ion  of e lec t ro ly te  was  con ta ined  in  a 
125-ml  bot t le  fitted wi th  a r u b b e r  s topper  bea r ing  
the  electrode.  By m e a n s  of a g r o u n d - g l a s s  jo in t  the  
e lect rode was m o u n t e d  in  the s topper  in  such a way  
tha t  it could be t r a n s f e r r e d  easi ly  to and  f rom a dis-  
charge  cell. The s topper  also had  a hole for the sa l t -  
b r idge  of a s a tu ra t ed  calomel  electrode,  and  all of 
the  i m p o r t a n t  po ten t i a l  m e a s u r e m e n t s  were  made  
wi th  the  electrode in  the bott le.  M e a s u r e m e n t s  in  
the  d ischarge  cell were  used for control  only.  New 
electrodes were  kept  in  the bot t les  w i th  f r e q u e n t  
m e a s u r e m e n t s  u n t i l  the  po ten t i a l  was  decreas ing 
on ly  ve ry  s lowly;  this  per iod  was  abou t  two weeks  
usua l ly .  The final po ten t i a l  a t t a ined  was t a k e n  as 
the  in i t i a l  po ten t i a l  of the  d ischarge  curve.  

Elect rodes  s t and ing  in  e lec t ro ly te  decreased more  
or less r ap id ly  for a few days and  t h e n  a t t a ined  a 
s teady ra te  of decrease of abou t  0.1 m v  a day  which  
was  the  same for all  electrodes.  A l though  ~- and  
a-MnO~ electrodes had  n e a r l y  the  same po ten t i a l  at 
first, the  ~-MnO~ electrodes decreased  more  r ap id ly  
in i t i a l ly  and  for a longer  t ime,  about  10 days. T h e r e -  
af ter  the  po ten t i a l  was  a r o u n d  70 m v  lower  t h a n  the  
~,-MnO~ electrodes,  bu t  the  slow decrease was at  the  
same rate.  

Discharge and subsequent  potential measurements .  
- - T e s t s  showed tha t  an  e lec t rode  could be t r a n s -  
fe r red  f rom one bot t le  of e lec t ro ly te  to ano the r  of 
the  same e lec t ro ly te  wi th  no apprec iab le  change  in  
potent ia l .  It  was conc luded  tha t  r e mova l  of an  elec-  
t rode  for d ischarge and  r e t u r n i n g  it to the  same 
bot t le  wou ld  have  no effect o ther  t h a n  tha t  of the 
discharge.  It  was observed  tha t  r e mova l  to a d is -  
charge  cell equ ipped  wi th  8 g raph i t e  rods to act as 
the  anode  u s u a l l y  caused a smal l  decrease  in  p o t e n -  
tial.  The change  ind ica ted  was  cons idered  neg l ig ib le  
in  compar i son  wi th  the  discharge.  

The discharge  cell con ta ined  abou t  250 ml  of the  
1M (NH~)~SO~ elect rolyte ,  pH 8. The  e lec t rode  was  
p laced  cen t ra l ly  in  the  cell a nd  was  s u r r o u n d e d  by  
8 g raph i t e  electrodes connec ted  together ,  which  
fo rmed  the anode.  A calomel  e lect rode a l lowed 
m e a s u r e m e n t  of the  chang ing  po ten t i a l  d u r i n g  dis-  
charge  by  a record ing  po ten t iomete r .  A c u r r e n t  of 2 
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Table I. Temperature coefficients of electrodeposited MnO~ 
electrodes measured against S.C.E. at 10 ~ to 35~ 

A E / A t ,  m v / d e g  C 

Etec t rode  p H  5 p H  8 

0.50 
0.58 
0.61 
0.58 

-/-MnO, undischarged 0.07 
~-MnO~ discharged 60 m a - m i n  0.15 
a-MnO~ undischarged 0.14 
=-MnO.~ discharged 60 m a - m i n  0.16 

ma  f rom an  outs ide source was  passed for the  d is -  
charge  and  was  r egu la t ed  by  hand.  

For  d ischarge  an  e lect rode was g iven  a final meas -  
u r e m e n t  in  the s torage bot t le  and  t r a n s f e r r e d  to the 
d ischarge  cell. A c u r r e n t  of 2 ma  was  passed for a 
measu red  t ime,  u sua l l y  5 or 10 min.  T h e n  the  elec- 
t rode  was  t r a n s f e r r e d  back  to the  s torage bot t le  and  
m e a s u r e d  occas ional ly  aga ins t  a s a tu ra t ed  calomel  
e lect rode un t i l  the po ten t i a l  was inc reas ing  less t h a n  
1 m v  a day. Af te r  the  first d ischarge of a new  elec-  
t rode  about  4 days was  requi red .  In  la te r  discharges  
the  t imes  r e q u i r e d  increased  w i th  the  a m o u n t  of 
to ta l  d ischarge  to as m u c h  as 40 days. Electrodes  of 
a-MnO~ r e q u i r e d  more  t ime  t h a n  those of ~,-MnO,_,. 
Al l  m e a s u r e m e n t s  were  made  at room t e m p e r a t u r e  
( in  the  v ic in i ty  of 25~ and  correct ions  made  
w h e n  necessary  for bo th  t e m p e r a t u r e  and  pH 
changes.  

Temperature  and pH corrections.--For the t e m -  
p e r a t u r e  correct ions  electrodes in bot t les  were  me a s -  
u red  at i n t e rva l s  f rom 10 ~ to 35~ aga ins t  a ca lomel  
electrode,  wi th  abou t  48 hr  a l lowed at each t e m p e r a -  
t u r e  for the  a t t a i n m e n t  of constancy.  In  addi t ion  to 
the  pH 8 m e a s u r e m e n t s  some were  made  wi th  a 1M 
(NH~) ~SO~ e lec t ro ly te  buffered at pH 5 wi th  py r id ine  
and  p y r i d i n i u m  sulfate.  The changes  in  po ten t i a l  
per  degree  are shown in  Table  I. These are averages  
for two electrodes  wh ich  agreed  w i t h i n  0.03 m y /  
degree  at pH 5 and  0.05 m v / d e g r e e  at pH 8. 

The change  of po ten t i a l  wi th  pH was d e t e r m i n e d  
by  t r ans f e r  of a n u m b e r  of electrodes f rom one elec-  
t ro ly te  to ano the r  and  m e a s u r i n g  af ter  e q u i l i b r i u m  
was a t ta ined .  The average  change  was  close to the  
theore t ica l  59 m v / p H  u n i t  at 25 ~ 

Test for Mn++.--The solut ions  in  the bot t les  were  
tes ted for Mn +§ w h e n  the electrodes had  come to 
equ i l i b r ium.  The so lu t ion  tes ted was replaced  by  a 
fresh por t ion  of e lec t ro ly te  in the bot t le  for the  
n e x t  discharge.  

Results 

The discharge  curves  d e t e r m i n e d  as above are 
shown in  Fig. 1. The more  i m p o r t a n t  are  the  curves  
for ~-MnO~. The solid s t ra ight  l ines are shown to 
r ep r e sen t  the  discharges  f rom 10 to 60 m a - m i n  for 
th ree  electrodes qui te  well .  For  a fou r th  electrode 
(not  shown)  which  r equ i r ed  longer  p r e l i m i n a r y  
wash ing  t h a n  the  others,  the first 40 m a - m i n  of dis-  
charge was  s traight .  The dashed l ines ind ica te  dev i -  
a t ions f rom the  s t ra igh t  l ines  in  the  first d i scharge  
per iod and  af ter  60 m a - m i n .  No Mn §247 was  found  in  
the  e lect rolytes  in  which  these electrodes were  
stored for recovery  d u r i n g  the  first 100 m a - m i n  of 
discharge.  Af te r  tha t  an  average  of 0.12 rag/20 m a -  
m i n  of d ischarge  was  found.  P r e v i o u s l y  (7) i n  con-  
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Fig. 1. Variation of equilibrium open-circuit potential with 
amount of discharge in electrolyte of pH 8; e- and 7-Mn02. 
Circles represent averages for two electrodes. 

t i nuous  discharges  at pH 8 no Mn ++ was found  in  the 
discharge cell u n t i l  a f ter  150 m a - m i n .  

The s t ra igh t  l ines for 7-MnO2 at  pH 8 ind ica te  tha t  
over  a ce r t a in  por t ion  of the  discharge the electrode 
po ten t ia l  decreases l i nea r ly  wi th  the increase  in 
lower  oxide formed.  Devia t ions  f rom l i ne a r i t y  are 
found  at the  b e g i n n i n g  and  be low a po ten t ia l  of 0.34 
v agains t  the  s a tu ra t ed  ca lomel  electrode. W i t h i n  the 
l i nea r  r ange  no Mn ++ is found  in  solution,  and  the 
en t i re  r educ t ion  p roduc t  r e m a i n s  on the electrode. 
Dur ing  the  recovery  process the  product ,  which  is 
p r o b a b l y  fo rmed  m a i n l y  in  the outer  por t ion  of the 
MnO.~ (8, 9), appears  to become d i s t r ibu ted  more 
un i fo rmly .  E v e n  though  this  process ma y  not  have 
been  en t i r e ly  complete  at the  t ime  of the final meas -  
u remen t s ,  the  a m o u n t  of p roduc t  in the surface  layer  
mus t  have  b e e n  a p p r o x i m a t e l y  p ropor t iona l  to the  
tota l  p roduc t  formed.  It  has been  assumed prev ious ly  
tha t  the e lect rode po ten t i a l  is d e t e r m i n e d  in  par t  
by  the composi t ion of the surface  layer,  bu t  it was 
though t  tha t  the  re la t ionsh ip  was logar i thmic  and 
s imi la r  to the  Nerns t  equa t i on  (4) .  The p re sen t  re -  
sults  ind ica te  a l i nea r  r e l a t ionsh ip  over a l imi ted  
range  of composit ions.  A s imi la r  l inear  re la t ionsh ip  
is appa ren t  in  the data  of Kozawa  (10) especia l ly  in 
his Fig. 7 showing  the decrease  in electrode po ten t ia l  
w h e n  MnO~ is reduced  wi th  va r y i ng  a m o u n t s  of 
Mn  +*. Ruetschi ,  Angs tad t ,  and  Cahan  (11) showed 
tha t  there  is a l i nea r  r e la t ionsh ip  be t w e e n  the po ten -  
t ia l  of a PbO~ electrode and  the  surface concen t ra t ion  
of adsorbed oxygen.  

The fo rma t ion  of Mn *+ in  solut ion du r ing  the  la ter  
recovery  per iods  (beyond  100 m a - m i n )  af ter  r e -  
mova l  of the  electrode to ano the r  conta iner ,  does not  
seem to be in  accord wi th  the  discharge m e c h a n i s m  
proposed by  Cahoon and  co -worke r s  (12, 13). 

In  the d ischarge  of ~-MnO._, at pH 8 no Mn §247 was 
found  for the  first 20 m a - m i n  and  the po ten t i a l  de-  
creased more  r ap id ly  t h a n  for 7-MnO_,. The discharge 
reac t ion  e v i de n t l y  does no t  pene t r a t e  as deeply  in 
a-MnO~ as in  7-MnO~, g iv ing  a more  rapid  change  in 
surface composi t ion.  

Discussion 

The recovery  curve . - -The  s t r a i gh t - l i ne  re la t ion  
be t w e e n  electrode po ten t i a l  and  discharge t ime  over 
a l imi ted  range ,  as shown in  Fig. 1, suggests  a re -  
v is ion in  the  i n t e r p r e t a t i o n  of some prev ious  data  
(4) .  It  was a s sumed  p rev ious ly  tha t  the  electrode 
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Fig. 2. Decay of  polar izat ion in acid electrolytes. 

po ten t i a l  is re la ted  to the  composi t ion of the  MnO~ 
surface by  a logar i thmic  re l a t ion  of the fo rm of the 
Nerns t  equa t ion  (4, 10). 

In  the d ischarge  of e lect rolyt ic  MnO= electrodes 
in  H=SO4 solu t ion  con ta in ing  MnSO~ (4) the  po ten t i a l  
first decreases, t hen  passes t h rough  a m i n i m u m  and  
rises to a cons tan t  value ,  ind ica t ing  a s teady  state 
of polar izat ion.  The s teady state was ascr ibed tQ a 
ba lance  b e t w e e n  the  lower  oxide fo rmed  and  tha t  
dissolved b y  the  e lec t ro ly te  per  t ime  uni t .  On b r e a k -  
ing the  c i rcui t  a r e l a t i ve ly  slow rise to a cons tan t  
open-c i r cu i t  po ten t i a l  takes  place, as shown in  Fig. 2. 

The a m o u n t  of po la r iza t ion  shown in  Tab le  II of 
the prev ious  paper  (4) was  in  all  cases less t h a n  60 
mv,  whereas  the s t ra ight  l ine  por t ions  of the ~, 
curves  in  Fig. 1 ex tend  over  about  100 mv.  T h e r e -  
fore, a l i nea r  r e la t ionsh ip  b e t w e e n  the  composi t ion 
of the surface  and  the electrode po ten t i a l  m a y  be 
expected to hold for the po la r iza t ion  in acid e lec t ro-  
lytes. 

Let  E be the  va r i ab l e  e lectrode po ten t i a l  du r ing  
recovery  f rom polar izat ion,  Eo the cons tan t  open-  
c i rcui t  po ten t i a l  a f ter  recovery,  and  E~ the closed-  
c i rcui t  po ten t i a l  in  the s teady state  of polar iza t ion.  
If the iR  drop and  so lu t ion  concen t r a t i on  po la r iza -  
t ion are  negl ig ible ,  E, is also the  open -c i r cu i t  p o t e n -  
t ia l  at  the i n s t a n t  of b r e a k i n g  the  circui t .  Fo l lowing  
the sugges t ion  of Fig. 1, we  m a y  wr i t e  

AE = - -  k' AL [1] 

w i th  L defined as a measu re  of the a m o u n t  of dis-  
charge of p roduc t  in  the electrode surface.  I t  m a y  be 
somewhat  app rox ima te  to app ly  this  to the  recovery  
process since the  l i nea r  r e la t ionsh ip  m a y  not  hold 
all  the way  to E~. However ,  we shal l  assume its 
va l id i ty  and  consider  tha t  L = 0 w h e n  E = E, which  
also is an  a p p r o x i m a t i o n  w h e n  the  so lu t ion  con-  
ta ins  Mn §247 T h e n  for the  r ecovery  process, 

E ~ - - E =  k ' L  [2] 

The as sumpt ions  made  p rev ious ly  tha t  the p r i m a r y  
discharge p roduc t  is a M n ( I I I )  oxide or hyd rox ide  
(for which  we shal l  use the fo rmu la  M n O O H ) ,  tha t  
the  recovery  reac t ion  is a d i sp ropor t iona t ion  as in  

Eq. [3] and  tha t  this  reac t ion  is r a t e - c o n t r o l l i n g  are 
re ta ined .  We m a y  add the n e w e r  concept  tha t  the  
lower  oxide is fo rmed  both  on and  be low the  su r -  
face of the  MnO~ (8) .  

2MnOOH + 2H + = Mn +~ q- MnO~ § 2H~O [3] 

For the velocity of this reaction at constant H § con- 

centration we may write 

- - d L / d t  = k" L'-' [4] 

This m a y  be somewha t  too s imple  because  of the  
neglec t  of a reverse  react ion,  bu t  it seems sufficient 
for tes t ing  the  theory.  I n t e g r a t i on  and  eva lua t i on  of 
the cons tan t  for the  condi t ion  L ~ L~ w h e n  t = 0 
gives 

l / L - -  1/L~ = k " t  [5] 

wi th  L~ s t and ing  for the concen t r a t i on  of p roduc t  in  
the surface  in  the s teady state  of polar izat ion.  Com-  
b i n a t i o n  of Eq. [2] and  [5] gives 

1 / ( E o - - E )  -- 1 / ( E ~ - - E ~ )  = kit [6] 

in  which  kl = k" /k ' .  
Equa t ion  [6] can be tes ted by  reca lcu la t ion  of the  

data  p r e sen t ed  in  Fig. 4 and  5 of Yoshiza and  Vos-  
b u r g h  (4) .  F igure  2 gives the  resul t s  of such a cal-  
culat ion.  Curves  1, 2, and  4 r ep re sen t  the  same data  
as the  two lower  curves  of (4) :  Fig. 4 and  the  
h igher  of Fig. 5, respect ively .  Curve  3 represen t s  a 
d i f ferent  e x p e r i m e n t  f rom the lower  curve  of (4) :  
Fig. 5, bu t  car r ied  out  u n d e r  the same condit ions.  
The l ines  in  Fig. 2 were  ca lcula ted  by  Eq. [6] us ing  
the  e x p e r i m e n t a l  va lues  for E~ and  E~ and  an  a r b i -  
t r a r y  va lue  of kl d e t e r m i n e d  for each curve  f rom 
some of the e x p e r i m e n t a l  points .  The e x p e r i m e n t a l  
poin ts  shown were  t a k e n  f rom recorder  curves  for 
the  recovery  process. 

The a g r e e me n t  of the ear l ie r  e x p e r i m e n t a l  po in ts  
wi th  the  ca lcula ted  curves  is good. The  la te r  po in ts  
dev ia te  f rom the curves  in  the d i rec t ion  of too r ap id  
increase  in  E. I t  was  po in ted  out  above tha t  the  
equa t ion  migh t  no t  be exact  w h e n  E ~ -  E is small .  
The a g r e e m e n t  of the  ca lcula ted  l ines  and  the  ex -  
p e r i m e n t a l  poin ts  is be t t e r  in  curves  3 a nd  4 t h a n  in  
the  co r re spond ing  curves  of (4) :  Fig. 5. Curve  2 is 
no t  as good as the  co r re spond ing  one in  (4) : Fig. 4, 
bu t  cu rve  i m a y  be cons idered  abou t  equa l  to the  
lowest  (4) :  Fig. 4 curve,  since the  ear l ie r  poin ts  in  
the la t te r  are not  on the curve.  

Relat ion b e t w e e n  overpotent ia l  and c u r r e n t . - - A  
be t te r  test  of the  above theory  is in  the  re la t ion  be -  
t w e e n  ove rpo ten t i a l  and  c u r r e n t  in  discharges  in  
acid solut ion.  The s teady  state of po la r iza t ion  in  acid 
e lect rolytes  is enough  dif ferent  f rom the  e q u i l i b r i u m  
state  of the electrode so tha t  Eq. [2] should be a 
be t t e r  a p p r o x i m a t i o n  t h a n  for the r ecovery  process. 

For  the MnO.~ e l ec t rode  the  ove rpo ten t i a l  has been  
defined as the difference b e t w e e n  the  e q u i l i b r i u m  
open-c i r cu i t  po ten t i a l  af ter  a d ischarge  and  the po-  
t en t i a l  of the s teady  state  of po la r iza t ion  (14).  In  
acid e lect rolytes  the  overpo ten t i a l  is no t  a l i n e a r  
func t ion  of the  l oga r i t hm of the c u r r e n t  dens i ty  (4) .  

In  the  s teady state  of po la r iza t ion  the  ra te  at 
which  lower  oxide is formed,  i / F  equ iva len t s / sec ,  
can be set equa l  to the ra te  at which  it is r emoved  
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f rom the  surface.  Accord ing  to Eq. [4] and  the  
def ini t ion of Lp the  ra te  of r emova l  should be equa l  
to k"Lp l  T h e n  

i = F k " L , ,  ~- [7] 

C o m b i n i n g  wi th  Eq. 2 w h e n  E = E~ and  L = Lp 

i = F k " ( E e - -  E p ) 2 / ( k ' )  ~ 

Eo - -  Ev = k~i ~'-' [8] 

E q u a t i o n  [8] predic ts  a l i nea r  r e la t ionsh ip  b e t w e e n  
overpoten t ia l ,  E ~ -  E~, and  i lj-". F igu re  3 shows tha t  
this  is t rue  over  the  en t i re  r ange  of cu r ren t s  t r i ed  
by  Yoshizawa and  Vosburgh  (4). F o u r  different  
electrolytes ,  Nos. 1, 2, 3, and  5, give sa t is factory  
s t ra igh t  l ines w i t h i n  the  l imi ts  of error .  There  was  
insufficient  da ta  for e lec t ro ly te  4. A n  e lec t ro ly te  of 
pH 4 gave a s l ight ly  cu rved  line. Some of the  over -  
po ten t ia l s  for this  e lec t ro ly te  (not  shown in  Fig. 3) 
we re  so la rge  tha t  the  va l id i ty  of Eq. [1] migh t  be  
quest ioned.  The da ta  p lot ted  are f rom (4):  Tables  
II and  III. 

Accord ing  to Eq. [8] the l ines of Fig. 3 should pass 
t h rough  the  origin.  However ,  most  of t h e m  wou ld  
pass above the origin,  if ex tended.  A cons tan t  t e r m  
in Eq. [8] would  be needed  to express  them.  The 
poin ts  of lowest  ove rpo ten t i a l  for the most  acid 
so lu t ion  in  Fig. 3 devia te  f rom the l ine  in the d i rec-  
t ion to approach  AE~ = 0 at i = 0. This m a y  be con-  
nec ted  wi th  the  b r e a k d o w n  of the  l inear  r e l a t i on -  
ship b e t w e e n  E and  oxide composi t ion  w h e n  the  
lower  oxide componen t  is small .  

The  data  on the g rowth  of po la r iza t ion  of the  
p rev ious  pape r  have  not  been  reca lcula ted ,  since 

these invo lve  the  l i t t le  unde r s tood  p h e n o m e n o n  of 
the passage of the  e lect rode po ten t i a l  t h rough  a 
m i n i m u m .  A reca lcu la t ion  wou ld  not  be l ike ly  to add 
m a t e r i a l l y  to the  older  i n t e rp re t a t i on .  

The  e x p e r i m e n t a l  da ta  and  ca lcula t ions  of this 
paper  are  in  ag reemen t  wi th  the a s sumpt ion  made  
p rev ious ly  tha t  the p r i m a r y  p roduc t  of the  reduc t ion  
of MnO~ is a Mn(IIl) compound formed within the 
MnO~ structure, and that its formation is followed 
by a disproportionation. The assumption of primary 
reduction to Mn (II) would lead to a linear relation- 
ship between overpotential and current, which is 
not found. However, recent work has shown a linear 
relation to hold for PbO~ and Ti02 electrodes, for 
which no disproportionation reaction is possible. 
This work will be reported later. 
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Effect of Adsorption of Polar Organic 
Compounds on the Reactivity of Steel 

Howard F. Finley 1 and Norman Hackerman 

Department 05 Chemistry, The University of Texas, Austin, Texas 

ABSTRACT 

Rate studies were made for the oxygen-free reaction between steel powder 
and 1N H~SO~, both un inhib i ted  and inhibited. In  part icular ,  it was shown that 
the retardat ion of the reaction by organic polar compounds was influenced more 
markedly  by molecular  s tructure than  by molecular  weight or area. 

This  s tudy  is a c o n t i n u a t i o n  of the  work  repor ted  
by  H a c k e r m a n  and  Cook (1) on the  adsorp t ion  of 
po la r  organic  compounds  on steel and  the i r  effect on 
its r eac t iv i ty  in  acid solut ion.  A comprehens ive  
theory  of the gene ra l  adsorp t ion  of organic  inh ib i to r s  
and  subsequen t  i nh ib i t i on  of acid d issolu t ion  by  
po la r iza t ion  of the  anodic  reac t ion  was  g iven  by  
H a c k e r m a n  and  Makr ides  (2). The  inves t iga t ions  
u n d e r t a k e n  here  were  for the  purpose  of ob t a i n i ng  
add i t iona l  i n f o r m a t i o n  as a basis  for conf i rming or 
d e n y i n g  the theory  as stated. 

Experimental 
The essent ia l  f ea tu res  of the e x p e r i m e n t a l  ap -  

proach  have  been  descr ibed (1). The p r inc ip le  used 
was to d e t e r m i n e  g r a v i m e t r i c a l l y  the  increase  in 
we igh t  of a sample  of steel powder  on be ing  exposed 
to a solut ion of benzene  con ta in ing  the organic  i n -  
hibi tor .  The me ta l  used was  SAE 1010 steel powder  
pu rchased  f rom the  V a n a d i u m - A l l o y s  Stee l  Com-  
pany .  It  had  a composi t ion of 0.10 C, 0.10 St, 0.24 
Mn, 0.012 P, 0.012 S, and  test  Fe. I t  was  purchased  
as powder  which  passed No. 100 sieve mesh  and  
fu r t he r  sieved, the 140 to 200 r ange  be ing  used. 

The  benzene  was  th iophene- f ree ,  C.P. grade  and  
was  free also f rom H~S, CS2, and  SO2. The polar  
organic  compounds  were  ob ta ined  f rom severa l  
sources. H e x a m e t h y l e n i m i n e  and  h e p t a m e t h y l e n i -  
m i n e  were  ob ta ined  f rom Dr. P. D. Gardne r ,  The 
U n i v e r s i t y  of Texas.  Dia l ly lamine ,  1,4,4, t r i m e t h y l -  
p iperd ine ,  and  1 - b e n z y l p i p e r d i n e  were  ob ta ined  
f rom Dr. N. J. Leonard ,  The U n i v e r s i t y  of I l l inois ;  
t e t r a h y d r o t h i o p h e n e  f rom Del ta  Chemica l  Works,  
and  four  a l ky l  a ry l  su l fona te  salts  f rom Dr. A. H. 
Roebuck,  C o n t i n e n t a l  Oil Company .  The  r e m a i n d e r  
of the  compounds  were  of the  best  grade  of E a s t m a n  
chemicals .  In  all  cases, except  for the  su l fona te  salts, 
the  compounds  were  l iquids  and  were  redis t i l led.  
The  su l fona te  salts were  99.5% pure  as received.  

I n  m a k i n g  solut ions  of the inhibi tors ,  two l i ters  of 
0.0100M solu t ion  were  made  and  t h e n  solut ions of 
0.005, 0.0025, 0.00125, 0.00063, 0.00031M p repa red  
by  d i lu t ion  of the  p roper  al iquotes.  

The  re la t ive  inh ib i to r  efficiency was  d e t e r m i n e d  
by  m e a s u r i n g  the reac t ion  ra tes  in  1N H~SO~ of the  

1 P r e s e n t  add re s s :  Creo le  P e t r o l e u m  Corpo ra t i on ,  Cab imas ,  Edo.  
Zul ia ,  Venezuela .  

steel powder  e i ther  u n t r e a t e d  or p rev ious ly  exposed 
to the  benzene  solut ions  of the  inhibi tors .  The acid 
was p r e p a r e d  in  4 - l i t e r  quan t i t i e s  f rom stock con-  
cen t r a t ed  C.P. H2SO,. 

The da ta  are good in  genera l  to 5 %. 

Procedure . - -The  procedure  for d e t e r m i n i n g  the  
a m o u n t  of polar  organic  compound  adsorbed  on the  
steel has been  descr ibed (1). There  were,  however ,  
some modif icat ions  m a d e  in  the  me thod  of d e t e r m i n -  
ing re la t ive  i nh ib i t o r  efficiencies. The appa ra tu s  
used was essen t ia l ly  the  same, wi th  one or two mino r  
a l tera t ions ,  bu t  the  t echn ique  of t r e a t i ng  the data  
was comple te ly  different .  P r ev ious ly  the  resul t s  
were  compi led  as a re la t ive  ac t iv i ty  based on the 
t ime  r e q u i r e d  to l i be ra t e  36, 81, a nd  126 ml  of h y -  
drogen  gas or the t ime  for the d issolu t ion  of 1.6, 3.4, 
and  5.2% of the  metal .  Basis t ime  for reac t ion  on 
c lean steel  was  t a k e n  as an  average  f rom a n u m b e r  
of d i f ferent  r u n s  made  on different  samples.  There  
are two objec t ions  to this  procedure .  The first is t ha t  
there  is on ly  a r e l a t i ve ly  smal l  a m o u n t  of i nh ib i t o r  
on the  surface  of the steel, and  af ter  a shor t  t ime  of 
reac t ion  it can be expected to be swept  away  or u n -  
d e r m i n e d  so tha t  it no longer  protects  the  metal .  The 
second is tha t  u n r e d u c e d  steel powder  a l r eady  has a 
cons iderab le  surface  oxide layer ,  and  reac t ion  ra tes  
wi th  acid are bo th  low a nd  er ra t ic  f rom sample  to 
sample.  

It  was  be l ieved  tha t  the fo l lowing p rocedure  
wou ld  e l i m i na t e  these  object ions.  The  powder  was 
reduced  in  150-g sample  lots u n d e r  hyd rogen  for 24 
hr  at 600 ~ -- 25~ both  i nh ib i t ed  and  u n i n h i b i t e d  
samples  be ing  t rea ted  alike. I n d i v i d u a l  curves  were  
r u n  for each sample  lot and  the i nh ib i t ed  samples  
were  compared  wi th  these. Plots  were  m a d e  of vo l -  
u m e  of h y d r o g e n  evolved aga ins t  t ime  of react ion.  
The slope of the curve  at zero t ime  was ob ta ined  
by  ex t r apo la t ion  and  a graphica l  method.  The p ro -  
cedure  used was  to s t and  a smal l  m i r r o r  on edge 
on the cu rve  in such a w a y  tha t  the  curve  was  con-  
t i nuous  w i th  its reflection. The base of the  m i r r o r  
was  t hen  n o r m a l  to the  curve  at po in t  of contact.  
Check va lues  ob ta ined  wi th  curves  of k n o w n  slope 
were  n e v e r  in  e r ror  more  t h a n  2 or 3%. This ap-  
proach is ve r sa t i l e  and  read i ly  provides  vo lume  vs. 
t ime, r a t e  vs. t ime, a nd  ra te  vs. v o l u m e  curves.  
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The re la t ive  inh ib i to r  efficiency, y, was ca lcula ted  
f rom the equa t ion  

Rp --  R~ 
y = .  [1] 

Rp 

whe re  R~ is the  reac t ion  ra te  at zero t ime  for the  
p l a in  steel  and  R~ tha t  for the  inh ib i t ed  steel. 

Reaction rate data. - -Typical  hydrogen  evo lu t ion  
da ta  f rom u n i n h i b i t e d  steel samples  are shown in  
Fig. 1. These curves  were  not  i m m e d i a t e l y  a m e n a b l e  
to analysis .  The  data  were  first p lo t ted  as vo lume  
vs. square  root of the t ime  and  seemed to give a fair  
fit. However ,  the uppe r  and  lower  ends  of the  curves  
dev ia ted  somewha t  (Fig. 2). A be t t e r  fit was ob-  
t a ined  by  p lo t t ing  hyd rogen  vo lume  aga ins t  the  
square  of the n a t u r a l  l oga r i t hm of the  t ime. This 
is shown for the  same data  in  Fig. 3. The equa t ion  
for the  curves  is t h e n  

V = koln~t q- k~ [2] 

The rate  equa t ion  becomes 

dV In t 
- -  2 k o -  [ 3 ]  

dt t 

Figure  4 shows the  da ta  of the  30~ curve  f rom 
Fig. 1 p lo t ted  as reac t ion  ra te  vs. t ime and  compared  
wi th  the  func t ion  ( k l n t / t )  norma l i zed  to ( k l n t / t )  = 
3.5 at t ---- 2.5, one of the  ac tua l  da ta  points.  

This  t ime  dependence  of the  hyd rogen  vo lume  is 
somewhat  difficult to in te rp re t .  There  was a s l ight  
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increase  in  pH as the  reac t ion  proceeded bu t  no th ing  
of m a g n i t u d e  sufficient to exp la in  the  grea t  decrease 
in reac t ion  rate. Var ious  inves t iga tors  (3-5)  have  
solved the  square  root dependence  curve  in  the case 
of d r y  ox ida t ion  of metals ,  bas ing  the i r  solut ion on 
the diffusion of r eac tan t s  t h rough  the  oxide layer  
formed on the surface of the metal .  F igu re  5 shows 
tha t  there  is a genera l  s imi l a r i ty  b e t w e e n  the shape 
of a t "~ and  a ln~t curve.  F r o m  this  the t en ta t ive  con-  
c lusion concern ing  the l a t t e r  curve  is tha t  it is due to 
ba r r i e r  l ayer  format ion .  

The h y d r o g e n  v o l u m e - t i m e  dependence  of the  i n -  
h ib i ted  samples  fai led to show the  same re la t ionship .  
A typ ica l  cu rve  is shown in Fig. 6 compared  wi th  a 
ra te  curve  for p la in  steel. The ra te  increases  s lowly 
at first, reaches  a peak  at  about  10 rain,  and  t h e n  
begins  to decrease. The final ra te  is somewhat  lower  
t h a n  tha t  for p la in  steel, bu t  its ra te  of change  wi th  
t ime is abou t  the same. 
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The  first 10 rain the  p r e a d s o r b e d  inh ib i to r  is be ing  
r e m o v e d  f r o m  the  sur face  by  u n d e r m i n i n g ,  and f resh  
surface  is be ing  con t inuous ly  exposed.  A t  the  same 
t ime  a b a r r i e r  l aye r  is f o r m i n g  over  the  sur face  of 
the  steel. A f t e r  about  10 m i n  of r eac t ion  the  effect 
becomes  p r e d o m i n a n t  and the  r eac t ion  r a t e  begins  
to decrease .  Thus  p ro tec t ion  of the  s teel  func t ions  
s i m u l t a n e o u s l y  t h r o u g h  two  mechan i sms :  adsorbed  
inh ib i to r  and b a r r i e r  l aye r  fo rmat ion .  

Adsorption and inhibitor efficiency data.--The 
data  for  the  adsorp t ion  of the  po la r  o rgan ic  com-  
pounds  are  shown in Tab le  I and tha t  for  the  r e l a -  
t ive  inh ib i to r  efficiencies in Tab le  II. The  su l fona te  
salts  w e r e  found  to be e x t r e m e l y  inso lub le  not  on ly  
in benzene  and w a t e r  bu t  also in al l  the  usua l  sol-  

TaMe I. Amount of inhibitor adsorbed (~M/g)  

C o n c e n t r a t i o n  ( m o l a r  • los) 10 5 2.5 1.25 0.63 0.31 

Pyrrol id ine  0.99 0.68 0.61 0.58 0.78 0.80 
Piper idine 0.65 0.80 - -  0.71 0.68 0.63 
Hexamethy len imine  0.68 0.59 0.64 0.61 0.68 0.45 
Heptamethy len imine  0.45 0.46 0.49 0.38 0.47 0.41 
1, 4, 4 Tr imethy lp ipe r -  

idine 0.61 0.60 0.65 0.61 0.52 0.34 
1-Benzylpiperidine 0.27 0.25 0.23 0.22 0.19 0.15 
Dial ly lamine 0.97 0.54 0.56 0.44 0.31 - -  
Te t rahydrofuran  1.42 1.16 1.14 1.11 1.17 1.35 
Te t rahydropyran  0.17 0.30 0.34 0.35 - -  0.61 
Tet rahydroth iophene  0.34 0.56 0.43 0.38 0.21 0.20 

Table II. Relative inhibitor efficiency 

C o n c e n t r a t i o n ( m o l a r  • 10s) l 0  5 2.5 1.25 0.63 0.31 0.16 

Pyrrol id ine  0.43 0.27 0.21 0.14 0.16 0.03 - -  
Piperidine 0.31 0.42 0.37 0.38 0.27 0.31 - -  
Hexamethy len imine  0.61 0.57 0.62 0.62 0.55 0.50 - -  
Heptamethy len imine  0.83 0.61 0.72 0.81 - -  0.04 - -  
1, 4, 4 Tr ime thy lp ipe r -  

idine 0.51 0.44 0.40 0.46 0.49 0.36 - -  
1-Benzylpiperidine 0.65 0.66 0.58 0.54 0.45 0.37 - -  
Dial]ylamine 0.55 0.32 0.36 0.15 0.06 0.00 - -  
Te t rahydrofuran  0.37 - -  0.38 0.20 0.24 0.03 - -  
Te t rahydropyran  0.11 0.15 0.16 0.12 - -  0.15 - -  
Tet rahydroth iophene  0.27 0.37 0.40 0.32 0.27 0.11 - -  
Te t radecyl -benzene  

Sodium Sulfonate 0.42 0.40 0.41 0.41 
Dodecyl 0.43 0.34 0.31 0.22 0.06 
Decyl - -  0.55 0.40 0.37 0.34 0.12 - -  
Octyl - -  0.61 0.35 0.20 0.04 0.02 - -  
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vents .  For  this  reason  adsorp t ion  curves  could not  
be ob ta ined  for  these  compounds .  H o w e v e r ,  t hey  
w e r e  s l igh t ly  so luble  in 1N H~SO4 so tha t  r e l a t i v e  
inh ib i to r  eff iciency cu rves  could  be ob ta ined  w i t h  the  
inh ib i to r  in situ. These  da ta  are  also g iven  in Tab le  
II. 

A typ ica l  adsorp t ion  i so the rm and a r e l a t i ve  in -  
h ib i to r  efficiency c u r v e  are  shown in Fig. 7. 

The  adsorp t ion  of the  he te rocyc l i c  amines ,  p y r -  
rol idine ,  p iperd ine ,  h e x a m e t h l e n i m i n e ,  and h e p t a -  
m e t h y l e n i m i n e  was  not  d e p e n d e n t  on the  n u m b e r  of 
ca rbon  a toms in the  mo lecu l e  and on ly  s l igh t ly  on 
the  m o l e c u l a r  c ross - sec t iona l  area.  The  a p p r o x i m a t e  
c ross - sec t iona l  a reas  of al l  compounds  s tud ied  w e r e  
d e t e r m i n e d  f r o m  S t u a r t  and  Br i eg l eb  a t o m  mode l s  
(ob ta ined  f r o m  A r t h u r  S. L a P i n e  and Company ,  
Chicago) ,  and are  g iven  in Tab le  III. P h o t o g r a p h s  
w e r e  m a d e  of each  mode l  w i t h  the  c a m e r a  lens  in 
the  posi t ion of a m e t a l  su r face  a tom onto w h i c h  the  
po la r  mo lecu le  had adsorbed.  L ine  d r a w i n g s  w e r e  
m a d e  f r o m  the  pho tog raphs  and  the  c ross - sec t iona l  
a rea  ca lcu la ted  a s suming  tha t  the  mo lecu l e  was  f r ee  
to ro ta t e  about  the  cen te r  of its e l ec t ron  densi ty .  A 
plot  of the  a m o u n t  of imine  adsorbed  vs. a rea  is 
shown in Fig. 8. It  is seen tha t  the  l a rge  mo lecu l e  
adsorbs  less bu t  only  s l igh t ly  so. F r o m  the  areas  per  
mo lecu l e  and the  n i t r o g e n  adsorp t ion  a rea  of the  
meta l ,  it was  ca l cu la t ed  tha t  a p p r o x i m a t e l y  two  l a y -  
ers of inh ib i to r  adsorbed  in each  case. 

The re  is a m a r k e d  d i f fe rence  b e t w e e n  the  adsorp -  
t ion  behav io r s  of these  cycl ic  imines  and the  h igh  
m o l e c u l a r  w e i g h t  a l ipha t ic  amines  s tudied  ea r l i e r  
(1) .  Both  adsorp t ion  da ta  and r e l a t i v e  inh ib i to r  
efficiency data  show tha t  al l  the  imine  is i r r e v e r s i b l y  
adsorbed  (no te  the  p l a t eaus  in Fig.  7) .  The  a l ipha t ic  
amines  adsorbed  in e v e r y  case about  the same  

PYRROLtDINE 
r =3.8~, A =45.4~,' 

0 I 2 3 4 5 6 7 8 9 I0 
ANGSTROMS 

Table III. Molecular areas obtained from maximum radii using 
atom models 

r ( A )  A (A~) 

Piper id ine  4.3 58.1 
Hexamethy len imine  4.0 50.3 
Heptamethy len imine  5.3 88.2 
Te t rahydrofuran  3.4 36.3 
1-Benzylpiperidine (Extended)  6.8 145.3 
Te t rahydropyran  4.2 55.4 
1-Benzylpiperidine (Close-Packed)  5.3 88.2 
1, 4, 4 Tr imethylp iper id ine  4.4 60.8 
Tet rahydroth iophene  4.0 50.3 
D i a l l y l a m i n e  - -  I ~ I I . 3 A ,  h ~ 5.2A, A = 58.8A ~ 
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a m o u n t  i r r e v e r s i b l y  and  an  a d d i t i o n a l  amoun t ,  eas i ly  
deso rbed ,  t h a t  i nc r ea sed  w i t h  the  m o l e c u l a r  w e i g h t  
of t he  amine .  This  d i f fe rence  can  be a t t r i b u t e d  to 
two  th ings :  (a )  t he  s e c o n d a r y  n i t r o g e n  a t o m  of t he  
imines  has  a g r e a t e r  e l e c t r o n  d e n s i t y  for  c o o r d i n a t -  
ing w i t h  m e t a l  su r f ace  a toms,  and  (b)  t he  shor t ,  
r ig id ,  n e a r l y  p l a n a r  h y d r o c a r b o n  ta i l s  of t he  imines  
do no t  i n t e r t w i n e  and  l ead  to p h y s i c a l  adso rp t ion .  
The  a m i n e s  c h e m i s o r b  less  to beg in  w i t h  and  t h e i r  
longer ,  less r i g id  h y d r o c a r b o n  ta i l s  p r o b a b l y  f o r m  a 
loose, h a p h a z a r d  a r r a n g e m e n t  on top  of t he  c h e m i -  
so rbed  l aye r s .  

The  s m a l l  a m o u n t  of a d s o r p t i o n  of t he  1 -benzy l  
p i p e r d i n e  is due  to i ts  l a r g e  c r o s s - s e c t i o n a l  a rea .  In  
a d d i t i o n  the  e l e c t r o p h y l i c  p h e n y l  g r o u p  t ends  to 
r educe  the  e l ec t ron  d e n s i t y  on the  n i t r o g e n  a tom.  
The  h igh  d e g r e e  of a d s o r p t i o n  of the  t e t r a h y d r o f u r a n  
is due  to i ts  sma l l  c ro s s - s ec t i ona l  area .  T h e r e  w e r e  
e v i d e n t l y  a r e a s  on the  su r f ace  a v a i l a b l e  to i t  t ha t  
w e r e  no t  a v a i l a b l e  to the  o t h e r  molecules .  

T e t r a h y d r o t h i o p h e n e  e x h i b i t e d  a s u r p r i s i n g l y  
s m a l l  d e g r e e  of adso rp t ion .  H o w e v e r ,  t he  c o m p o u n d  
is e x t r e m e l y  vola t i le .  The  s i m p l e  a d s o r p t i o n  e q u i p -  
m e n t  used  in t hese  e x p e r i m e n t s  was  no t  de s igned  
for  use  w i t h  vo l a t i l e  compounds .  

The  r e l a t i v e  i n h i b i t o r  eff iciency of the  he t e roc yc l i c  
imines  is a func t ion  of t he  n u m b e r  of c a rbon  a toms  
in the  r ing .  This  is shown  in Fig.  9 and  for  c o m p a r i -  
son the  d a t a  for  t he  n - a l i p h a t i c  amines  t a k e n  f r o m  
H a c k e r m a n  and  Cook ' s  da ta .  The  a m i n e s  also show a 
l i n e a r  d e p e n d e n c e  on t h e  n u m b e r  of c a rbon  a toms  
for  oc . ty lamine  t h r o u g h  t e t r a d e c y l a m i n e  b u t  d e -  
c i d e d l y  less  p r o t e c t i o n  for  h e x a d e c y l a m i n e  and  oc ta -  
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Fig. 9. e ,  H e t e r o c y c l i c  im ines ;  o, a l i p h a t i c  am ines ;  �9 a l -  
ky l  a ry l  sod ium su l fona tes .  

d e c y l a m i n e .  L e v i n e  and  Z i s m a n  (6)  found  s i m i l a r  
b e h a v i o r  for  n - a l i p h a t i c  acids,  a lcohols ,  and  amines .  
T h e y  no ted  a m a r k e d  change  in t he  k ine t i c  coeffi- 
c ien t  of f r i c t ion  a n d  con tac t  ang le  for  those  of 14 or  
more carbon atoms and attributed this to a transition 
between monolayers which were liquid condensed 
and those which were solid? It is seen that the 
imines increase in efficiency about 20% on the addi- 
tion of a methyl group, while the amines below 
hexadecylamine increase by only about 5 %. 

The imines are relatively good inhibitors. This is 
in consonance with the fact that secondary amines 
inhibit better than primary amines. An additional 
increase in efficiency in going to the tertiary com- 
pound can be seen by comparing 1,4,4-trimethyl- 
piperdine with piperdine. It should be noted that 
there is a greater increase on adding a methyl group 
to the ring than to the nitrogen atom. Thus, 

piperdine < 1,4,4-trimethylpiperdine 

hexamethylenimine 

The data for the two oxygen compounds is not 
straightforward. The high relative protection of the 
tetrahydrofuran is because of the high degree of ad- 
sorption observed. The relative inhibitor efficiency 
of the tetrahydrothiophene was very good even 
without considering the reduced adsorption of the 
compound due to its volatility. If the ratio of effi- 
ciency to amount adsorbed is considered, the order 
is 
tetrahydrofuran < pyrrolidine < tetrahydrothiophene 

In analyzing the data for the alkyl aryl sodium 
sulfonates two things must be considered: (a) the 
inhibitor is in the solution and not preadsorbed, and 
(b) the sulfonate salts are very insoluble compared 
to the other compounds studied. A plot of relative 
inhibitor efficiency against the number of carbon 
atoms in the alkyl chain is shown in Fig. 9. Like the 
amines, the increase is about 5% per methyl group. 

Thus we see that homologous series of three types 
of compounds: heterocyclic imines, aliphatic amines, 
and alkyl aryl sulfonates exhibit a linear dependence 
of relative inhibitor efficiency on the number of car- 
bon atoms in the molecule. This cannot be attributed 

A t  f i rs t  g l a n c e ,  i t  s e e m s  t h a t  t h e  s h a r p  d r o p  fo r  h e x a d e c y l a m i n e  
a n d  o c t a d e c y l a m i n e  a m i n e  cou ld  be  a s c r i b e d  to m i c e l l e  f o r m a t i o n  
in  t h e  s o l u t i o n  or  to  r e d u c e d  so lub i l i t y .  H o w e v e r ,  i t  s hou ld  be  n o t e d  
t h a t  t h e  a d s o r p t i o n  i n c r e a s e d  r e g u l a r l y  w i t h  m o l e c u l a r  w e i g h t  a n d  
w h a t  is s h o w n  in  F i g .  9 is a r e d u c t i o n  i n  ef fec t .  S i m i l a r l y ,  L e v i n  
a n d  Z i s m a n  (6) d e s c r i b e  a r e d u c t i o n  i n  e f fec t ,  as  d i d  M a r s h  (7 ) ,  i n  
c o n n e c t i o n  w i t h  a d i s c o n t i n u o u s  c h a n g e  i n  oiI  w e t t i n g  p r o p e r t i e s .  
T h e r e f o r e ,  t h e  r e a s o n  c o u l d  j u s t  as w e l l  l i e  i n  a t w o - d i m e n s i o n a l  
p h a s e  c h a n g e  f o r  i n s t a n c e .  In  a n y  e v e n t ,  t h i s  is a p r o b l e m  w h i c h  
is  o u t s i d e  t h e  scope  of  t h e  p r e s e n t  w o r k .  



Vol. 107, No. 4 A D S O R P T I O N  O F  P O L A R  

to an  increase  in ba r r i e r  l ayer  res is tance  due to 
longer  cha in  l eng th  on ascending  the homologous 
series, since the  amines  wou ld  t h e n  be expected  to 
show a g rea te r  effect t h a n  the  imines .  The e x p l a n a -  
t ion  lies in  a more  f u n d a m e n t a l  p rope r ty  of the  
molecule .  

One possible e x p l a n a t i o n  lies in  the c h a r g e - t r a n s -  
f e r - n o - b o n d  adsorp t ion  complex  theory  advanced  by  
Matsen,  Makrides ,  and  H a c k e r m a n  (8) .  This  pos tu -  
lates tha t  on chemical  adsorp t ion  a surface  complex  
is formed b e t w e e n  adsorba te  and  adso rben t  whose 
g r o u n d  state  is charac ter ized  by  a l i nea r  combina t ion  
of wave  func t ions  for a n o - b o n d  state  and  a da t ive  
state. The da t ive  s tate  lies above the n o - b o n d  state  
by  an  a m o u n t  equa l  to IB --  (EA + Ec) whe re  IB is the  
ioniza t ion  ene rgy  of the adsorbate ,  a Lewis  base, EA 
the  e lec t ron affinity of the  metal ,  a Lewis  acid, and  
Ec the Coulombic in t e rac t ion  energy.  For  a g iven  
me ta l  wi th  a series of polar  inhib i tors ,  the  va lue  of 
(EA + Ec) should  be constant ,  bu t  the  va lue  of IB 
wi l l  v a r y  f rom inh ib i t o r  to inhib i tor .  A lower  va l ue  
of I~ resul t s  in  a lower  va lue  of the  ene rgy  of the 
da t ive  s tate  and  consequen t ly  a lower  va lue  of the 
ene rgy  of the  g round  state. A lower  g round  state  
ene rgy  is reflected in  a s t ronger  bond  of chemiso rp -  
t ion  and  a g rea te r  r e l a t ive  inh ib i to r  efficiency. 

A nuc leophy l i c  m e t h y l  group tends  to increase  the  
e lec t ron  dens i ty  on the po la r  group of organic  in -  
hibi tors .  This  is observed  as a decrease  in ion iza t ion  
po ten t i a l  of each h igher  m e m b e r  of a homologous  
series. Data  for the  compounds  s tudied  here  are not  
avai lable ,  b u t  va lues  of the  ioniza t ion  po ten t ia l s  of 
some low molecu l a r  we igh t  amines  were  made  ava i l -  
able  by  Matsen  (9) .  These va lues  are:  

G r o u p  M o n o  D i  T r i  

Methyl 8.97• 8 .24+- -0 .02  7.82___0.02 
Ethyl  8.86__0.02 8 . 0 1 _ _ 0 . 0 1  7.50___0.02 
Propyl  8.78• 7.84--+0.02 7.23-+ ? 
Butyl  8.71-+0.03 7.69-+0.03 

A plot  of these is shown in  Fig. 10. Thus  it  is seen 
tha t  the change  in  ioniza t ion  ene rgy  in  ascending  a 
homologous series of amines  is abou t  the  same per  
m e t h y l  group bu t  tha t  the  va lue  of the ion iza t ion  
ene rgy  is d e p e n d e n t  on w h e t h e r  the  amine  is p r i -  
mary ,  secondary,  or t e r t i a ry .  

The induc t ive  effect of a m e t h y l  group,  wi th  its 
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Fig. 10. e, Primary amines; o, secondary amines; A, ter- 
tiary amines. 
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a t t e n d e n t  decrease in  ioniza t ion  po ten t i a l  of the  po-  
lar  group,  is thus  a possible e xp l a na t i on  of the  l i nea r  
dependence  of re la t ive  inh ib i to r  efficiency on the  
n u m b e r  of ca rbon  a toms in  the  molecule .  In  the  he -  
terocyclic  imines  the  change  in  re la t ive  inh ib i to r  
efficiency per  m e t h y l  group is a lmost  20% reflect ing 
the fact  tha t  each ca rbon  in  a r ing  compound  is able  
to exer t  an  i nduc t ive  effect a long both  sides of the 
cha in  back  to the  t e r m i n a l  group.  The va lue  of 5% 
for the amines  resu l t s  f rom the  decrease in  i nduc t ive  
effect as add i t iona l  ca rbon  atoms are  in t e r spe r sed  in  
the  chain.  The same  is t rue  for the  a lky l  a ry l  su l -  
fonates.  The pa ra  polar ized be nz e ne  nucleus .  

h y d r o c a r b o n  cha in  + ~ :  - polar  g roup  

is such tha t  the i nduc t ive  effect is t r a n s m i t t e d  across 
it, even  though  the  benzene  r ing  is an  e lec t rophyl ic  
group.  

Conclusions 
1. In  these e x p e r i m e n t s  the ra te  of h y d r o g e n  

evo lu t ion  f rom reduced  p l a in  steel  powder  in  1N 
H2SO, is a f unc t i on  of ( ln  t / t ) .  Also, the  steel  was  
pro tec ted  by  b a r r i e r  l ayer  fo rma t ion  and  by  ad -  
sorbed inh ib i to r  s imul t aneous ly ,  w h e n  the  l a t t e r  was  
present .  

2. The heterocycl ic  n i t rogen ,  oxygen,  and  su l fu r  
compounds  inves t iga ted  here  exh ib i t  chemisorp t ion  
u n d e r  the  e x p e r i m e n t a l  condi t ions  imposed.  

3. Over  a r a nge  of molecu la r  weights  in  an  
homologous  series of heterocycl ic  imines ,  a l iphat ic  
amines ,  and  a lky l  a ry l  sulfonates ,  the re la t ive  i n -  
h ib i to r  efficiency is a l i nea r  f unc t i on  of the  n u m b e r  
of ca rbon  a toms in  the  molecule.  

4. A possible  e x p l a n a t i o n  of this  is the  i nduc t ive  
effect of a m e t h y l  group wi th  its a t t e n d e n t  decrease 
in  ioniza t ion  po ten t i a l  of the  polar  group.  
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ABSTRACT 

The mechanism of the i ron-hydrogen  sulfide reaction was studied in  the 
500~176 tempera ture  range for a total gas pressure of 1 arm. The rate of at-  
tack was essentially constant  ( l inear law),  and the corrosion scale was com- 
posed of two layers: a thin dense layer  adjacent  to the metal  and a porous 
layer  with a coarse crystal l ine structure.  These two features which differentiate 
this reaction from. the i ron-su l fur  vapor reaction are interpreted on the basis 
of two main  effects: (a) part ial  blocking of react ion sites by hydrogen pro-  
duced dur ing attack, and occurrence of a reaction at a constant  number  of reac- 
t ion sites; and (b) continuous recrystal l ization of the dense scale into a porous 
scale offering no bar r ie r  to t ranspor t  of reactants. This mechanism is self- 
regulating. 

The following evidence is presented: (a) l inear  Arrhenius  plots were ob- 
tained; (b) essentially the same rate of attack was observed for hydrogen-hy-  
drogen sulfide and he l ium-hydrogen  sulfide mixtures  having the same part ial  
pressure of hydrogen sulfide; and the dependence of rate on hydrogen sulfide 
pressure was accounted for; (c) the attack rate was not affected by the coating 
of specimens with a dense layer of vary ing  thickness obtained by pre l iminary  
attack in  sulfur  vapor; (d) the i ron-su l fur  reaction, which obeys the parabolic 
law of attack, was inhibi ted by hydrogen diffusing from the back of the speci- 
men  surface; (e) recrystal l izat ion of the dense layer  into the porous one was 
observed for specimens aged in hel ium; and (f) aging of iron sulfide with a fine 
crystal l ine s tructure (prepared by sulfur  attack) in the corresponding hydro-  
gen-hydrogen sulfide equi l ibr ium mix ture  caused the scale structure to become 
somewhat coarse. 

Discussion of exper imental  methods covers the following points: (a) meas-  
urements  of the rate of attack with a quartz  spring balance in hydrogen-hydro-  
gen sulfide and he l ium-hydrogen  sulfide mixtures;  (b) techniques for attack 
in sulfur  vapor followed by hydrogen sulfide attack; (c) use of a mild steel 
cartridge containing l i th ium a luminum hydride in the hydrogen diffusion 
studies; and (d) scale thickness studies. 

The  i r o n - h y d r o g e n  sulfide reac t ion  at  e levated  
t e m p e r a t u r e s  has two u n u s u a l  fea tures  which  dis-  
t i ngu i sh  it f rom most  o ther  m e t a l - g a s  reac t ions  w i th  
solid scale fo rmat ion :  (a)  the ra te  of a t tack  becomes 
cons tan t  af ter  a short  t ime  (a few m i n u t e s  above 
500~ i.e., the  a t t ack  follows a l i nea r  law;  and  (b)  
a scale composed of two layers  is formed,  the  l aye r  
ad jacen t  to the  me ta l  hav ing  a fine c rys ta l l ine  s t ruc -  
t u r e  and  the ou te r  l aye r  be ing  of a porous  and  coarse 
s t ruc ture .  [See r ev iew of prev ious  work  in  the r e -  
cent  pape r  of D r a v n i e k s  and  S a m a n s  (1) . ]  In  con-  
trast ,  the  i r o n - s u l f u r  react ion,  according  to Hauffe 
and  Rahme l  (2) ,  fol lows the  n o r m a l  parabol ic  l aw 
of a t tack  (cor respond ing  to a diffusion cont ro l led  
process) wi th  fo rma t ion  of a s ingle  homogeneous  
scale h a v i n g  a fine c rys ta l l ine  s t ruc ture .  The same 
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produc t  of at tack,  i ron sulfide, is ob ta ined  in  both  
reactions,  and  yet  the k ine t ics  are v e r y  different.  
A n  i n t e r p r e t a t i o n  for these differences is g iven  here.  

Recent  k ine t i c  inves t iga t ions  of this  p r o b l e m  were  
made  by  D r a vn i e ks  and  S a m a n s  (1) and  by  Haycock 
(3) .  The m a n u s c r i p t  of the  fo rmer  au thors  was 
ava i l ab le  at the  onset  of our  work  whi le  Haycock 's  
m a n u s c r i p t  became ava i l ab le  in the  fal l  of 1958. 
D r a vn i e ks  a nd  Samans  pos tu la te  a m e c h a n i s m  con-  
t ro l led  by  a surface  reac t ion  which  they  assume to 
be the  dissociat ion of h y d r o g e n  sulfide at  the  scale 
surface.  They  account  for the  t w o - l a y e r  scale by  
assuming  two different  processes, n a m e l y  diffusion 
of sulfide ions in  the  dense  l aye r  and  diffusion of 
fe r rous  ions in  the  coarse layer .  Haycock pos tu la tes  
mixed  cont ro l  by  diffusion of sulfide ions across the  
dense l aye r  a nd  rec rys ta l l i za t ion  of the  dense  l ayer  
into the  porous  layer .  A l i n e a r  l aw is observed  w h e n  
the  dense  l aye r  reaches a cons tan t  thickness .  Con-  
t inuous  rec rys ta l l i za t ion  is g rea t ly  accelera ted  b y  
hydrogen  p roduced  in  the  i r o n - h y d r o g e n  sulfide r e -  
action. Haycock  concludes f rom m a r k e r  e xpe r imen t s  
tha t  sulfide ion is the  diffusing species. This  is ac-  
counted  for b y  the  a s sumpt ion  tha t  the  diffusion ra te  
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for f e r r o u s  ions is d e c r e a s e d  because  of t he  f o r m a -  
t ion  of " E - c e n t e r s . "  By  a n a l o g y  w i t h  o the r  cases  (4) ,  
H a y c o c k  a s sumes  t h a t  E - c e n t e r s  a r e  f o r m e d  by  
t r a p p i n g  of h y d r o g e n  in ca t ion  vacanc ie s  of t he  l a t -  
t ice. 

Our  p u r p o s e  was  to des ign  e x p e r i m e n t s  to d i s -  
c r i m i n a t e  as u n a m b i g u o u s l y  as poss ib le  b e t w e e n  
con t ro l  b y  a su r f ace  r e a c t i o n  and  t h a t  b y  a d i f fus ion 
process  and  to d e t e r m i n e  w h e t h e r  h y d r o g e n  p l a y s  a 
ro le  in r e c r y s t a l l i z a t i o n  of t he  dense  l a y e r  in to  a 
coarse  l a y e r  (no t  o b s e r v e d  w h e n  h y d r o g e n  is not  
p r e s e n t ) .  The  fo l l owing  s tud ies  w e r e  m a d e :  (a )  
con f i rma t ion  of t he  l i n e a r  l a w  at  d i f fe ren t  t e m p e r a -  
tu res  and  d e t e r m i n a t i o n  of the  h e a t  of ac t iva t ion ;  
(b)  a t t a c k  in  m i x t u r e s  of h y d r o g e n  sulf ide  a n d  h y -  
d r o g e n  or  he l i um;  (c)  a t t a c k  of i ron  in su l fu r  v a p o r  
fo l lowed  b y  h y d r o g e n  sulf ide a t t ack ;  (d)  s t u d y  of 
t he  effect of h y d r o g e n  on the  i r o n - s u l f u r  v a p o r  r e a c -  
t ion,  h y d r o g e n  be ing  s u p p l i e d  b y  di f fus ion t h r o u g h  
the  i ron  f r o m  the  u n e x p o s e d  face  of t he  c o r r o d i n g  
spec imen ;  a n d  (e)  d e t e r m i n a t i o n  of  t he  sca le  t h i c k -  
nesses  a n d  effect  of ag ing  on the  t w o - l a y e r  scale.  

E x p e r i m e n t  (a )  w o u l d  g ive  an  i nd i ca t i on  of 
m i x e d  con t ro l  b y  two  p rocesses  h a v i n g  d i f fe ren t  
hea t s  of a c t i va t i on  if a n o n l i n e a r  A r r h e n i u s  p lo t  
w e r e  ob ta ined .  The  c o m b i n a t i o n  of e x p e r i m e n t s  ( b ) ,  
(c ) ,  and  (d )  shou ld  a l l ow d i s c r i m i n a t i o n  b e t w e e n  
con t ro l  b y  a su r face  r e a c t i o n  a n d  b y  diffusion.  E x -  
p e r i m e n t  (e )  shou ld  p r o v i d e  d i r ec t  e v i d e n c e  of  r e -  
c ry s t a l l i z a t i on .  

Experimental Methods 
At tack  in Hydrogen Sulfide and 
Hydrogen Sul f ide-Hydrogen or 

Hydrogen Sul f ide-Hel ium Mixtures  

Rates  of a t t a c k  w e r e  d e t e r m i n e d  f r o m  the  i n c r e a s e  
in spec imen  we igh t .  The  s p e c i m e n  in the  l o w e r  V y -  
cor  r e a c t i o n  c h a m b e r  (Fig .  1A) was  s u s p e n d e d  on a 
fine V y c o r  f iber  a t t a c h e d  to a q u a r t z  s p r i n g  ( o b -  
t a i n e d  f r o m  W o r d e n  L a b o r a t o r i e s ,  Hous ton ,  T e x a s ) .  
The  q u a r t z  sp r ing  e x t e n d e d  on ly  in t he  u p p e r  P y r e x  
c h a m b e r  and  was  e s s e n t i a l l y  a t  r o o m  t e m p e r a t u r e ;  
i.e., no t e m p e r a t u r e  co r r ec t i on  in t he  c a l i b r a t i o n  was  
necessa ry .  The  e longa t i on  of t he  sp r ing  was  m e a s -  
u r e d  w i t h  a c a t h e t o m e t e r  ( G a e r t n e r ,  Ch icago )  w i t h  
an  e r r o r  no t  e x c e e d i n g  0.05 mg for  spec imens  w e i g h -  
ing a p p r o x i m a t e l y  0.5 g. 

The  c h a m b e r  w i t h  i ts gas  p r e h e a t e r  coil  was  con-  
nec t ed  to a gas  m i x i n g  s y s t e m  w h i c h  could  s u p p l y  
h y d r o g e n  and  m i x t u r e s  of h y d r o g e n  sulf ide w i t h  
e i the r  h y d r o g e n  or  he l ium.  Traces  of o x y g e n  in t he  
e l e c t ro ly t i c  g r a d e  h y d r o g e n  ( M a t h e s o n )  w e r e  r e -  
m o v e d  b y  pas s ing  t h e  gas  t h r o u g h  a "Deoxo"  c a t a l y s t  
c a r t r i d g e  ( o b t a i n e d  f rom E n g e l h a r d  Indus t r i e s ,  Inc., 
N e w a r k ,  N. J . ) .  H y d r o g e n  sulf ide and  h e l i u m  w e r e  
used  as s u p p l i e d  in t a n k s  ( M a t h e s o n ) .  The  c o m p o s i -  
t ion of the  gas  m i x t u r e s  was  c o n s t a n t l y  c o n t r o l l e d  
(a)  f r o m  the  i n d i v i d u a l  flow ra tes ,  as m e a s u r e d  
w i t h  d i f f e r en t i a l  p r e s s u r e  m a n o m e t e r s ,  in  t h e  d e t e r -  
m i n a t i o n  of t he  h e a t  of ac t iva t ion ,  a n d  (b )  b y  a 
sens i t i ve  t h e r m a l  c o n d u c t i v i t y  ce l l  in  t h e  c o m p a r i s o n  
of a t t a c k  r a t e s  for  h y d r o g e n - h y d r o g e n  sulf ide  and  
h e l i u m - h y d r o g e n  sulf ide m i x t u r e s .  A gas  r e s e r v o i r  
w i t h  t w i c e  t he  c a p a c i t y  of the  r e a c t i o n  c h a m b e r  was  
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Fig. I(A). Apparatus for the study of the reaction of iron 
with hydrogen sulfide and mixtures of hydrogen sulfide and 
hydrogen or hydrogen sulfide and helium. F, specimen; S, 
quartz spring; P, gas preheater coil. Fig. I(B). Apparatus for 
mixed attack experiments and for hydrogen diffusion ex= 
periments. F, iron cartridge or other specimen; S, quartz 
spring; E, sulfur pool; P, gas preheater coil; M, platinum 
wire marker. 

i n s e r t e d  b e t w e e n  t h e  c h a m b e r  and  the  m i x i n g  sys -  
t em.  The  gas  r e s e r v o i r  was  used  in the  i n i t i a t i on  of 
t h e  reac t ion .  T h e  r e a c t i o n  c h a m b e r  was  b y p a s s e d  
d u r i n g  the  a d j u s t m e n t  of t h e  gas  m i x t u r e  c o m p o s i -  
t ion.  

S p e c i m e n s  w e r e  m a d e  of s p e c t r o s c o p i c a l l y  p u r e  
i ron  sheets ,  for  w h i c h  the  s u p p l i e r s  ( J a r r e l l  A s h  Co., 
N e w t o n v i l l e ,  M a s s a c h u s e t t s )  gave  the  fo l lowing  
ana lys i s :  4 p p m  Mn;  2 p p m  Ni, St, Mg;  1 p p m  Cu, 
Ag,  Na,  Li;  o t h e r  m e t a l s  w e r e  no t  d e t e c t e d  s p e c t r o -  
scopica l ly .  T h e  s p e c i m e n  d i m e n s i o n s  of a p p r o x i -  
m a t e l y  0.05 x 0.7 x 1.4 cm w e r e  d e t e r m i n e d  accu -  
r a t e l y  w i t h  a m i c r o m e t e r .  S p e c i m e n s  w e r e  w a s h e d  in 
p e t r o l e u m  e t h e r  and  ace tone  b e f o r e  use.  

A f t e r  i n t r o d u c t i o n  of t he  spec imen  in t he  r e a c -  
t ion  c h a m b e r  t he  en t i r e  flow s y s t e m  was  e v a c u a t e d  
to a p r e s s u r e  b e l o w  1 mm.  The  absence  of l e a k s  was  
a sce r t a ined ,  a n d  the  s y s t e m  was  f lushed r e p e a t e d l y  
w i t h  h y d r o g e n  and  f ina l ly  e v a c u a t e d  again .  H y d r o -  
gen  t h e n  was  pa s sed  t h r o u g h  a t  a r a t e  of  a p p r o x i -  
m a t e l y  200 m l / m i n  ( l i n e a r  ve loc i t y  of a p p r o x i -  
m a t e l y  1 cm sec-1), and  t h e  f u r n a c e  w a s  b r o u g h t  to 
t he  d e s i r e d  t e m p e r a t u r e .  R e d u c t i o n  of t r aces  of 
ox ide  on the  s p e c i m e n  f o l l o w e d  for  2 h r  a t  500~ or  
a h i g h e r  t e m p e r a t u r e .  A f t e r  r e m o v a l  of h y d r o g e n  b y  
evacua t ion ,  t h e  gas  m i x t u r e  was  pa s sed  t h r o u g h  the  
c h a m b e r  at  t he  r a t e  of 200 m l / m i n ,  a n d  the  a t t a c k  
w a s  f o l l o w e d  as  d e s c r i b e d  above .  

Mixed  At tack  

E x p e r i m e n t s  in w h i c h  a t t a c k  b y  su l fu r  v a p o r  was  
fo l l owed  b y  h y d r o g e n  sulf ide  a t t a c k  i n v o l v e d  one 
diff iculty,  n a m e l y ,  t h a t  to avo id  condensa t ion ,  no 
p a r t  of t he  a p p a r a t u s  cou ld  be  co lde r  t h a n  the  vesse l  
in w h i c h  su l fu r  was  vapo r i zed .  The  P y r e x  c h a m b e r  
of Fig .  1B w a s  c o n s t r u c t e d  w i t h  t h e  u p p e r  end  open.  
S u l f u r  was  i n t roduced ,  a n d  the  spec imen ,  s u s p e n d e d  
on a q u a r t z  spr ing ,  was  h u n g  on an  i n v e r t e d  U - r o d .  
The  top  of t he  c h a m b e r  t hen  was  sealed.  P r o c e d u r e s  
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for the  p u r g i n g  and  r educ t ion  were  the same as for 
the  h y d r o g e n  sulfide at tack.  Af te r  r educ t ion  of the 
specimen,  the  c h a m b e r  was  filled wi th  h e l i u m  a nd  
sealed at  the  cons t r ic ted  sect ions of the  side arms,  
the  u p p e r  pa r t  of the  c h a m b e r  be ing  m a i n t a i n e d  al l  
the  t ime  at  575~ The lower  f u r n a c e  was  raised 
a r o u n d  the  su l fu r  rese rvo i r  and  hea ted  to 230~ 
Vapor ized su l fu r  condensed  in  the  sect ion of the  
c h a m b e r  ( b e t w e e n  the  two fu rnaces ) ,  a p p r o x i m a t e l y  
2 in. in  length ,  which  r e m a i n e d  cool d u r i n g  the  
w a r m - u p  of the lower  furnace .  Hea te r  sleeves were  
s l ipped over  the side a rms  to avoid su l fu r  condensa -  
t ion. Af te r  the  lower  fu rnace  reached  230~ a 
hea te r  c l amp was p laced  a r o u n d  the  exposed m i d -  
section, and  a t t ack  of the  spec imen  was  in i t ia ted .  
This me thod  reduced  the  u n c e r t a i n t y  of the  zero 
t ime  to a few minu tes .  

Af te r  the  des i red increase  in  weight ,  as fol lowed 
by  the  ca the tomete r ,  had  been  reached,  su l fu r  a t tack  
was s topped by  r emova l  of the lower  furnace ,  the 
uppe r  f u r n a c e  r e m a i n i n g  at  575~ The hea te r  
sleeves were  r emoved  and  the  gas flow system, dis-  
cussed above,  was connec ted  to the  s idearms  wi th  
t h i c k - w a l l e d  Tygon  tub ing .  The sys tem then  was 
evacua ted  and  pu rged  wi th  hydrogen .  The h y d r o -  
g e n - h y d r o g e n  sulfide m i x t u r e  of p rev ious ly  ad jus ted  
composi t ion  was  in t roduced  in  the c h a m b e r  by  the  
snapp ing  of the  s idea rm t ips ins ide  the Tygon  t u b -  
ing at the  in le t  and  outlet .  Rates  of a t t ack  were  de-  
t e r m i n e d  f rom ca the tomete r  read ings  at a gas flow 
ra te  of 200 m l / m i n .  

Influence o] Dif]using Hydrogen on the Iron-Sulfur 
and Iron-Hydrogen Sulfide Reactions 

The effect of h y d r o g e n  diffusing f rom the  back  of 
the spec imen  surface  d u r i n g  a t tack  in  su l fu r  vapor  
was studied.  The spec imen  was  a mi ld  ca rbon  steel 
car t r idge,  4 x 20 m m  wi th  a bore of 2 m m  diameter ,  
con ta in ing  20 mg of l i t h i u m  a l u m i n u m  hydr ide .  The 
air  in  the  car t r idge  was flushed wi th  h e l i u m  whi le  
the  m o u t h  was  c r imped  together .  The ca r t r idge  was  
i m m e d i a t e l y  sealed wi th  an  ace ty lene  torch, the  
lower  pa r t  of the ca r t r idge  be ing  kept  cold in  water .  
A p l a t i n u m  wi re  was a t tached  to the  top of the  
car t r idge  for suspens ion  purposes,  and  the  wi re  and  
sealed por t ion  of the  ca r t r idge  were  masked  w i t h  a 
porce la in  cemen t  ( S a u r e i s e n ) .  The  cemen t  was  a l -  
lowed to h a r d e n  in  air  for at least  24 hr  before  the  
car t r idge  was  used. I m m e d i a t e l y  before  use, the  
car t r idge  was pol ished wi th  B e h r - M a n n i n g  400A 
sandpape r  and  j ewe le r ' s  rouge cloth and  then  
washed  wi th  acetone and  p e t r o l e u m  ether.  

The  ca r t r idge  and  a long p l a t i n u m  wi re  were  sus-  
pended  on a quar tz  spr ing  ins ide  a P y r e x  t ube  whose 
bo t tom had  been  filled p rev ious ly  wi th  su l fu r  (Fig. 
1B). This  P y r e x  t ube  was  p rov ided  wi th  an  in le t  and  
out le t  for hydrogen .  The tube  t hen  was  sealed at the 
top and  placed in  a furnace .  The ca r t r idge  was  r e -  
duced for 2 hr  in  a s t r eam of hydrogen ,  the  lower  
pa r t  of the  reac t ion  t u b e  r e m a i n i n g  at  room t e m -  
pe ra tu re .  Af te r  reduct ion ,  the  fu rnace  was  cooled 
and  the  t ube  was  removed.  The  h y d r o g e n  r e m a i n i n g  
in  the  t ube  was  rep laced  wi th  he l ium,  and  the  gas 
in le t  and  out le t  were  sealed off and  shor tened  so 
tha t  they  wou ld  not  p r o t r u d e  outs ide the  furnace .  

D 
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Fig. 2(A). Apparatus for measuring rates of hydrogen dif- 
fusion through iron and iron sulfide. S, quartz spring; F, 
cartridge; E, sulfur pool; M, platinum wire marker; H, dif- 
ferential pressure manometer; Q, tube containing the refer- 
ence volume of gas at the same temperature as the cartridge. 
Fig. 2(B). Apparatus for scale" studies. F, specimens; W, 
chromel wires; T, thermocouple; C, detachable casting tubes 
containing sulfur; D, rubber stoppers; R, cooler. 

Su l fu r  a t tack  fo l lowed according to the p rocedure  
descr ibed in  the  p rev ious  section. 

In  some e x p e r i m e n t s  wi th  b l a n k  cartr idges,  i.e., 
w i thou t  l i t h i u m  a l u m i n u m  hydr ide ,  the reac t ion  
t ube  was  evacua ted  af ter  h y d r o g e n  reduc t ion  and  
kept  at  a p ressure  of 0.02 m m  for  8 hr  to remove  the  
hyd rogen  which  had  diffused into the  metal .  

E x p e r i m e n t s  on the effect of hydrogen  diffusion 
on hyd rogen  sulfide a t tack  invo lved  the same p ro -  
cedure  as descr ibed  above for spectroscopical ly  pu re  
specimens  except  tha t  car t r idges  were  uti l ized.  

DiLfusion of Hydrogen in Iron and Iron Sulfide Scale 

Rates  of h y d r o g e n  diffusion t h r ough  i ron wi th  or 
wi thou t  fe r rous  sulfide scale were  ob ta ined  wi th  the  
c h a m b e r  of Fig. 2A. The in i t i a l  steps were  the same 
as in  the p reced ing  section. Af te r  reduct ion,  h y d r o -  
gen was replaced  by  h e l i u m  in the  chamber .  The side 
a r m  on the left  was  sealed off close to the  wal l  of the  
chamber ,  and  the  smal l  s idea rm p r o t r u d i n g  f rom 
the U - t u b e  was sealed off at the  constr ict ion.  Con-  
densa t ion  of su l fu r  was p r e v e n t e d  by  a specia l ly  
shaped heater .  S u l f u r  vapor  a t tack  was carr ied  out  
at 500~ all  the  t ime.  The U - t u b e  was connected,  
a f ter  r emova l  of its heater ,  to a v a c u u m  system wi th  
a th ick  wal l  Tygon  tube.  A smal l  glass bu lb  c o n t a i n -  
ing 5 ml  of m e r c u r y  was also connected  nea r  the  
U - t u b e  and  in  pa ra l l e l  wi th  the  v a c u u m  system. The  
t ip of the s idea rm in  the Tygon  tube  was snapped  
and  the reac t ion  c ha mbe r  was  evacua ted  wi th  the  
forepump.  The su l fu r  reservoi r  was sealed off to 
e l imina te  s u b s e q u e n t  errors  in  p ressure  m e a s u r e -  
m e n t s  as a r e su l t  of gas re lease  f rom the su l fur .  
Evacua t ion  to 1 ~ was  con t inued  wi th  an  oil diffusion 
pump.  Me r c u r y  f rom the smal l  rese rvo i r  was pou red  
th rough  the s idea rm and  into the  U- tube ,  and  the  
s idearm was sealed. An  all glass, comple te ly  sealed 
sys tem wi th  a b u i l t - i n  d i f ferent ia l  p ressure  m a n o -  
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m e t e r  thus  was  ob ta ined .  P r e s s u r e  v a r i a t i o n s  in t he  
r e a c t i o n  c h a m b e r  r e s u l t i n g  f rom h y d r o g e n  di f fus ion 
t h r o u g h  the  c a r t r i d g e  w a l l  w e r e  m e a s u r e d  w i t h  a 
c a t h e t o m e t e r .  

Scale Thickness Studies 

A spec ia l  r e a c t i o n  vesse l  was  des igned  for  scale  
t h i cknes s  s tud ies  to a l l ow r a p i d  cas t ing  of spec imens  
in m o l t e n  su l fur .  F i v e  spec imens  ( o n l y  t h r e e  s h o w n  
in Fig .  2B) w e r e  s u s p e n d e d  on c h r o m e l  w i r e  b y  
m e a n s  of i n s u l a t i n g  glass  hooks.  The  w i r e s  w e r e  
s t r u n g  t h r o u g h  r u b b e r  s toppers .  The  cas t ing  t u b e s  
w e r e  f i l led w i t h  su l fu r  ch ips  w h i c h  w e r e  m e l t e d  
w i t h  a c l a m p  h e a t e r  j u s t  be fo re  t h e  cas t ing  of a 
spec imen .  A f t e r  a t t a c k  in a h y d r o g e n  s u l f i d e - h y d r o -  
gen  m i x t u r e ,  t he  s p e c i m e n  was  l o w e r e d  into  t he  
m o l t e n  su l fur ,  and  the  cas t ing  t u b e  was  a l l o w e d  to 
cool. The  five spec imens  could  be  cas t  a t  d i f fe ren t  
t imes .  The  r e d u c t i o n  in h y d r o g e n  be fo re  a t t a c k  and  
the  a t t a c k  w e r e  conduc t ed  as above .  

The  t e n d e n c y  of t he  scale  to p e e l  off as  a r e s u l t  
of the  t e m p e r a t u r e  change  was  m i n i m i z e d  b y  the  
use  of c u r v e d  spec imens  as sugges t ed  b y  H a y c o c k  
(3 ) .  The  scale  r e m a i n e d  qu i t e  a d h e r e n t  on the  con-  
cave  side. 

M o u n t e d  spec imens  w e r e  cut  w i t h  a h i g h - s p e e d ,  
g l a s s - c u t t e r ' s  saw. The  cross  sec t ion  was  po l i shed  
w i t h  g r a d e d  e m e r y  c lo ths  and  l e v i g a t e d  a l u m i n a  on 
a m e t a l l o g r a p h i c  po l i sh ing  whee l .  A Bausch  and  
L o m b  m e t a l l o g r a p h i c  mic roscope  was  u sed  for  e x -  
a m i n a t i o n  and  p h o t o g r a p h y .  

S p e c i m e n s  o b t a i n e d  in m i x e d  a t t a c k  and  ag ing  
e x p e r i m e n t s  and  c a r t r i d g e s  f r o m  e x p e r i m e n t s  w i t h  
h y d r o g e n  d i f fus ion  w e r e  m o u n t e d  in an  E P O N  res in2  
T h e  p r o c e d u r e  was  as fo l lows:  A d d  9 p a r t s  E P O N  828 
to 1 p a r t  cu r ing  a g e n t  ( D T A ) ;  m i x  wel l ;  p o u r  in to  
m o l d  a r o u n d  t h e  spec imen ;  a l l ow the  E P O N  to cu re  
for  24 h r  a t  r o o m  t e m p e r a t u r e .  

Aging of Scale in Hydrogen-Hydrogen 
Sulfide Mix ture  

S p e c i m e n s  w e r e  a t t a c k e d  in su l fu r  v a p o r  as in t he  
m i x e d  a t t a c k  e x p e r i m e n t s .  A f t e r  a t t ack ,  h y d r o g e n  
w a s  i n t r o d u c e d  in the  c h a m b e r  m u c h  in t he  s ame  
w a y  as h y d r o g e n  sulf ide was  i n t r o d u c e d  in the  m i x e d  
a t t a c k  s tudies ,  and  the  p r e s s u r e  in  t he  c h a m b e r  w a s  
a d j u s t e d  s l i g h t l y  above  a t m o s p h e r i c  p r e s su re .  The  
e q u i l i b r i u m  p a r t i a l  p r e s s u r e  of h y d r o g e n  sulfide,  in 
t he  condi t ions  of th is  e x p e r i m e n t ,  was  qu i t e  i n s ig -  
n i f icant  in  c o m p a r i s o n  w i t h  t he  h y d r o g e n  p r e s s u r e  
(see  be low,  inf luence  of d i f fus ing  h y d r o g e n  on s u l -  
f u r  v a p o r  a t t a c k ) ,  and  this  a l l o w e d  t h e  use  of p u r e  
h y d r o g e n  r a t h e r  t h a n  the  e q u i l i b r a t e d  m i x t u r e  h y -  
d r o g e n - h y d r o g e n  sulfide. A f t e r  aging,  t he  c h a m b e r  
was  a l l o w e d  to cool  s l owly  to r o o m  t e m p e r a t u r e  b e -  
fo re  the  spec imens  w e r e  r emoved .  S p e c i m e n s  t hen  
w e r e  m o u n t e d  in t h e  E P O N  res in .  

Mechanism of the Iron-Hydrogen Sulfide Reaction 
Postulated Mechanism 

The  r e su l t s  of a t t a c k  in h e l i u m - h y d r o g e n  sulf ide  
m i x t u r e s  and  m i x e d  a t t a c k  e x p e r i m e n t s  l ed  us  to 
p o s t u l a t e  a m e c h a n i s m  for  t he  i r o n - h y d r o g e n  sulf ide  

e Cour t e sy  of Dr. E. W. Haycock ,  She l l  D e v e l o p m e n t  Co., E m e r y -  
v i l l e ,  Ca l i fo rn ia .  I n f o r m a t i o n  a b o u t  E P O N  r e s i n s  c a n  b e  o b t a i n e d  

f r o m  t h e  S h e l l  D e v e l o p m e n t  Co. 
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r e a c t i o n  w h i c h  was  f u r t h e r  conf i rmed  b y  e x p e r i -  
m e n t s  on su l fu r  a t t a c k  w i t h  h y d r o g e n  d i f fus ion  and  
e x p e r i m e n t s  on ag ing  of t he  scale.  The  m e c h a n i s m  
is as fo l lows :  

H y d r o g e n  p r o d u c e d  b y  t h e  i r o n - h y d r o g e n  sul f ide  
r e a c t i o n  r e m a i n s  in  l a r g e  p a r t  a d s o r b e d  (or  a s so -  
c ia ted  in some o t h e r  f a sh ion )  w i th  i ron  sulfide.  
The  n u m b e r  of r e a c t i o n  s i tes  a v a i l a b l e  for  a t t a c k  
b y  h y d r o g e n  sulf ide is c o n s i d e r a b l y  d e c r e a s e d  as a 
r e su l t  of h y d r o g e n  adso rp t ion ,  and  a t t a c k  occurs  
at  an  e s s e n t i a l l y  cons t an t  n u m b e r  of r e a c t i o n  si tes,  
i.e., a l i n e a r  l a w  of a t t a c k  is obse rved .  F u r t h e r m o r e ,  
d i f fus ion is no t  r a t e  con t ro l l i ng  (a t  l eas t  a t  suffi-  
c i en t ly  h igh  t e m p e r a t u r e s ,  i.e., above  500~ a p -  
p r o x i m a t e l y )  be c a use  of con t inuous  r e c r y s t a l l i z a -  
t ion of t he  scale  in to  a coarse  l a y e r  w h i c h  offers 
no d i f fus ion b a r r i e r .  The  th i ckness  of the  th in  l a y e r  
is not  suff icient  to cause  d i f fus ion control .  

This  m e c h a n i s m  is s e l f - r e g u l a t i n g  in t h a t  a d e -  
c rease  (or  i nc r ea se )  in r a t e  w o u l d  r e s u l t  in a d e -  
c rease  (o r  i n c r e a s e )  in t he  r a t e  of h y d r o g e n  p r o -  
duc t ion  and,  consequen t ly ,  in an i nc rea se  (or  d e -  
c rease )  in t he  n u m b e r  of r e a c t i o n  sites.  The  l a t t e r  
effect t hen  w o u l d  c o m p e n s a t e  the  in i t i a l  dec rea se  
(or  i nc r ea se )  in r a t e  t h a t  caused  it. 

S u p p o r t i n g  ev idence  wi l l  now be  p r e se n t e d .  

General Characteristics and Ef]ect of Temperature  ~ 

The  two  es sen t i a l  c h a r a c t e r i s t i c s  of t h e  i r o n - h y -  
d rogen  sulf ide  reac t ion ,  l i n e a r  l aw  of a t t a c k  a n d  
f o r m a t i o n  of a t w o - l a y e r  scale,  a re  a p p a r e n t  f r o m  
Fig.  3 and  4. The  s lope  of t he  l og - log  p lo t  Jn Fig.  3 
is qu i t e  c lose  to un i ty ,  i.e., t h e  l a w  of a t t a c k  is 
l inea r .  In  the  e a r l y  s t age  of a t t a c k  (5-15 ra in)  t he  
r a t e  is s o m e w h a t  l a r g e r  t h a n  the  cons t an t  r a t e  o b -  
s e rved  a f t e r w a r d s .  This  effect  causes  t he  s lope  of 
the  l og - log  p lo t  in  Fig .  3 to be  s o m e w h a t  s m a l l e r  
t h a n  un i ty .  The  i n i t i a l  h igh  r a t e  p o s s i b l y  r e su l t s  
f r o m  the  d i f fe rence  in t h e  m e t a l  and  sca le  a reas .  

A t  t e m p e r a t u r e s  b e l o w  500~ p lo t s  of t he  i n -  
c rease  in spec imen  w e i g h t  vs. t ime  e x h i b i t  a m a r k e d  

7 This  sec t ion  based  on  t he  w o r k  of L. t t u l e t t ,  C.. H u d g i n s ,  F.  
H6gl i ,  and  M. Quresh i .  
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Fig. 3. Weight gain of iron ogoinst t ime for reaction in 
hydrogen sulfide at ] atm ot different temperatures. 
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Fig. 4. Photomicrograph of section of specimen after 60 
min exposure to hydrogen sulfide at 1 atm and 649~ Mag- 
nification, 200X before reduction for publication. 

curva ture  [cf. Dravnieks  and Samans (1) and H a y -  
cock (3) ]  which is p robab ly  due to pa r t i a l  diffusion 
control.  

Ar rhen ius  plots for the da ta  on Fig. 3 and s imi lar  
da ta  for a 4:1 hyd rogen -hyd rogen  sulfide mix tu re  
are  l inear  (Fig. 5). Mixed control  of kinet ics  by  
two processes having ra the r  different  heats  of ac-  
t ivat ion is ru led out by  the l inear  plot  of Fig. 5. The 
corresponding heat  of ac t ivat ion is 30 kca l /mole ,  as 
compared to 20 kca l /mo le  according to Dravnieks  
and Samans (1) and 12 kca l /mo le  according to H a y -  
cock (3). The var ia t ion  f rom 30 to 12 kca l /mo le  is 
possibly due to differences in hydrogen  coverage. 
(This point was suggested to us by Dr. Haycock.)  
Indeed, the values  of 30, 20, and 12 kca l /mo le  were  
obtained, respect ively,  in pure  hydrogen  sulfide at  
1 arm, in hydrogen  at  1 a tm wi th  a re la t ive ly  low 
par t i a l  pressure  of hydrogen sulfide, and in hyd ro -  
gen at 600 p.s.c, wi th  hydrogen  sulfide at  0.6 p.s.c. 
If one assumes tha t  hydrogen  desorpt ion is the r a t e -  
de te rmining  step, the foregoing heats  of ac t ivat ion 
correspond to the heats  for hydrogen adsorption.  
The values of 30 to 12 kca l /mo le  then are  of the  
r ight  order  of magni tude,  and the i r  var ia t ion  wi th  
coverage is in the  r ight  direction.  Compare for in-  
stance with  the hea t  for hydrogen  adsorpt ion on 
nickel  which, according to Beeck (5),  decreases  
f rom approx ima te ly  30 kca l /mo le  near  zero cover-  
age to 17 kca l /mo le  near  ful l  coverage. The iron sul-  
fide scale p robab ly  behaves  as a meta l  for hydrogen  
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Fig. 5. Arrhenius plots of the rate constant for attack in 
hydrogen sulfide and in hydrogen-hydrogen sulfide mixture. 

adsorpt ion  because of the  high densi ty  of free elec-  
trons (high conduct ivi ty  of scale) .  

At tack  in Hydrogen Sul f ide-Hydrogen and 
Hydrogen Sul f ide-Hel ium Mixtures  ~ 

It  is wel l  es tabl ished tha t  the ra te  of a t tack of 
iron in hyd rogen -hydrogen  sulfide mix tures  depends 
on the pa r t i a l  pressure  of the gases [cf. Dravnieks  
and Samans  (1) and references  there in] .  The effect 
can be accounted for by  thermodynamics ,  and there  
is l i t t le  doubt  tha t  near  equi l ib r ium a t he rmo-  
dynamic  in te rpre ta t ion  holds. Hydrogen,  however,  
might  act p r imar i ly  as a di lut ing agent  in the  a t -  
tack of iron in hyd rogen -hydrogen  sulfide mix tures  
not near  equi l ibr ium. Essent ia l ly  the same ra te  of 
a t tack  then should be obta ined wi th  h y d r o g e n - h y -  
drogen sulfide and he l i um-hydrogen  sulfide mix tures  
having the same pa r t i a l  pressures  of hydrogen  sul-  
fide, if var ia t ions  in hydrogen  coverage did not 
complicate  matters .  F igure  6 shows tha t  the same 
rates  a re  indeed observed wi th  mix tures  having the 
same pa r t i a l  pressure  of hydrogen sulfide�9 ( Inc iden-  
tal ly,  the  decrease in ra te  at low pa r t i a l  pressures  
of hydrogen  sulfide is not  caused by  deplet ion of 
reactant . )  

These observat ions prec lude  in te rpre ta t ion  based 
on a Wagner  model  for the kinet ics  of at tack,  since 
such a model  presupposes  equi l ib r ium a t ta inment  at  
the meta l - sca le  and gas-scale  interfaces.  Very  dif-  
ferent  ra tes  of a t tack would  be obta ined for a re -  
action obeying a Wagner  model  when hydrogen is 
replaced by helium, especia l ly  for low par t i a l  p res -  
sures of hydrogen sulfide. The data  of Fig. 6 do not 
e l iminate  diffusion as a pa r t i a l  or total  r a t e -con t ro l -  
l ing factor, but  it can be concluded f rom them that  
equi l ib r ium is not reached at  the meta l - sca le  a n d / o r  
scale-gas  interfaces�9 Of course, depa r tu re  from 
equi l ib r ium does not necessar i ly  imply  control  by a 
surface react ion since the  surface react ion might  be 
too fast to be ra te-cont ro l l ing .  

Since, according to our in terpre ta t ion ,  the ra te  of 
a t tack  depends on hydrogen  coverage, Fig. 6 im-  

3 This  sec t ion  based  o n  t he  w o r k  of C. H u d g i n s ,  F. Hfigl i ,  and  L. 
Hule t t .  
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Fig. 6. Rate of attack at 649~ against volume per cent 
of hydrogen sulfide for mixtures of hydrogen sulfide with 
hydrogen or helium. 
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plies tha t  this coverage remains  essent ia l ly  the same 
when hel ium is subs t i tu ted  for hydrogen.  Of course, 
coverage by hydrogen for adsorpt ion equi l ib r ium 
would be affected by such a subst i tu t ion unless full  
coverage were  achieved for the lowest  pa r t i a l  h y -  
drogen pressure.  One then must  assume tha t  ad-  
sorpt ion equi l ibr ium is not reached for hydrogen.  

The data  of Fig. 6 can be in te rp re ted  on the basis 
of the pos tu la ted  mechanism. It  is assumed (a) tha t  
the a t tack  ra te  is p ropor t iona l  to the  pa r t i a l  p res -  
sure of hydrogen sulfide and (b)  tha t  the ra te  is 
p ropor t iona l  to the number  of react ion sites, i.e., the  
"free area." Thus 

v = k p ( 1 - e )  [1] 

where  v is the a t tack  rate,  k a p ropor t iona l i ty  con- 
stant,  8 the "coverage" by  hydrogen,  and p the pa r t i a l  
pressure  of hydrogen  sulfide�9 The coverage by h y -  
drogen increases wi th  the ra te  of product ion of 
hydrogen,  i.e., wi th  v. A r igorous re la t ionship  be -  
tween v and 8 would be complicated because i t  
would include the adsorpt ion isotherms for hydro -  
gen and hydrogen sulfide, or kinet ic  te rms corres-  
ponding to these isotherms, and possibly  other  con- 
s iderat ions for the in terac t ion  be tween  hydrogen and 
the scale [Haycock 's  E-centers  (3 ) ] .  Fur the rmore ,  
the dependence of 8 on p should be considered. This 
dependence is quite minor  for the da ta  of Fig. 6, if 
the  foregoing analysis  is accepted. I t  wi l l  suffice for 
the present  purpose  to assume wi thout  any  claim 
to r igor  that  

= k'v [2] 

By el iminat ion of 8 from Eq. [1] and [2] there  
follows an equation in the form of a Langmui r  iso- 
t he rm (but  the  s imi la r i ty  ends wi th  the form of 
the equat ion)  

kp 
v - [ 3 ]  

1 + kk 'p 

It follows from Eq. [3] tha t  a plot  of p / v  against  
p should be linear�9 This is the case (Fig. 7) for the 
da ta  of Fig. 6. 

Dravnieks  and Samans  (1) also noted tha t  the 
dependence of a t tack  on pressure  obeys a Langmui r  
i sotherm type  of equation, and, in fact, they  r e -  
por ted  l inear  plots of p / v  against  p. Their  exp lana -  
tion, however,  is different  from the one offered here. 

Mixed  At tack  9 

Rather  conclusive proof of the absence of diffusion 
control  was obtained f rom mixed  a t tack  exper i -  
ments. Data for a t tack  in hyd rogen -hydrogen  sul-  
fide mix tures  (4: 1) a re  given in Fig. 8 for specimens 
wi th  different  ini t ia l  thicknesses of i ron sulfide scale 
(as obta ined by p r e l i m i n a r y  a t tack  in sul fur  vapor ) .  
Af te r  an ini t ia l  period, which is in t e rp re ted  below, 
the same ra te  of a t tack  prevai ls  regardless  of the  
thickness of the ini t ia l  scale of iron sulfide. This con- 
clusion holds even for the exper imen t  in which the 
ini t ia l  scale was app rox ima te ly  twice as th ick as 
the scale formed dur ing  hydrogen  sulfide at tack.  
An in te rpre ta t ion  of the i ron -hydrogen  sulfide re -  

9 This  sec t ion  based  on  t h e  w o r k  o f  H. A r m ,  L ,  Hule t t ,  a n d  
M. Quresh i .  
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Fig. 8. Increase of weight against time for specimens pre- 
viously attacked in sulfur vapor. Number on each curve is 
weight of iron sulfide in m g / c m  2 formed during sulfur vapor 
attack. Temperatures: molten sulfur during sulfur vapor at- 
tack, 230~ specimen during sulfur vapor and hydrogen sul- 
fide attacks 575~ curves are shifted for clarity. 

action based on control  by  diffusion in the scale is 
inconsistent  wi th  these observations.  

I t  could be argued tha t  the  scale unde rwen t  some 
t rans format ion  dur ing  the ini t ia l  hydrogen  sulfide 
a t tack  and tha t  the ra te  became constant  when the 
thin dense layer  obta ined in the usual  hydrogen  sul-  
fide a t tack  was formed�9 Examina t ion  of the scale 
(Fig. 9) did not confirm this view. The outer  scale 
exposed to hydrogen  sulfide was composed of la rge  
crystals ,  b u t  the bu lk  of the scale had remained  
qui te  compact  and homogeneous. Fur the rmore ,  the 
ini t ia l  r a te  of a t tack  in hydrogen  sulfide was h igher  
than  the constant  value  reached at  a l a te r  stage, 
and yet  the  ini t ia l  scale ( formed in sulfur  vapor )  
had a fine crys ta l l ine  s t ructure .  

The ini t ia l  rap id  a t tack  can be in te rp re ted  in 
te rms of the  pos tu la ted  mechanism. Thus, the area  
at  the  gas - i ron  sulfide in ter face  before hydrogen  
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Fig. 9. Photomicrograph of section of specimen after at- 
tack by sulfur vapor followed by hydrogen sulfide attack. 
Temperature: 575~ Magnification, 200X before reduction 
for publication. 

sulfide a t t ack  was  l a rger  t h a n  for the  me ta l l i c  su r -  
face cor responding  to the  same pro jec ted  area. 
Hence,  ra tes  of a t tack  by  hyd rogen  sulfide were  
in i t i a l ly  l a rger  t h a n  for a meta l l i c  spec imen  wi thou t  
pr ior  su l fu r  at tack.  However ,  the s e l f - r egu la t i ng  
m e c h a n i s m  soon b rough t  the  ra te  to a cons tan t  
value.  Note tha t  the  curves  of Fig. 8 for the  th ree  
th icker  scales appear  to be the  same, i.e., the  in i t i a l  
process was  i n d e p e n d e n t  of the  scale th ickness  once 
a sufficiently th ick  scale had  been  produced.  

Influence of Diffusing Hydrogen 
on Sul fur  Vapor At tack  1~ 

Since hydrogen ,  in  our  in t e rp re t a t ion ,  is supposed 
to block in  pa r t  the surface  for a t tack  in  the  i ron -  
hyd rogen  sulfide react ion,  it was  t hough t  tha t  a 
s imi la r  effect m igh t  be observed  in  the  i r o n - s u l f u r  
vapor  reac t ion  if h y d r o g e n  were  a l lowed to diffuse 
f rom the back  of the spec imen  surface.  The data  
of Fig. 10, ob ta ined  by  the  car t r idge  technique ,  con-  
firm this  inference .  The parabol ic  l aw was conf i rmed 
for the b l a n k  car t r idges  which  had been  left  in 
v a c u u m  for 8 h r  af ter  h y d r o g e n  reduct ion .  A n  i n -  
duc t ion  per iod  was  obse rved  for b l a n k  car t r idges  
which  had  not  been  v a c u u m  treated,  and  an  even  
longer  i nduc t ion  per iod was  observed  for car t r idges  
con t a in ing  l i t h i u m  a l u m i n u m  hydr ide .  In  al l  cases, 
su l fu r  a t t ack  r e sumed  its n o r m a l  course af ter  a suf -  
f icient ly long t ime. The i n t e r p r e t a t i o n  is as follows: 

H y d r o g e n  produced  in  the  l i t h ium a l u m i n u m  hy -  
dr ide  car t r idge  diffused t o w a r d  the outs ide surface 
of the  car t r idge  and  g rea t ly  reduced  the a t t ack  by  
su l fu r  vapor .  Never theless ,  an  i ron  sulfide scale 
s lowly bu i l t  up. The diffusion ra te  for h y d r o g e n  
t h rough  the compact  scale (no leaks!)  was  lower  
t h a n  th rough  iron, as shown 11 in  Fig. 11, and  con-  
sequent ly ,  coverage of the  scale by  h y d r o g e n  de-  
creased as the  scale became  thicker .  This  resu l t ed  
in  a progress ive  increase  in  r a t e  of a t t ack  u n t i l  the  
film had  become so th ick  t ha t  diffusion was  p rac -  
t ica l ly  stopped. A t t ack  t h e n  r e sumed  its n o r m a l  
course. Comple te  decomposi t ion  of l i t h i u m  a l u m i -  
n u m  hyd r ide  canno t  be invoked  for r e s u m p t i o n  of 
n o r m a l  a t tack  because  of the  respec t ive  a m o u n t s  of 
this  subs tance  and  diffused h y d r o g e n  tha t  we re  i n -  
volved.  

10 This  sec t ion  based  on  w o r k  of  L. H u l e t t  and  NI. Quresh i .  

11 One  ca lcu la tes  f r o m  the  ra te  of  d i f fu s ion  of h y d r o g e n  fo r  t he  
c a r t r i d g e  w i t h o u t  scale  t he  a p p r o x i m a t e  i n n e r  p r e s su re  of  h y d r o g e n  
o f  2 a rm  on  t he  bas i s  of t he  p e r m e a b i l i t y  da t a  of  J o s t  (7). 
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Fig. ] 1. Data for hydrogen diffusion through iron or iron 
coated with iron sulfide scale. Number on each line is the 
weight of iron sulfide in mg/cm 2. Temperature: 500~ 

The same i n t e r p r e t a t i o n  holds for the b l a n k  
car t r idges  which  had  not  been  v a c u u m  treated.  H y -  
d rogen  which  had  diffused in  the  me t a l  du r ing  re -  
duc t ion  t hen  h i n d e r e d  a t tack  in su l fu r  vapor  un t i l  it 
could no longer  apprec iab ly  cover  the  scale surface.  

F u r t h e r  conf i rmat ion  of the above i n t e rp re t a t i on  
was ob ta ined  by  s imi la r  e xpe r i me n t s  in  which  the  
b l a n k  car t r idge  a nd  a l i t h i um a l u m i n u m  hydr ide  
filled car t r idge  w e r e  a t tacked  in  h y d r o g e n - h y d r o g e n  
sulfide m i x t u r e  (4: 1). The same ra te  of a t tack  was  
observed in  both cases, and  no i nduc t i on  per iod due  
to the  presence  of hyd rogen  was observed.  

A n  a l t e rna t i ve  exp lana t ion ,  based  on t h e r m o d y -  
na mi c  considera t ions ,  n a m e l y  tha t  i ron  a t tack  by  
su l fu r  did no t  proceed in  the p resence  of hydrogen ,  
is ru led  out. Thus,  one calculates  f rom the data  of 
Rosenqvis t  (6) t ha t  the e q u i l i b r i u m  cons tan t  for 
the reac t ion  FeS 4- H2 ~ Fe -t- H~S at 500~ is 
2 x 10-t The a m o u n t  of hyd rogen  sulfide formed in  
one of the e x p e r i m e n t s  was in  fact de t e rmined  by  
pass ing  the  gas t h r o u g h  a de tec t ion  t ube  used in  a i r  
po l lu t ion  s tudies?  ~ A m a x i m u m  a m o u n t  of 6 x 10 -6 
moles of h y d r o g e n  sulfide was fo rmed  in  the reac -  
t ion  chamber .  Since the a m o u n t  of hyd rogen  sulfide 
p roduced  is so small ,  the r e t a rded  su l fu r  a t tack  is 

1~ Cour t e sy  of Professor P. W. West ,  L o u i s i a n a  S t a t e  U n i v e r s i t y .  
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Table I. Thicknesses of the dense layer of iron sulfide produced 
by attack by a 4:1 hydrogen-hydrogen sulfide mixture at 575~ 

R e a c t i o n  t i m e ,  T h i c k n e s s ,  N u m b e r  of 
m i n  m m  • l 0  s de t e rmina t ions  

30 1.6 2 
140 6.5 1 
180 8.0 4 
480 7.7 1 
540 8.9 1 
550 7.7 1 
660 7.7 1 
720 8.9 1 

de f in i t e ly  not  due  to r e d u c t i o n  of i ron  sulf ide b y  
d i f fus ing  h y d r o g e n .  

A n o t h e r  poss ib l e  i n t e r p r e t a t i o n  acco rd ing  to 
w h i c h  H a y c o c k ' s  E - c e n t e r s  (3) ,  r e s u l t i n g  f r o m  the  
p re sence  of h y d r o g e n  in t he  film, dec rea se  d i f fus ion  
b y  ca t ion  v a c a n c y  does not  accoun t  for  t he  r e s u m p -  
t ion  of a t t ack .  Thus ,  the  scale,  a t  l e a s t  in i ts  i n n e r  
l aye r ,  r e t a i n e d  a r e l a t i v e l y  h igh  c o n c e n t r a t i o n  of 
E - c e n t e r s  because  of t he  v i c i n i t y  of h y d r o g e n  
supp ly .  This  l a y e r  w o u l d  have  of fered  a p e r m a n e n t  
b a r r i e r  to v a c a n c y  diffusion,  i.e., a t t a c k  w o u l d  n e v e r  
have  r e s u m e d  un les s  t he  f i lm h a d  c racked .  The  
l a t t e r  e x p l a n a t i o n ,  h o w e v e r  is i n v a l i d a t e d  b y  the  
v e r y  low di f fus ion r a t e  of h y d r o g e n  t h r o u g h  the  
sca le  (Fig.  11).  Of course ,  one cou ld  say  t h a t  sulf ide 
ion is the  d i f fus ing  species,  bu t  the  ro le  of h y d r o g e n  
t h e n  r e m a i n s  u n e x p l a i n e d .  

Recrystallization of the Scale TM 

I t  is we l l  e s t a b l i s h e d  [see  D r a v n i e k s  and  S a m a n s  
(1)  for  r e v i e w  of l i t e r a t u r e ]  t h a t  t he  th in  dense  
l a y e r  r eaches  an  e s s e n t i a l l y  cons t an t  th ickness .  The  
d a t a  on T a b l e  I conf i rm this ,  b u t  i t  shou ld  be  n o t e d  
t h a t  i n i t i a l l y  (30 ra in )  t he  t h in  l a y e r  h a d  no t  
r e a c h e d  i ts  cons t an t  t h i ckness  a l t h o u g h  a l i n e a r  l a w  
was  a l r e a d y  obse rved .  This  seems  to p rec lude ,  w i t h  
o t h e r  a r g u m e n t s  d i scussed  above ,  con t ro l  b y  d i f fu-  
s ion t h r o u g h  the  th in  l aye r .  

S ince  the  t h in  l a y e r  r eaches  a cons t an t  th i ckness ,  
t h e r e  m u s t  be  a con t inuous  t r a n s f o r m a t i o n  of t he  
th in  dense  l a y e r  in to  the  po rous  one (Fig .  4) .  W e  
o b s e r v e d  t h a t  ag ing  of the  two  l a y e r  scale  in a 
h e l i u m  a t m o s p h e r e  causes  a p r o g r e s s i v e  d i s a p p e a r -  
ance  of t he  dense  l aye r .  S ince  such  a t r a n s f o r m a t i o n  
is no t  o b s e r v e d  for  i ron  sulf ide p r o d u c e d  b y  t h e  
i r o n - s u l f u r  v a p o r  reac t ion ,  h y d r o g e n  or  h y d r o g e n  
sulf ide  m u s t  be  r e spons ib l e  for  r e c r y s t a l l i z a t i o n .  
H a y c o c k  (3)  s u g g e s t e d  a t e n t a t i v e  m e c h a n i s m  for  
t he  r e c r y s t a l l i z a t i o n  process ,  and  he  s h o w e d  t h a t  
h y d r o g e n  g r e a t l y  e n h a n c e d  the  s i n t e r i ng  r a t e  of 
p o w d e r e d  i ron  sulfide.  P o w d e r e d  f e r rous  sulf ide 
w i t h  a l a rge  i n i t i a l  su r face  a r ea  d id  not  a p p r e c i a b l y  
s i n t e r  w h e n  le f t  in  a v a c u u m  for  5 h r  a t  500~ In  
t h e  p r e s e n c e  of h y d r o g e n  at  t he  s ame  t e m p e r a t u r e  
t he  su r face  a r e a  was  r e d u c e d  b y  ha l f  a f t e r  on ly  
2 hr ,  and  the  p o w d e r  h a d  v i s i b l y  s i n t e r e d  to  a 
po rous  p lug .  

H a y c o c k ' s  e x p e r i m e n t s  w e r e  c o r r o b o r a t e d  b y  
s tud ies  on ag ing  of i ron  sulfide,  p r e p a r e d  b y  su l -  
fu r  a t t ack ,  in t h e  e q u i l i b r i u m  h y d r o g e n - h y d r o g e n  
sulf ide  m i x t u r e  (see  E x p e r i m e n t a l  M e t h o d s ) .  The  

is T h i s  s ec t i on  b a s e d  on t h e  w o r k  of L.  H u l e t t  a n d  M.  Q u r e s h i .  

Fig. 12. Photomicrograph of section of specimen, at tacked 
in sulfur vapor at 500~ (vessel with l iquid sulfur at 230~ 
after a 48-hr  aging in hydrogen at  a pressure sl ight ly above 
1 atm. Note EPON resin around metal contour as a result 
of scale spall ing. Magni f icat ion,  2 0 0 X  before reduction for 
publication. 

o u t e r  c r y s t a l l i n e  s t r u c t u r e  of t he  scale  b e c a m e  s o m e -  
w h a t  m o r e  coarse  u p o n  ag ing  (Fig .  12).  

Conclusion 
I t  is conc luded  t h a t  t he  l i n e a r  l a w  of a t t a c k  for  

the  i r o n - h y d r o g e n  sulf ide r e a c t i o n  at  e l e v a t e d  t e m -  
p e r a t u r e s  ( a b o v e  500~ a p p r o x i m a t e l y )  r e su l t s  
f r om two  m a i n  effects:  ( a )  p a r t i a l  b l o c k i n g  a t  r e a c -  
t ion s i tes  b y  h y d r o g e n  p r o d u c e d  d u r i n g  a t t ack ,  and  
(b)  con t inuous  r e c r y s t a l l i z a t i o n  p r e v e n t s  t h e  f o r m a -  
t ion  of a t h i c k  dense  scale  t h a t  w o u l d  b e c o m e  a r e a l  
d i f fus ion b a r r i e r  for  suff icient  th icknesses .  The  
b l o c k i n g  of r e a c t i o n  s i tes  is  s e l f - r e g u l a t i n g  a n d  t h e  
l i n e a r  l a w  is t hus  obeyed .  
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A n y  discussion of this pape r  wi l l  appear  in a Dis-  

cussion Section to be publ i shed  in the December  1960 
JOURNAL. 
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Nickel-Aluminum Alloy Coatings Produced 
by Electrodeposition and Diffusion 

Dwight E. Couch and Jean H. Connor 

National Bureau of Standards, Washington, D. C. 

ABSTRACT 

Nicke l -a luminum alloy coatings were produced by diffusion of a luminum 
electrodeposited over nickel. The a luminum was plated from baths operated at 
25~176 The alloys were much harder  than  nickel and were superior to 
nickel coatings in salt spray, atmospheric exposure, and air oxidation tests. At-  
tempts to codeposit the two metals  were not successful. 

N i c k e l - a l u m i n u m  al loys are v e r y  res i s t an t  to oxi -  
da t ion  in  air  at  t e m p e r a t u r e s  of 500~176 They  
a re  h a r d  and  res i s t an t  to corros ion at  n o r m a l  t e m -  
pera tu res .  Al loys  of this  type  h a v e  been  p r e p a r e d  by  
me ta l l u rg i ca l  methods  (1, 2) but ,  because  the al loys 
are br i t t le ,  t hey  are difficult to use  in  the  m a n u f a c -  
t u r e  of i n t r i ca t e ly  shaped objects.  Elec t rodepos i ted  
coat ings of these  al loys should  p rov ide  v a l u a b l e  p ro -  
tec t ion  to o ther  metals .  In  p rev ious  s tudies  (3) coat -  
ings of n i c k e l - a l u m i n u m  alloys were  formed by  the  
e lec t rodeposi t ion  of a l u m i n u m ,  f rom a fused c ryo-  
l i te  bath,  on nickel .  Beck (4) used a cryol i te  ba th  to 
fo rm n icke l  a l u m i n i d e  coat ings on n i cke l -p l a t e d  mo-  
l y b d e n u m  and  ident if ied the  var ious  phases of the  
a l loy diffusion layer .  M a n y  objects  tha t  ~equire  
coat ing canno t  w i t h s t a n d  a t e m p e r a t u r e  of 1000~ 
at  which  the  cryol i te  b a t h  is opera ted;  therefore ,  
o ther  ba ths  tha t  m a y  be used at  lower  t e m p e r a t u r e s  
were  inves t iga ted .  F i n k  and  Solonki  (5) s tud ied  
severa l  a l u m i n u m  chlor ide a lka l i  chloride ba ths  w i th  
a 1 to 1 mole  ratio.  Col l ins  (6) used a h ighe r  a l u -  
m i n u m  chloride con ten t  and  ob ta ined  smooth de-  
posits. A rev iew of a l u m i n u m  coat ing processes was  
g iven  by  M u r p h y  (7) .  

Electrodeposition of Nickel and Aluminum 
from Organic Type Baths 

All  of the  k n o w n  o r g a n i c - t y p e  ba ths  (8-13) for 
p l a t ing  a l u m i n u m  were  inves t iga ted  to see if n icke l  
could be codeposited w i t h  a l u m i n u m .  In  general ,  
n icke l  salts were  on ly  s l igh t ly  soluble  in  the organic  
solvents  used to p repa re  the  ba ths  a nd  no al loy de-  
posits were  produced.  Elec t rodepos i t ion  of n ickel  
f rom other  organic  so lvents  also was  inves t igated ,  
since the  desired a l loy  wou ld  be p r e d o m i n a n t l y  
nickel .  Duct i le  n icke l  deposi ts  could no t  be ob ta ined  
f rom a n y  of the  organic  baths.  Thin,  coherent ,  h igh ly  
stressed, lus t rous  deposi ts  were  ob ta ined  sometimes.  
These con ta ined  on ly  85% nickel ,  the  r e m a i n i n g  
15% p r o b a b l y  was occluded organic  mater ia l .  Table  
I lists o rganic  solvents  a nd  n icke l  sal ts  used in  the  
exper imen t s .  Since p u r e  n icke l  could not  be elec-  
t rodepos i ted  f rom organic  solvents ,  this  approach 
was abandoned .  

The e t h e r - h y d r i d e  ba th  (8) was used successful ly 
to p roduce  coat ings of a l u m i n u m  tha t  could be a l -  
loyed wi th  nickel .  However ,  an  i n t e r m e d i a t e  coat-  
ing of zinc or copper was  r equ i r ed  to give necessary  
adhes ion  and  to p r e v e n t  b l i s t e r ing  of the  a l u m i n u m  

Table I. Organic baths used in the electrodeposition of nickel 

S o lu t e :  NiC12 NiBr2  Ni I s  N i  (CFsCOO)  2 

So lu -  N a t u r e  So lu -  N a t u r e  So lu -  N a t u r e  So lu -  N a t u r e  
b i l i t y*  of deposit  b i l i t y  of  d e p o s i t  b i l i t y  of  d e p o s i t  b i l i t y  of  d e p o s i t  

N i  (C3F7COO) 

So lu -  Nature 
b i l i t y  of  deposit 

Ni (SCN) 

Solu-  N a t u r e  
bility of deposit 

Solvent  
Formamide  S Coherent 

Acetamide T Fair  
Dimethylformamide i None 
Acetonitr i le  T Poor 
Ethyleneglycol  d imethyl  T None 

ether 
Te t rahydrofuran  T None 

Ethyl  ether i None 
Tetraethyleneglycol  di-  T None 

methyl  ether 
Xylene i None 
Toluene i None 
Benzene i None 
N-bu ty lamine  T None 

T Coherent  T Black S Coherent 
coherent 

T Fai r  T Fai r  
i None T None S Poor 
S None T None S Coherent 
T Black S Black S Black 

powder powder 
T Black S Black S Poor 

powder powder 
i None i None 
S Black S Black S None 

powder powder 
i None  T None i None 
i None T None i None 
T None T None T None 
T None T None S Black 

T Coherent 

T Poor 
S Fair  
S Powder 

S None 

T Powder 
S Coherent 

i None 
i None 
i None 
S Black 

T Fai r  

T Poor 
i None 
T None 

T None 

i None 
T Powder 

T None 
T None 
T None 
S Black 

* i, I n s o l u b l e ;  T,  T r a c e ;  S, So lub le .  
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depos i t  d u r i n g  the  hea t  t r e a t m e n t  a t  550~ r e q u i r e d  ~- 
z 

to a l loy  t h e  a l u m i n u m  w i t h  t he  n ickel ,  o w 

Fused Salt Baths and Conditions of Operation 
S e v e r a l  f u s e d - s a l t  b a t h s  for  t he  e l e c t r o d e p o s i t i o n  ~- 

of  a l u m i n u m  w e r e  s tud ied ,  a n d  t h e  fo l l owing  w e r e  
t~ 

f o u n d  to be  t h e  mos t  s a t i s f a c t o r y :  p o t a s s i u m  c h l o -  5 
r i d e - s o d i u m  c h l o r i d e - c r y o l i t e ,  a l u m i n u m  c h l o r i d e -  
s o d i u m  ch lor ide .  

The  compos i t i on  and  o p t i m u m  o p e r a t i n g  cond i -  
w 

t ions  for  t he se  b a t h s  a r e  as  fo l lows :  
Potassium chloride-sodium chloride-cryolite: so-  
d i u m  chlor ide ,  440 g; p o t a s s i u m  chlor ide ,  560 g; c r y -  
oli te,  150 g; t e m p e r a t u r e ,  700~176 c u r r e n t  d e n -  o 
si ty ,  2-10 amp/dm~;  anodes ,  g r a p h i t e ;  con ta ine r ,  ~_ 
g raph i t e .  ~' 
A l u m i n u m  chlo?ide-sodium chloride: a l u m i n u m  
ch lo r ide  ( a n h y d r o u s ) ,  900 g; sod ium chlor ide ,  200 g; 
t e m p e r a t u r e ,  160~176 c u r r e n t  dens i ty ,  1-4 a m p /  
dm~; anodes ,  t u n g s t e n  or  g r a p h i t e ;  cove red  con ta ine r ,  
g lass  ( P y r e x  or  e q u i v a l e n t ) .  

Potassium chloride-sodium chloride-cryolite bath. 
- - T h i s  b a t h  was  con t a ined  in a g r a p h i t e  c ruc ib l e  
and  o p e r a t e d  a t  t e m p e r a t u r e s  f r o m  650 ~ to 900~ A t  
t he  h i g h e r  t e m p e r a t u r e  t he  g r a p h i t e  c r u c i b l e  ox i -  
d ized  r a t h e r  r a p i d l y ,  and  a t  650~ the  a l u m i n u m  
di f fused  in to  n i cke l  r a t h e r  s lowly .  The re fo re ,  mos t  
of t he  depos i t s  w e r e  m a d e  at  700~176 A t  th is  
t e m p e r a t u r e  t he  a l u m i n u m  depos i t  was  l i qu id  and  
a l l o y e d  w i t h  t h e  n ickel .  

S a m p l e s  (0.1 x 3 x 6 cm)  to be  p l a t e d  w e r e  p l a c e d  
in the  b a t h  and  a l l o w e d  to hea t  up  to b a t h  t e m p e r a -  
t u r e  b e f o r e  e lec t ro lys i s .  E x c e l l e n t  a d h e s i o n  was  ob -  
t a i n e d  on n icke l ,  i ron,  a n d  p r e v i o u s l y  p r e p a r e d  
Ni-A1 a l loys .  No p r e c l e a n i n g  of t he  s p e c i m e n  was  
necessa ry .  A t  700~ an  a l u m i n u m  depos i t  6 ~ t h i c k  
could  be  p r o d u c e d  b y  us ing  a Current  d e n s i t y  of 7 
a m p / d m  ~ for  5 min.  W h e n  the  e l ec t ro lys i s  w a s  con-  
t i n u e d  u n d e r  these  cond i t ions  for  m o r e  t h a n  5 min ,  
t he  a l u m i n u m  was  e l e c t r o d e p o s i t e d  f a s t e r  t h a n  i t  
cou ld  dif fuse  in to  t h e  n ickel ,  and  f r ee  a l u m i n u m  w a s  
p r o d u c e d  on the  su r face  of t he  sample .  T h i c k e r  d e -  
pos i t s  cou ld  be  p r o d u c e d  b y  us ing  a l o w e r  c u r r e n t  
d e n s i t y  for  a l o n g e r  t ime ,  or  b y  o p e r a t i n g  at  a h i g h e r  
t e m p e r a t u r e .  Depos i t s  25/~ t h i c k  w e r e  p r e p a r e d  at  
700~ b y  t h e  fo l l owing  schedu le :  7 a m p / d i n  ~ fo r  5 
rain,  4 a m p / d m  ~ for  20 min ,  a n d  2 a m p / d m  ~ fo r  90 
rain.  

The  c a t h o d e  c u r r e n t  eff iciency fo r  p l a t i n g  a l u m i -  
n u m  on n i c k e l  ca thodes  is s h o w n  in Fig .  1. The  effi- 50 
c iency  w a s  a b o u t  90% at  15 a m p / d m ' ,  b u t  dec reased ,  
as t he  c u r r e n t  d e n s i t y  dec reased .  A t  0.5 a m p / d m  ~ 
the  so lu t ion  r a t e  of t he  a l l o y  e q u a l e d  t h e  depos i t i on  o 
ra te ,  t hus  g iv ing  an  eff iciency of zero.  The  eff iciency a t  _ 20 
c u r r e n t  dens i t i e s  g r e a t e r  t h a n  15 a m p / d i n  ~ could  no t  
be  d e t e r m i n e d  because  t he  a l u m i n u m  d e p o s i t e d  m o r e  (D 

r a p i d l y  t h a n  i t  could  dif fuse  in to  t he  n i c k e l  a n d  was  "' z ~0 
lost  as  m o l t e n  a l u m i n u m  into  t h e  ba th .  N i c k e l  and  o 
Ni-A1 a l l o y  s l o w l y  d i s so lved  in  t he  ba th .  N i c k e l  d i s -  
so lved  a t  a r a t e  of a b o u t  0.6 m g / c m ~ / h r ,  and  the  
Ni-A1 a l loy  d i s so lved  a t  a p p r o x i m a t e l y  1.6 m g /  
cm~/hr.  

A l l o y  depos i t s  25 to 75 ~ t h i c k  ' p r o d u c e d  f r o m  t h e  
T h e  t h i c k n e s s  r e f e r r e d  t o  h e r e  and  at  a l l  l a t e r  p l a c e s  i n  t h i s  

p a p e r  i s  t h e  t h i c k n e s s  o f  the  e l e c t r o d e p o s i t e d  a l u m i n u m  a s  d e t e r -  
m i n e d  b y  t h e  i n c r e a s e  i n  w e i g h t  o f  t h e  s a m p l e  a s  a r e s u l t  o f  the  
a l u m i n u m  d e p o s i t .  T h e r e f o r e  i t  i s  n o t  a m e a s u r e  o f  t h e  a c t u a l  t h i c k -  
n e s s  o f  t h e  a l l o y  l a y e r  f o r m e d .  
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Fig. 1. Cathode current efficiency of aluminum electrode- 
posited from potassium chloride-sodium chloride-cryolite bath 
at 700~ 

p o t a s s i u m  c h l o r i d e - s o d i u m  c h l o r i d e - c r y o l i t e  b a t h  
con t a ined  f r o m  43 to 52% A1. This  r e p r e s e n t s  an  
a v e r a g e  compos i t i on  of 1 mole  Ni  to 2 mo les  A1. No 
a t t e m p t s  w e r e  m a d e  to i d e n t i f y  t he  s e p a r a t e  phase s  
of th is  a l l oy  sys tem.  

Occas iona l ly ,  depos i t s  p r o d u c e d  a t  t h e  h i g h e r  c u r -  
r e n t  dens i t i e s  s h o w e d  t r aces  of f r ee  a l u m i n u m  on 
the  sur face .  Excess  a l u m i n u m  w a s  r e m o v e d  w i t h  
2.5M aqueous  s o d i u m  h y d r o x i d e .  This  so lu t ion  d i s -  
so lved  the  a l loy  a t  a r a t e  of a b o u t  0.005 m g / c m ~ / h r .  

A l u m i n u m  chloride-sodium chloride baths . - -This  
b a t h  was  o p e r a t e d  a t  a t e m p e r a t u r e  w h e r e  v e r y  
l i t t l e  d i f fus ion of a l u m i n u m  into  n i cke l  t ook  p lace .  
The re fo re ,  i t  was  n e c e s s a r y  to h e a t  the  s a m p l e s  a f t e r  
p l a t i n g  to fo rm t h e  a l loy.  T e m p e r a t u r e s  of 700~ 
could  be  used  for  t h in  coa t ings  5/~ th ick ,  b u t  coa t ings  
25/~ t h i c k  me l t e d ,  and  on ly  a s m a l l  f r ac t i on  of a l u -  
m i n u m  di f fused  into  n ickel ,  t he  r e m a i n d e r  f o r m e d  a 
m e t a l l i c  b e a d  a t  t h e  edge.  The  a p p r o x i m a t e  t i m e  r e -  
q u i r e d  for  v a r i o u s  t h i cknesses  of a l u m i n u m  to d i f -  
fuse  in to  n i c k e l  a t  700 ~ and  550~ a re  s h o w n  in 
Fig .  2. V a l u e s  for  700~ w e r e  o b t a i n e d  on flat  spec i -  
m e n s  t h a t  w e r e  he ld  h o r i z o n t a l l y  to p r e v e n t  r u n  off 
of m o l t e n  a l u m i n u m .  

I f  t h e  a l u m i n u m  c h l o r i d e - s o d i u m  c h l o r i d e  mo le  
r a t i o  w a s  less  t h a n  1.5, as  in  t h e  b a t h s  d e s c r i b e d  b y  
F i n k  a n d  S a l o n k i  (5 ) ,  a n d  o p e r a t e d  a t  160~176 
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y '  
s 
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Fig. 2. Time required to completely alloy aluminum with 
nickel at various temperatures. Aluminum was plated from 
AICI3-NaCI bath, or ether-hydride bath. 
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Cathode current efficiency for electrodeposition of 
from on AICI3-NaCI bath at 170~ 

the  m a x i m u m  th ickness  of sa t is factory  deposits  was  
abou t  5 ~. Th icker  deposi ts  were  rough  and  powdery .  
Elect rodeposi ts  up  to 25 ~ th ick  were  ob ta ined  f rom 
a ba th  s imi la r  to tha t  g iven  by  Coll ins  (6) .  However  
t u n g s t e n  was used for anodes  ins tead  of a l u m i n u m .  

F i g u r e  3 shows the  cathode c u r r e n t  efficiency of 
a l u m i n u m  ch lo r ide - sod ium chloride bath.  Chlor ine  
l i be ra t ed  at the inso lub le  anode a p p a r e n t l y  d is -  
solved in  the ba th  in  sufficient a m o u n t s  to s lowly 
dissolve a l u m i n u m  deposit ,  thus  accoun t ing  for the  
decrease in  cathode efficiency at  the lower  c u r r e n t  
densi t ies .  Mois ture  tha t  reac ted  w i th  a l u m i n u m  
chlor ide produced  some h y d r o g e n  chlor ide tha t  a t -  
t acked  the  a l u m i n u m  deposit .  

W h e n  a l u m i n u m  elect rodeposi ted f rom this ba th  
was overp la ted  wi th  a second layer  of a l u m i n u m ,  the  
adhes ion  was  v e r y  poor. A l u m i n u m  deposits  t ha t  
were  a l lowed to s tand  in  the  ba th  showed surface 
a t tack  and  fo rma t ion  of a th in  b lack film. This film 
p r e v e n t e d  adhes ion  of the second deposit .  Anodic  
t r e a t m e n t  of the pane l  in  the ba th  caused a s imi la r  
condi t ion  regardless  of c u r r e n t  dens i ty  (1-15 a m p /  
dm~). If the  sample  was  hea ted  to a l loy the  first a l u -  
m i n u m  deposit  wi th  nickel ,  a second l ayer  could be 
deposi ted wi th  sufficient adhes ion  to a l low hea t  
t r e a t m e n t  to a l loy it w i th  the first layer .  

Codeposition of nickel and aluminum from fused 
salt baths.--Aluminum and  n icke l  can  be code-  
posi ted f rom a ba th  con ta in ing  sodium chloride,  po -  
t a s s ium chloride,  cryoli te ,  and  n ickel  chlor ide at cu r -  
r en t  densi t ies  of 100 a m p / d i n :  or greater .  These de-  
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Fig. 4. Oxidation of nickel and nickel-aluminum alloy at 
1000~ Curve 1. I-q, x, pure nickel, duplicate samples; 2. 
o, A ,  alloy coating, approximately 8 #, duplicate samples; 
3. e, II, alloy coating, approximately 25 ~, duplicate samples. 

posits con ta ined  30 to 50% A1. U n f o r t u n a t e l y ,  they  
were  p roduced  only  as v e r y  t h i n  deposits,  and  a t -  
t empts  to fo rm deposits 25 ~ th ick  resu l ted  in  t h in  
coheren t  l ayers  covered w i th  a b lack  nonc ohe ren t  
mate r ia l .  At  c u r r e n t  densi t ies  of less t h a n  100 a m p /  
dm 2, the  deposi ts  con ta ined  no a l u m i n u m .  Nickel  
anodes were  inso lub le  and  were  coated wi th  a t a n -  
colored m a t e r i a l  tha t  was also inso lub le  in  the  bath .  
This  was  p r e s u m a b l y  an  oxide or oxychlor ide  of 
nickel .  Other  fused - sa l t  sys tems s tudied  are l is ted 
in  Table  II. No al loy deposits  were  ob ta ined  f rom 
these baths.  A l though  a l u m i n u m  could be e lectro-  
deposi ted f rom most  of them,  n icke l  on ly  could be 
e lect rodeposi ted  af ter  the  add i t ion  of n icke l  salts. 

Evaluat ion of Deposi ts  

Oxidation.--In air  at 550~ Ni-A1 al loy coat ings on 
steel oxidized at a s lower r a t e  t h a n  n icke l -coa ted  
steel. S imi la r  resul t s  were  ob ta ined  at 1000~ us ing  
n icke l  pane l s  as a basis  meta l .  Nickel  panels ,  6 x 3 x 
0.1 cm, were  cut  f rom rol led sheet  nickel .  Two of 
these pane ls  were  used as controls  whi le  five others 
were  p la ted  in  the fused a l u m i n u m  ch lo r ide - sod ium 
chlor ide ba th  to the fo l lowing average  th icknesses :  
8, 8, 10, 25, a nd  25~. Two pane l s  (8 and  10~ a lu -  
m i n u m )  were  hea ted  in  air  at 750~ for 30 m i n  and  
others  were  hea ted  in  h e l i u m  for 15 hr  at  550~ to 
a l loy the a l u m i n u m ;  all  pane ls  showed a s l ight  ga in  
in  weight  of abou t  3 x 10 -~ g / c m  ~. Oxida t ion  curves  
are  shown in Fig. 4. The oxide of one pane l  spal led 
in  large flakes w h e n  cooled a f te r  hea t ing  for 20 and  
44 hr. This  oxide was  weighed  and  added to the  tota l  
we igh t  ga in  of the  panel .  This  pane l  had oxidized at 
about  the  same ra te  as the p u r e  nickel .  A coat ing of 

Table II. Fused salt baths used in deposition of nickel and aluminum 

B a t h  c o m p o s i t i o n  T e m p ,  ~ D e p o s i t  o b t a i n e d  T y p e  de pos i t  A n o d e  u s e d  A n o d e  effect  

NaCI-AICI~ 160 
KCI-NaCI-NaCN 600 
KCI-NaCI-NaCN-NiCI~ 600 

NaC1-KC1-Na.~A1F~-NiCI~ 700-800 
NaC1-KC1-NasA1F6-NiC12 700 -800 
NaC1-A1C18-NiC12 600 
KBr-A1Br~-NiBr2 200 
KBr -A1Br.~-NiBr,~ 200 
NaPO~-NiC12-NasA1F6 700-800 
KC1-NaC1-Ni~ (POD .~-Na~A1F~ 600 

A l u m i n u m  Coherent Nickel Insoluble 
Nickel Dendrites Nickel Soluble 
Ni +§ chemically - -  - -  - -  

reduced to Ni 
Nickel Dendri tes Graphite  Insoluble 
Nickel Dendri tes Nickel Passivated 
Nickel Dendri tes Nickel Soluble 
Black powder Powder Nickel Soluble 
Black powder Powder  Tungsten  Insoluble 
Nickel Dendrites Nickel Soluble 
Nickel Dendrites Nickel Soluble 
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8 ~ A1 reduced  the  a m o u n t  of ox ida t ion  at 1000~ 
abou t  40%, curve  2, whi le  a coat ing of 25 ~ A1 re -  
duced the ox ida t ion  by  about  80%, curve  3. Hea t ing  
samples  in  an  ine r t  a tmosphere  to al loy a l u m i n u m  
wi th  n icke l  did no t  affect the  ra te  of oxidat ion.  

The oxide l aye r  tha t  fo rmed  on the  Ni-A1 a l loy  
was gray,  whi le  tha t  fo rmed  on the n icke l  was  
v i t reous  and  b lack  in  color. A g ray  oxide fo rmed  on 
specimens  w i t h  a coat ing of 8 ~ A1, bu t  af ter  hea t ing  
about  100 hr  at  1000~ the  surfaces of the  pane ls  
were  black.  Those spec imens  wi th  25 ~ A1 r e t a ined  
the i r  g ray  color for 300 to 400 hr  before the  b lack  
n icke l  oxide covered a s ignif icant  a m o u n t  of the  s u r -  
face. 

F i g u r e  5 shows tha t  al loy coat ings 25 ~ th ick  do not  
give sa t i s fac tory  pro tec t ion  to steel at 900~ The 
i ron diffused th rough  the coating,  r e su l t ing  in  rap id  
oxidat ion.  Th icker  coat ings are r equ i r ed  to protect  
steel at these  t empera tu res .  
Sal t  spray t e s t . - -Sa l t  spray  tests were  m a d e  on steel  
(6 x 3 x 0.1 cm) coated wi th  Ni-A1 alloy. Samples  
were  first n icke l  plated,  t h e n  separa ted  into groups 
in  r a n d o m  fashion.  One group  was  used as a control ,  
whi le  the  a l loy was formed on the other  group. In  
this way  the inf luence of the  n icke l  p l a t i ng  process 
was  min imized .  The most  co r ros ion - re s i s t an t  coat-  
ings were  p roduced  by  p l a t i ng  a l u m i n u m  f rom the  
sodium ch lo r ide -po ta s s ium ch lo r ide -c ryo l i t e  ba th  
and  sub jec t ing  these  coat ings  to ox ida t ion  at 500 ~ 
600~ pr ior  to test ing.  Rapid  t e m p e r a t u r e  cycl ing of 
these pane l s  did no t  affect the i r  corrosion resis tance.  
The  coat ings were  more  res i s t an t  if the  a l u m i n u m  
th ickness  was  less t h a n  50% of the total  th ickness  of 
the coat ings (see Table  I I I ) .  In  the salt  sp ray  tests, 
5 or more  samples  were  used for each th ickness  
tes ted and  the  average  t ime  r equ i r ed  for the  first 
rus t  to fo rm on the  surface is g iven  in  Tab le  III. 

Evapo ra t ed  a l u m i n u m  coa t ing#  0.1 ~ thick,  which  
were  a l loyed wi th  n icke l  by hea t ing  in  air,  caused 
a decrease in  the  corrosion of n i c k e l - p l a t e d  steel. 
A l though  they  showed the  first r u s t i ng  at  the same 
t ime as the  control  pane l s  (5 h r ) ,  the  surface  area  
was  7% rus t ed  af ter  75 hr  as compared  to 30% on 
the control  panels .  

~ P a n e l  size in  these  tes t s  we re  10 x 15 • 0.1 era. 
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Fig. 5. Oxidat ion at  900~ in air of al loy-coated steel 
and nickel. Coatings were prepared in cryolite bath at 
1000~ Curve A, steel; B, 25 ~ of nickel  on steel; C, 25 

of nickel plus 25 # of a luminum on steel; D, wrought 
nickel; E, 25 ~ of a luminum on wrought nickel. 

S pr a ye d  a l u m i n u m  coat ings 2 were  also effective 
in  r educ ing  corrosion by  salt  spray.  A l t h o u g h  smal l  
areas  of uncoa ted  n icke l  could be seen t h r ough  the  
sprayed  coating, these  areas could no t  be  detec ted  
af ter  the  sample  was  heated.  The sprayed  coat ing 
was  in i t i a l ly  abou t  20-30 ~ thick, b u t  af ter  hea t ing  
for 30-.45 ra in  at 550~ which  was  sufficient t ime  
to produce  an  a l loy  l aye r  about  10 ~ thick,  the  s a m -  
ples were  t rea ted  wi th  2.5M aqueous  sod ium h y -  
d rox ide  to r emove  the  excess a l u m i n u m .  They  t h e n  
were  subjec ted  to salt  spray  tests. These samples  
showed rus t  af ter  30 hr  and  were  2% rus t ed  af ter  
75 hr. The  control" samples  showed the  first r u s t i ng  
af ter  5 hr  and  were  30% rus ted  af ter  75 hr. 

Corros ion s tudies  conducted  on a tmospher ic  ex -  
posure  racks  at Wash ing ton ,  D. C., cor re la ted  wel l  
wi th  the  sal t  sp ray  tests. Steel  pane l s  coated wi th  25 ~,, 
Ni a nd  5 ~ A1 did no t  show rus t  at  the  end  of one 
yea r  of exposure,  whi le  coat ings w i th  12 ~ Ni p lus  4 
A1 showed t races  of rus t  a f ter  e ight  m o n t h s  of ex-  
posure.  N i c ke l - p l a t e d  control  pane l s  tes ted s i m u l -  

Table III. Salt spray tests (20% solution) on 3 x 6 cm steel samples coated with Ni-AI alloy or nickel. 
The time shown is an average time for 5 or more samples 

T i m e  in  
sa l t  sp ray  

Th ickness ,  ~ Type  b a t h  u sed  to f i rs t  
N icke l  A l u m i n u m  to depos i t  A1 O t h e r  t r e a t m e n t s  rust ,*  h r  

50 8 NaC1-KC1-Na~A1F~ Oxidized 90 hr 550~ 400 
in air 

50 8 NaC1-KC1-Na~A1F6 None 300 
25 25 NaC1-KC1-Na~A1F0 None 100 
12 5 NaCI-KC1-NmAIFo None 40 
12 5 NaC1-KC1-Na~A1F~ Oxidation cycled t 60 
12 5 NaC1-KC1-NmA1F~ Oxidized 90 hr 550~ 70 
5 35 NaC1-KC1-N~A1F~ None 20 

12 5 A1CL-NaC1 Heated to form alloy 30 
50 None - -  None 20 
25 None - -  None 10 
12 None ~ None 5 

* S a m p l e s  we re  i n spec t ed  a f t e r  5 hr ,  20 hr ,  a n d  e v e r y  day  t h e r e a f t e r .  
$ S a m p l e s  we re  h e a t e d  a t  550~ for  10 rain,  t h e n  cooled  to  room t e m p e r a t u r e  10 rain,  t h e n  r e h e a t e d  to  550~ This  cyc l i ng  was  r e ~  

p e a t e d  fo r  24 h r ,  t h e n  t h e y  w e r e  sa l t  sp ray  t e s ted  24 hr ,  t h e n  o x i d a t i o n  cyc led  24 hr ,  etc. 
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Fig. 6. Nickel-aluminum alloy formed by plating 2,5 /~ 
of aluminum over nickel and heating at 550~ to alloy 
aluminum with nickel. Magnification 200X before reduction 
for publication. 

Fig. 7. Nickel-aluminum alloy produced in sodium chloride- 
potassium chloride-cryolite bath at 700~ This deposit wos 
heated 2 hr at 1000~ after plating. Magnification 500X 
before reduction for publication. 

taneous ly  wi th  the  above samples showed rust  af ter  
four months  and one month,  respect ively .  
Metallographic examinat ions . - -Figure  6 shows a de -  
posit  p repa red  from l o w - t e m p e r a t u r e  fused a lumi -  
num chlor ide-sodium chloride ba th  at  160~ then 
a l loyed with  nickel  by heat ing at 500~176 for a 
few hours. F igure  7 shows a deposit  produced f rom 
potass ium chlor ide-sodium chlor ide-cryol i te  bath, 
af ter  heat ing for 2 hr  at 1000~ No s t ruc ture  could 
be developed on the a l loy in the  a s -p la t ed  condition. 

The Knoop hardness  of the  Ni-A1 al loy produced 
from the ch lor ide-cryol i te  bath  was 620 for th in  
films and 700-725 for  th icker  coatings (50~) .  The 
hardness  of deposits produced f rom the a l l -c ryo l i t e  
(3) ba th  var ied  f rom 611 to 788. 

The coatings were  br i t t le ,  and, if 25 ~ thick, they  
could be separa ted  f rom the basis meta l  by  repea ted  
bending.  Thin coatings 5/~ th ick f rac tu red  when 
bent,  but  did not separa te  f rom the basis metal .  Re-  
sults of bending samples of two different  thicknesses 
around a 0.6 cm d iamete r  rod are shown in Fig. 8. 

Fig. 8. Nickel-aluminum alloy over steel. A, 50 /~ nickel 
and 40 /~ aluminum formed by plating 3 separate deposits of 
aluminum; B, effect of bending deposit " A "  90 degrees over 
a 0.6 cm diameter rod; C, effect of bending a deposit of 
12 /, nickel and 5 /~ aluminum to 90 degrees over a 0.6 cm 
diameter rod. Magnification 200X before reduction for 
publication. 
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Effect of Addition Agents on Tungsten Codeposition 
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ABSTRACT 

Smal l  quanti t ies  of cer ta in  addi t ion agents wil l  p r even t  the codeposit ion of 
tungs ten  wi th  iron, nickel,  or cobalt.  Data  are  presented  compar ing  addi t ion 
agent  concentra t ion wi th  the  amount  of tungsten in a n i cke l - tungs ten  codeposit .  
Po la rographic  da ta  indicate  tha t  addi t ion  agents  which p reven t  tungsten code-  
posi t ion are  capable  of being adsorbed at  a Hg cathode and form complexes  
wi th  the codeposi t ing meta l  ion. These complexes  are  more  r ead i ly  reduced  
than  is the or iginal  codeposi t ing species. The cathode potent ia l  of the deposi-  
t ion process is lowered  to a more  posi t ive potent ia l  by  the addi t ion agent. 
S t ruc tu ra l  studies show tha t  the deposi t  does not  consist of a l t e rna te  layers  of 
tungsten and codeposi ted meta l  as is r equ i red  by the ca ta ly t ic  reduc t ion  mech-  
anism. I t  is shown tha t  the addi t ion  agent  effect can be expla ined  by  a mech-  
anism of codeposit ion involving complex formation.  

M a n y  c la ims  have  been  m a d e  for  t he  depos i t i on  
of p u r e  t u n g s t e n  f r o m  aqueous  t u n g s t a t e  so lu t ion  
(1 -3 ) .  S u b s e q u e n t  i nves t i ga t i on  of these  p rocesses  
has  shown  t h a t  t h e  depos i t s  a l w a y s  con ta in  i ron,  
n ickel ,  or  coba l t  ( codepos i t ing  m e t a l  ion)  (4) ,  and  
t h a t  depos i t i on  ceases  w h e n  these  i m p u r i t i e s  a r e  
e x h a u s t e d  f r o m  the  p l a t i n g  solut ion.  W h e n  no such  
i m p u r i t i e s  a r e  p r e s e n t  in t he  p l a t i n g  solut ion ,  ox ides  
of t u n g s t e n  m a y  be  depos i t ed  a t  t he  ca thode ;  h o w -  
ever ,  u n d e r  t hese  cond i t ions  r e d u c t i o n  of t u n g s t a t e  
to t u n g s t e n  has  not  been  obse rved .  

M a n y  b a t h s  h a v e  been  d e v e l o p e d  for  t he  code po -  
s i t ion  of t u n g s t e n  w i t h  i ron,  n ickel ,  or  cobal t .  The  
mos t  success fu l  of these  a r e  the  c o m p l e x  a m m o n i a -  
cal  b a t h s  w h i c h  h a v e  been  d e v e l o p e d  b y  B r e n n e r  
(5)  and  b y  Ho l t  (6) .  B r e n n e r ' s  b a t h s  a l l ow the  co-  
depos i t i on  of sound  N i - W  depos i t s  con t a in ing  20% 
tungs ten .  I r o n - t u n g s t e n  depos i t s  con t a in ing  50% 
t u n g s t e n  can  be  p l a t e d  f rom such ba ths .  Two m e c h -  
an i sms  have  been  p r o p o s e d  to e x p l a i n  t h e  codepos i -  
t ion  process .  These  a r e  t he  c a t a l y t i c  r e d u c t i o n  m e c h -  
a n i s m  and  the  c o m p l e x  f o r m a t i o n  m e c h a n i s m .  

The  c a t a l y t i c  r e d u c t i o n  m e c h a n i s m  p roposes  t h a t  
l a m i n a t i o n s  o b s e r v e d  in t he  codepos i t s  a r e  a l t e r n a t e  
l a y e r s  of t u n g s t e n  and  the  codepos i t ed  m e t a l  ( i ron,  
n ickel ,  or  coba l t )  (7 ) .  The  codepos i t ed  m e t a l  acts  
as a c a t a l y t i c  su r f ace  on which ,  in  t h e  p r e s e n c e  of 
h y d r o g e n ,  t he  t u n g s t a t e  an ion  is r e d u c e d  c h e m i c a l l y  
and  e l e c t r o c h e m i c a l l y  to m e t a l l i c  t ungs t en .  W h e n  a 
l a y e r  of t u n g s t e n  has  cove red  th is  c a t a l y t i c  sur face ,  
t he  depos i t i on  ceases  a n d  the  f o r m a t i o n  of a f r e sh  
l a y e r  of c a t a l y t i c  codepos i t ed  m e t a l  beg ins .  

The  c o m p l e x  f o r m a t i o n  m e c h a n i s m  desc r ibes  t h e  
codepos i t ion  as t a k i n g  p l ace  f r o m  some c o m p l e x  of 
t u n g s t a t e  and  the  codepos i t i ng  m e t a l  ion (7) .  The  
func t ion  of t h e  codepos i t i ng  m e t a l  ion is to p r o v i d e  
a r e d u c i b l e  t u n g s t a t e  complex .  The  m a j o r  d i s a d -  
v a n t a g e  of t he  c o m p l e x  f o r m a t i o n  m e c h a n i s m  is 
t h a t  no c o m p l e x  of t u n g s t a t e  w i t h  ions of i ron,  
n ickel ,  or  coba l t  has  been  obse rved .  

The  effect of a d d i t i o n  agen t s  on t u n g s t e n  code po -  

1 P r e s e n t  a d d r e s s :  M i n n e a p o l i s - H o n e y w e l l  R e g u l a t o r  C o m p a n y ,  
R e s e a r c h  C e n t e r ,  H o p k i n s ,  Minneso ta .  

s i t ion  a n d  d a t a  i n d i c a t i n g  t h a t  t he  codepos i t s  a r e  
sol id  so lu t ions  a r e  d i scussed  in th is  pape r .  

Experimental 

Deposition s tudies . - -Al l  chemica l s  u sed  w e r e  C.P. 
r e a g e n t  g r a d e  a n d  w e r e  not  f u r t h e r  pur i f ied .  

The  p l a t i n g  b a t h  used  for  t he  n i cke l  t u n g s t e n  d e p -  
os i t ion was  as fo l lows :  NiCI~.6H~O, 28 g/1 (0.12 
m o l e / l ) ;  Na~WO4"2H~O, 32 g/1 (0.036 m o l e / l ) ;  
NH,C1, 50 g/1 (0.94 m o l e / l ) ;  s o d i u m  c i t ra te ,  100 g/1 
(0.39 m o l e / l ) ;  H~O and  NH,OH to 1 l i t e r  a t  a p H  
of 8.5. F o r  t h e  i r o n - t u n g s t e n  and  coba l t  t u n g s t e n  co-  
depos i t s  0.12 mole /1  of FeCL'4H~O or  CoCl~-6I-I20, 
r e spe c t i ve ly ,  w e r e  u sed  in  p l a c e  of NiCI~" 6H~O. 

The  ca thodes  for  depos i t i on  w e r e  0.003 in. t h i c k  
shee ts  (2 x 2 in.)  of p h o s p h o r  b ronze  to w h i c h  w e r e  
w e l d e d  copper  w i r e s  for  e l ec t r i ca l  contact .  The  cop-  
p e r  con tac t s  w e r e  k e p t  w e l l  above  the  so lu t ion  level .  
The  ca thodes  w e r e  c l e a ne d  c a t h o d i c a l l y  in an  a l k a l i n e  
m e d i u m ,  f o l l o w e d  b y  an  ac id  d ip  (1 :1  HC1),  and  
a d i s t i l l ed  w a t e r  r inse .  Shee t s  or  rods  of p u r e  t u n g -  
s ten  w e r e  used  as anodes .  The  t e m p e r a t u r e  of t he  
b a t h  was  c o n t r o l l e d  at  90 ~ • 0.5~ b y  m e a n s  of a 
g lascol  h e a t i n g  ma n te l .  The  c u r r e n t  d e n s i t y  was  2 
a m p / d i n  2. The  v o l u m e  a n d  p H  of t he  so lu t ion  w e r e  
m a i n t a i n e d  b y  con t inuous  a d d i t i o n  of a NH,OH, H~O 
so lu t ion  t h r o u g h  a p e r i s t a l t i c  ac t ion  p u m p .  

In  t he  s tud ies  l e a d i n g  to t he  d e t e r m i n a t i o n  of t he  
m i n i m u m  c o n c e n t r a t i o n  of a d d i t i o n  a g e n t  r e q u i r e d  
to p r e v e n t  t u n g s t e n  codepos i t ion  comple t e ly ,  a f r e s h  
p l a t i n g  s y s t e m  was  used  for  each  a d d i t i o n  a g e n t  con-  
cen t ra t ion .  In  t he  s tud ies  showing  the  d e c r e a s e  of 
t u n g s t e n  con ten t  in  t he  n i c k e l - t u n g s t e n  depos i t  w i t h  
i nc rea s ing  a d d i t i o n  a g e n t  concen t r a t i on ,  success ive  
add i t i ons  of t he  a d d i t i o n  agen t  w e r e  m a d e  to a 
s ingle  p l a t i n g  sys tem.  

Cathode potential s tudies .--Cathode p o t e n t i a l s  
w e r e  d e t e r m i n e d  a t  v a r y i n g  c u r r e n t  dens i t i e s  on 
the  fo l l owing  t h r e e  b a t h s :  

1. NiCI~'6H~O, 28 g/1 (0.12 m o l e / l ;  NH,C1, 50 g/1 
(0.94 m o l e / l ) ;  a n d  s o d i u m  c i t ra te ,  100 g/1 
(0.39 m o l e / l )  H~O and  NH4OH to a p H  of 8.5. 
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2. Same as 1 except  32 g/1 Na~WO,'2H~O (0.036 
m o l e / l )  added. 

3. Same as 2 except  0.1 g/1 (0.0013 m o l e / l )  t h i -  
ourea  added.  

Cathode po ten t ia l s  d u r i n g  deposi t ion  f rom the  
above baths  we re  d e t e r m i n e d  by  the  di rect  method.  

The cell consis ted of a 2 - l i t e r  beake r  wi th  a hea t -  
ing m a n t l e  and  con ta ined  a p l a t i n u m  cathode (0.95 
x 1.01 x 0.022 cm) and  two p l a t i n u m  anodes  (2.2 x 2.2 
x 0.022 cm) .  The  d is tance  b e t w e e n  the  anodes  a nd  
cathode was 4.75 cm. The flat p l a t i n u m  cathode was  
coupled wi th  an  e x t e r n a l  B e c k m a n  sa tu ra t ed  
calomel  e lectrode by  means  of a br idge  made  f rom 
6.3 m m  P y r e x  t u b i n g  wi th  one end d r a w n  out  to a 
cap i l l a ry  t ip 1 m m  in d i ame te r  and  1 cm long. The 
t ip was ben t  at 90 ~ and  p laced  nea r  the face of the  
cathode. To measu re  the  potent ia l ,  a L&N type  K-3  
po t en t iome te r  suppl ied  a ba l anc ing  emf, and  a K i n -  
tel  Mic rovo l t ammete r  se rved  as a Nul l  detector .  
The po ten t ia l s  were  m e a s u r e d  commenc ing  wi th  the  
in i t ia l  stat ic po ten t i a l  emf. The read ings  of the  emf 
were  t aken  at  var ious  c u r r e n t  densit ies.  The c u r r e n t  
was m e a s u r e d  wi th  a S impson  m i l l i a m m e t e r  (Model  
373). Sufficient  t ime  (2-3 ra in)  was  a l lowed for 
each m e a s u r e m e n t  to enab le  the  po ten t ia l s  to reach 
a s teady value .  I n d i v i d u a l  d e t e r m i n a t i o n s  were  r e -  
p roduc ib le  w i t h i n  -- 5 inv. No correc t ion  was made  
for the  IR drop b e t w e e n  the  cap i l l a ry  t ip a nd  the  
surface  of the  cathode. Also, a n o n u n i f o r m  c u r r e n t  
dens i ty  resul t s  wi th  a pa ra l l e l  e lectrode sys tem 
since the c u r r e n t  dens i ty  is h ighest  at the  edges. 
These factors and  others  m a k e  the absolu te  cathode 
po ten t ia l  m e a s u r e m e n t s  somewha t  unce r t a in .  The 
pH and  vo lume  of each ba th  were  m a i n t a i n e d  by  
con t inuous  addi t ions  of NH,OH and  H_~O, and  t e m -  
p e r a t u r e  was  cont ro l led  at 90 ~ • I~ 

X-ray diffraction.--X-ray diffract ion was  pe r -  
fo rmed  on a Nor th  A m e r i c a n  Phi l l ips  type  diffrac-  
tometer .  In  all  cases copper  K a r ad ia t ion  was  used, 
the  po ten t i a l  was  35 kv, the  c u r r e n t  was 20 ma, the 
scann ing  ra te  was 2 ~  and  the Geiger  coun te r  
vol tage was  1385. The t ime cons tan ts  were  8, 2, and  
16 sec for nickel ,  t ungs ten ,  and  n i c k e l - t u n g s t e n ,  r e -  
spect ively.  

X-ray fluorescence.--The pla ted  samples  were  a n -  
a lyzed for Ni, Co, Fe, and  W, respec t ive ly  on a No-  
relco x - r a y  spect rograph.  The  u n i t  was  opera ted  
wi th  a W x - r a y  t ube  at 50 kv  and  50 ma. F ixed  
count  opera t ion  was employed,  i.e., the  t imes were  
recorded to ob ta in  512,000 counts  for Ni; 256,000 
counts  for Co; 128,000 counts  for Fe; and  32,000 
counts  for W. These read ings  were  conver ted  to 
coun t s / s econd  for each e lement .  A LiF  crys ta l  was  
used and  f i r s t -order  peaks  of the  e l emen t s  were  used  
as follows: Ni Kal  at 48.61 ~ 28, Co Kal  at 52.74 ~ 28, 
Fe Kaj  at 57.45 ~ 28, and  W Lal at  42.99 ~ 28. 

Since the use of a W x - r a y  tube  means  tha t  a W 
count  wi l l  be produced  even  if the sample  is free of 
W ( b a c k g r o u n d ) ,  the po in t  at which  no W appears  
in  the  deposit  for each series of samples  was  doub le -  
checked us ing  a Norelco x - r a y  spec t rograph  e m-  
p loying  a Mo x - r a y  tube,  opera t ing  at 50 kv  and  40 
ma. In  this  case a NaC1 crys ta l  was used and  a scan 
was made  over  the W Lal peak  in the second order  

(at  63.13 ~ 28). The absence  of W in the  e n d - p o i n t  
samples  was conf i rmed for all  series. 

Seve ra l  n i c k e l - t u n g s t e n  samples  were  p r epa red  
in  accordance  w i th  the  i n s t ruc t ions  of p rev ious  
worke r s  (5) .  These  were  used as s t anda rds  for the  
x - r a y  spect rometer .  The  g raph  of % W in the  de-  
posit  vs. addi t ion  agen t  concen t r a t i on  is shown in  
Fig.  1. 

Since the composi t ion  of the  s t a n d a r d  was  no t  
checked by  chemica l  analysis ,  the  accuracy  of the  
va lues  g iven  is doubt fu l .  However ,  the  re la t ive  v a l -  
ues of the  concen t r a t ions  in d i f ferent  specimens  are 
p r o b a b l y  valid.  

Polarographic studies.--The pola rographic  s tudies  
were  car r ied  out us ing  a L&N "po la ro t ron"  and  a 
t y p e - E  e lec t rochemograph.  Po l a rog rams  were  de-  
t e r m i n e d  in a 1M NH,OH, O.2M NH,C1 suppor t ing  
e lec t ro ly te  wi th  0.005% gelat in .  Chemicals  were  
C.P. grade. 

Results 
M a n y  of the add i t ion  agents  which  were  s tudied  

in  this  p r og r a m were  found  to p r e v e n t  the codepo- 
s i t ion of t u n g s t e n  w i t h  iron, nickel ,  or cobalt.  These 
are th iourea ,  th iosu l fa te  ion, t h iocyana te  ion, th io -  
acetamide,  and  w a t e r  soluble  subs t i tu t ed  thioureas .  
A m o n g  the addi t ion  agents  which  have  no effect on 
the  composi t ion of t u n g s t e n  codeposits  are gelat in ,  
saccharine,  and  urea .  No cr i te r ia  for the s t ruc tu re  re -  
qu i r ed  of an add i t ion  agent  for the  p r e v e n t i o n  of 
t u n g s t e n  codeposi t ion can be es tabl i shed at this  
t ime;  however ,  a l l  successful  add i t ion  agents  i n -  
ves t iga ted  con ta ined  sulfur .  

The effect of v a r y i n g  quan t i t i e s  of sodium th io-  
sulfate ,  po tass ium th iocyanide ,  a nd  th iourea  on the  
app rox ima te  composi t ion of the  n i c k e l - t u n g s t e n  co- 
deposi t  is shown in  Fig. 1. The cut-off  concen t r a -  
t ions of other  add i t ion  agents  which  p r e ve n t  t u n g -  
s ten codeposi t ion are shown in Tab le  I. These cu t -  
off concen t ra t ions  were  d e t e r m i n e d  by  an  x - r a y  
fluorescence un i t  w i th  a m o l y b d e n u m  source. 

It  has been  observed  tha t  the  concen t ra t ion  of 
th iourea  necessary  to p r e v e n t  t u n g s t e n  deposi t ion 
increases  wi th  inc reas ing  c u r r e n t  densi ty .  Tha t  is, 
inc reas ing  the  c u r r e n t  dens i ty  decreases the effec- 
t iveness  of the th iourea .  This  decrease  in effective- 
ness  wi th  inc reas ing  c u r r e n t  dens i ty  ma y  be ex -  
p l a ined  by  the  desorp t ion  of the  th iou rea  wi th  i n -  
creased nega t ive  potent ia l ,  or it m a y  be due to i n -  
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Table I. Effect of addition agents on W codeposition 

A d d i t i o n  D e p o s i t i o n  of W 
a g e n t  ceases ,*  rag /1  B a t h  

Table II. Cathode potential meosurements 

P l a t i n g  b a t h  E~* 

Nickel 1.1 
Nickel- tungstate  0.970 
Nickel - tungsta te- th iourea  0.880 

* P o t e n t i a l s  a r e  g i v e n  vs.  a s a t u r a t e d  c a l o m e l  e l e c t r o d e  a t  2 
a m p / d i n  ~. 

Table III. Polarographic half-wave potential 

M e t a l  i on  
a n d  c o m p l e x i n g  a g e n t  E1/2 vo l t s  

Na~S~O3 9.24 Ni-WO4 
KSCN 5.12 Ni-WO, 
NH~CSNH~ 3.0 Ni-WO~ 
NH_~CSNH~ 9.0 Co-WO~ 
Na~S~O~ 29.5 Co-WO, 
KSCN 5.76 Co-WO~ 
NH~CSNH~ 20.0 Fe-WO, 

* R e s u l t s  w e r e  o b t a i n e d  by  x - r a y  f l u o r e s c e n c e  u s i n g  a n  x - r a y  
u n i t  c o n t a i n i n g  a m o l y b d e n u m  t u b e .  

creased decomposi t ion  of the  th iourea  w i th  increased  
nega t ive  potent ia l .  The la t te r  seems more  l ike ly  
since dep le t ion  of t h iou rea  has also been  observed.  
For  example ,  a deposit  was  made  f rom a ba th  con-  
t a i n ing  the m i n i m u m  q u a n t i t y  of t h iou rea  (3 mg/1)  
r equ i r ed  to p r e v e n t  t u n g s t e n  codeposi t ion wi th  
n icke l  for a per iod of 4 hr  at 2 a m p / d m  ~. Af te r  this  
period, a f resh deposi t  was  t hen  made  f rom this  
ba th  and  t u n g s t e n  was  found  in  the deposit.  The 
th iourea  concen t r a t i on  necessary  to p r e v e n t  W co- 
deposi t ion  increases  wi th  Ni, Co, and  Fe, respec-  
t ively.  In  all  cases inves t iga ted  the concen t r a t i on  
of add i t ion  agent  necessa ry  to p r e v e n t  t u n g s t e n  co- 
deposi t ion  is l a rger  w h e n  cobal t  is the codeposi t ing 
me ta l  r a the r  t h a n  nickel .  

The  po ten t i a l  r e q u i r e d  for the  depos i t ion  of t he  
t u n g s t e n  alloys is more  nob le  t h a n  the po ten t i a l  r e -  
qu i r ed  for the  deposi t ion  of the meta l  (Fe, Ni, or Co) 
by i tself  (8-10) .  Accord ing  to data  pub l i shed  by  
M a r k w e l l  and  Holt  (11),  a c r i te r ion  for t u n g s t e n  de-  
pos i t ion  is tha t  the  d y n a m i c  cathode po ten t ia l s  of the  
codeposi t ing ion (Ni, Co, Fe)  solut ions,  wi th  and  
wi thou t  t u n g s t e n  ion, m u s t  be w i t h i n  85 m v  of each 
other.  Therefore ,  it was of in te res t  to d e t e r m i n e  the 
effect of th iourea  on the cathode po ten t ia l s  of n icke l  
and  n icke l  t u n g s t a t e  solutions.  The  cathode p o t e n -  
tial,  Ec (vs. SCE) at 2 a m p / d m  ~ of p u r e  n i cke l  so lu-  
t ion  was --1100 mv,  whi le  the so lu t ion  con ta in ing  
n icke l  and  tungs t a t e  ions had a cathode po ten t i a l  of 
--970 mv.  W h e n  0.1 g/1 of t h iou rea  was  added to the  
n i c k e l - t u n g s t a t e  solut ion,  the  cathode po ten t i a l  was  
--880 inv. This va lue  is 90 m v  below the cathode po-  
t en t i a l  of the n i c k e l - t u n g s t a t e  so lu t ion  and  200 m v  
be low the cathode po ten t i a l  of the  n icke l  so lu t ion  
(Tab le  I I ) .  

The  po la rograph ic  me thod  was  employed  to s tudy  
the  add i t ion  agent  effect. The  h a l f - w a v e  po ten t i a l  
(E~/~) of the  cathodic n ickel  waves  was  d e t e r m i n e d  
in  1M NH~OH, 0.2M NH~C1, suppor t ing  e lec t ro ly te  
and  us ing  0.05 g/1 of ge la t in  as a m a x i m a  sup-  
pressor.  The resul t s  of these  po la rographic  m e a s u r e -  
men t s  are g iven  in Tab le  III. All  effective addi t ion  
agents  cause a shift  in the h a l f - w a v e  po ten t i a l  of the  
Ni wave.  This is a t t r i b u t e d  to complex  fo rma t ion  
b e t w e e n  the  add i t ion  agen t  and  the  n icke l  species. 

Except  for the  th iosulfa te ,  the  effective add i t ion  
agents  are  seen to fo rm complexes  which  are more  
easi ly  reduced  t h a n  is the  or ig ina l  n icke l  species. 
This  conclus ion was  also conf i rmed for t h iou rea  b y  
cathode po ten t i a l  studies.  

Since, in  general ,  complex  fo rma t ion  makes  an  
ion more  difficult to reduce  and  shifts E1/~ to a less 

Ni 1.04 
Ni ~ thiourea 1.017 
Ni -~ thioacetamide 0.987 
Ni ~ al lyl thiourea 1.015 
Ni ~ urea 1.033 
Ni ~ sodium thiosulfate 1.075 
Ni ~ thiosemicarbazide 0.897 
Ni ~ KSCN 1.030 

T e s t  s o l u t i o n  c o n t a i n e d  4.2 • 10-SM Ni++, 21/2 cc of 0.2% g e l a t i n  
so lu t i on ,  20 cc 5M NH~OH,  20 cc 5M NH4C1, a n d  0.5 g of e a c h  
c o m p l e x i n g  a g e n t  p e r  100 cc so lu t ion .  E1/2 vs.  s a t u r a t e d  c a l o m e l  
e l e c t r o d e .  

nob le  potent ia l ,  the observed  behav ior  in  this  case 
p r o b a b l y  resu l t s  f rom the h igh overvol tage  n o r m a l l y  
associated w i th  the  r educ t ion  of Ni(H~O)x ++ or 
Ni(NH~)~ ++. 

The suppress ion  of the  po la rograph ic  m a x i m u m ,  
as by  gelat in ,  occurs by  adsorp t ion  of a surface  ac-  
t ive species at the  cathodic m e r c u r y  drop. Tab le  IV 
indicates  the  effectiveness of add i t ion  agents  as sup-  
pressors  of the  m a x i m u m  of the  cathodic n icke l  
wave.  Al l  resul t s  are  in  the absence  of ge la t in  or 
a ny  other  k n o w n  surface act ive mater ia l .  Therefore ,  
it is concluded tha t  all  effective add i t ion  agents  are 
adsorbed at  the cathode. However ,  there  is no 
q u a n t i t a t i v e  cor re la t ion  b e t w e e n  the i r  effectiveness 
as m a x i m a  suppressors  and  as t u n g s t e n  deposi t ion  
inhibi tors .  

The ca ta ly t ic  r educ t ion  m e c h a n i s m  states t ha t  
the structure of the deposit consists of alternate 
layers of tungsten and the codeposited metal. If 
this is the case, x-ray diffraction should show a 
phase of nickel and a phase of tungsten, and the dif- 
fraction pattern obtained should consist of the 
superimposed diffraction patterns of pure nickel and 
pure tungsten. It has been reported that the diffrac- 
tion pattern of the codeposit is that of a solid solu- 
tion (5); however, the x-ray data which led to this 
conclusion was not published. Results obtained in 
the present investigation are shown in Table V. It 
is clear from the table that no tungsten phase is 
present. Instead the codeposit contains only nickel 
peaks shifted in the direction expected for a solid 
solution of tungsten in nickel. That the codeposit is 
a solid solution of tungsten in nickel, and not alter- 
nate layers of nickel and tungsten, is thereby con- 
firmed. 

Discussion 

The add i t ion  agents  which  were  found  to p r e v e n t  
t u n g s t e n  codeposi t ion w i th  n icke l  have  severa l  fea-  
tures  in  common.  They  all  con ta in  at least  one su l -  
fu r  atom, lower  the  cathode po ten t i a l  of the  deposi-  
t ion  process, can form b u l k  complexes  wi th  the  co- 
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Table IV. Polarographic adsorption data 

Mola r  A p p r o x i m a t e  
C o m p l e x i n g  a g e n t  conc. • 103 % a d s o r p t i o n  a 

1-a l ly l -2 - th iourea  5.17 100 
Thiosemicarbazide  5.50 96 
Thioace tamide  6.77 67 
Thiourea  6.60 25 
Sodium th iosul fa te  4.02 31 
Po tass ium th iocyanate  6.20 22 
Urea  8.30 0 
Gela t in  - -  100 ~ 

(Ha--Id)  -- (Ha--Id)  
a % A d s o r p t i o n  • 100 

Hn -- Id 
Hn is h e i g h t  of  t he  m a x i m u m  of Ni  w a v e  w i t h o u t  t he  c o m p l e x i n g  
agen t ;  Ha is h e i g h t  of  the  m a x i m u m  of  Ni  w a v e  i n  t he  p re sence  of 
the  c o m p l e x i n g  agen t ;  Id is  h e i g h t  of t he  Ni  w a v e  in  t he  p re sence  
of  ge la t in .  

b A r b i t r a r i l y  set  a t  100% adso rp t ion .  

Table V. X-ray diffraction data 

Ni  (f.c.c.) N i - W  (f.c.c.) W (b.c.c.) 

Re la -  Re la -  Re la -  
t i v e  t i v e  t i v e  

d - spac-  i n t e n -  d - spac -  i n t e n -  d - spac -  i n t e n -  
ings  a s i ty  b ings s i ty  ings s i ty  

2.034(111) 100 2.047(111) 100 2.235(110) 100 
1.763(200) 68 1.779(200) 20 
1.245(220) 11 1.252(220) 12 1.580(200) 15 
1.0628(311) 17 1.0726(311) 12 1.291(211) 9.5 
1.0168(222) 4.8 1.0292(222) 7.6 1.1190(220) 9.5 
0.8824(400) 2.4 0.8837(400) 4.5 1.0004(310) 7.4 
0.80808(331) 4.8 0.81712(331) 9.1 0.8461(321) 5.3 

0.79990(421) 9.1 0.7918(400) 1.1 

a Di s t ance  b e t w e e n  l a t t i c e  p l a n e s  in  a n g s t r o m  uni t s .  
b O b t a i n e d  by  s u b t r a c t i n g  b a c k g r o u n d  a nd  s e t t i ng  m o s t  intense  

peak  a t  100. 

depos i t i ng  m e t a l  ion, and  a r e  a d s o r b e d  at  a d r o p p i n g  
m e r c u r y  ca thode .  The  a d d i t i o n  agen t s  w h i c h  w e r e  
found  to h a v e  no effect  on the  compos i t i on  of t he  
codepos i t  w e r e  e i t he r  no t  a d s o r b e d  (i.e., u r e a )  or  
f o r m e d  no c o m p l e x e s  (i.e., g e l a t i n )  w i t h  t he  co-  
depos i t i ng  m e t a l  ion. 

I t  is l i k e l y  t h a t  t he  f o r m a t i o n  of a c o m p l e x  b e -  
t w e e n  the  codepos i t i ng  spec ies  and  the  a d d i t i o n  
agen t  is e s sen t i a l  for  t he  p r e v e n t i o n  of t u n g s t e n  co-  
depos i t ion .  A l l  such c o m p l e x e s  a r e  m o r e  ea s i l y  r e -  
d u c e d  t h a n  is t he  o r i g i n a l  n i c k e l  species,  as is s h o w n  
b y  the  sh i f t  to m o r e  nob le  va lue s  of t he  h a l f - w a v e  
po t en t i a l s  and  of t he  d y n a m i c  ca thode  po ten t i a l s .  
I t  has  also been  s h o w n  t h a t  a l l  a d d i t i o n  agen t s  
w h i c h  p r e v e n t  t u n g s t e n  codepos i t ion  a r e  c a p a b l e  of 
be ing  a d s o r b e d  at  t he  m e r c u r y  ca thode .  The  fac t  
t h a t  v e r y  s m a l l  q u a n t i t i e s  of  a d d i t i o n  a g e n t  p r e v e n t  
t h e  codepos i t i on  and  t h e  o b s e r v e d  d e p l e t i o n  of  t h e  
a d d i t i o n  a g e n t  s u p p o r t s  t he  h y p o t h e s i s  t h a t  th i s  a d -  
so rp t ion  is also e s sen t i a l  for  t he  p r e v e n t i o n  of co-  
depos i t ion .  As  f u r t h e r  ev idence  for  this ,  i t  has  been  
o b s e r v e d  t h a t  t u n g s t e n  w i l l  depos i t  n o r m a l l y  f r o m  a 
so lu t ion  con ta in ing  3 mg/1  of t h i o u r e a  ( e n o u g h  to 
c o m p l e t e l y  p r e v e n t  codepos i t i on )  p r o v i d e d  an  e x -  
cess (0.8 g / l )  of ge l a t i n  is added .  This  i nd i ca t e s  a 

c o m p e t i t i o n  for  a d s o r p t i o n  b e t w e e n  ge l a t i n  a n d  t h i -  
o u r e a  and  f u r t h e r  d e m o n s t r a t e s  t h a t  a d s o r p t i o n  of 
t he  a d d i t i o n  a g e n t  is e s sen t i a l  for  t h e  p r e v e n t i o n  
of t u n g s t e n  codepos i t ion .  

If  one m a y  a s s u m e  t h a t  t he  b e h a v i o r  of t h e  p l a t -  
ing so lu t ion  at  a t u n g s t e n  a l l oy  e l ec t rode  is no t  
g ro s s ly  d i f fe ren t  f r o m  t h a t  of  t h e  p o l a r o g r a p h i c  so -  
l u t i on  a t  a m e r c u r y  ca thode ,  t h e n  a p l a t i n g  m e c h -  
a n i s m  cons i s t en t  w i t h  these  o b s e r v a t i o n s  can  be  
f o r m u l a t e d .  I t  w o u l d  i nvo lve  t h e  a d s o r p t i o n  of t h e  
a d d i t i o n  agen t  a t  t h e  ca thode  a n d  i ts  f o r m a t i o n  of 
c o m p l e x e s  w i t h  t h e  codepos i t ion  m e t a l  ion S as i t  a p -  
p r o a c h e s  the  ca thode .  D u r i n g  t h e  f o r m a t i o n  of th i s  
n e w  complex ,  t he  o r ig ina l  c o m p l e x  b e t w e e n  t h e  
codepos i t i ng  ion a n d  the  t u n g s t a t e  ion d issocia tes ,  
and  t u n g s t e n  de pos i t i on  is p r e v e n t e d .  

The  x - r a y  d i f f r ac t ion  d a t a  n e g a t e  t he  m e c h a n i s m  
i n v o l v i n g  a l t e r n a t e  l a y e r s  of t he  two  meta l s ,  as does  
t h e  l a ck  of a n y  p e r i o d i c i t y  in t he  p l a t i n g  
v o l t a g e s  (12) .  
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ABSTRACT 

This work  describes the  appl ica t ion  of a model  of the  e lec t ro luminescent  
process to the photon emission and power  consumption of insu la ted  e lec t ro lumi-  
nescent  phosphors  as a funct ion of vol tage and frequency.  The model  represen ts  
an extension of one descr ibed earl ier .  The model  leads to a convenient  sum-  
m a r y  of such da ta  and an increased unders tand ing  of the i r  significance. An  
upper  l imi t  to the  efficiency of impact  e lect roluminescence in insu la ted  par t ic les  
is proposed on the basis of the  impl icat ions  of the model. 

One of the  diff icul t ies  e n c o u n t e r e d  in c o r r e l a t i n g  
d a t a  for  e l e c t r o l u m i n e s c e n c e  in  ZnS  p h o s p h o r s  is 
t ha t  t h e r e  does  no t  ex i s t  an  a d e q u a t e  m o d e l  of t he  
process .  The  l a c k  of such  a m o d e l  m a k e s  imposs ib l e  
a conven i en t  s u m m a r y  of t he  v a r i a t i o n  of b r i g h t n e s s  
and  p o w e r  d i s s ipa t ion  w i t h  vo l tage ,  f r equency ,  and  
t e m p e r a t u r e .  C o m p a r i s o n s  of t he  p r o p e r t i e s  of t he  
e l e c t r o l u m i n e s c e n c e  of d i f fe ren t  p h o s p h o r s  a r e  diffi-  
cul t  to de sc r ibe  in m e a n i n g f u l  t e r m s  and  even  m o r e  
diff icult  to r e l a t e  to d i f fe rences  in t he  f u n d a m e n t a l  
p r o p e r t i e s  of the  phosphor s .  The  p u r p o s e  of th i s  
w o r k  is to p r e s e n t  as c o m p l e t e  an  a p p r o a c h  to an  
a d e q u a t e  m o d e l  b a s e d  on the  col l i s ion  exc i t a t i on  
m e c h a n i s m  as is poss ib l e  a t  p re sen t .  

This  model ,  to be  d e s c r i b e d  in the  fo l lowing  sect ion,  
is cons i s t en t  w i t h  the  r e l e v a n t  e x p e r i m e n t a l  d a t a  r e -  
p o r t e d  in t he  l i t e r a t u r e  (1 -6 )  a l t h o u g h  no t  in en t i r e  
a g r e e m e n t  w i t h  t h e i r  i n t e r p r e t a t i o n  [cf. (2, 3 ) ] .  The  
m a j o r  p r e m i s e  is t h a t  of d e l a y e d  r e c o m b i n a t i o n ,  
which,  de sp i t e  a l t e r n a t i v e  sugges t ions  (7)  r e m a i n s  
u n a m b i g u o u s l y  d e m o n s t r a t e d  (1, 2, 6) .  F u r t h e r ,  t he  
mode l  is a s t r a i g h t f o r w a r d  e x t e n s i o n  of w o r k  b y  the  
p r e s e n t  w r i t e r  (1)  w i t h  some changes  sugges t ed  b y  
cons ide r a t i on  of efficiency. I t  is s i m i l a r  in concept  
bu t  m o r e  d e t a i l e d  and  m o r e  a c c u r a t e  t h a n  one  d e -  
sc r ibed  b y  L e h m a n n  (5) .  

F i n a l l y ,  t h e  m o d e l  y i e lds  a p h e n o m e n o l o g i c a l  a p -  
p r o a c h  t o w a r d  e s t i m a t i n g  m a x i m u m  efficiencies t h a t  
can be  a c h i e v e d  w i t h  e l e c t r o l u m i n e s c e n c e  p r o d u c e d  
b y  i m p a c t  ion iza t ion .  The  p r i m a r y  c o n s i d e r a t i o n  is 
t he  r e l a t i o n  b e t w e e n  the  w a y  in w h i c h  l i g h t  e m i s -  
sion and  p o w e r  c o n s u m p t i o n  i nc rea se  w i t h  v o l t a g e  
in i n s u l a t e d  pa r t i c l e s .  

A Model of the Electroluminescence Process 
The  p r i n c i p a l  f e a t u r e s  of th i s  m o d e l  h a v e  been  

desc r ibed  p r e v i o u s l y  (1 ) ;  t he  s ame  n o t a t i o n  w i l l  be  
r e t a ined .  The  e l ec t rons  p a r t i c i p a t i n g  in t he  e l e c t r o -  
l uminescence  p rocess  in a g iven  p a r t i c l e  a r e  d i v i d e d  
into  two  p o p u l a t i o n s :  no " m o b i l e "  e lec t rons ,  w h i c h  
e m e r g e  f rom and  r e t u r n  to a "h igh - f i e ld  r eg ion"  in  
each  v o l t a g e  cyc le  and  N~ " t r a p p e d "  e l ec t rons  in  t h e  
p a r t i c l e  b u l k  w h i c h  do no t  succeed  in  r e t u r n i n g  to 

1Present  address:  Research Laboratory ,  In te rna t iona l  Business 
Machines Corp., Poughkeepsie,  N. Y. 

th is  reg ion .  The  o r ig in  of t he  h igh - f i e ld  r eg ion  in 
w h i c h  c a r r i e r  a c c e l e r a t i o n  a n d  i m p a c t  i on iza t ion  oc-  
cur  is d i scussed  in  a fo l lowing  sect ion.  I t  is a s s u m e d  
t h a t  a l l  of t h e  p a r t i c i p a t i n g  e l ec t rons  h a v e  b e e n  
ion ized  f r o m  the  l a t t i c e  and  t h a t  t he  r e s u l t a n t  ho les  
a r e  loca l ized  in t he  h igh - f i e l d  r eg ion  at  N§ r e c o m b i -  
na t i on  centers ,  so t h a t  

ne + N~ = N§ [i] 

Of the ne mobile electrons a fraction a recombine at 
the emission (recombination) centers and a much 
larger fraction ;9 are trapped. These fine electrons 
are field ionized by the succeeding voltage half-cy- 
cle and accelerated such that F/gn~ ionizing collisions 

co,'st 

occur, where F ~ e %- and E is the effective field 
in the high-field region. We have then 

a + fl = 1 [2]  
and  

ano = Ffln~ [3]  

to m a i n t a i n  a s t e a d y - s t a t e  cond i t i on  w i t h  r e spec t  to 
ion iza t ion  and  s u b s e q u e n t  r e c o m b i n a t i o n .  W e  f u r -  
t he r  define ~I, as t h e  f r ac t i on  of t he  t o t a l  n u m b e r  of 
e lec t rons ,  no + N~, w h i c h  a r e  in  t h e  p a r t i c l e  b u l k  
a t  t he  b e g i n n i n g  of a v o l t a g e  h a l f - c y c l e ,  a n d  w h i c h  
f r ac t i on  r e t u r n s  to t he  h igh - f i e l d  r eg ion  

= n e / ( n e  + N t )  = n , /N+ [4]  

The  f r ac t i on  ~ is of course  p r o p o r t i o n a l  to t h e  n u m -  
b e r  of ion ized  r e c o m b i n a t i o n  centers ,  which ,  as m e n -  
t i oned  above ,  a r e  loca l i zed  in  t he  h igh - f i e l d  r e g i o n  

= N §  [5]  

w h e r e  X is a c a p t u r e  cross  sec t ion  for  t he se  c e n t e r s  
r e l a t i v e  to t r a p p i n g .  

W i t h  t he  a s s u m p t i o n  a < <  fl, a l g e b r a i c  c o m b i n a -  
t ion  of Eq. [1] ,  [2] ,  [3] ,  [4] ,  and  [5]  g ives  t he  fo l -  
l owing  

a , ~ F  

ne ,~ ~ F / X  
B / ]  oc an~ ~ ~ ,F~/X  [6]  

w h e r e  B / ]  is t h e  l igh t  e m i s s i o n / v o l t a g e  cycle.  
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T r a p p i n g  and  r e t r a p p i n g  in  the  phosphor  b u l k  de-  
lays the  r e t u r n  of the  ionized e lec t rons  to the  r ecom-  
b i n a t i o n  region,  which  r e t u r n  is fac i l i ta ted  by  a field 
opposite in  d i rec t ion  to the  ioniz ing  field. ~I, is t h e n  a 
func t ion  of the  f r e q u e n c y  and  a m p l i t u d e  of the  vo l t -  
age and  of the t e m p e r a t u r e .  The  fo rm of this  f u n c -  
t ion  has been  g iven  in  p rev ious  w o r k  (1) for a 
s inusoida l  vol tage  V of f r e q u e n c y  

~ =  1 - - e  -~ 
V 

le  ~ e -Eo /~T  
/* = "-~ fo.e [7] 

For  a d i s t r i bu t i on  r a the r  t h a n  a s ingle  t r ap  dep th  
Eo, a we igh t ed  sum of t e rms  of the  fo rm e -Eo~/~ ap-  
plies. 

App l i ca t ion  of the  above model  to the  e lec t ro lu -  
minescence  b r igh tness  ( t i m e - a v e r a g e d  for photons)  
yields  

B ---- B~ f+F' [8] 

where  B~ is a constant .  
The mo t ion  of the  no mobi le  e lect rons  as wel l  as 

tha t  of the  N~ t r apped  e lect rons  u n d e r  the  inf luence  
of the appl ied  field leads to an  increase  in  bo th  the  
real  and  i m a g i n a r y  capaci tance  of the  cell C' and  C" 
over  the  va lue  of these cons tan ts  in  the  absence  of 
a c a r r i e r - p r o d u c i n g  process in  the  i n su l a t ed  phos -  
phor  par t ic les  C'o and  C"o. The power  diss ipated by  
the cell W, the  s tored power  V A R ,  and  the  cell cu r -  
r en t  i are  g iven  by  

W = ~C" V-" 
V A R  = ~C' V ~ 
i=~lclv [9] 

where 
C=C'+iC" 

The increase in C" and C" arising from the electro- 
luminescence process is proportional to the increase 
in the "two populations of electrons, n~ and NT, so that 

we can wr i t e  

C' = C'o + C--~n~ + C'..N~ 

C" = C"o + C"~n~ + C"_oN~ [10] 

whe re  C~', and  ~'~ are  cons tan ts  con ta in ing  geometr ic  

and  mob i l i t y  or po la r izab i l i ty  factors and  C'~ and  C"_. 
are s imi la r  cons tan ts  of lower  m a g n i t u d e s  r e p r e s e n t -  
ing the  more  l imi ted  excurs ions  of the t r apped  elec-  
trons.  One  should emphas ize  here  tha t  the  lossy mo-  
t ion  of a t r apped  e lec t ron  is conduc t ion  b e t w e e n  
t raps  r a t h e r  t h a n  d i sp lacemen t  w i t h i n  a t rap.  The 
des igna t ion  " t r apped"  s imply  indicates  e lec t rons  
which  do not  succeed in  r e t u r n i n g  to the r e c o m b i n a -  
t ion  region  w i t h i n  a ha l f -cycle .  S u b s t i t u t i n g  in  Eq. 
[10] f rom [6] gives 

C' = C'o + C'~ ~, F + C%(I -- ,I,)F 

C " = C " o + C " ~ , F + C " ~ ( 1 - - ~ ) F  [11] 

The mode l  thus  leads  to the  expec ta t ion  of a fa i r ly  
direct  cor re la t ion  b e t w e e n  pho ton  b r igh tness  B and  
power  consumpt ion  W. 

Experimental Technique 
A d e m o u n t a b l e  cell  was used for most  expe r i me n t s  

consis t ing of a c i rcu la r  copper  block for one elec- 
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trode and a circular conducting glass plate for the 
other. The latter makes contact at its periphery with 
a metal ring attached through an insulator to the 
copper electrode, providing a fixed separation of the 
electrodes. The phosphor powders were mixed with 
a viscous liquid, #1254 Aroclor (a chlorinated bi- 
phenyl, Monsanto Chemical Company), to give a de- 
sired volume loading. The mix first was deposited on 
the conducting glass plate, freed of admixed air in 
a vacuum chamber, and then pressed against the 
copper electrode, which was covered with a 1,4 rail 
Mylar film to elminate electrolytic processes that 
might otherwise occur in the liquid medium. The ex- 
perimental results reported below are not corrected 
for  the effect of the  Myla r  film, s ince this  correct ion 
does not  s igni f icant ly  a l ter  the  resul ts  re la t ive  to the 
purposes  of this  work.  

The cells were  opera ted  b y  me a ns  of a wide  range  
oscillator,  a 60 w audio amplif ier ,  and  a t r ans fo rmer .  
This c omb i na t i on  of un i t s  p rovides  up to 450 v rms  
above 100 cps to beyond  the  5 kc f r equency  to which  
the  m e a s u r e m e n t s  were  l imi t ed  to avoid a s ignif icant  
con t r i bu t i on  of the  res i s tance  of the conduc t ing  glass 
to the  power  absorpt ion .  For  m e a s u r e m e n t s  at lower  
f requenc ies  a d-c  amplif ier  wh ich  was l imi ted  to be-  
low 250 v r ms  was  used. 

The power  c onsumpt i on  a nd  c u r r e n t  were  meas -  
u red  wi th  a Model  102 e lec t ronic  w a t t m e t e r  ( John  
F l uke  E n g i n e e r i n g  Co.) which  was  checked pe r i -  
odical ly aga ins t  k n o w n  res is tances  and  capacitances.  

Cell b r igh tnesses  were  m e a s u r e d  wi th  a 1P21 
pho tomul t ip l i e r  t ube  whose ou tpu t  c u r r e n t  was read 
wi th  an  e lec t rometer .  In  each case the ou tpu t  of the 
pho tomul t ip l i e r  was compared  wi th  the cell b r i gh t -  
ness in  foo t l amber t s  as m e a s u r e d  wi th  a Photo Re-  
search Corpora t ion  "Spec t ra"  b r igh tness  spot me te r  
(Model  UB) at  each of the  f requenc ies  employed.  

To ob ta in  the  cell ou tpu t  in  lumens ,  the b r i g h t -  
ness in foo t l amber t s  was mu l t i p l i ed  by the cell area 
in  square  feet. To conver t  the  pho tomul t ip l i e r  ou tpu t  
to a re la t ive  pho ton  count  in  those cases in  which  
the w a v e - l e n g t h  d i s t r ibu t ion  of the  e ]ec t ro lumines -  
cence shifts w i th  f requency ,  severa l  procedures  were  
used. The emiss ion  spectra  of a ZnS ,ZnO:  Cu,C1 phos-  
phor  were  m e a s u r e d  at 100 cps and  5 kc, and  plot ted  
as re la t ive  a m o u n t  of r a d i a n t  power  (for equa l  f re -  
quency  in t e rva l s )  d W / d v  vs. pho ton  ene rgy  hr. The 
S-4 response  of the  1P21 pho tomul t i p l i e r  was ob-  
t a ined  in  response  for equa l  r a d i a n t  power  at each 
photon  f r e q u e n c y  R ,  The fo l lowing in tegra l  gives 
the  re la t ive  pho t omu l t i p l i e r  r e s p o n s e / p h o t o n / s e c o n d  
for the  p a r t i c u l a r  emiss ion spec t rum character is t ic  
of the f r e q u e n c y  ] 

dv 

(PMR)'~r  = 

f p 

For the phosphor described above we had from 
numerical integration of the above 

(PMR) '% k o 
= 1.44 

(PMR) '"~ . . . . .  

which  is the  correc t ion  factor  by  which  the photo-  



Vol.  107, No.  4 

m u l t i p l i e r  read ings  at 5 kc mus t  be d iv ided  to ob ta in  
the  n u m b e r  of photons  emi t t ed  re la t ive  to 100 cps. 

S imi l a r  ca lcula t ions  give the r e l a t ive  p h o t o m u l t i -  
p l ie r  r e s p o n s e / w a t t  for each f r e q u e n c y  

such tha t  for the ZnS ,ZnO:  Cu,C1 

(PMR)  ~0 ~o 
= 1.42 

(PMR)  ~, . . . . .  

The  l u m i n o u s  e q u i v a l e n t  of the  emiss ion at each 
f r equency  can be ca lcu la ted  in s imi la r  fashion w i th  
the use of the s t a n d a r d  eye response  curve,  which  
equ iva l en t s  are 296 lpw for 5 ke and  395 at 100 cps, 
The ra t io  of the sens i t iv i ty  of the  pho tomul t i p l i e r  
in  l u m e n s / u n i t  deflect ion at 100 cps to tha t  at 5 kc 
wil l  therefore  be 

395 
SR(100 cps, 5 kc) = 1.42 ~ 1.9 

296 

This  va lue  compares  r ea sonab ly  wel l  w i th  the sens i -  
t i v i t y  rat ios ' for  this  phosphor  (ZnS ,ZnO:Cu,C1)  
m e a s u r e d  d i rec t ly  as descr ibed above  wi th  the  
b r igh tness  spot meter ,  about  1.75 +--0.2. Thus  as a 
rough  ru le  of t h u m b ,  one  can es t imate  the  correct ion 
necessa ry  to conver t  pho tomul t i p l i e r  ou tpu t s  to r e l a -  
t ive pho ton  counts  as be ing  a p p r o x i m a t e l y  

SR ~ [ (f~,f~) ] 
As a f i na l  p r o c e d u r e  a set of f i l te rs  w e r e  a r r a n g e d  

to cover the  e l ec t ro luminescen t  cell in  such a fashion  
as to give a l i nea r  pho ton  count  response  ( w h e n  
combined  wi th  the S-4 1P21 r e s p o n s e ) i n  the w a v e -  
l eng th  r ange  of 4400 to 5600A. Ca lcu la t ions  of the  
r e l a t ive  cell a rea  ass igned to each fil ter were  based 
on the i r  m e a s u r e d  t r ansmis s ion  curves.  Sat i s fac tory  
a g r e e m e n t  wi th  the  resul t s  of the above procedures  
was  obta ined.  

Experimental Results 
F i g u r e  1 shows the  a g r e e m e n t  of the  m e a s u r e d  

pho ton  emiss ion of an  e l ec t ro luminescen t  cell of a 
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VWVo 
for ZnS, 

Z n S , Z n O : C u ,  C1 phosphor  as a func t ion  of vol tage  
and  f r e que nc y  wi th  the  fo rm dic ta ted  by  the  model ,  
Eq. [8]. The ioniza t ion  efficiency F has been  g iven  
the fo rm 

F = e ~v+~~ [12] 

The reasons  for choosing this  form are g iven  in  the  
fo l lowing section. The s t ra igh t  l ines  are no t  exac t ly  
the  theore t ica l  curves  bu t  are d r a w n  t h r ough  cal-  

1000 1000 
cu la ted  poin ts  at - - - - 2  and  - - -  6 for 

V + 30 V § 30 
each f requency .  The he a vy  l ine  is the  r e l a t ion  be -  
t w e e n  emiss ion  and  vol tage  t ha t  would  ob ta in  at 
100 cps for ~I, = 1. F igure  2 shows the  a g r e e m e n t  of 
the  m e a s u r e d  va lues  of the i m a g i n a r y  cell capac i tance  
in  t~t~f w i th  the form pred ic ted  by  the  model ,  Eq. 
[11]. T and  F a re  t a ke n  f rom the  l ight  m e a s u r e m e n t s  
(Fig. 1) and  C"o, C"1, and  C'% then  chosen to give a 
good fit of the  solid (ca lcu la ted)  l ines w i t h  the  ex -  
p e r i m e n t a l  points .  (C"o is abou t  15 ~t~f in  most  
cases.) Higher  losses t h a n  those expected  i n v a r i a b l y  
are exper i enced  at the  h ighes t  voltages.  This  ex t ra  
c onsumpt i on  is be l ieved  due to n o n e l e c t r o l u m i n e s c e n t  
processes, poss ib ly  associated w i t h  the  p resence  of 
mois tu re  (5) .  

Va r i a t i on  of cell th ickness  d and  phosphor  v o l u m e  
loading N~ give w i t h i n  e x p e r i m e n t a l  e r ror  the  ex -  
pected changes  in  the  var ious  pa ramete r s ,  viz. 

2c1(d2/dl) 
d~ N~ 

B~ = f B ~ - -  - -  ( '~)e V+Vo~(d~/a~) 
dl N~I 

d, 
- - c ' %  = C"o (N~,)  + 

d~ 
cl (d2/dl) 

, I , =  1 - - e  -~ 

ds V 

d~ f ~  

where  the  subscr ip ts  1 a nd  2 re fe r  to the  p a r a m e t e r s  
appropr i a t e  to cells of th icknesses  dl and  d: and  
phosphor  v o l u m e  loadings  N~I and  Np~. 



284 JOURNAL OF THE ELECTROCHEMICAL SOCIETY April 1960 

300 

I K C .  ~ ZnS:Cu,Mn,CI 
-~ ~,. ~ 5 3 0  

" ~  ~ B = l . 3 f ( l - e -  ) e-v,-O~o 
, o o  300"~ ~ b ~ ' . . ~ .  t ~ . 0'065 (v/ f~ 

30 I00~ 
c.) 

n 

o ~ 3 
J 

, e  , , 2 6 5  
~o c"=Co+[3~o~*  oo( -~Je--r  

300 ~ ,  ( j - e - ~ )  
I 0 0 ~ 1 ~  

300~ "~c7"'~ 20 

~ ~ c ~  
"J 30 o 

I 0  I t I I I I i 
0 I 2 3 4 5 6 7 

looo/(v+~o~ 

Fig. 3. Log photon count  and log imag ina ry  cell capac i tance 
1000 

vs. - -  for ZnS:Cu, Mn, CI. 
V+Vo 

F i g u r e  3 shows  the  a g r e e m e n t  of t he  m o d e l  w i t h  
t he  b r i g h t n e s s  and  p o w e r  d a t a  for  a y e l l o w - e m i t t i n g  
ZnS:  Cu,Mn,C1 phospho r .  T h e r e  is, of course ,  no sh i f t  
in t he  emiss ion  s p e c t r u m  w i t h  f r equency .  The  g r e e n -  
and  b l u e - e m i t t i n g  cen te r s  a r e  i m p a c t  ion ized  as in 
t h e  p r e v i o u s l y  d e s c r i b e d  phospho r ,  b u t  on r e c o m b i -  
na t ion ,  the  exc i t a t i on  e n e r g y  is t r a n s f e r r e d  to t he  
y e l l o w - e m i t t i n g  M n - c e n t e r ,  b y  m e a n s  of a q u a n t u m  
m e c h a n i c a l  r e s o n a n c e  p rocess  ( 8 , 9 ) .  The  g r o u n d  
s t a t e  and  e x c i t e d  s t a t e  of t he  Mn cen t e r  a r e  bo th  
t h o u g h t  to  be  b e l o w  the  top  of t he  va l ence  band ,  so 
t h a t  d i r ec t  co l l i s ion  exc i t a t i on  r a t h e r  t h a n  ion iza t ion  
of th is  c e n t e r  can  occur  (2 ) .  This  l a t t e r  mode  of 
e xc i t a t i on  of th is  c en t e r  occurs  s ign i f i can t ly  on ly  at  
m u c h  h i g h e r  c u r r e n t s  t h a n  those  c h a r a c t e r i s t i c  of 
" n o r m a l "  ion iza t ion  e l e c t r o l u m i n e s c e n c e  a n d  d o m i -  
na t e s  on ly  in cel ls  t h a t  a l l o w  con t inuous  c u r r e n t  
flow at  v e r y  low f r equenc ie s  or  for  d - c  vo l tages .  

A f u r t h e r  d i s t i nc t ion  of t h e  M n - p h o s p h o r  is t he  
v e r y  low v a l u e  o b t a i n e d  for  k ,  in t he  e x p r e s s i o n  for  
,I~. This  d i f fe rence  r e su l t s  in a m u c h  l a r g e r  c o n t r i -  
b u t i o n  of t he  NT t r a p p e d  e l ec t rons  (a  l o w e r  v a l u e  
of ~I,) to t he  p o w e r  c o n s u m p t i o n  of t he  cell ,  w h i c h  
inc reases  r a p i d l y  w i t h  f r equency .  Thus  if one m e a s -  
u r e s  a m a x i m u m  p h o s p h o r  efficiency (neg l ec t i ng  
C"o) of 6.0 l p w  a t  100 cps  and  100 v, t he  e q u a t i o n s  
shown  in Fig .  3 p r e d i c t  a m a x i m u m  efficiency of 8.4 
l p w  at  20 cps and  80 v. The  sol id  l ines  shown  in Fig.  
3 for  p h o t o n  emiss ion  and  C" at  20 cps w e r e  p l o t t e d  
on the  bas is  of m e a s u r e m e n t s  m a d e  b e t w e e n  100 cps 
and  5 kc. T h e  a g r e e m e n t  w i t h  t he  e x p e r i m e n t a l  
po in t s  shows  t h a t  one m a y  a c c u r a t e l y  e x t r a p o l a t e  on 
the  bas is  of the  m o d e l  ou t s ide  of the  a c t u a l  r a n g e  of 
m e a s u r e m e n t s .  By  con t ras t ,  if  one  m e a s u r e s  a m a x i -  
m u m  p h o s p h o r  efficiency of 6.0 l p w  at  100 cps and  
140 v for  the  Z n S , Z n O :  Cu,C1 phospho r ,  one can  e x -  
pec t  a m a x i m u m  efficiency of on ly  a b o u t  6.2 l p w  at  

20 cps and  100 v on the  bas is  of t he  m o d e l  and  the  
e x p e r i m e n t a l l y  d e t e r m i n e d  p a r a m e t e r s .  

The  r ea son  for  t h e  low v a l u e  of k ,  for  the  M n -  
p h o s p h o r  is no t  w h o l l y  unde r s tood .  T h e r e  is no ev i -  
dence  for  t h e  p r e s e n c e  of deep  t r aps ,  wh ich  w o u l d  
g ive  a l o w e r  v a l u e  a t  r oom t e m p e r a t u r e  to k,  = 
k~e -~o/~, in  e i t he r  t h e  t h e r m o l u m i n e s c e n c e  or  t h e  
t e m p e r a t u r e  d e p e n d e n c e  of t he  e l ec t ro luminescence .  
The  a n s w e r  p e r h a p s  l ies  in a g r e a t e r  c o n c e n t r a t i o n  
of t r a p s  w i t h  c o n s e q u e n t l y  g r e a t l y  i n c r e a s e d  r e t r a p -  
p ing  and  a s l ower  r a t e  of r e t u r n  a t  a g iven  a p p l i e d  
v o l t a g e  a n d  f r e que nc y .  S i m i l a r  c o n s i d e r a t i o n  m a y  
also a p p l y  to t he  N i - q u e n c h e d  p h o s p h o r  d iscussed  
be low.  

ZnS:  Cu, A1 p h o s p h o r  h a v e  even  h i g h e r  va lues  of 
k ,  a t  r o o m  t e m p e r a t u r e  t h a n  those  c o a c t i v a t e d  w i t h  
ch lor ine .  A v a l u e  as  h igh  as k .  = 0.66 has  been  
m e a s u r e d ,  g iv ing  a v e r y  n e a r l y  l i n e a r  f r e q u e n c y  r e -  
sponse  to t he  p h o s p h o r  at  the  h i g h e r  vol tages .  A f u r -  
t h e r  a d v a n t a g e  of t he  p h o s p h o r  is t h e  absence  of 
color  sh i f t  w i t h  f r e q u e n c y  (2) .  

I n t e r e s t i n g  v a r i a t i o n s  in  the  m o d e l  p a r a m e t e r s  
a r e  p r o d u c e d  b y  f i r ing l onge r  at  h i g h e r  t e m p e r a -  
t u r e s  to y i e l d  a h i g h e r  m e a n  p a r t i c l e  size. One such  
ZnS ,ZnO:  Cu,C1 p h o s p h o r  gives  t he  fo l l owing  r e su l t s  
(a  co r r ec t i on  for  t he  g r e a t e r  cel l  t h i c k n e s s  r e q u i r e d  
to a c c o m m o d a t e  th i s  p h o s p h o r  has  b e e n  m a d e )  

_ 255 12 

B=0.32f~ [e v+2ol 

C"= C"o-k [500~I, + 250 (I--~,)] e 

~I,-~ l - - e  -~ 

255 

V + 2 0  

B = A ~ exp  (--~/G/V 

A c ompa r i son  of th is  p h o s p h o r  w i t h  the  u s u a l  
ZnS ,ZnO:Cu ,C1  u n d e r  a mic roscope  shows the  
f o r m e r  to  have  r o u g h l y  twice  t h e  a v e r a g e  p a r t i c l e  
size of t he  l a t t e r  The  change  in t he  p a r a m e t e r s  
con t a ined  in the  e x p r e s s i o n  for  p h o t o n  emiss ion  (cf. 
Fig.  1) as a r e su l t  of t he  i nc reased  p a r t i c l e  size co r -  
r e l a t e s  r e a s o n a b l y  w e l l  on the  bas is  of L e h m a n n ' s  
w o r k  (10) .  He f o u n d  t h a t  B~ (Eq. [ 8 ] )  v a r i e d  in -  
v e r s e l y  as the  s q u a r e  of the  m e a n  p a r t i c l e  size. The  
p r e s e n t  r e su l t s  c o r r e l a t e d  on th is  bas i s  w i t h  a size 
r a t io  of 2.3. 2 His  e x p e r i m e n t s  also show tha t  t h e  
e q u i v a l e n t  of the  t h r e s h o l d  vo l t a ge  c (Eq. [12] )  
v a r i e d  i n v e r s e l y  w i t h  the  0.7 p o w e r  of the  m e a n  
p a r t i c l e  size. L e h m a n n ' s  ana lys i s  of t he  l a t t e r  con-  
s t an t  is in t e r m s  of t he  1.0 p o w e r  r a t h e r  t han  0.7, 
b u t  t h e  f o r m e r  v a l u e  canno t  e x p l a i n  p h e n o m e n o l o g i -  
ca l l y  t he  dec rease  in  m a x i m u m  efficiency w i th  i n -  
c r eas ing  p a r t i c l e  size w h i c h  he obse rved ,  and  0.7 is 
in b e t t e r  a g r e e m e n t  w i t h  his  d a t a  t h a n  1.0. F r o m  the  
r a t i o  of the  c - v a l u e s  then ,  one ob ta in s  a p a r t i c l e  size 

1 

( 00 
r a t i o  of 2 - - ~ - /  = 1.9, in r e a s o n a b l e  a g r e e m e n t  

w i t h  the  above  f igure.  
L e h m a n n ' s  ana lys i s  was  based  on the  fo l lowing  

r e l a t i o n  b e t w e e n  b r igh tnes s ,  vo l t age ,  a n d  f r e q u e n c y  
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w h i l e  w e  h a v e  been  us ing  an  e x p r e s s i o n  which ,  a t  
suff ic ient ly  low f requenc ies ,  r educes  to 

B = B~ f exp  ( ~ 2 c / ( V  + Vo) ) 

A l t h o u g h  no a t t e m p t  a t  a r i g o r o u s  m a t h e m a t i c a l  
ana lys i s  has  been  made ,  i t  has  been  the  e x p e r i e n c e  
of t h e  p r e s e n t  a u t h o r  tha t ,  a t  low f requenc ies ,  a se t  
of d a t a  w h i c h  fits t he  e q u a t i o n  u sed  b y  L e h m a n n  
a b o v e  w i l l  also be  cons i s t en t  w i t h  t he  second  e x p r e s -  
s ion above,  w i t h  t he  fo l lowing  a p p r o x i m a t e  r e l a t i ons  
b e t w e e n  the  cons t an t s  

B |  A;  2 c = 0 . 1 2  G; V o =  0.05 (2c)  = 0 . 0 0 6  G. 

T h e r e f o r e  a n y  f u n c t i o n a l  r e l a t i o n s h i p  b e t w e e n  the  
cons tan t s  A and  G and  p a r a m e t e r s  such  as p a r t i c l e  
size, cel l  th ickness ,  etc. ,  w i l l  a lso a p p l y ,  w i t h i n  a 
cons t an t  fac tor ,  to the  cons tan t s  B| a n d  c. 

The  coarse  p h o s p h o r  is also c o n s i d e r a b l y  less effi- 
c ien t  t h a n  t h e  n o r m a l l y  s ized phospho r ,  b y  a f ac to r  
of a b o u t  1.6. On t h e  bas is  of t he  m o d e l  d i scussed  
a b o v e  one w o u l d  p r e d i c t  th is  for  a t  l eas t  two  r e a -  
sons. F i r s t ,  t he  v a r i a t i o n  of c i n v e r s e l y  as  t he  0.7 
p o w e r  r a t h e r  t h a n  1.0 p o w e r  of the  m e a n  p a r t i c l e  
size ind ica t e s  t h a t  a s m a l l e r  f r a c t i o n  of t he  t o t a l  
v o l t a g e  a p p e a r i n g  across  t he  p a r t i c l e  is c o n c e n t r a t e d  
in t h e  h igh  field for  l a r g e  p a r t i c l e s  t h a n  for  smal l .  
Hence  p r o p o r t i o n a l l y  m o r e  use less  e n e r g y  is d i s s i -  
p a t e d  in  t h e  low field v o l u m e  b y  the  " m o b i l e "  e l ec -  
t rons .  Second,  t he  r e l a t i v e  v a l u e  of C"~ to t h a t  of C"1 
is g r e a t e r  for  t he  l a r g e r  pa r t i c l e s ,  ind ica t ing ,  qu i t e  
r e a s o n a b l y ,  t h a t  in l a r g e  pa r t i c l e s  t he  t r a p p e d  e lec -  
t rons  a r e  s u b j e c t e d  to d i s p l a c e m e n t s  ove r  l a r g e r  
d i s t ances  w i t h i n  t he  h igh - f i e ld  r eg ion  in t h e i r  u n -  
p r o d u c t i v e  a g i t a t i o n  b y  the  a p p l i e d  field. 

The  i n v a r i a n c e  of C", w i t h  p a r t i c l e  size sugges t s  
t h a t  t he  p o l a r i z a b i l i t y  p e r  a v a i l a b l e  conduc t ion  e lec -  
t r o n  at  V = ~ ( the  n u m b e r  of w h i c h  is p r o p o r t i o n a l  
to B~) v a r i e s  d i r e c t l y  as t he  s q u a r e  of t he  p a r t i c l e  
size. k ,  is also r e l a t i v e l y  i n v a r i a n t  w i t h  p a r t i c l e  size, 
w h i c h  t ends  to  conf i rm i ts  a s soc ia t ion  w i t h  t he  a v e r -  
age  f ield in  t h e  p h o s p h o r  p a r t i c l e s  r a t h e r  t h a n  t h e  
h i gh - f i e l d  reg ion .  I t  shou ld  be  r ea l i zed ,  h o w e v e r ,  
t h a t  t h e  a b o v e  a n a l y s i s  is ba sed  m o s t l y  on d a t a  f r o m  
a s ing le  p h o s p h o r  sample .  

The  i n t r o d u c t i o n  of a k i l l e r  such as Ni  into a p h o s -  
p h o r  of t he  Z n S , Z n O :  Cu,C1 t y p e  p r o d u c e s  a q u e n c h -  
ing of t he  emiss ion  w h i c h  d e p e n d s  on f r e q u e n c y  
a lone  (11) .  To d e t e r m i n e  the  v a l u e  of k ,  a s soc ia t ed  
w i t h  such a p h o s p h o r  one can  use  t he  change  in  

1 
s lope  at  a p a r t i c u l a r  v o l t a g e  of in  B vs. ~ (Fig .  

V + V o  
1, 3) as a func t ion  of vo l tage ,  viz.  

d l n B  d l n ~  
= - - C  

1 _ _ _ _ ~ )  d ( .  1 ) 
d (  V + V o  V + V o  

(V + Vo)" 
= C [14]  

V e ~ -  1 

V 
~ = k ~  

2 T h a t  exac t  a g r e e m e n t  is no t  to be  expec t ed  is s h o w n  b y  t h e  
s o m e w h a t  d i f ferent  par t ic le  size cor re la t ions  r e p o r t e d  b y  Gold-  
be rg  (11). 
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The  r e su l t s  of such an  ana lys i s  on a ZnS ,ZnO:  Cu,C1, 
Ni  p h o s p h o r  a r e  

710 

B =  B~ ( ~ )  eV+3 ~ 
9 

C" : C"o + [500 �9 + 150 ( l - - g ) ]  e 

355 

V + 3 0  

The  v a l u e  of 1/Q has  a r b i t r a r i l y  been  set  a t  1.0 for  
100 cps. The  a d d i t i o n  of t he  Ni  has  also h a d  the  effect  
of r e d u c i n g  the  v a l u e  of k~ ( m o r e  t r a p s ? )  as w e l l  as 
q u e n c h i n g  the  emiss ion  a t  t he  l o w e r  f requenc ies ,  
c o m p a r e d  to t h e  ZnS ,ZnO:Cu ,C1  p h o s p h o r  (Fig .  
1, 2) .  Thus  a N i - q u e n c h e d  p h o s p h o r  can  be  s u b -  
l inea r ,  as w e l l  as s u p e r l i n e a r  or  l i n e a r  w i t h  f r e -  
q u e n c y  at  a f ixed  vo l tage .  

The  a n a l y s e s  of t he  p h o s p h o r s  d e s c r i b e d  above ,  
o t h e r  t h a n  the  N i - q u e n c h e d  m a t e r i a l ,  h a v e  b e e n  
m a d e  on the  a s s u m p t i o n  of t he  absence  of quench ing .  
Us ing  Eq. [14]  to d e t e r m i n e  k,  for  ZnS ,ZnO:Cu ,C1  
y ie lds  a v a l u e  of 0.16, c o m p a r e d  w i t h  0.2 (Fig .  1),  
sugges t ing  a s m a l l  b u t  s igni f icant  a m o u n t  of q u e n c h -  
ing. T r a c e  a m o u n t s  of Fe,  Ni,  or  Co a re  u n d o u b t e d l y  
p r e s e n t  in th is  phosphor .  

I t  shou ld  be  m e n t i o n e d  also in th is  sec t ion  t ha t  
for  a l l  t he  p h o s p h o r s  e x a m i n e d ,  the  d e p e n d e n c e  of 
t h e  r ea l  p a r t  of t he  cel l  c a p a c i t a n c e  on v o l t a g e  and  
f r e q u e n c y  w a s  such  tha t ,  w i t h i n  e x p e r i m e n t a l  e r ro r ,  
C'1 ~ C"1 a n d  C'~ ~-- C%. Thus  of t he  t o t a l  e n e r g y  a b -  
so rbed  b y  a conduc t ion  e l e c t r o n  f a l l i ng  t h r o u g h  a 
g iven  po t en t i a l ,  r o u g h l y  ha l f  is s t o r ed  as p o t e n t i a l  
e n e r g y  and  r e t u r n e d  to t he  f ield on f ie ld r eve r sa l .  

Efficiency of Electroluminescence in Insulated Particles 
The  eff iciency ~ w i t h  w h i c h  the  i n s u l a t e d  e l e c t r o -  

l u m i n e s c e n t  p h o s p h o r  c o n v e r t s  t h e  e l e c t r i c a l  p o w e r  
i t  abso rbs  f r o m  the  a p p l i e d  field in to  l u m i n o u s  flux 
is p r o p o r t i o n a l  to (Eq. 8, 9, 11) 

B B f ~ F  ~ 
~ -  = [ 1 5 ]  

W e o V ~ F [ C l " X I t  ~- C " 2 ( 1 - - x F ) ]  

The  p o w e r  a b s o r b e d  b y  t h e  cel l  d i e l ec t r i c  and  p h o s -  
p h o r  in t he  absence  of e l e c t ro lumine sc e nc e ,  o~C"o V ~, 
has  been  neg lec t ed ,  s ince  w e  wish  h e r e  to e s t i m a t e  
t h e  l i m i t i n g  eff iciency of t he  e l e c t r o l u m i n e s c e n c e  
process  a lone .  

F o r  mos t  phosphors ,  a t  suff ic ient ly  low f r e q u e n -  
cies, C" ~F > >  C"~ (1 - -  ~I,) so t h a t  

F 
[16] ~?cc V ~ 

M a x i m u m  efficiency t hen  occurs  at  t h a t  v o l t a g e  Vm 
for  w h i c h  

d log F 
- - 2  [17]  

d log  V 

The  f o r m  of t he  m a x i m u m  p h o s p h o r  eff iciency ob -  
t a i n a b l e  f r o m  i n s u l a t e d  p a r t i c l e s  can  be  w r i t t e n  

no (2.5e) Fm 
400 l p w  [18]  

~'~= ne(Ve~) 

V 
~ =  0.1 S0.6 

f: 100 300 1000 5000 cps  

l /Q:  1.0 1.17 1.60 2.0 
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2.5e is the e n e r g y  of a typ ica l  v is ib le  photon;  V~ the 
vol tage  t h rough  which  a typ ica l  "mobi le"  e lec t ron  
falls;  F m = F ( V ~ ) .  (Accep tab le  "whi te"  l u m i n e s -  
cence wi th  a l u m i n o u s  e q u i v a l e n t  g rea te r  t h a n  400 
would  be difficult to achieve.)  O n e - t h i r d  is a r ea -  
sonable  guess for the va lue  of 2.5/Vo at  ~7~. V~ is the  
p roduc t  of two factors:  the  average  field over  the 
pa th  of the  e lec t rons  and  the  m e a n  pa th  of the  elec-  
t rons.  Both factors  are a s sumed  p ropor t iona l  to the  
appl ied  field V, so tha t  Eq. [18] is in  fact  d i m e n -  
s iona l ly  cons is ten t  wi th  [15] and  [1"6]. For  most  
phosphors  the  average  field across the cell, and  
hence  across the phosphor  in  a l iqu id  dielectr ic  (5) ,  
is abou t  1.5 v / u  peak  at the  vol tage  of m a x i m u m  
efficiency. For  Vo = 3 • 2.5 = 7.5 v, the  m e a n  pa th  
of the e lec t rons  in  this  field is 5 ~, which  is no t  u n -  
reasonable .  If, as ind ica ted  above,  ha l f  the absorbed  
ene rgy  is s tored and  la te r  r e t u r n e d  to the  field, and  
in  the absence  of compet ing ,  n o n r a d i a t i v e  r ecom-  
b ina t ions ,  an  uppe r  l imi t  to the m a x i m u m  phosphor  
efficiency m a y  be set at 

2 
~m = ~ - F m  400 = 267Fm [19] 

The va lue  of Fr, depends  on the form of the  vo l t -  
age dependence  of F (V).  If we  app ly  the  usua l  form 

F = exp ( - - c o n s t / ~ / V ) ,  which  is p r e s u m e d  to arise 
f rom the  fo rma t ion  of an  exhaus t ion  l aye r  (Eq. 

1 
[2 ] ) ,  we have  F,n = e - ~  which,  subs t i t u t ed  in  

50 '  

Eq. [19], gives Vm < 5.3 lpw. M e a s u r e m e n t s  have  
been  pub l i shed  which  exceed this  by  app rox i ma t e l y  
a factor  of th ree  (10).  If these  are correct,  t h e n  the  

express ion  F = exp ( - - c o n s t / x / V )  does not  give a 
r easonab le  charac te r iza t ion  of the  vol tage  d e p e n d -  
ence of F. F u r t h e r m o r e ,  the  fo rma t ion  of an  ex-  
haus t ion  l ayer  requ i res  the  m o v e m e n t  of a cons ider -  
able  q u a n t i t y  of charge before  an ioniza t ion  field is 
obta ined,  so tha t  the m a x i m u m  efficiency of such a 
process wou ld  have an even  lower  l imi t  t h a n  5.3 
lpw. For  these  reasons,  cons idera t ion  of the  fo rma-  
t ion  of an exhaus t ion  l ayer  was  e l imina t ed  f rom the 
model  descr ipt ion.  

App l i ca t ion  of the fo rm F = exp ( - - cons t / V )  
1 

yields  F m = e  - 2 ~ -  or ~ , n < 3 8  lpw, a va lu e  high 
7 

enough  to exp la in  efficiency ob ta ined  e x p e r i m e n t a l l y  
thus  far. Such  a vol tage  dependence  can ar ise from, 
among  other  possibil i t ies,  the  i n t ru s ion  of e longa ted  
"spikes" of a conduc t ing  phase,  such as Cu~S, into 
Lhe ZnS  phosphor  par t ic le  in te r io r  (13).  The field at 
the  t ip of such an  i n t ru s ion  can easi ly  be an  order  
of m a g n i t u d e  g rea te r  t h a n  the  average  field. The 
ra t io  of the  h igh field at  the  t ip  of the  spike to the  
average  field is g iven  rough ly  by  the  ra t io  of the 
l eng th  of the  spike to its c ross-sec t ional  d i ame te r  
(14).  This  ra t io  u n d o u b t e d l y  increases  wi th  par t ic le  
size. In  such a case the  va lue  of the  exponen t i a l  con-  
s tan t  c in  the express ion  for F = e x p - -  (c/V) is a 
mono ton i ca l l y  decreas ing  func t i on  of pa r t i c le  d i a m -  
eter  a, c = c ( a ) ,  and  the  effective va lue  of F t ha t  
applies  to the  r a t h e r  wide  par t ic le  size d i s t r i bu t i on  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  April 1960 

e nc oun t e r e d  w i th  e l ec t ro luminescen t  phosphors  is an  
in t eg ra l  or s u m m a t i o n  of the fo rm 

c (  a i  ) 

F = ~ f~e v [20] 

where the subscript i applies to a narrow range of 
particle sizes of mean diameter a~ and relative fre- 

quency f~. The form exp (--const/A/V) has been 
shown to approximate the behavior of Eq. [2] ex- 
cept at the highest applied voltage (15), which makes 

it possible to use exp (--const/~/V) to describe the 
dependence of electroluminescence brightness on 
voltage. A more suggestive approximation to Eq. 
[20] is (16-18) .  

c 

F = e V+Vo [21] 

where the relative value of the constant Vo is con- 
sidered as simply a measure of the dispersion of a~, 
particularly in the direction of larger than average 
particles. (Much smaller than average particles do 
not contribute much to brightness or power absorp- 
tion at voltages in the neighborhood of maximum 
phosphor efficiency; only a small fraction of the 
particles that are absorbing power will be operating 
at the voltage of maximum efficiency for that frac- 
tion, so that the effective value of Fm will be less 
t h a n  e -2. In  fact, appl ica t ion  of Eq. [17] to Eq. [21] 
for VOW--0.10c, t r ue  for the phosphors  descr ibed 
above,  yields  

1 
Fm ~ e -~'7 "~  

15 

Therefore to test the "limit" of about 38 ipw, one 
would have to use a phosphor of both uniform and 
small particle size since, as indicated in the discus- 
sion of the coarse phosphor, smaller particles con- 
centrate a larger fraction of their total voltage across 
the high-field region, and on the basis of this model 
would be expected to operate more efficiently. 

Finally, it should be mentioned that for the rela- 
tions developed earlier in this paper between photon 
emission and power consumption to apply accurately 
to the assembly of particle sizes present in a typical 
electroluminescent phosphor, one must hope, apply- 
ing Eq. [20] to [8] and  [11], tha t  the  fol lowing is a 
good a p p r o x i m a t i o n  

2 c ( a i  ) c ' ( a t  ) ~ 2 

 y,e  f,e 
2 ~ a r  _ c ( a ~ )  

~ f~e v~ ~ f~e  v,~ 

for a ny  va lues  of V1 or V2 wi th in  the  range  of i n -  
terest .  
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S Y M B O L S  

a - - F r a c t i o n  of n~ " m o b i l e "  e lec t rons  tha t  r e -  
comb ine  w i t h  emiss ion  each  ha l f - cyc le .  

/ ~ -  F r a c t i o n  of n~ " m o b i l e "  e lec t rons  tha t  a re  
t r a p p e d  in h igh- f i e ld  reg ions  each  h a l f -  
cycle.  

- -  E l e c t r o n  charge .  
.'1 - -  E l e c t r o l u m i n e s c e n c e  efficiency. 

V 
- - A  cons tan t  in exp re s s ion  for  ,I,: ~ = k~ f0.~ 

ne 
~I'-- : (l--e -~) ---- ~I, 

ne -~- NT 
~0 - -  2=f 
a - -  Ef fec t ive  pa r t i c l e  d i a m e t e r  
B - -  P h o t o n  emiss ion /cyc le ,  a r b i t r a r y  uni ts .  

B ~ - -  P h o t o n  e m i s s i o n / c y c l e  e x t r a p o l a t e d  to 
V ~ o o .  

c , c  - -  A cons tan t  in one  exp re s s ion  for  F = e v~vo 

for  the  cel l ;  F : e-T/~V§ > for  pa r t i c l e s  of a 
g iven  d i ame te r .  

Co', C o " - -  The  rea l  and  i m a g i n a r y  par t s  of t he  cel l  
capac i t ance  in absence  of e l e c t r o l u m i n e s -  
cence.  

C'~, C"1--Constant coefficients in exp re s s ion  fo r  
r ea l  and i m a g i n a r y  capac i t ance  con t r ib -  
u t ed  by " m o b i l e "  e lec t rons .  

C% C%-- The  same  for  " t r a p p e d "  e lec t rons .  
d - -  Cel l  th ickness .  
E -  Ef fec t ive  ion iz ing  field. 

E o - -  T rap  depth .  
F - - P r o b a b i l i t y  of i m p a c t  ion iza t ion  of a 

s econda ry  e l ec t ron  by  a p r i m a r y  e l ec t ron  
in h igh- f i e ld  region.  

f - -  F r e q u e n c y  in cps. 
f~ - -  R e l a t i v e  f r e q u e n c y  of o c c u r r e n c e  of p a r -  

t icles of m e a n  d i a m e t e r  a~. 
i - -  Cel l  c u r r e n t  

k~ - -  A cons t an t  in  exp re s s ion  fo r  ~. 
n ~ - - N u m b e r  of  e l ec t rons  tha t  r e t u r n  to the  

h igh- f i e ld  r e g i o n  each  ha l f - cyc l e .  
N + - - S t e a d y - s t a t e  n u m b e r  of  ion ized  cen te r s  in 

h igh- f i e ld  reg ion .  
N ~ - - S t e a d y - s t a t e  n u m b e r  of e lec t rons  tha t  r e -  

m a i n  t r a p p e d  in phospho r  bulk .  
( P M R ) r ~ - - T h e  1P21 p h o t o m u l t i p l i e r  r e sponse  to a 

g iven  n u m b e r  of p h o t o n s / s e c o n d  d i s t r ib -  
u t ed  accord ing  to emiss ion  s p e c t r u m  of a 
g iven  p h o s p h o r  at f r e q u e n c y  f. 

(PMR)  ~ - -  S a m e  for  a g i v e n  r a d i a n t  power .  
Q - - Q u e n c h i n g  fac to r  by  w h i c h  the  emiss ion  

e x p e c t e d  in the  absence  of q u e n c h i n g  is 
d iv ided .  

R ~ - - R e l a t i v e  r e sponse  of  the  1P21 p h o t o m u l t i -  
p l i e r  for  equa l  r a d i a n t  p o w e r  at each  
pho ton  f r e q u e n c y .  

SR (f~,f~) - - R e s p o n s e  of t he  1P21 p h o t o m u l t i p l i e r  to a 
g iven  n u m b e r  of l u m e n s  e m i t t e d  by  a 
p h o s p h o r  at  a f r e q u e n c y  S~ r e l a t i v e  to tha t  
at  a f r e q u e n c y  f~. 

T - -  Abso lu t e  t e m p e r a t u r e .  
V - -  The  rms  vo l tage .  

V0 - -  A cons tan t  in the  exp re s s ion  fo r  F. 
V ~ - - P o t e n t i a l  t h r o u g h  w h i c h  a t yp i ca l  e lec -  

t ron  fa l l s  in t he  e l e c t r o l u m i n e s c e n c e  p r o c -  
ess. 

N~- Fraction of cell volume occupied by phos- 
phor. 

V A R  -- Stored power, VAR = ~oC' V 2. 
Vr Consumed power, ~r ---~ ~0C" Vt 
X--A constant proportional to capture cross 

section of the ionized activators. 
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ABSTRACT 

The slow re tu rn  of an electroluminescent  cell to its equi l ibr ium state fol- 
lowing a field excitation has been studied for a b lue -green  emit t ing Zn(S ,O) :  
Cu,C1 phosphor and for a ye l low-emit t ing  ZnS: Mn,Cu phosphor. The light 
pulse emitted upon the rise of a square voltage pulse was measured as a func-  
t ion of repet i t ion rate and of tempera ture  be tween - -130  ~ and 150~ Relaxa-  
t ion times encountered varied between 10 -~ sec and 10 ~ sec. The tempera ture  de- 
pendence of the re laxat ion rate exhibits effective activation energies of about 
0.4, 0.7, and 0.6 ev, respectively, for the blue, green, and yellow emission bands. 
The results do not seem to favor the mechanism of delayed recombination.  An 
al ternat ive mechanism is suggested whereby the number  of filled deep donors is 
assumed to control the electroluminescence emission via the n u m b e r  of field- 
ionizable electrons available for coll ision-excitat ion of centers. Observations 
were also made on some other effects associated with square wave excitation. 

A complete  p ic tu re  of the microscopic processes 
invo lved  in  the  l ight  emiss ion f rom insu la t ed  zinc 
sulfide crysta ls  u n d e r  h igh electr ic  fields (1) has 
no t  ye t  been  es tabl i shed f irmly,  a l though  var ious  
models  have  been  more  or less successful  in  accoun t -  
ing for d i f ferent  aspects of the  p h e n o m e n o n .  The 
p re sen t  work  was  u n d e r t a k e n  to ob ta in  f u r t h e r  
ins igh t  into the  n a t u r e  of e lec t ro luminescence .  

This  paper  describes some observa t ions  on the 
e l ec t ro luminescence  of two zinc sulfide phosphors  
u n d e r  pu lsed  d-c  vol tage  exc i ta t ion  and  the i r  i n -  
t e r p r e t a t i o n  in  the  l ight  of proposed mechan i sms .  
Squa re  wave  vol tage  exc i ta t ion  is in  some ways  
s imple r  t h a n  the ex tens ive ly  s tudied  sine wave  ex -  
c i ta t ion  and  yie lds  i n f o r m a t i o n  not  read i ly  o b t a i n -  
able  f rom s tudies  of b r igh tness  wave  forms  u n d e r  
s inuso ida l  voltages.  

W h e n  a square  wave  pulse  is appl ied  to an  elec-  
t r o l u m i n e s c e n t  cell two pulses  of l ight  emiss ion  a re  
gene ra l l y  observed  (2-5) ,  one upon  appl ica t ion  of 
the  e x t e r n a l  field and  the  o ther  upon  r emova l  of 
tha t  field. The first l ight  pulse  reaches its m a x i m u m  
shor t ly  af ter  the  vol tage  rise is completed,  t h e n  
decays in  r ough ly  exponen t i a l  fashion  u n t i l  the i n -  
cept ion of the second l ight  pulse  at the r emova l  of 

1 Present address: Gordon McKay Laboratory, ~arvard University, 
Cambridge, Mass. 
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Fig. 1. Typical brightness waveform under square wave 
voltage excitation: t l  = pulse width; t 2 = repetition interval; 
El, L~ ~ peak intensities of the two l ight pulses. 

the vol tage.  A typica l  t ime  dependence  of l u m i n e s -  
cence a nd  appl ied  vol tage  is shown  in  Fig.  1. 

In  this  work  m e a s u r e m e n t s  were  made  of the 
emi t t ed  l ight  pulses  and  the i r  decay character is t ics  
as a f unc t i on  of the two t ime p a r a m e t e r s  of the  
pulsed  square  wave  vol tage  exci ta t ion:  pulse  wid th  
and  r epe t i t i on  in te rva l .  These effects were  s tudied 
in the t e m p e r a t u r e  r a nge  o f - - 1 3 0  ~ to 150~ The 
ye l low emiss ion b a n d  of a m a n g a n e s e - a c t i v a t e d  
phosphor  and  the b lue  and  green  emiss ion  bands  
of a coppe r -ac t iva t ed  phosphor  ( isola ted by  means  
of opt ical  i n t e r f e r ence  filters) were  studied.  The 
vol tage dependence  of emiss ion in t ens i ty  was 
checked and  found  to fit closely to exp [ - - b / V  ~t'] as 
has been  wide ly  observed  for s ine wave  exci ta t ion  
(2) .  

E x p e r i m e n t a l  

The p r e p a r a t i o n  of the phosphors  is shown in  
Table  I and  the pane l  cons t ruc t ion  in  Fig.  2. Chlor ine  
was inc luded  as a charge  compensa t ing  coact ivator  
in the  coppe r -ac t iva t ed  phosphor.  Monova len t  
copper ions subs t i t u t i ona l l y  rep lac ing  zinc ions in 
the c rys ta l  are  more  eas i ly  incorpora ted  if chlor ine  
is p re sen t  s i m u l t a n e o u s l y  to subs t i tu t e  for su l fur  (6) .  
It  has also been  proposed (7) tha t  ch lor ine  promotes  
the f o r ma t i on  of su l fu r  vacancies  though t  to be 
necessa ry  for l uminescence  in  ZnS. P r e p a r a t i o n  of 
the m a n g a n e s e - a c t i v a t e d  phosphor  did no t  r equ i re  

Silver paint 

Evaporated aluminum backincj 
25~ 

BoTiO 3 in cjlyplal binder 
150~ 

Phosphor in cjlyptal binder 
~125p. 
Conductive cootincJ 
~0.5/z 

,,//444/ 
I 

Fig. 2. Construction of the electroluminescent cells 
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Table I. Phosphor preparation 
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Phosphor 
Activation 

Firing 
Temp., Time, Atmosphere 

Pos t -Fi r ing  Washing 
Procedure 

Drying 
Temp., Time, Atmosphere 

Zn(S,  O) : (Cu, C1) 
0.005 g atom Cu/mole  ZnS 
0.02 g atom C1/mole ZnS 
0.4 mole ZnO/mole  ZnS 

900~ 24 hr air 

1. hot acetic acid (20%) 
2. water  
3. NaCN solution (3%) 
4. water  
5. methanol  

125~ 16 hr  air 

ZnS: (Mn, Cu) 
0.0025 g atom Cu/mole  ZnS 
0.0125 g atom Mn/mole  ZnS 

1100~ 1 hr dry H~S 

1. NaCN solution (3%) 
2. water  
3. methanol  

125~ 16 hr  air  

a coact iva t ing  ha l ide  flux since m a n g a n e s e  replaces  
zinc as a d iva l en t  ion in  the la t t ice  so tha t  charge 
compensa t ion  is u n n e c e s s a r y  (8) .  Some copper  was  
also inc luded  in  this  phosphor  since it  has been  
found  to p romote  e l ec t ro luminescence  (9) .  The 
n u m b e r s  g iven  for the th ickness  of the var ious  layers  
are represen ta t ive .  A rough check on the m e a s u r e d  
phosphor  l ayer  th ickness  was g iven  by  the capaci -  
t ance  of the pane l s  which  was  abou t  10 -~ fa rads  in  
each case. The phosphor  powder  was mixed  wi th  a 
b inde r  and  sprayed  onto the conduc t ive  surface  of 
a P y r e x  p la te  se rv ing  as the t r a n s p a r e n t  electrode.  
A second l aye r  of b i n d e r  con ta in ing  powdered  
b a r i u m  t i t ana t e  was appl ied  to the back  of the 
phosphor  layer .  This  i n su l a t i ng  l ayer  was found  to 
be usefu l  in  p r e v e n t i n g  b r e a k d o w n  across t h i n n e r  
por t ions  of the phosphor  l ayer  w i thou t  sacrificing 
much  of the vol tage  drop across the la t te r  due to 
the large dielectr ic  cons tan t  of b a r i u m  t i t ana te .  A n  
a l u m i n u m  back ing  evapora ted  onto the b a r i u m  
t i t ana te  l ayer  served as the  r ea r  electrode. S i lver  
pa in t  a round  the  edges of the glass p la te  a l lowed 
contact  to be made  b e t w e e n  the  conduc t ive  coat ing 
electrode and  a copper  s tr ip pressed aga ins t  the 
f ron t  of the plate.  The a l u m i n u m  electrode was 
held agains t  the  surface of a copper block kept  at 
g round  potent ia l ,  which  also served as the  t h e r m a l  
reservoi r  used in  con t ro l l ing  the  t e m p e r a t u r e  of 
the  phosphor.  

The e x p e r i m e n t a l  a r r a n g e m e n t  is shown schemat -  
ical ly  in Fig. 3. T e k t r o n i x  un i t s  of the  160 series 
provided  the square  wave  s ignals  which  were  fed 
into an  ampli f ier  capable  of de l ive r ing  ou tpu t s  up  
to 2000 v wi th  a rise t ime  in  the v i c in i ty  of 10 ~ sec. 
An  RCA 6199 pho tomu l t i p l i e r  was  used to m on i t o r  
the luminescence .  The t ime dependence  of the ex -  
c i t ing vol tage  and  of the emi t t ed  l ight  were  dis-  
p layed  on a T e k t r o n i x  545 oscilloscope equ ipped  
wi th  a dua l  t race  preampl i f ier .  

The  pane l  was  enclosed in  a s ta inless  steel 
chambe r  fitted wi th  a quar tz  w i n d o w  for v i e w i ng  
the luminescence .  A copper rod connec ted  to the 
copper block in  contact  wi th  the pane l ' s  a l u m i n u m  
back ing  led outs ide the hous ing  th rough  a Teflon 
insula tor .  This  rod could be i m m e r s e d  in  a r e f r ig -  
e r an t  or in  a hea t ing  coil to v a r y  the t e m p e r a t u r e  
of the e l ec t ro luminescen t  cell. T e m p e r a t u r e  was 
measu red  by  an  i r o n - c o n s t a n t a n  the rmocoup le  wi th  
one j u n c t i o n  located on the surface of the  copper  
block n e x t  to the  panel .  

ucite II , 

Stainless steel jacket 
rherrno- 

couple 
Photocurrent 

Rod immersed in across lOOK 
heating coll or 
refrigerant 

Fig. 3. Schematic diagram of the experimental arrQnge- 
ment. 

Procedure and Measurements Performed 
The a l u m i n u m  back ing  electrode was kep t  at 

g r o u n d  po ten t i a l  whi le  the t r a n s p a r e n t  e lect rode 
was  d r i v e n  back  and  for th  b e t w e e n  g r o u n d  and  a 
h igh nega t i ve  potent ia l .  By m e a n s  of a Balzers  
g r a dua t e d  in t e r f e r ence  filter se rv ing  as a c rude  spec-  
t r o m e t e r  in  the  v is ib le  it  was  d e t e r m i n e d  tha t  the  
y e l l o w - o r a n g e  emiss ion  of the m a n g a n e s e  pane l  
consis ted of the  charac ter i s t ic  s ingle  b road  b a n d  
peaked  a r o u n d  5800A. The  coppe r -ac t iva t ed  pane l  
exh ib i t ed  the  w e l l - k n o w n  b l u e - g r e e n  emiss ion 
which  changes  in  spect ra l  con ten t  w i th  v a r y i n g  
opera t ing  condi t ions,  e.g., becomes b l u e r  w i th  i n -  
c reas ing  f requency .  The ove r l app ing  emiss ion  bands  
of this  phosphor  were  separa ted  by  two Balzers  
i n t e r f e r ence  filters t r a n s m i t t i n g  4610A and  5300A 
wi th  peak  t r ansmis s ions  of 30% a nd  hal f  w id ths  of 
100A. Because of the  r e duc t i on  in  i n t e n s i t y  in  select-  
ing such n a r r o w  spect ra l  r anges  for inves t iga t ion ,  
the  m e a s u r e m e n t s  on the Z n  (S ,O) :  Cu,C1 pane l  
were  made  at  h igher  exci t ing  vol tages  and  g rea te r  
pho t o t ube  sens i t iv i ty  t h a n  were  used in  the  m e a s u r e -  
me n t s  on the  ZnS:  Mn, Cu panel .  

Deta i led  m e a s u r e m e n t s  were  m a d e  on the v a r i a -  
t ion  of the two peak  in tensi t ies ,  L~ a nd  L~, w i th  the  
r epe t i t i on  i n t e r v a l  t2, and  wi th  t e m p e r a t u r e .  400-v  
pulses  of 10 msec d u r a t i o n  were  used in  the ZnS:  
Mn, Cu studies,  700-v pulses  of 1 msec d u r a t i o n  for 
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the Zn  ( S , O ) : C u ,  C1. The pulse  wid ths  chosen were  
the smal les t  t imes  needed  to a l low the  first l ight  
pulse  to decay to a va lue  smal l  r e la t ive  to L~. The 
ou tpu t  p h o t o c u r r e n t  of the pho tomul t ip l i e r  was 
passed t h rough  a 10 ' ohm resis tor  and  d isp layed  
on the oscilloscope. W h e n  L1 and  L~ were  wide ly  
d i f ferent  (L1 < ~  L~), the  s ignal  was  fed in to  bo th  
channe l s  of a dua l  t race p reampl i f i e r  w i th  each 
channe l  set at a scale conven i en t  for m e a s u r i n g  one 
of the peak  heights.  For  long r epe t i t i on  in t e rva l s  
the  peak  heights  were  t aken  f rom a pho tograph  of 
the scope trace.  

M e a s u r e m e n t s  were  made  of the  decay of the  
second l ight  pulse  af ter  r emova l  of the appl ied  field 
(L vs. t f r om L~ on) .  For  the  ZnS:  Mn, Cu panel ,  
400-v pulses  of 10 msec d u r a t i o n  and  10 cps r epe t i -  
t ion ra te  were  used in  m a k i n g  these measu re me n t s .  
For  the Zn  (S ,O) :  Cu, C1 panel ,  700-v pulses  of 
1 msec d u r a t i o n  and  10 cps repe t i t ion  ra te  were  used. 
The de l ay ing  sweep circui t  of the oscilloscope was 
employed  for these m e a s u r e m e n t s .  This  decay 
charac ter i s t ic  was  s tudied  at va r ious  t empera tu re s .  

Qua l i t a t i ve  obse rva t ions  were  m a d e  on the  b r i g h t -  
ness wave  forms of the luminescence  emiss ion w i th  
very  smal l  pu lse  widths .  This t u r n e d  up some i n t e r -  
es t ing effects which  wi l l  be discussed. 

R e s u l t s  

L u m i n e s c e n c e  emiss ion  occurs on the rise and  on 
the  fal l  of the appl ied  voltage,  g iv ing  the two l ight  
pulses  L~ and  L~. For  a g iven  vol tage  a m p l i t u d e  and  
for the  low d u t y  cycles n o r m a l l y  employed  (t~ < <  t~), 
it  was  found  tha t  L~ depends  on t_~ and  L~ on t ,  This  
is to be expected  if the d o m i n a n t  factor  in  d e t e r m i n -  
ing the s tate  of a phosphor  at a p a r t i c u l a r  t e m p e r a -  
tu re  is the  t ime  elapsed f rom the last  p reced ing  ex-  
ci tat ion,  i.e., the last preceding voltage shift (3). Thus 
it is not surprising that the second light pulse is 
insensitive to the repetition interval and that the 
first light pulse is unaffected by the duration of the 
applied voltage following it. 

Figures 4 and 5 are log-log plots of the variation 
in peak intensity of the first light pulse with repeti- 
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Fig. 4. Peak intensity of the first light pulse vs. repetition 
interval for the ZnS:Mn,Cu panel. 
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Fig. So. Peak intensity of the first light pulse vs. repetition 
interval for the Zn(S,O):Cu,CI panel; green emission. 
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Fig. 5b. Peak intensity of the first light pulse vs. repetition 
interval for the Zn(S,O):Cu,CI panel; blue emission. 

tion interval for the two phosphors at several tem- 
peratures. Figure 5 consists of the two sets of curves 
for the green and the blue emission of the copper- 
activated phosphor. Any small drift in either the 
applied voltage amplitude or the phototube sensitiv- 
ity would be expected to change both LI and L2 by 
the same factor. In order to compensate for such 
variations the data are normalized by plotting the 
peak height ratio, LI/L.~, as the dependent variable. 

In all cases the peak height ratio is of the order 
of u n i t y  for  smal l  t2 and  falls off as t~ increases.  At  
low t e m p e r a t u r e s  the drop-off  is s lower t h a n  at  high 
t empera tu res .  A t - - 1 2 5 ~  this  va r i a t i on  is wel l  f roz-  
en out, w i t h  ve ry  l i t t le  change  in  LJL2 occur r ing  in  
t imes less t h a n  an  hour.  For  the m a n g a n e s e - a c t i v a t e d  
pane l  the  ra t io  falls u n t i l  a t e r m i n a l  va lue  of the  
order  of 10 -1 to 10 -~ is a t t a i n e d  a t  a pa r t i cu l a r  va lue  
of t~, and  t h e n  r e ma i ns  constant .  For  the  copper -ac -  
t iva ted  pa ne l  the  ra t io  fal ls  to 10 -', the  l imi t  of meas -  
u r emen t ,  w i t hou t  e x h i b i t i n g  any  s a tu r a t i on  effect. 
The b lue  emiss ion of this  pa ne l  possesses a faster  de-  
crease of L1 wi th  t.~ t h a n  does the  green  emission,  a l -  
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though the la t te r  decay seems to catch up wi th  the 
former  at  ve ry  long repet i t ion  times. Waymou th  and 
Bit ter  (4) measured  the in tegra ted  l ight  output  of 
a b lue -g reen  phosphor  upon removal  of an appl ied  
voltage of long durat ion.  They observed a slow decay 
with increasing dura t ion  t ime s imi lar  to tha t  re-  
por ted  here  for increasing repet i t ion  time, wi th  the 
blue decay occurring more quickly than  the green 
decay. Their  resul ts  are compared to ours in the 
following section. 

The t empera tu re  dependence  of L1 (t~) is in te res t -  
ing since such a t he rma l ly  control led process can 
yield informat ion  on energy levels of electrons in-  
volved in the exci ta t ion or recombinat ion  processes 
taking place  in electroluminescence.  A n  analysis  
and in te rpre ta t ion  of this t empera tu re  dependence is 
discussed in the nex t  section. 

F igures  6 and 7 show the t ime decay of the second 
l ight  pulse upon remova l  of the appl ied  field for the 
two phosphors at three  of the t empera tu res  studied, 
the la t te r  figure giving both the blue and the green 
decays of the Zn (S,O) : Cu,C1 panel.  The ZnS: Mn, 
Cu data  do not exhibi t  any apprec iable  sys temat ic  
t empera tu re  shift  whereas  the Zn (S ,O) :  Cu,C1 
curves exhib i t  a minor  sys temat ic  change with  tem- 
pera ture .  The ini t ia l  slope of the decay  at --125 ~ , 
25 ~ , and 150~ gives decay rates  of 17, 14, and 
8 x 103 sec -1, respect ively,  for the blue and 11, 8, and 
5.x 103 sec -1 for the green emission. In addi t ion to this 
decrease of the ini t ia l  r a te  of decay, these curves also 
become more exponent ia l  in shape ( l inear  on a 
semi- log plot)  wi th  increasing t empera tu re  so that  
af ter  long t imes the emission is lower  and the decay 
ra te  g rea te r  for high t empera tu res  than for low. 
This produces  the cross-over  of the decay curves 
shown in Fig. 7. The ini t ia l  decay ra te  of the ZnS: 
Mn,Cu data  is0.9 x 103 sec -1 and the shape of this de- 
cay does not  change wi th  tempera ture .  

F igure  8 shows some br ightness  waveforms ob- 
ta ined by appl icat ion of vol tage pulses of short  du r -  
ation. For  the manganese -ac t iva ted  phosphor,  equal  
increments  of emission occur at the r ise and fal l  of 
the appl ied  vol tage except  with pulse widths  less 
than about  0.5 msec for which the second increment  
becomes smal ler  than the first. Nude lman  and Ma-  
tossi (5) repor t  a ve ry  s imilar  behavior  for the blue 
component  of a ZnS: Cu,Pb phosphor wi th  a cr i t ical  
pulse width  of 0.7 msec. The blue emission of our 
copper -ac t iva ted  phosphor  also exhibi ts  equal  in-  
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Fig. 6. Decay of l ight emission L on removal of the ap- 
plied voltage for the ZnS:Mn,Cu panel. 
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Fig. 7. Decoy of l ight emission L on removal of the ap- 
plied voltage for the Zn(S,O):Cu,CI panel. Green emission: 
solid lines; blue emission: dashed lines. 
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Fig. 8. Brightness woveforms using short pulses 

crements  of emission, but  at pulse widths  down to 
0.2 msec. For  the green emission of thei r  phosphor,  
Nudelman and Matossi  repor t  equal  peak  heights  at 
the vol tage rise and fal l  for pulse widths  grea ter  
than 0.7 msec. Our observat ions are similar,  except  
tha t  the cr i t ical  t ime observed is about 0.2 msec. 

Some interes t ing effects were  observed in the Zn 
(S,O):  Cu,C1 panel.  The blue emission exhibi ts  a 
ve ry  small  peak  preceding  the bu i ld -up  of the sec- 
ond l ight  pulse. This s t imulat ion peak  appears  at 
small  repet i t ion  in terva ls  and is insensi t ive to pulse 
width.  The green emission also reveals  this effect. 
In addition, however,  at  short  pulse  widths  this  
emission shows a sharp dip upon the s tar t  of the 
vol tage drop. This quenching dip precedes the bu i ld -  
up of the second l ight  peak  but  follows the s t imu-  
lat ion peak. Some represen ta t ive  br ightness  wave -  
forms are shown in Fig. 8. The two effects are in-  
dependent .  The s t imula t ion  peak  is most not iceable  
at short  repet i t ion  t imes and long pulse widths,  but  
as the pulse wid th  is reduced the quenching dip be -  
comes dominant .  Nude lman  and Matossi observed 
s t imulat ion peaks,  but  for the  green emission only. 
They did not find quenching dips in thei r  phosphor.  
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Both  of t he se  effects w e r e  a b s e n t  in our  m a n g a n e s e -  
a c t i v a t e d  phospho r .  

Discussion 
In  Fig.  9 t he  r o o m  t e m p e r a t u r e  cu rves  of Fig.  4 

and  5 a r e  r e p l o t t e d  on s e m i - l o g  p a p e r  a long  w i t h  
some d a t a  of W a y m o u t h  and  B i t t e r  (4) ,  and  o f  Z a l m  
(2) ,  who  also no t i ced  th is  s low r e t u r n  of an  e l e c t r o -  
l u m i n e s c e n t  cel l  to i ts  o r i g i n a l  s t a t e  f o l l owing  a field 
exc i t a t ion .  These  c u r v e s  d e m o n s t r a t e  t h a t  th is  d e -  
cay  does not  fo l low an  e x p o n e n t i a l  law.  Ra the r ,  t he  
l og - log  p lo t s  a r e  sugges t i ve  of the  p o w e r - l a w  d e -  
cays  e n c o u n t e r e d  in p h o s p h o r e s c e n c e  (10) .  Such  d e -  
cays  m a y  be  a c c o u n t e d  for  in t e r m s  of t he  e m p t y i n g  
of a co l lec t ion  of f i l led t r a p s  of va r i ous  dep ths .  F o r  
e x a m p l e ,  i t  has  been  s h o w n  (11) t h a t  a u n i f o r m  
t r a p  d i s t r i bu t i on ,  t ha t  is, an  equa l  n u m b e r  of t r a p s  
of a l l  dep ths ,  g ives  a d e c a y  w i t h  a t -1 d e p e n d e n c e  at  
long t imes .  I t  is i n t e r e s t i n g  t h a t  the  b l u e  emiss ion  
d e c a y  a p p r o x i m a t e s  th is  h y p e r b o l i c  r e l a t i o n s h i p  a t  
the  h i g h e r  t e m p e r a t u r e s .  A t r a p  d i s t r i b u t i o n  v a r y -  
ing e x p o n e n t i a l l y  w i t h  t r a p  depth ,  t ha t  is, dNE/dE = 
A exp  [ - - a E ] ,  g ives  a d e c a y  going  as t-" for  long 
t imes  (11) ,  w h e r e  n = akT + 1. I f  a t -" l a w  is a s -  
s u m e d  a n d  c o m p a r e d  w i t h  t he  s t eepes t  s lopes  e n -  
c o u n t e r e d  in Fig .  4 and  5, n is found  to v a r y  l i n e a r l y  
w i t h  t e m p e r a t u r e  f rom 0 ~ to 150~ going  f r o m  0.7 
to 1.8 for  t h e  g r e e n  emiss ion ,  f r o m  0.5 to  1.2 for  t h e  
b lue  emiss ion,  and  f r o m  0.4 to 0.8 for  t he  y e l l o w  
emiss ion.  These  o b s e r v a t i o n s  sugges t  t h a t  t he  m e c h -  
a n i s m  r e s p o n s i b l e  for  t he  b e h a v i o r  of L1 w i t h  t i m e  
and  t e m p e r a t u r e  is t he  t h e r m a l  r e l ea se  of t r a p p e d  
e l ec t rons  (or  ho l e s ) .  The  ex i s t ence  of t r a p s  in  zinc 
sulf ide p h o s p h o r s  has  been  w i d e l y  d e m o n s t r a t e d  b y  
m e a n s  of g low  curves  and  o t h e r  m e t h o d s  (12) .  

The  a b o v e  r ea son ing  m a y  be  s u m m a r i z e d  b y  the  
fo l lowing  sy l log i s t i c  a r g u m e n t :  (a )  t e m p e r a t u r e  d e -  
p e n d e n t  p h o s p h o r e s c e n c e  has  been  accoun ted  for  
in t e r m s  of e l ec t rons  t h e r m a l l y  e j e c t ed  f r o m  t r aps ;  
(b)  the  d e c a y  cu rves  of L1 vs. t_~ r e s e m b l e  r e p o r t e d  
t e m p e r a t u r e  d e p e n d e n t  p o w e r - l a w  p h o s p h o r e s c e n c e  
decays ;  (c)  t he re fo re ,  t he  p r e s e n t  m e a s u r e m e n t s  
m a y  r e a s o n a b l y  be  e x p l a i n e d  b y  the  t h e r m a l  r e l ea se  
of t r a p p e d  e lec t rons .  

In  o r d e r  to c h a r a c t e r i z e  t he  t e m p e r a t u r e  d e -  
p e n d e n c e  of t h e  da ta ,  t h e  fo l lowing  m e t h o d  has  been  
emp loyed .  A p a r t i c u l a r  v a l u e  of L~/L~ is f irst  se-  
lected,  and  t h e n  the  v a l u e  of t~ c o r r e s p o n d i n g  to th is  
l eve l  of t he  p e a k  h e i g h t  r a t i o  is n o t e d  for  each  of 

t he  va r i ous  t e m p e r a t u r e s  s tud ied .  The  r e c ip ro ca l  of 
th is  a r b i t r a r i l y  def ined  r e l a x a t i o n  t ime  is p l o t t e d  
a g a i n s t  r e c ip roc a l  t e m p e r a t u r e  on s e m i - l o g  p a p e r  
(hop ing ,  of course ,  to o b t a i n  a s t r a i g h t  l i n e ) .  Th is  
c a l cu l a t i on  is r e p e a t e d  for  s e v e r a l  choices of p e a k  
h e i g h t  ra t io .  T h e  r a t i o n a l e  for  th i s  p r o c e d u r e  is t h e  
a s s u m p t i o n  t h a t  t h e  e x t e n t  to w h i c h  the  p h o s p h o r  
has  r e t r o g r e s s e d  t o w a r d  its eq f i i l i b r ium cond i t ion  a t  
a p a r t i c u l a r  t i m e  fo l l owing  a f ie ld e xc i t a t i on  is m o r e  
or  less def ined b y  the  v a l u e  of L1/L~ at  t ha t  t ime .  
The  r ec ip roca l  of t he  t ime  n e e d e d  for  t he  r e l a x a t i o n  
to p roc e e d  to a g i v e n  s t age  is t h e n  t a k e n  as a m e a s -  
u r e  of the  r a t e  of t he  r e l a x a t i o n  process .  

The  r e su l t s  a r e  shown  in Fig .  10 and  11. Desp i t e  
the  c rudenes s  of t h e  a p p r o a c h  a n d  the  e x p e c t e d  c o m -  
p l e x i t y  of t h e  a c t u a l  t r a p  d i s t r i bu t ions ,  r e a s o n a b l y  
good  s t r a i g h t  l ines  w e r e  ob ta ined .  The  ac t i va t i on  
ene rg ie s  c o r r e s p o n d i n g  to t he  s lopes  of t he  l ines  a r e  
l i s t ed  in T a b l e  II .  The  ef fec t ive  t r a p  dep ths  o b t a i n e d  
f a l l  in the  r a n g e  of 0.3-0.5 ev  fo r  t h e  b lue  emiss ion,  
0.5-0.8 ev for  t he  g r e e n  emiss ion,  and  0.6 ev for  t he  
y e l l o w  emiss ion.  F o r  each  emis s ion  band  the  e f -  
f ec t ive  t r a p  d e p t h s  inc rease  w i t h  dec rea s ing  choices  
of LI/L... Thus  t h e  d e e p e r  t r a p s  con t ro l  the  l a t e r  
s t ages  in the  r e l a x a t i o n  process ,  w h i c h  is r e a s o n a b l e  
as i t  is to be  e x p e c t e d  t h a t  the  sha l l ow  t r a p s  e m p t y  
first.  

Before  r e s u m i n g  th is  d i scuss ion  of the  ro le  of 
t r a p s  in th is  p h e n o m e n o n ,  a b r i e f  d ig ress ion  on the  
n a t u r e  of the  e l ec t ron ic  s ta tes  of t he  l uminescence  
c e n t e r s  i n v o l v e d  m a y  be  usefu l .  I t  is g e n e r a l l y  
a g r e e d  t ha t  t he  m a n g a n e s e  cen te r s  g ive  r ise  to p e r -  
t u r b e d  ionic s t a tes  l y i n g  we l l  b e l o w  the  top  of t h e  
va l e nc e  band  (13) .  A c c e p t i n g  the  c o l l i s i o n - e x c i t a -  
t ion  hypo thes i s ,  a g r o u n d - s t a t e  e l ec t ron  i n t e r a c t s  
w i t h  a conduc t ion  e l ec t ron  a c c e l e r a t e d  to op t i ca l  
ene rg ie s  b y  the  e l ec t r i c  field in a loca l ized  h i g h -  
field r eg ion  of t h e  c r y s t a l  and  is r a i s ed  to a b o u n d  
e xc i t e d  s ta te  f rom w h i c h  i t  d rops  back  to the  g r o u n d  
s t a t e  a f t e r  a c h a r a c t e r i s t i c  t ime ,  g iv ing  off a p h o t o n  
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Fig. 10. Temperature dependence of the ZnS:Mn,Cu re- 
laxation time. 
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Fig. ] 1. Temperature dependence of the Zn(S,O):Cu,CI re- 
laxation time green emission; . . . . .  , blue emis- 
sion. 

Table II 

E m i s s i o n  A c t i v a t i o n  
P h o s p h o r  b a n d  L 1 / L ~  s l o p e  i n  e v  

ZnS: Mn, Cu Yel low 

Zn(S ,  O) : Cu,'C1 Blue 

ELECTROLUMINESCENCE 

I 

0.4 0.52 
0.2 0.60 
0.1 0.64 

0.32 0.30 
0.08 0.33 
0.02 0.43 
0.005 0.51 

0.32 0.49 
0.08 0.64 
O.O2 0.71 
0.005 0.78 

Zn (S, O) :Cu, C1 Green  

in t h e  process .  I on i za t i on  does no t  occur.  This  p i c -  
t u r e  is cons i s t en t  w i t h  our  o b s e r v a t i o n s  on the  y e l -  
low emiss ion  band .  The  t e m p e r a t u r e  i n d e p e n d e n c e  
of  the  d e c a y  of t h e  l i gh t  pu l se  (Fig .  6) ,  as w e l l  as 
t h e  absence  of s t i m u l a t i o n  or  q u e n c h i n g  effects, i n -  
d i ca te s  t h a t  b o u n d  s ta tes  a r e  invo lved .  The  e q u a l  
i n c r e m e n t s  of emiss ion  on the  r i se  and  fa l l  of t he  
e x t e r n a l  f ield m a y  be  u n d e r s t o o d  on t h e  bas is  of  
e q u a l  effect ive  f ields [ the  f ield at  t he  v o l t a g e  f a l l  is 
due  to p o l a r i z a t i o n  cha rges  (3 -5 )  to be  d i scussed  
l a t e r ]  exc i t i ng  e q u a l  n u m b e r s  of cen t e r s  w h i c h  a r e  
s i m p l y  a d d e d  to t he  exc i t ed  cen t e r s  l e f t  ove r  f r o m  
p r e v i o u s  exc i t a t ions .  This  l a t t e r  s t a t e m e n t  con ta ins  
t h e  a s s u m p t i o n  t h a t  t he  n u m b e r  of cen t e r s  e xc i t e d  
at  a n y  t ime  is a s m a l l  f r ac t i on  of t he  t o t a l  so t h a t  
t he  n u m b e r  a v a i l a b l e  fo r  e x c i t a t i o n  r e m a i n s  es -  
s e n t i a l l y  cons tan t .  

In  c o p p e r - a c t i v a t e d  zinc sulfide,  i t  is g e n e r a l l y  a s -  
s u m e d  tha t  t he  emiss ion  p rocess  for  bo th  g r e e n  and  
b l u e  bands  i nvo lves  t r a n s i t i o n s  b e t w e e n  p e r t u r b e d  
c r y s t a l  s ta tes  l y i n g  w i t h i n  t he  f o r b i d d e n  gap,  and  
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e i t he r  conduc t ion  e l ec t rons  (14) ( S c h S n - K l a s e n s  
m o d e l )  or  va l e nc e  b a n d  ho les  (15) ( L a m b e - K l i c k  
m o d e l ) .  The  g r e e n  emiss ion  e x h i b i t s  e q u a l  p e a k  
he igh t s  w i t h  r i se  and  f a l l  of vo l tage ,  as w e l l  as 
s h a r p  q u e n c h i n g  d ips  u p o n  field r e m o v a l  w h i c h  m a y  
be  due  to cha rge  c a r r i e r s  be ing  s w e p t  out  of a r eg ion  
in w h i c h  t h e y  had  been  p a r t i c i p a t i n g  in  r a d i a t i v e  
r e c o m b i n a t i o n  w i t h  ion ized  ac t iva to r s .  In  add i t ion ,  
t he  shape  of t he  l igh t  pu l se  d e c a y  is t e m p e r a t u r e  
d e p e n d e n t  (Fig .  7).  These  o b s e r v a t i o n s  f a v o r  t he  
be l i e f  t ha t  e xc i t a t i on  of t he  g reen  cen te r s  i nvo lves  
ion iza t ion  a n d  p r o d u c t i o n  of mob i l e  cha rge  ca r r i e r s .  
The  s i t ua t i on  is a m b i g u o u s  for  t he  b lue  b a n d  s ince 
th is  emiss ion  r e s e m b l e s  t h a t  of the  m a n g a n e s e  in 
g iv ing  e q u a l  i n c r e m e n t s  u p o n  field a p p l i c a t i o n  and  
r e m o v a l ,  w h i l e  i t  possesses  a t e m p e r a t u r e  d e p e n -  
dence  of t he  l igh t  pu l se  d e c a y  s im i l a r  to t h a t  of t he  
g r e e n  band .  

I t  ha s  been  r e p o r t e d  (3)  t h a t  an  i n t e r n a l  p o l a r -  
i za t ion  is p r e s e n t  w h i c h  deve lops  upon  a p p l i c a t i o n  
of an  e x t e r n a l  f ield and  w h i c h  decays  upon  r e m o v a l  
of t h a t  f ield w i t h  a t ime  d e p e n d e n c e  s i m i l a r  to t h a t  
o b s e r v e d  for  L~ vs. t~. This  p o l a r i z a t i o n  m a y  r e su l t  
f r o m  the  t r a p p i n g  of c h a r g e  c a r r i e r s  in r eg ions  r e -  
m o v e d  f r o m  t h e i r  p l ace  of o r ig in  due  to m i g r a t i o n  
u n d e r  t he  ac t ion  of the  field. I t  sha l l  be  a s s u m e d  tha t  
bo th  th i s  i n t e r n a l  p o l a r i z a t i o n  and  the  L~ d e p e n -  
dence  a r i se  f rom the  s a m e  t r a p p i n g  m e c h a n i s m  
w i t h i n  t he  phosphor .  

W a y m o u t h  and  B i t t e r  (4) p ropose  the  t r a p p i n g  
s cheme  shown  in Fig .  12 in  t e r m s  of t he  SchSn-  
K l a s e n s  model .  Upon  a p p l i c a t i o n  of t he  field, e l ec -  
t rons  a r e  co l l i s ion - ion ized  f r o m  a c t i v a t o r  cen te r s  
in to  t h e  conduc t ion  b a n d  w h e n c e  t h e y  a r e  swep t  b y  
the  f ield to a n o t h e r  p a r t  of t he  c rys ta l .  H e r e  t h e y  
a r e  he ld  un t i l  f ield r e m o v a l ,  w h e r e u p o n  t h e y  r e t u r n  
and  r e c o m b i n e  r a d i a t i v e l y  w i t h  t he  e m p t y  a c t i v a t o r  
centers .  D u r i n g  the  in t e r im ,  h o w e v e r ,  t he  ion ized  
cen te r s  m a y  t h e r m a l l y  r e l e a se  t h e i r  t r a p p e d  holes  
to t he  va l e nc e  b a n d  w h e r e  t h e y  m a y  s u b s e q u e n t l y  
be  r e t r a p p e d  b y  d e e p e r  q u e n c h i n g  centers .  E l e c t r o n -  
hole  r e c o m b i n a t i o n  occu r r i ng  at  these  quench ing  
cen te r s  is a s s u m e d  to be  n o n r a d i a t i v e  at  h igh  t e m -  
p e r a t u r e s ,  w h i l e  a t  low t e m p e r a t u r e s  l igh t  of l onge r  
w a v e  l e n g t h  is emi t t ed .  This  p rocess  r educes  t he  
l igh t  pu l ses  e m i t t e d  in  t he  b lue  and  g r e e n  b a n d s  
upon  r e m o v a l  of the  field,  and  also accoun t s  for  t he  
t e m p e r a t u r e  q u e n c h i n g  o f  t h e  p h o t o l u m i n e s c e n c e .  

~ Conduction 

Quenching center + 
Luminescence centers ~ ~ 

Valence 

4 '  4 
hv ~ 

"~- "~- low or 

Fig. 12. Schon-Klasens model applied to electrolumines- 
cence (after Waymouth and Bitter). 
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Waymouth and Bitter, from temperature depend- 
ence measurements of L~ vs. tl, obtained acti- 
vation energies of 0.29 and 0.21 ev for the green 
and blue bands, respectively, which they interpret 
as giving the separation between the vacant ac- 
tivator levels and the top of the filled band. Garlick 
and Gibson (I 6), from measurements of temperature 
quenching, obtained 0.95 ev for green-emitting 
ZnS:Cu and 0.59 ev for yellow-emitting ZnS:Mn. 
Activation energies observed here are about 0.7 ev, 
0.4 ev, and 0.6 ev for the green, blue, and yellow 
bands, respectively. 

Although this model is consistent with observa- 
tions on the decrease of the burst of light emitted 
on removal of an applied field with increasing time 
of application of that field, there remain some 
objections to it. It does not appear to account 
for the decay of the light pulse emitted on ap- 
lication of the field with increasing time elapsed 
from the previous field excitation (our measure- 
ments of LI vs. t.,). As mentioned above, it seems 
likely that excitation of the green luminescence 
band, with emitted radiation (transition 4 in Fig. 
12) of about 2.4 ev photon energy, involves ioniza- 
tion of an electron into the conduction band (or a 
hole into the valence band). Since the band gap of 
zinc sulfide is about 3.8 ev (17), the depth of the 
traps involved (transition 2 in Fig. 12) should be 
about 1.4 ev, much greater than observed values. 
This failure of the measured activation energies to 
give the band gap when added to the energy of 
the emitted radiation contradicts the picture shown 
in Fig. 12. It is tempting, but doubtful, to explain 
this discrepancy by invoking SchSn's hypothesis of 
widely different energy levels for thermal and op- 
tical processes (18). 

In connection with Fig. 12, it may be worthwhile 
to mention the related concept of delayed recom- 
bination proposed by several workers (2, 3). Ac- 
cording to this model, electrons removed from ioniz- 
able activators by collision excitation on applica- 
tion of a high field are quickly swept to the positive 
side of the crystal where they are held until re- 
moval of the field releases them for radiative re- 
combination with empty centers. Thus excitation of 
luminescence centers is thought to occur only on the 
rise of an applied d-c voltage pulse while lumines- 
cence emission occurs primarily at the fall of the 
voltage as only then may electrons return to re- 
combine with ionized centers. Frequently quoted 
evidence for this theory is the observation that 
LI << L,. However, Fig. 4 and 5 reveal that L, << L~ 
only for long repetition intervals and high temper- 
atures. Over wide ranges of operating conditions, 
e.g., for t~ up to an hour at --125~ Lx and L~ are 
approximately equal. These measurements do not 
favor delayed recombination. In addition the delayed 
recombination mechanism is not applicable to ac- 
tivators for which the excited state is a bound per- 
turbed ion state and the electron is never physically 
removed from the center, e.g., manganese. 

In view of the difficulties with this model, we will 
propose a mechanism by which we hope to account 
for, among others, these experimental findings: (a) 
the light pulse emitted on application or removal 

of voltage decays with the time elapsed from the 
preceding field excitation (voltage shift); (b) tem- 
perature dependence of (a) resembles the emptying 
of trap distributions of depths between 0.3 and 0.8 
ev; (c) there is a component of internal polariza- 
tion which builds up and decays in synchronism with 
the above effect. 

When an external field is applied to a phosphor, 
there is evidence (3) that large voltage drops are 
concentrated across small regions of the phosphor 
due to the existence of barrier layers or rectifying 
junctions. It is in these high field regions that elec- 
troluminescence takes place. Electrons are field-ion- 
ized from deep traps and then accelerated to optical 
energies by the field. Some of these "hot" electrons 
collide with activator centers and lose all or part 
of their kinetic energy in raising electrons to excited 
states from which radiative transitions back to the 
ground state may later occur. It is natural to as- 
sume that the number of luminescence centers ex- 
cited will be proportional to the concentration of 
energetic free electrons which, in turn, should 
strongly depend upon the number of "loose" elec- 
trons (electrons thermally excited to or injected 
into the conduction band, or electrons in traps shal- 
low enough to be directly ionized by the field) 
originally present to initiate the process. It is hy- 
pothesized here that the experimental facts listed 
above are due to time variations in this population 
of loose electrons. Thus we consider changes in the 
number of centers excited rather than changes in 
the efficiency of the radiative recombination to be 
the dominant factor. 

It is proposed here that the light emissions LI and 
L... are independent luminescence events produced by 
separate excitations at the rise and fall of applied 
voltage, and that a difference in their intensities re- 
flects a difference in the number of centers excited 
in each case. Application of the external field estab- 
lishes a space charge as electrons are swept out of 
the high field region. The time required for the de- 
velopment of this polarization is of the order of the 
critical pulse width mentioned earlier (5). Some of 
the free electrons produced by the applied field are 
trapped in a normally unoccupied trap distribution. 
When the external field is removed, part of the 
polarization charge decays quickly in a time similar 
to the build-up time. However, that portion of the 
space charge consisting of electrons in deep traps 
decays very slowly at a rate determined by the 
thermal release of trapped electrons. This accounts 
for the last of the experimental facts listed above, 
viz., the "frozen-in" component of polarization ob- 
served by Waymouth and Bitter. 

Consider an electroluminescent phosphor in an 
equilibrium condition (t.o--> ~) at a certain tem- 
perature. Application of a field finds a certain num- 
ber of loose electrons available for acceleration and 
collision-excitation of luminescence emission LI. Let 
us denote this value of L~ for a first voltage applica- 
tion, i.e., LI for t~ --> ~, as LI ~ Removal of the ex- 
ternal field momentarily leaves an unopposed polar- 
ization field which causes a second excitation of 
luminescence, L.. However, this field finds a larger 
number of field-ionizable electrons as traps were 
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filled on the vol tage  rise. This  increases  the r e su l t -  
an t  n u m b e r  of hot e lect rons  to take  pa r t  in  col-  
l i s ion-exc i ta t ion .  Thus  we m a y  u n d e r s t a n d  the  s i tu -  
a t ion  w h e r e b y  L1 ~ L~ wi thou t  recourse  to de layed  
recombina t ion .  

A second s imi la r  vol tage  pulse  appl ied  af ter  a 
short  t ime  finds the same n o n e q u i l i b r i u m  concen t r a -  
t ion  of loose e lect rons  so tha t  for short  r epe t i t ion  
i n t e rva l s  we find L1 ~ L~. A vol tage  pulse  appl ied  
af ter  a cons iderab le  e lapsed t ime  (t2 ~ >  tl) wi l l  
f ind the phosphor  pa r t i a l l y  re laxed  towards  t h e r m a l  
e q u i l i b r i u m  so t ha t  L1 ~ ~ Ll(t.~) ~ L2. F r o m  Fig. 4 
and  5 we note  tha t  L1 ~ is about  o n e - t w e n t i e t h  of L~ 
for the  m a n g a n e s e - a c t i v a t e d  phosphor,  whi le  for the  
copper -ac t iva ted  phosphor  L, ~ is be low the l imi t  of 
m e a s u r e m e n t ,  i.e., less t h a n  o n e - t h o u s a n d t h  of L~. 
Thus  we m a y  i n t e r p r e t  (a) in  t e rms  of a r e t u r n  to 
t h e r m a l  e q u i l i b r i u m  of the n u m b e r  of f ie ld- ioniz-  
able  e lectrons via  the  t h e r m a l  e m p t y i n g  of an  over -  
popu la t ed  t rap  d i s t r ibu t ion .  The t e m p e r a t u r e  de-  
pendence  m e n t i o n e d  in  (b)  then  follows n a t u r a l l y  
f rom B o l t z m a n n  statistics.  These t r apped  e lect rons  
comprise  the s lowly  decaying  componen t  of p o l a r -  
iza t ion m e n t i o n e d  above so tha t  this  po la r iza t ion  de-  
cays in  s y n c h r o n i s m  wi th  L~, as s ta ted  in  (c) .  

A l though  this  m e c h a n i s m  accounts  for the  above  
e x p e r i m e n t a l  behav io r  it  is no t  w i thou t  its diffi- 
cul t ies ,  a n o r m a l  s i tua t ion  among  e l ec t ro lumi ne s -  
cence theories.  Since L~ is a s sumed  to v a r y  w i th  the  
n u m b e r  of occupied deep donors  in  the crystal ,  the  
effect should be l a rge ly  i n d e p e n d e n t  of the pa r t i cu l a r  
l uminescence  cen te r  invo lved  for a g iven  host phos-  
phor.  However ,  we ob ta ined  di f ferent  ac t iva t ion  e n -  
ergies for the  g reen  and  b lue  emiss ions  of the cop- 
p e r - a c t i v a t e d  phosphor .  F u r t h e r  a ssumpt ions  m a y  
be needed  to exp la in  these observa t ions  in  t e rms  of 
our  model.  A n o t h e r  object ion migh t  be  tha t  f i l l ing 
of t raps  does not  seem to occur to any  great  ex ten t  
d u r i n g  e lec t ro luminescence  as ev idenced  by  the ve ry  
w e a k  glow curves  fo l lowing  vol tage  exc i ta t ion  (9) .  
This  resu l t  m a y  be due to the fact  tha t  e lec t ro-  
l uminescence  is confined to jus t  a smal l  f rac t ion  
of the  phosphor  vo lume.  Also, o ther  observa t ions  
r e - emphas i ze  the impor t ance  of t raps  (19).  

Summary 
M e a s u r e m e n t s  of the t e m p e r a t u r e - d e p e n d e n t  de-  

cay of L1 wi th  t~ suggest  a process i nvo l v i ng  the  
t h e r m a l  e m p t y i n g  of donors  of depths  b e t w e e n  0.3 
and  0.8 ev. This p h e n o m e n o n  has been  repor ted  to 
be cor re la ted  w i th  a po la r i za t ion  charge.  We t h e r e -  
fore a t t r i b u t e  the  t raps  to the host c rys ta l  r a the r  
t h a n  to the  l uminescence  centers .  The m e c h a n i s m  of 
de layed  r e c ombi na t i on  does no t  appear  to account  
sa t i s fac tor i ly  for the  data.  A n  a l t e r na t i ve  sugges t ion  
is proposed w h e r e b y  the  n u m b e r  of filled deep 
donors  is a s sumed  to cont ro l  the e l ec t ro lumines -  
cence emiss ion  via  the  n u m b e r  of f ie ld- ionizable  
e lect rons  ava i lab le  for col l is ion exc i ta t ion  of centers .  

Manuscript  received Oct. 12, 1959. 
Any discussion of this paper will  appear in a Dis- 

cussion Section to be published in the December 1960 
JOURNAL. 
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Anodization of InSb 
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ABSTRACT 

The dependence of the constant  current  anodization curve on crystallo- 
graphic face and i l luminat ion  is reported for monocrystal l ine InSb. It is shown 
that  i l luminat ion  changes the film formation rate, either increasing or decreas- 
ing it depending on certain exper imental  conditions. Photovoltages similar to 
those reported for other anodic films have been observed. 

The  work  of Dewa ld  (1) on  anodiza t ion  of I n S b  
indicates  tha t  this  m a t e r i a l  is in  some ways  p a r t i c u -  
l a r ly  sui ted to a s tudy  of the gene ra l  ox ida t ion  proc-  
ess. I nSb  forms in  the z incb lende  s t ruc tu re  which,  
a l though  cubic, does no t  possess a cen te r  of i n -  
vers ion;  therefore ,  opposite d i rec t ions  are no t  neces-  
sar i ly  equ iva len t .  This  geomet r ica l  polar i ty ,  which  
also can be revea led  by  e tch ing  (2,3), is an  i m-  
po r t an t  factor  in  the e x p e r i m e n t s  of Dewald  (1) in  
tha t  he finds tha t  (111) faces anodize at a faster  

ra te  t han  the  (111) faces? In  the  p resen t  account  
we show the  c rys ta l lographic  dependence  of the  
cons tan t  c u r r e n t  anodiza t ion  curves.  

In  the  p rev ious  l i t e ra ture ,  severa l  au thors  have  
repor ted  a pho todependence  of the  ox ida t ion  proc-  
ess for va r ious  ma te r i a l s  such as Ta (4-6) ,  Si (7) ,  
Cu (8) ,  and  A1 (6) .  We have  found  tha t  photoeffects 
also exist  in  the  InSb  sys tem;  severa l  associated 
p h e n o m e n a  are repor ted  here.  

Apparatus 
The e x p e r i m e n t a l  a r r a n g e m e n t  is shown in  Fig. 1. 

A n  app rop r i a t e ly  masked  sample  ~ wi th  e i ther  the  

(111) or (111) face exposed is made  the  anode  in  
a 0.1N KOH solu t ion  held at cons tan t  t empe ra tu r e .  
A n  electronic  cons tan t  c u r r e n t  source serves as a 
power  supp ly  to provide  c u r r e n t  densi t ies  in  the  

1 A l l e n  (2) h a s  m a d e  t h e  c o r r e l a t i o n  b e t w e e n  a n o d i z a t i o n  r a t e s  
a n d  e t c h  p i t s .  P i t s  a p p e a r  on  t h e  (111) face .  

e T h e  m a s k i n g  a g e n t  u s e d  w a s  e i t h e r  p o l y s t y r e n e  in  t o l u e n e  (1) 
or  G.E.  1202 b a k i n g  v a r n i s h .  T h e  l a t t e r  is m o r e  d u r a b l e .  

EL[CTRONIC + l CURRENT S O U ~ _  

M A S K E D ~  
InSb SAMPLE 

I HIGH INPUT 
IMPEDANCE RECORDER 

GRAPHITE 
CATHODE 

.I N KOH 

InSb REFERENCE 
ELECTRODE 

Fig. 1. Experimental arrangement for constant current 
onodization studies on InSb. 

ne ighborhood  of 200 ~ a / c m i  Voltages which r ep re -  
sent  the  drop across the  anode  film are mon i to red  
us ing  a re fe rence  electrode of I n S b  connected to 
a r ecord ing  vo l tme te r  w i th  a high i n p u t  impedance .  

The  samples  are x - r a y  or iented,  cut, and  t hen  
mechan i ca l l y  pol ished wi th  var ious  grades of a l u -  
m i n a  d o w n  to 0.1 /~ which  produces  a m i r r o r - l i k e  
finish on the selected face. Af te r  mask ing ,  they  are 
p r e - a n o d i z e d  to 10-20 v and  then  immersed  in con-  
cen t r a t ed  HF which  removes  the oxide film bu t  does 
not  a t t ack  the InSb  subs t ra te .  This  process ( p r e - a n -  
odizing and  film r emova l )  is r epea ted  un t i l  the a n -  
odizat ion curves  are comple te ly  reproducib le .  

Anodization Curves 
In  Fig. 2 typ ica l  recorder  curves  of the vol tage  

drop across the  fi lm on the  (111) a nd  (111) faces 
are shown as a f unc t i on  of t ime at cons tan t  cur ren t .  
There  are several  f ea tu res  of the curves  which are 
of in te res t :  (a) the in i t i a l  region of the  two curves  
is s imi la r  and  non l inea r ,  t end ing  to curve  u p w a r d  
u n t i l  the  t u r n o v e r  po in t  is reached.  The  n o n l i n e a r i t y  
is pe rhaps  a consequence  of the fo rma t ion  of space 
charge in  the oxide layers  du r ing  anodiza t ion  (9) ;  
(b)  the  t u r n o v e r  vol tage  is d i f ferent  for the two 

faces a nd  is a lways  g rea te r  for the  (111) face t h a n  
for the (111) face, u n d e r  ident ica l  e x p e r i m e n t a l  
condit ions.  This u n u s u a l  c rys ta l lographic  depend -  
ence indica tes  tha t  the  t u r n o v e r  p r o b a b l y  is not  a 
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Fig. 2. Constant current onodization curves for (111) and 
(1 1 1) faces of InSb. 
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consequence of the structure of the oxide film 
(porosity, cracks, etc.) but that the metal-oxide 
interface plays some role in the process. 

When a piece of InSb is anodized with both the 

(iii) and (iii) faces exposed, it is observed by 
means of interference colors that the film thickness 
is the same on both faces until the turnover region 
is reached. As anodization continues beyond this 
point, the interference colors indicate that a thicker 

film forms on the (iii) face than on the (Iii). By 
means of the following experiment we have shown 
that this is due to a redistribution of current density 
which takes place when the (Iii) face reaches its 
turnover point. The experimental arrangement is 
shown in Fig. 3. Two InSb samples with {iii} faces 
of equal area but of opposite crystallographic sign 
are connected to a common constant current supply 
through separate ammeters. Since the voltage drop 
across the solution and cathodes is negligible, this 
is equivalent to anodizing a single sample having 
both crystallographic faces exposed, except that now 
the current through each face can be monitored sep- 
arately. Initially both meter readings are the same; 
however, as soon as the (iii) face reaches its turn- 
over voltage for the currents involved, its resistance 
ceases to increase. Eventually most of the current 
flows through the (Iii) face producing a thicker 

film on it than on the (iii) face. Apparently this 
redistribution occurs because the electric field re- 
quired for ion flow cannot be maintained across the 

~ A  CONSTANT ) 
CURRENT p..A 
SOURCE 

I - 

InSb ( I I I ) FACE EXPOSED InSb ( I II ) FACE EXPOSED 

Fig. 3. Exper imenta l  a r rangement  to mon i to r  cur rent  

th rough  (111)  and ( ] ] l )  faces separate ly .  

- y 
i6  - 

42: / i  GHTS F 
, o -  ./.. . . . . . . . . . . .  . . . . . . .  

~ iIp. .IO*OI'OOODO,.*01,I  ** = t l * *  
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0 I 2 3 

T I M E  ( M I N U T E S )  

Fig. 4. Ef fect  o f  i l l um ina t ion  on constant  cur rent  anod iza -  
t ion curves. 

film on the  (111) face af ter  the (111) face a t t a ins  
the t u r n o v e r  voltage.  

P h o t o a n o d i z a t i o n  

W h e n  a sample  u n d e r g o i n g  anod iza t ion  is i r r a -  
d ia ted w i th  vis ible  l ight  of wave  l eng th  shor ter  
t h a n  a p p r o x i m a t e l y  5200A, it is observed  tha t  the 
in i t i a l  pa r t  of the  anod iza t ion  curve  r e m a i n s  u n -  
affected bu t  tha t  the  t u r n o v e r  vol tage  is decreased.  
The i l l u m i n a t i o n  f rom a 300-w slide pro jec tor  p ro -  
duces the  effect shown  in  Fig. 4. A c c o m p a n y i n g  this  
r educ t ion  in  t u r n o v e r  vol tage  u n d e r  the  two sets of 
e x p e r i m e n t a l  condi t ions  descr ibed below, the re  oc- 
curs a c h a n g e  in  the  film fo rma t ion  rate.  

Condition No. / . - - T h e  exposed face of an  I n S b  
sample  is i l l u m i n a t e d  even ly  and  anodized u n d e r  
cons tan t  c u r r e n t  condi t ions  beyond  the  t u r n o v e r  
point .  The  re la t ive  th ickness  of the film formed  is 
m e a s u r e d  us ing  the step gauge method  descr ibed  by  
Dewald  (1) .  The film is r emoved  wi th  HF  and  the  
sample,  now  in  tota l  darkness ,  is anodized  aga in  
us ing  the  same va lue  of c u r r e n t  for the same leng th  
of t ime.  Step gauge m e a s u r e m e n t s  show tha t  the  
i l l u m i n a t e d  film is t h i n n e r  t h a n  the  one fo rmed  in  
darkness ,  i nd ica t ing  tha t  the  efficiency of film for-  
ma t ion  is lowered  w h e n  the sample  is i l l umina ted .  

Condition No. 2 . - - I n  this expe r imen t ,  on ly  hal f  
of the exposed I n S b  face is i l l u m i n a t e d  d u r i n g  a n -  
odization.  The  process is ca r r ied  out  pas t  the  t u r n -  
over  po in t  and  it is observed  tha t  the  above s i tua -  
t ion  is reversed.  At  first g lance  it appears  tha t  here  
the l igh t  increases  the  efficiency of fi lm fo rma t ion  
since the  i l l u m i n a t e d  sect ion is now th icke r  t h a n  
the  da rk  section. We have  shown,  in  an  e x p e r i m e n t  
s imi la r  to the one discussed in  the  p rev ious  section, 
tha t  this  is ac tua l ly  due to a r ed i s t r i bu t i on  of cu r -  
r en t  dens i ty  which  takes  place w h e n  the  i l l u m i n a t e d  
sect ion reaches  the  t u r nove r .  F igu re  5 depicts  the  
e x p e r i m e n t a l  a r r a n g e m e n t .  Two iden t ica l  faces are 
anodized,  one wi th  i l l u m i n a t i o n  and  the  o ther  w i t h -  
out. The two samples  a re  connected  to a common  
cons tan t  c u r r e n t  supp ly  th rough  separa te  meters .  

Aga in  it is observed  tha t  in i t i a l ly  both  me te r  
read ings  are  the  same;  however ,  as soon as the  
i l l u m i n a t e d  face reaches  the  l i g h t - i n d u c e d  t u r n -  
over  vol tage  its res i s tance  ceases to increase  wi th  
t ime  and  most  of the  c u r r e n t  flows t h r ough  tha t  face. 
This produces  a fi lm on  the  i l l u m i n a t e d  face which  
is cons ide rab ly  th icker  t h a n  the  one wh ich  is fo rmed  
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in  darkness .  A device which  ut i l izes  this  p h o t o a n -  
odizat ion effect to record an  image  pro jec ted  on the  
face u n d e r g o i n g  anodiza t ion  has been  descr ibed else-  
whe re  (10) .  

Photovoltages 
W h e n  I n S b  of a n y  o r i en t a t i on  is anodized b e y o n d  

the  t u r n o v e r  po in t  (it  makes  no difference w h e t h e r  
the  t u r n o v e r  is l i g h t - i n d u c e d  or not )  and  then  re -  
moved  f rom the  circuit ,  it is found  tha t  a vol tage  ap-  
pears  across the  fi lm w h e n  i l l umina ted .  This pho to-  
voltage,  which  i n c i d e n t a l l y  has the  same po la r i ty  as 
the  anodiz ing  voltage,  sa tu ra tes  at a p p r o x i m a t e l y  
1.5 v and  is s imi la r  in  m a n y  respects  ( t ime  constants ,  
decay,  i n t e r n a l  impedance ,  etc.) to photovol tages  
f ound  in  Ta,O~ films by  v a n  Geel, Pis tor ius ,  and  
W i n k e l  (8) .  Because  of this  s imi lar i ty ,  no f u r t h e r  
descr ip t ion  is g iven  here.  We do wish  to po in t  out, 
however ,  tha t  the  photovol tage  demons t r a t e s  the  ex -  
i s tence  of l i g h t - i n d u c e d  car r ie rs  (e lect rons  or holes)  
in  the  system. We specula te  tha t  pe rhaps  it is these 
car r ie rs  which  serve to lower  the  film fo rming  effi- 
c iency d u r i n g  pho toanod iza t ion  by  p rov id ing  elec-  
t ron ic  (or hole)  conduc t ion  in  addi t ion  to the  ionic 
cur ren t .  

Summary 
The p h e n o m e n a  observed  d u r i n g  our p r e l i m i n a r y  

s tudies  on the I n S b  anodic sys tem have  been  p r e -  
sented  at this  t ime  because  of the i r  u n i q u e  cha rac -  
ter.  No a t t emp t  has been  made  to i n t e rp re t  the da ta  
theore t i ca l ly  since severa l  ques t ions  which  are 
ra ised by  this  in i t i a l  work  r e m a i n  to be clarified. 
For  example ,  we do not  k n o w  w h e t h e r  the  c rys t a l -  
lographic  dependence  of anodiza t ion  ra te  as ob-  

served by  Dewald  (1) exists  du r ing  the  in i t ia l  stages 
of the  anodic  process or occurs on ly  n e a r  the t u r n -  
over po in t  as our  in i t i a l  e xpe r i me n t s  seem to in -  
dicate.  In  add i t ion  it  is no t  k n o w n  w h y  the  t u r n o v e r  
occurs at  al l  or w h y  i l l u m i n a t i o n  changes  the t u r n -  
over  po in t ;  it  is possible  tha t  space charge effects 
which  have  been  discussed by  Dewald  (9) and  
l i g h t - i n d u c e d  space charge  effects wh ich  were  h y -  
pothesized by  V e r mi l ye a  (11) m a y  be respons ib le  
for the obse rva t ion  phenomena .  
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ABSTRACT 

Minori ty carrier l ifetime in silicon which has been diffused in  BC13 plus 
ni t rogen at 1100~ may be in  excess of 100 t, sec. Diffusion at 1200~ may give 
lifetimes in excess of 25 ~sec. The lifetimes are significantly higher than the 
values obtained by heat t rea tment  without  the BC13. A similar effect is observed 
if chlorine or PCL is added to the ni t rogen ambient.  Some lifetime preserva-  
tion after extended heat t rea tment  following the BCI~ t rea tment  indicates that  
the glassy layer deposited dur ing  the t rea tment  plays a significant role in the 
process. 

Severa l  methods  for l i fe t ime p re se rva t ion  d u r i n g  
the  heat  t r e a t m e n t  of silicon, such as is i n c u r r e d  
d u r i n g  a diffusion process, have  been  repor ted.  
These inc lude  slow cooling (1) ,  v a c u u m  heat  t r e a t -  
m e n t  (2),  and  ge t t e r ing  by  a me ta l - s i l i con  l iqu id  
phase  on the  si l icon surface  (3) .  The purpose  of this 
paper  is to show tha t  r e l a t i ve ly  h igh l i fe t ime m a y  
be m a i n t a i n e d  in  si l icon tha t  has been  diffused w i th  
boron,  even  wi th  fa i r ly  rap id  cooling, and  tha t  the  
diffusion process, us ing  BCI~ gas, p lays  a s ignif icant  
role in this  l i fe t ime p rese rva t ion ;  fu r the rmore ,  tha t  

1 P r e s e n t  a d d r e s s :  H u g h e s  P r o d u c t s ,  S e m i c o n d u c t o r  D i v i s i o n ,  
N e w p o r t  B e a c h ,  C a l i f o r n i a .  

chlor ine  gas or PCI~ as wel l  as the BCl~ also give the 
effect of l i fe t ime prese rva t ion .  

The use of BCI~ as a ca r r i e r  for bo ron  dur ing  di f -  
fus ion has been  noted  by  Fu l l e r  and  Di tzenberger  
(4) .  Moreover ,  P r ince  (5) has noted  tha t  du r ing  the 
diffusion of boron  in  such a process l i fe t ime r egen -  
e ra t ion  of p rev ious ly  diffused sil icon m a y  be ob-  
served on t h in  samples.  

Experimental Procedure 
The diffusion and  hea t  t r e a t m e n t  were  carr ied  

out in  a dua l  tube  f u r na c e  wi th  11/8 in. ID quar tz  
tubes.  The  sil icon was in  a 5-15 o h m - c m  resis t iv i ty  
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r ange  w i t h  in i t ia l  l i f e t imes  in excess  of 100 ~sec. 
The  si l icon w a f e r s  w e r e  suppor t ed  e i t he r  ho r i zon -  
t a l ly  in a sepa ra te  qua r t z  ha l f  tube  or v e r t i c a l l y  in 
a s lo t ted  qua r t z  holder .  The  w a f e r s  w e r e  f r o m  35 to 
60 mils  thick.  One  of the  qua r t z  tubes  was  used  to 
run  cont ro l  samples  in a n i t r ogen  gas flow of 10 
ft'/hr. ~ 

Three programs were used during the introduc- 
tion of the BClo. They were as follows: Program A-- 
The samples were introduced into the furnace, 
with only a nitrogen flow, followed by a BCI8 flow 
of 0.04 ft~/hr with 18 ft~ of nitrogen, for 30 sec, 
0.04 ft~/hr of BCIo and i0 ft~ of nitrogen for 30 sec, 
0.04 ft~/hr of BCI3 and 4 ft3/hr of nitrogen for 4 rain, 
and I0 ft~/hr of nitrogen only for the rest of the 
run; Program B--The samples were introduced into 
the furnace, with only a nitrogen flow, followed by 
a BCl0 flow of 0.04 ft~ with I0 ft~/hr of nitrogen 
for 30 sec, 0.04 ft~ of BCI~ with 4 ff/hr of nitro- 
gen for 4 min, and i0 ft~ of nitrogen only for the 
rest of the run; Program C--A BCI0 flow of 0.04 
ft'~/hr with 4 ft3/hr of nitrogen was established be- 
fore introduction of the samples, which were then 
held at approximately a 500~ zone of the furnace 
for 1 min, a 900~ zone for I min, and at II00~ for 
4 rain, followed again by a i0 ft~/hr flow of nitrogen 
only for the rest of the run. 

The first of these programs, with the high initial 
nitrogen flow, was chosen to minimize back diffusion 
of air into the furnace. However, the programs 
which allowed higher initial BCI~ concentrations, 
especially at low temperatures as in program C, 
gave the best results. 

The PCl~ was introduced by placing several grams 
of PCI~ in the quartz tube at a point where the 
temperature was about 180~ The PCl0 gradually 
sublimed in the nitrogen carrier gas. 

The chlorine heat treatment involved a chlorine 
flow rate of 0.04 ft~/hr for 4 rain, mixed with 4 ft~ 
of nitrogen, followed by a chlorine flow rate of 0.01 
ft3/hr, mixed with I0 ft~ of nitrogen, for the re- 
mainder of the run. 

In most of the experiments the sample was cooled 
by turning the furnace off after the heat treatment. 
The resulting cooling cycle ("slow cool") is shown in 
Fig. I. Two other cooling cycles were used. One 
involved cooling the sample by withdrawing it from 
the furnace during a 15-min period ("fast cool"); 
the other was a rapid withdrawal from the furnace 
("air quench"). 

The pellets were prepared for diffusion by soaking 
in 48% nitric acid (to remove a nickel plate used in 

-~All f low ra tes  a re  g i v e n  i n  a i r  e q u i v a l e n t  a t  14.7 ps i  a n d  70~ 

11oo 
looo 

~oo ~ ~  

zoo 

Fig. 1. Slow cool 

p r e l i m i n a r y  l i f e t ime  m e a s u r e m e n t s ) ,  fo l lowed  by 
t h r ee  success ive  e tches  in " w h i t e "  e tch  (4 par t s  
HNO,~, 1 pa r t  H F ) ,  fo l lowed  by a soak in HNO~ and 
final r inses  in de ionized  w a t e r  and d is t i l led  wa te r .  

The  l i f e t ime  of the  samples  w e r e  d e t e r m i n e d  by  
a m e a s u r e m e n t  of the  p h o t o c o n d u c t i v i t y  decay  fo l -  
lowing  exc i t a t ion  of excess  ca r r i e r s  by  a spa rked  
l igh t  source  (6) .  Fo r  al l  bu t  the  v e r y  shor t  l i f e -  
t imes,  the  i l l u m i n a t i o n  was  t h r o u g h  a 1.6 m m  th ick  
sil icon filter.  Fo r  m e a s u r e m e n t s  on the  shor t  l i f e -  
t ime  samples  e i t he r  a 0.2 m m  fil ter or no f i l ter  w e r e  
used. Because  t r a p p i n g  m a y  h a v e  been  p r e sen t  in 
the  v e r y  low l i f e t ime  samples ,  the  t r u e  l i f e t ime  m a y  
in some cases be less t h a n  the  m e a s u r e d  decay  t imes  
which  are  g iven  here .  On the  h ighe r  l i f e t ime  s a m -  
ples, w i t h  junc t ions ,  pho tovo l t a i c  m e a s u r e m e n t s  (7) 
on s eve ra l  samples  conf i rmed the  spa rk  data.  F o r  
two  samples  an a t t e m p t  was  m a d e  to e s t ima te  the  
l i f e t ime  f r o m  the  a m p l i t u d e  of the  co l lec ted  s ignal  
in the  usua l  dr i f t  m o b i l i t y  e x p e r i m e n t  (8) .  These  
checks  ind ica ted  tha t  the  m e a s u r e d  l i f e t ime  in the  
n - t y p e  cont ro l  samples  was  correct ,  bu t  tha t  the  
l i f e t imes  m e a s u r e d  on p - t y p e  cont ro l  samples  was  
much  too high.  

In m a n y  of the  samples  the  m i n o r i t y  ca r r i e r  d i f -  
fus ion d i s tance  was  so g r ea t  t ha t  a v e r y  l a rge  cor-  
rect ion,  due  to sur face  r ecombina t ion ,  needed  to be  
appl ied  to the  m e a s u r e d  values .  F o r  this  reason  both  
the  m e a s u r e d  decay  t imes  and the  co r rec t ed  va lues  
are  given.  

Experimental Results 
Lifetime Preservation 

Below are  l i s ted the  resu l t s  for  a n u m b e r  of e x -  
p e r i m e n t s  w i t h  t he  boron  t r i ch lo r ide  process,  at  
1100 ~ for  1/2 hr, w i t h  " s low cool ing."  The  boron  
diffused j unc t i on  dep th  was  about  0.04 mil .  The  con-  
t ro l  runs  l i s ted w e r e  r u n  s i m u l t a n e o u s l y  w i t h  t he  
l is ted boron  diffusion of the  same run  n u m b e r .  

BCI, diffusion, 1100~ for V2 hr, n-type silicon 

M e a s u r e d  t, 
R u n  P r o g r a m  M a t e r i a l  ~sec Cor rec ted  t 

24 A M2455 48 125 
27 A M2455 43 80 
34 A M2455 37 60 
38 A M2455 50 120 
45 B M2455 53 150 
45 B FZK59 68 120 
47 B M2455 54 170 
47 B FZK59 65 110 
48 B M2455 240* 240 
48 B FZK59 180" 180 
50 B FZK59 33 42 
50 B M2474 49 95 
50 B M2474 47 100 
51 C M2474 39 80 
51 C M2474 65 200 

Control(vs. BCI3),1100~ for �89 hr, n-type silicont 
34 M2455 4.2 4.2 
48 M2455 3 3 
48 FZK59 2.6 2.6 
50 M2474 3.6 3.6 
50 M2474 3.9 3.9 
51 M2474 3.7 3.7 
51 M2474 45 45 

* P h o t o v o l t a i e  m e a s u r e m e n t .  
$ E s t i m a t e d  as 5 ~sec s  d r i f t  m o b i l i t y  e x p e r i m e n t .  
t A l l  b u t  t he  f i rs t  m e a s u r e m e n t  w e r e  o b t a i n e d  w i t h  t he  63 rai l  

s i l i con fi l ter .  
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BCI3 diffusion, 1100~ for 1/2 hr, p-type silicon 

M e a s u r e d  t, 
R u n  P r o g r a m  Mate r i a l  /Lsec Cor rec ted  t 

M e a s u r e d  t, 
R u n  M a t e r i a l  ~sec Cor rec ted  t 

34 A XP3223 7.8 7.8 
38 A M2592 6 6 
48 B M2592 17 32 
50 B XP3223 10 14 
50 B XP3223 5.6 5.6 
50 B M2592 14.5 22 
50 B M2592 15 31 
51 C XP3223 11.7 16 
51 C XP3223 9 9 
51 C M2592 27 72 
51 C M2592 26.5 70 

Control (vs. BCh), 1100~ for V2 hr, p-type silicont 

34 XP3223 3 3 
48 M2592 3.7 3.7 
50 XP3223 3 3 
50 XP3223 2.5 2.5 
50 M2592 4 4 
50 M2592 3 3 
51 XP3223 2.1 2.1 
51 XP3223 2.1 2.1 
51 M2592 3* 3 
51 M2592 2.8 2.8 

M2455: n - t y p e  Czochra l sk i ,  9-13 o h m - c m ,  a p p r o x i m a t e l y  20 d is -  
l o c a t i o n s / c m  2 

FZK59:  n - t y p e  f loa t ing  zone, 10-11 o h m - c m ,  a p p r o x i m a t e l y  10~ 
d i s loca t ions /cm~ 

M2474: n - t y p e  Czochra l sk i ,  5-8 o h m - c m  
X P 3 2 2 3 :  p - t y p e  f loa t ing  zone, 5-10 o h m - c m ,  a p p r o x i m a t e l y  2 • 10r 

d i s l o c a t i o n s / c m  2 
~12592: p - t y p e  Czochra l sk i ,  5-8 ohm-era ,  a p p r o x i m a t e l y  7 • 10~ 

d i s l o c a t i o n s / e m  2 
* No o b s e r v a b l e  l i f e t i m e  f r o m  d r i f t  m o b i l i t y  m e a s u r e m e n t .  
? These  m e a s u r e m e n t s  we re  m a d e  w i t h  no f i l ter  or a t h i n  fi l ter .  A t  

l eas t  ha l f  of t he  s amp le s  s h o w e d  e v i d e n c e  o f  t r a p p i n g  in  t he  shape  
of the  decay  curve .  

Both  h igh  d is loca t ion  dens i ty  f loat ing zone and 
low dis locat ion dens i ty  Czochra l sk i  n - t y p e  m a t e r i a l  
gave  cons i s t en t ly  h igh  l i f e t imes  we l l  above  those  
ob ta ined  w i t h  the  cont ro l  samples .  Cont ro l  sample  
l i f e t imes  w e r e  u sua l ly  about  4 ~sec, a l t hough  one 
excep t iona l  v a l u e  of 14 ~sec was  obse rved  du r ing  
the  expe r imen t .  S o m e  v a r i a t i o n  wou ld  be expec t ed  
in the  cont ro l  resu l t s  because  of the  expec t ed  de -  
pendence  upon  c leanl iness .  

The  resu l t s  w i t h  p - t y p e  m a t e r i a l  h a v e  been  s o m e -  
w h a t  more  er ra t ic .  H o w e v e r ,  use of the  p r o g r a m  C 
has r e su l t ed  in l i f e t ime  va lues  c o m p a r a b l e  to those  
obse rved  in n - t y p e  mate r i a l .  F u r t h e r m o r e ,  a l t hough  
the  l is ted va lues  for  the  cont ro l  l i f e t imes  are  s imi la r  
to those r e p o r t e d  for  the  n - t y p e  mate r ia l ,  m a n y  of 
these  samples  showed  ev idence  of t rapping .  An  e f -  
fo r t  to co r re l a t e  the  resul t s  w i t h  those of a d r i f t  
mob i l i t y  m e a s u r e m e n t ,  w h i c h  was  successful  w i t h  
one n - t y p e  sample ,  fa i led  w i t h  the  p - t y p e  sample .  
Consequen t ly ,  it is l ike ly  tha t  the  m e a s u r e d  decay  
t imes  for  these  con t ro l  samples  a re  not  cha rac te r i s t i c  
of the  r e c o m b i n a t i o n  process  bu t  a re  d o m i n a t e d  by 
t r a p p i n g  effects. 

The  l i f e t ime  in a l a r g e r  n u m b e r  [36] of dif fused 
junc t ions  on l o w e r  res i s t iv i ty ,  0.5 to 1 o h m - c m ,  n -  
t y p e  sil icon was  m e a s u r e d  by means  of the  p h o t o -  
vo l ta ic  effect. The  m e d i a n  l i f e t ime  on these  samples  
was  in excess  of 10 ~sec. 

The  resu l t s  w i t h  ch lor ine  and PC15 added  to the  
n i t r ogen  are  t a b u l a t e d  below.  S l o w  cool ing was  used. 

11 M2455 (n- type)  45 74 
11 M2455 (n- type)  22.5 76 
33 M2455 (n- type)  21 26 
16 M2455 (n- type)  16.5 20 
32 M2455 (n- type)  21 26 
31 XP3223 (p- type)  2.9 2.9 
32 XP3223 (p- type)  7.1 7.1 
41 M2455 (n- type)  5 5 

(Chlorine for 4 min only) 
Control (vs. chlorine) 1100~ for V2 hr 

11 M2455 (n- type)  7 7 
11 M2455 (n- type)  12.5 14 
16 M2455 (n- type)  5 5 
31 XP3223 (p- type)  2.5 2.5 

PCI~ at 1100~ for 1/2. hr 
37 M2455 (n- type)  29 58 
37 XP3223 (p- type)  3.1 3.1 

Fo r  bo th  the  ch lor ine  and PCI~ a m b i e n t  the  l i fe -  
t imes,  at leas t  in n - t y p e  mate r i a l ,  w e r e  h ighe r  than  
those  of the  cont ro l  samples .  W h e n  the  ch lor ine  
was r u n  only  for a f e w  m inu t e s  at the  beg inn ing  of 
a run,  as in run  41 above,  no m a r k e d  l i f e t ime  r e -  
t en t ion  was  observed .  This  is in con t ras t  to the  r e -  
sults  w i t h  BCI~. 

In the  case of the  ch lo r ine  t r e a t m e n t ,  a significant  
d i f fe rence  in l i f e t ime  in seve ra l  samples  run  to -  
g e t h e r  was  noticed.  Fo r  instance,  for  t h r ee  samples  
p laced  v e r t i c a l l y  and d i r ec t l y  beh ind  each o ther  in 
the  gas flow at  1100~ the  co r rec t ed  va lues  w e r e  
74, 52, and 29 ~sec in o rde r  f r o m  the  u p s t r e a m  end. 
This  effect, if  p resent ,  was  m u c h  less p ronounced  
w i t h  the  BCL process.  The  va lues  in a co r r e spond-  
ing e x p e r i m e n t  w i th  the  BCl~ w e r e  90, 90, and 72 
~sec. 

The  t abu la t ion  be low  shows the  resu l t s  ob ta ined  
w h e n  the  diffusion t i m e  at 1100~ was  ex tended ,  
or  the  t e m p e r a t u r e  ra i sed  to 1200~ N - T y p e  m a t e -  
r ia l  was  used. 

T i m e  and  Measu red  t, 
t e m p e r a t u r e  #sec Cor rec ted  t 

2 hr at ll0O~ 43 80 
2 hr  at 1100~ 37 60 

21 hr at ll0O~ 11.5 13 
21 hr  at 1100~ 19 24 
21hr  at l l00~ 
Control 3.4 3.4 
'/z hr  at 1200~ 26 38 

L i f e t imes  in excess of those r e su l t i ng  f rom the  
hea t  t r e a t m e n t  a lone m a y  be  ob ta ined  dur ing  e x -  
t ended  diffusion, or at  1200~ In o rde r  to obta in  
the  resu l t s  quo ted  at 1200~ it was  necessa ry  to ap-  
p ly  the  boron  f r o m  the  BCL at l l 0 0 ~  and then  
ra ise  the  t e m p e r a t u r e  to 1200~ If  the  BC1, is in-  
t roduced  at 1200~ the  a d h e r e n t  g lassy  deposi t  
o the rwi se  ob ta ined  on the  si l icon sur face  is not  ob-  
served.  Ins tead,  l aye r s  w h i c h  w e r e  c racked  and 
ch ipped  w e r e  found.  

The  effect on the  final  l i f e t ime  of the  th ree  cool-  
ing cycles  wh ich  w e r e  t r i ed  is shown below.  N - t y p e  
si l icon diffused for 1//2 h r  at  l l 0 0 ~  w i t h  p r o g r a m  A, 
was  used. The  fast, 15 -min  cool ing was  w i t h o u t  
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t M e a s u r e d ,  
C oo l i ng  #sec  t C o r r e c t e d  

Slow cool 48 125 
Fast  cool 37 90 
Air  quench 7.5 7.5 

serious effect, a l though  the air  q u e n c h  did give m u c h  
lower  l i fet ime.  

Lifetime Regeneration 
A n  e x p e r i m e n t  was pe r fo rmed  on severa l  diffused 

si l icon p - n  j unc t ions  (p rov ided  by  F. E. G e n t r y )  to 
d e t e r m i n e  the  feas ib i l i ty  of l i fe t ime r e g e n e r a t i o n  
w i t h  the BCL process. These samples  had  been  d i f -  
fused wi th  ga l l i um to a j u n c t i o n  depth  of abou t  3 
mils.  These samples  were  r u n  t h r o u g h  p r o g r a m  C 
wi th  slow cooling. The l o w - t e m p e r a t u r e  step 
changed  to 700~ for 1 min.  Two samples  were  s u b -  
jec ted  to a cont ro l  cycle  w i th  n i t r o g e n  a m b i e n t  only.  
The photovol ta ic  me thod  was  used to measu r e  the  
l i f e t ime  before and  af ter  the  processing.  Values  
quo ted  be low m a y  be t aken  only  as re la t ive  va lues  
for this  pa r t i cu l a r  e x p e r i m e n t  because  the  b o u n d a r y  
condi t ions  imposed by  the  deeply  diffused j unc t i ons  
are no t  those for which  the pho to-vo l ta ic  e q u i p m e n t  
was  ca l ibra ted .  Resul ts  are t a b u l a t e d  below. 

I n i t i a l  t ,  
P r o c e s s  ~sec F i n a l t  

Program C 

Average 

1 6.8 
2.7 24.3 
3.6 11.9 
3.0 6.1 
2.6 12.3 
3.4 2.3 
2.7 2.0 
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Control 

These resul t s  subs t an t i a t e  Pr ince ' s  obse rva t ion  (5) 
tha t  l i fe t ime r egene ra t i on  m a y  be ob ta ined  in  this  
way.  

Discussion 
The above da ta  show tha t  l i fe t imes  of 20 to over  

100 t~sec m a y  be ob ta ined  in  diffused p - n  j unc t ions  
fo rmed  by  the  diffusion of boron  f rom a BCL carr ier .  
The  s imi la r  resul t s  ob ta ined  wi th  PCL and  chlor ine  
suggest  tha t  the ch lor ine  l ibe ra ted  by  the  decom-  
posi t ion  of the bo ron  t r ich lor ide  and  phosphorus  
pen tach lo r ide  p lays  a pa r t  in  the process. However ,  
good resul ts  can be ob ta ined  wi th  BCL even  though  
the  gas flows only  a few minu tes ,  whi le  wi th  chlo-  
r i ne  a con t inuous  flow is necessary.  This suggests 
tha t  the a d h e r e n t  glassy deposit  fo rmed  on the s i l i -  
con surface d u r i n g  the  BC13 flow also p lays  a part .  

Ch lor ine  is k n o w n  to a t tack  m a n y  meta l s  at e le-  
va ted  t empera tu re s .  Indeed,  d u r i n g  the  PCI~ and  
chlor ine  e x p e r i m e n t s  there  was some a t t ack  even  
on the silicon. I t  m a y  be tha t  the chlor ine  provides  
an  effective i n - s i t e  e tch ing  and  c lean ing  of the  p r e -  
s u m a b l y  c o n t a m i n a t e d  sil icon surfaces.  Moreover,  
because  of such an  e tching  action, the ch lor ine  m a y  
act as an  i m p u r i t y  ge t te r  at the si l icon surface  d u r -  
ing the diffusion. The resul t s  wi th  BCL, despi te  the  
shor t  app l ica t ion  of the  gas, suggest  tha t  the glassy 
surface l ayer  m a y  act as an  i m p u r i t y  getter ,  or at 
least  m a s k  the  si l icon aga ins t  the  in -d i f fus ion  of im-  
pur i t i es  coming  f rom the  car r ie r  gas or the  wal ls  
of the furnace .  

As has been  described,  a BCL p r o g r a m  tha t  had  
beneficial  effects on the  n - t y p e  ma te r i a l  did not  
work  as wel l  on the  p - t y p e  mater ia l .  I t  was  neces-  
sary  to modi fy  the  process to ob ta in  m a r k e d l y  im-  
proved  resul t s  on p - t y p e  mater ia l .  This  suggests  
that ,  at  least  u n d e r  the  condi t ions  of these  expe r i -  
ments ,  an  i m p u r i t y  (not  necessa r i ly  the on ly  one)  
was p resen t  which  was  p a r t i c u l a r l y  effective in  r e -  
duc ing  the  l i fe t ime in  the p - t y p e  mate r ia l ,  and  was 
p a r t i c u l a r l y  difficult to r emove  f rom the  system. 
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Any discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1960 
J O U R N A L .  
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ABSTRACT 

The polarographic reduct ion of mono-  and dini t rotetral ins  was studied in 
buffered solutions at four different pH values. The reduction became more diffi- 
cult  and was less complete with increase in pH. The relative heights of the 
mult iple  waves were interpreted in terms of certain electron changes, and 
these were checked by coulometric measurements  at controlled potentials. The 
first stage in reduct ion in the te t ra l in  series appears general ly to be a four-  
electron change as it is in the benzene series. 

In  the course of other  work  in  this  l abo ra to ry  it 
was  found  necessary  to p repa re  most  of the isomeric  
d in i t ro te t ra l ins .  F r o m  a search of the l i t e r a tu re  it 
became  ev iden t  tha t  a s tudy  of the po la rographic  
behav io r  of the  d in i t r o t e t r a l i n s  wou ld  be a logical  
ex tens ion  of the  work  carr ied  out  by  Pearson  (1) on 
var ious  d in i t ro  compounds  in  the  benzene  series. 

For  the  sake of comple teness  all  four  possible 
d in i t ro t e t r a l i n s  as wel l  as the two k n o w n  mono-  
n i t r o t e t r a l i n s  we re  p repa red ;  5 x 10-~M solu t ions  of 
the  n i t ro  compounds  in  80% e thano l  were  s tudied  in  
four  buffered solut ions.  The compounds  were  also 
s tud ied  by  cons tan t  po ten t i a l  cou lomet ry  to de te r -  
m i n e  the n u m b e r  of e lec t rons  associated wi th  each 
po la rograph ic  wave.  

Experimental 
6-Ni t ro t e t r a l i n  (2) ,  5 - n i t r o t e t r a l i n  (3,4), 5,6- 

d i n i t r o t e t r a l i n  (2) ,  and  5 ,7 -d in i t ro t e t r a l in  (2) were  
p r e p a r e d  by  me thods  g iven  in  the  l i t e ra tu re .  

5,8-Dinitrotetralin.--  5 - A m i n o t e t r a l i n  (5) was 
n i t r a t e d  (2) to give a low yie ld  of 8 - n i t r o - 5 - a m i n o -  
te t ra l in .  One g r a m  of the n i t r o a m i n e  was s t i r red  
in to  a m i x t u r e  of 4 ml  t r i f luoracet ic  acid and  0.5 ml  
90% h y d r o g e n  perox ide  (6) ;  the  solut ion was  kep t  
be low 50 ~ for 1 hr. At  the end  of this t ime  the r e -  
act ion m i x t u r e  was poured  over  ice. The solid d in i t ro  
p roduc t  was f i l tered off and  recrys ta l l ized  f rom 
ethanol .  Yield, 0.1 g, mp 88.0~ ~ [L i te ra tu re :  87- 
88 ~ (7 ) ] .  

6,7-Di.nitrotetralin.--6-Aminotetralin (3, 4) was 
t r ans fo rmed  by  n i t r a t i o n  (2) to give 7 - n i t r o - 6 -  
amino te t r a l i n .  One  g r a m  of the n i t r o a m i n e  was  ox-  
idized by  t r i f iuoroacet ic  acid and  90% hydrogen  
perox ide  as descr ibed  prev ious ly .  The d in i t ro  p r od -  
uct  was recrys ta l l i zed  f rom methano l .  Yield, 0.3 g, 
mp  109.0~ ~ [L i t e r a tu re :  108 o (2 ) ] .  

Polarographic procedure . - -The  po la rograph  e m -  
p loyed was  a F i she r  Elecdropode  which  had been  
ca l ib ra ted  aga ins t  a Type  K L&N po ten t iomete r .  
The  electrolysis  cell was a modified H - t y p e  cell. At  
a drop t ime  of 4.0 sec wi th  an  open circui t  and  us ing  
an  alcohol so lu t ion  buffered by  acetic acid and  
sod ium acetate,  the  drop weigh t  was  6.5 mg. The 
electrolysis  celt was  i m m e r s e d  in  a t h e r m o s t a t  
m a i n t a i n e d  at 25 ~  0.2 ~ and  a sa tu ra t ed  calomel  
e lectrode was used as the anode.  Dissolved oxygen  
was  r emoved  by  b u b b l i n g  prepur i f ied  n i t r o g e n  

th rough  the solut ion for 20 min ;  the gas was p re -  
v ious ly  passed th rough  ano the r  sample  of the solu-  
t ion  u n d e r  test. The po la rographic  curves  were  
plot ted  as the e x p e r i m e n t a l l y  d e t e r m i n e d  cur ren t s  
m i n u s  the  b lanks .  The h a l f - w a v e  po ten t ia l s  were  
corrected for IR drop. 

The solut ions  were  made  by  add ing  10.0 ml  of 
the p rope r  buffer  so lu t ion  to 40.0 ml  of 95% e thanol  
which  was  6.25 x 10 ~M in n i t ro  compound  and then  
adding  sufficient 95 % e thano l  to give a to ta l  vo lume  
of 50.0 ml. The a p p a r e n t  pH va lues  of the  solut ions 
were  m e a s u r e d  us ing a Be c kma n  pH mete r  Model 
G. 

The buffer  solut ions were  the fol lowing:  for pH 
2.1, O.800M potass ium chloride,  0.1O0M hydrochlor ic  
acid; pH 6.4, 4.00M sod ium acetate,  3.00M acetic 
acid; pH 9.4, 1.00M t r i e thy l amine ,  0.500M hydro -  
chloric acid; pH 11.0, 1.00M phenol ,  0.500M sodium 
hydroxide .  All  buffers were  also made  0.050% in 
m e t h y l  cellulose. C.p. chemicals  we re  used in  each 
case. 

Coulometric procedures.--Electrolyses were  pe r -  
formed on 2-5 x 104 solut ions  of the  n i t ro  com- 
pounds  in  80% ethanol .  In i t i a l  cu r r en t s  were  low 
due to low so lubi l i ty  of the  n i t ro  compounds  and  
were  ge ne r a l l y  of the order  of 20 to 50 ma. The re -  
duct ions  were  u sua l ly  a l lowed to proceed to zero 
c u r r e n t  (or at most  0.1-0.5 ma)  and  they gen-  
e ra l ly  las ted for 2-4 hr. 

Elect rolyses  were  car r ied  out  at a s t i r red  m e r c u r y  
cathode at pH 2.1. Po ten t ia l s  (vs. SCE) were  m a i n -  
ta ined  cons tan t  (--+15 m y )  by  means  of a L i n g a n e -  
Jones  po ten t ios ta t  (8) at  va lues  which  were  read 
f rom the  polarographic  curves.  Those values  were  
selected which  appeared  to offer the  best  chances  
for s tep-wise  reduct ions .  

The e lect rolyt ic  cell consis ted in  the  ma in  of a 
s t anda rd  t h r e e - n e c k  one - l i t e r  r o u n d - b o t t o m  flask 
to which  an  ex t ra  neck  had been  added.  One neck 
was fit ted wi th  a n i t r o g e n  b u b b l e r  wh ich  ex tended  
to the bo t tom of the flask and  a 4-f t  l eng th  of 6- ram 
tub ing  which  served as an  outlet .  The center  neck 
was fitted wi th  the por t ion  of the cell tha t  served 
as the anode  c o m p a r t m e n t ;  it consis ted of a piece 
of an  8 - in  P y r e x  test  t ube  to which  an  18 -mm 
f r i t t ed-g lass  filter of m e d i u m  poros i ty  was fused. 
The anode  was  a s i lver  gauze in contact  wi th  n e a r l y  
sa tu ra t ed  aqueous  po tass ium chloride.  A th i rd  neck 

302 



Vol. 107, No. 4 REDUCTION OF DINITROTETRALINS 303 

Table I. Constant potential reduction of nitro- and dinitrotetralins 

C o m p o u n d  p H  E (vs. SCE)  n ( cou lom. )  n ~polarog.)  

5-Nitro 2.1 --0.80 6.03 6 
6-Nitro 2.1 --0.75 6.21 6 
5, 6-Dinitro 2.1 --0.30 3.82 4 

--0.75 11.72 12 
6, 7-Dinitro 2.1 --0.22 3.98 4 

--0.80 12.11 12 
5, 7-Dinitro 2.1 --0.23 3.91 4 

--0.40 8.11 8 
--0.90 12.21 12 

5, 8-Dinitro 2.1 --0.25 3.71 4 
--0.80 11.72 12 

a E s t i m a t e d  to  n e a r e s t  i n t e g r a l  n u m b e r  of e l e c t r o n s  f r o m  w a v e  
h e i g h t s  of  t h e  p o l a r o g r a p h i c  c u r v e s .  

The circui t  was opened and  1 ,3 -d in i t robenzene  
(1.5 g) was in t roduced ,  and  n i t r ogen  was b u b b l e d  
t h r ough  the  cell for 30 min.  At  the end of this  t ime,  
the  c i rcui t  was  closed again,  and  the e lectrolysis  
was  a l lowed to proceed at --0.50 v vs. SCE (va lue  
chosen f rom the  p o l a r o g r a m ) .  The  in i t i a l  c u r r e n t  
was  0.150 amp, a nd  the  electrolysis  was a l lowed to 
con t inue  un t i l  the  c u r r e n t  d ropped  to 2 ma. 

The solvent  was  r e move d  at  r educed  pressure ,  
and  the o r a n g e - y e l l o w  res idue  was recrys ta l l i zed  
twice  f rom benzene .  The y ie ld  was 0.8 g of N - ( 3 -  
n i t r o p h e n y l )  h y d r o x y l a m i n e ,  mp  119 ~ 119.5 ~ [L i t e r -  
a ture :  118~ ~ (11) ] .  

The same p roduc t  was  ob ta ined  f rom a r educ t ion  
at --0.55 v (vs. SCE) in  which  a n icke l  gauze cathode 
and  a p l a t i n u m  anode  were  used. 

was fitted wi th  a g lass -sea led  p l a t i n u m  wire  t h rough  
which contact  was made  to the 50 ml  of t r i p ly  dis-  
t i l led  m e r c u r y  which  served as the  cathode. The 
r e m a i n i n g  neck  was fit ted wi th  a s a tu ra t ed  po tas -  
s ium chlor ide salt  b r idge  (9) tha t  was  in  contact  
wi th  the  cathode and  led to the same calomel  elec-  
t rode tha t  was used in  d e t e r m i n i n g  the  po la ro-  
graphic  curves.  S t i r r ing  was  done by  a magne t i c  
s t i r r ing  motor  and  a Tef lon-covered  s t i r r ing  bar.  

A s i lver  coulometer  of the usua l  des ign  (10) was 
placed in  series wi th  the electrolysis  cell. 

In  operat ion,  500 ml  of buffer  so lu t ion  were  i n t ro -  
duced in to  the  flask and  deae ra ted  for 30 m i n  wi th  
prepur i f ied  n i t rogen .  The electrolysis  of the  buffer  
solut ion was car r ied  out  at  --1.03 v (vs. SCE) u n t i l  
the c u r r e n t  dropped to a p p r o x i m a t e l y  0.2 ma, and  
then  the c i rcui t  was opened.  T w e n t y  to t h i r t y  mi l l i -  
g rams  of n i t ro  compound  were  in t roduced,  deae ra -  
t ion was resumed,  and  s t i r r ing  was m a i n t a i n e d  for 
1/2 hr  to in su re  complete  dissolut ion.  The cou lomete r  
was t hen  placed in series wi th  the  cell, and  the  c i r -  
cuit  was closed. The electrolysis  was  a l lowed to 
proceed at the  desired po ten t i a l  un t i l  the  c u r r e n t  
dropped to a negl ig ib le  value .  It  was found  neces-  
sary  to have  a vigorous s t r eam of n i t r ogen  b u b b l i n g  
th rough  the  cell  at al l  t imes  d u r i n g  an  electrolysis  
in order  to p r e v e n t  a tmospher ic  oxygen  f rom diffus-  
ing into the system. 

Coulometric values obtained from the nitro- and 
dinitrotetralins are listed in Table I. 

Large-scale reduction o5 1,3-dinitrobenzene.--The 
anode c o m p a r t m e n t  was  a 150-ml porous cup, the 
ano ly te  was 20% sul fur ic  acid, and  the  anode  was 
a carbon  rod. The en t i re  a s sembly  was suspended  in  
a 400-ml  beake r  which  served as the cathode com- 
pa r tmen t .  A pool of m e r c u r y  cover ing  the bo t tom of 
the beake r  was  used as the  cathode. Its po ten t i a l  
was  cont ro l led  by  a L i n g a n e - J o n e s  po ten t ios ta t  (8) 
jus t  as in  the  coulometr ic  procedure .  The cathode 
c o m p a r t m e n t  was  fit ted wi th  a n i t r o g e n  bubb le r .  
The ca tholy te  was  s t i r red  wi th  a Tef lon-covered  s t i r -  
r ing  ba r  and  a magne t i c  s t i r r ing  motor .  

Dissolved oxygen  was r emoved  f rom the  ca tholy te  
by  b u b b l i n g  n i t r o g e n  t h rough  the  so lu t ion  f o r  20 
rain. p re -e l ec t ro lys i s  of the catholyte,  consis t ing of 
250 ml  of the  buffer  so lu t ion  (pH 6.4), was  car r ied  
out at --0.60 v (vs. SCE)  u n t i l  the  c u r r e n t  d ropped  
to a negl ig ib le  va lue  (2 m a ) .  This  took abou t  20 rain. 

Discussion 

Pearson  (1) has c la imed tha t  the first of the  
m u l t i p l e  waves  ob ta ined  f rom the  po la rographic  r e -  
duc t ions  of d in i t ro  compounds  is u sua l l y  tha t  cor-  
r e spond ing  to a f o u r - e l e c t r o n  change,  the  t r a n s -  
fo rma t ion  of a n i t ro  group  to a h y d r o x y l a m i n o  
group. P re sen t  coulomet r ic  da ta  a m p l y  confirm this  
conclus ion  for the n i t r o -  and  d in i t ro te t r a l ins .  

The po la rog ram ob ta ined  by  Pea r son  (1) f rom 
m - d i n i t r o b e n z e n e  is ve ry  s imi la r  to the  one tha t  he 
ob ta ined  f rom 2 ,4 -d in i t ro to luene  and  to the one ob-  
t a ined  in  the  p resen t  work  f rom 5 ,7 -d in i t ro te t r a l in .  
Large-sca le  e lec t rolyt ic  reduc t ions  of m - d i n i t r o b e n -  
zene at cont ro l led  po ten t ia l s  a nd  at  pH 6.4 show tha t  
N - ( 3 - n i t r o p h e n y l ) h y d r o x y l a m i n e  is indeed  the  first 
r educ t ion  product ,  the  resu l t  of a f ou r - e l ec t ron  
change,  m - D i n i t r o b e n z e n e  r a t h e r  t h a n  a d in i t r o t e -  
t r a l i n  was chosen for a test  of the  coulometr ic  p ro -  
cedure  at cont ro l led  po ten t ia l s  because  it gives an  
i n t e r m e d i a t e  tha t  is s table  enough  to be isolated and  
identified.  

I t  is shown conc lus ive ly  b y  cou lome t ry  tha t  r e -  
duct ions  in acid lead to comple te  r educ t ion  wi th  
the  fo rma t ion  of po lyamines  (for a d in i t ro  com-  
pound  this  requ i res  twe lve  e lec t rons) .  At  pH 9.4 
comple te  r e duc t i on  becomes more  difficult, and  the  
final p roduc t  m a y  be a b i s - h y d r o x y l a m i n e  (an  
e igh t - e l ec t ron  change)  or an  a m i n o h y d r o x y l a m i n e  
(a t e n - e l e c t r o n  change ) .  At  pH 11 the  curves  a re  
r a t h e r  diffuse and  difficult to i n t e r p r e t  s imply.  The  
diffuseness m a y  be due to secondary  electrode p roc-  
esses i nvo lv ing  r educ t ion  of condensa t ion  products .  

I t  can be seen f rom Tab le  II  t ha t  as the  pH i n -  
creases the  separa t ion  b e t w e e n  the  c ompone n t  waves  
also increases.  P e a r son  (1) suggested  for the  d in i -  
t robenzenes  tha t  this  was due  to a decrease in  salt  
f o rma t ion  in  a lka l ine  media,  a nd  the  same seems 
to hold in  the p re sen t  case. 

It  can also be seen tha t  5 - n i t r o t e t r a l i n  is more  
difficult to reduce  t h a n  6 -n i t ro t e t r a l i n .  This is in  
good a g r e e m e n t  w i th  the  f indings  of Pea r son  (1) 
tha t  o - n i t r o t o l u e n e  is more  difficult to reduce  t h a n  
e i ther  m -  or p - n i t r o t o l u e n e .  It  m a y  also be m e n -  
t ioned  tha t  w h e n  a m i x t u r e  of 5 - n i t r o t e t r a l i n  and  6- 
n i t r o t e t r a l i n  is a l lowed to reac t  w i th  a l imi t ed  
a m o u n t  of sod ium h y d r o g e n  sulfide, on ly  6 - n i t r o -  
t e t r a l in  wi l l  be reduced.  
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Table II. Polarographic reduction of nitro- and dinitrotetralins ~ 

p H  2.1 6.4 9.4 11.0 
C o m p o u n d  E1/2 i~/C E1/2 i~/C E1/2 i~/C E1/2 i~/C 

5-Nitro --0.36 11.6 --0.60 10.9 --0.81 9.1 ? 8.9 
--0.56 16.2 ~ 15.6 

6-Nitro --0.35 11.3 --0.56 11.3 --0.76 9.7 ? 9.2 
--0.55 14.8 ? 15.1 

5, 6-Dinitro --0.21 9.2 --0.42 8.4 --0.55 8.5 --0.62 8.2 
--0.38 25.4 --0.64 25.2 --0.86 20.9 ? 23.5 

6, 7-Dinitro --0.18 8.8 --0.39 8.7 --0.50 8.8 --0.56 8.4 
--0.34 25.1 --0.62 22.8 --0.83 21.8 --0.97 ? 

25.2 
5, 8-Dinitro --0.19 7.4 --0.37 8.4 --0.49 7.2 --0.55 7.2 

--0.40 23.6 --0.69 24.8 --0.92 21.2 --1.01 20.8 
5, 7-Dinitro --0.20 9.0 --0.41 9.5 --0.58 9.0 --0.72 7.8 

--0.34 18.6 --0.62 18.8 --0.83 17.8 --0.96 16.5 
--0.72 26.9 --1.37 27.5 

a T h e  v a l u e s  of E1/e a r e  in  v o l t s  vs.  SCE,  a n d  t h o s e  of i~/C a r e  in  # a / m m o l e / 1 .  A q u e s t i o n  m a r k  i n d i c a t e s  t h a t  t h e  w a v e  is too i n d e f i n i t e  
to a s s i gn  v a l u e s  w i t h  a n y  d e g r e e  of  c e r t a i n t y .  

A n  e x a m i n a t i o n  of F i she r -H i r s ch fe lde r  molecu la r  
models  showed tha t  the  th ree  a toms of the  n i t ro  
group in  o - n i t r o t o l u e n e  or 5 - n i t r o t e t r a l i n  cannot  so 
easi ly l ie in  the  p l ane  of the  a romat ic  r ing  as in  
the  o ther  isomers.  As a resu l t  of the  p robab l e  steric 
i nh ib i t i on  of resonance ,  the  h i n d e r e d  n i t ro  group  
should  be expected to be more  l ike an  a l iphat ic  
n i t ro  group  which,  in  genera l ,  is the  more  difficult 
to reduce  (12).  

F ina l ly ,  as migh t  be  expected,  p re sen t  resul t s  
wi th  the  d in i t r o t e t r a l i n s  p resen t  a s t r ik ing  con-  
cordance  w i th  the  work  of Pea r son  (1) on ortho-, 
meta-,  and  para-dinitro compounds  in  the benzene  
series. 
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ABSTRACT 

The thermal  decomposition of u rany l  fluoride was studied by a thermo-  
gravimetric technique between 700 ~ and 950~ At temperatures  below 900~ 
the main  decomposition reaction is 

3 UO~F~-~ 2/3 U~Os + UF~ + 1/3 O~ 

In an atmosphere of dry helium, the rate of decomposition was first order with 
respect to u rany l  fluoride. The rate constants, determined with a constant he-  
l ium flow rate of 270 cc (STP) /min ,  were k = 3.72 x 10 ~ exp (--71,800/RT). 
Subl imat ion of u rany l  fluoride, as a parallel,  first order process, occurred at 
temperatures  above 825~ 

Prev ious  inves t iga tors  (1) have  repor ted  tha t  
u r a n y l  f luoride undergoes  t h e r m a l  decomposi t ion  at 
t e m p e r a t u r e s  as low as 300~ Severa l  decomposi -  
t ion  products ,  which  inc lude  the  u r a n i u m  oxides 
U,O8 and  UO.~, and  u r a n i u m  te t raf luor ide  were  found  
u n d e r  va r ious  condit ions,  bu t  the  data  were  insuffi-  
c ient  to d e t e r m i n e  the  exact  s to ichiometry .  In  con-  
trast ,  p r e l i m i n a r y  data  ob ta ined  in  this  l abora to ry  
(2) ind ica ted  tha t  u r a n y l  fluoride was  qu i te  s table  
in  a d ry  a tmosphere  be low 700~ Above  this  t e m -  
p e r a t u r e  slow decomposi t ion  occurred,  a p p a r e n t l y  
according to the reac t ion  3 UO2F2 -~ UF6 + 2/3 U~O~ 
+ 1/3 Oz. F u r t h e r  work  pe r fo rmed  in  this  l abo ra -  
tory, which  suppor ts  the p r e l i m i n a r y  data,  is p r e -  
sented  in  this  paper .  

Experimental 
Mater ia ls . - -  H i g h - p u r i t y  u r a n y l  f luoride was  p re -  

pa red  by  the  ion exchange  me thod  of Higgins,  
Roberts ,  Hancher ,  and  M a r i n s k y  (3) .  Detai ls  of the  
method  are g iven  in  Fig. 3 of the i r  art icle.  The p rod-  
uct  was  qu i te  hygroscopic  and  in i t i a l ly  con ta ined  
4.5 w / o  (weigh t  per  cent )  water .  D u r i n g  the course 
of the inves t iga t ion ,  the  wa t e r  con ten t  increased  to 
about  6.2 w/o .  I t  was demons t ra ted ,  however ,  tha t  
complete  d e h y d r a t i o n  could be achieved at  150 ~  
250~ without causing pyrohydrolysis. The purity 
of the dehydrated uranyl fluoride was 99.4 ----- 0.3%. 
The major impurities were uranium dioxide and 
uranium tetrafluoride. 

All gases used in the study were of high purity. 
Before use they were dried carefully by passage 
through ta charcoal bed, held at --196~ and two 
Drierite bulbs. 

Appara tus . - -Weigh t  loss data,  used in  d e t e r m i n -  
ing the s to ich iomet ry  and  ra tes  of decomposi t ion,  
were  ob ta ined  wi th  a s emi -au toma t i c ,  record ing  
the rmoba lance .  The  t h e r m o b a l a n c e  p rov ided  a con-  
t i nuous  plot  of the sample  weigh t  vs. t ime.  Detai ls  
of this i n s t r u m e n t  and  its opera t ion  m a y  be found  
e l sewhere  (4) .  

1 P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  C h e m i s t r y ,  U n i v e r s i t y  of  W i s -  
cons in ,  M a d i s o n ,  Wiscons in .  

2 O p e r a t e d  b y  U n i o n  C a r b i d e  C o r p o r a t i o n  fo r  t h e  U. S. A t o m i c  
E n e r g y  C o m m i s s i o n .  

Procedure . - -A t  the  s tar t  of each expe r imen t ,  a 2-g 
sample  of the h y d r a t e d  u r a n y l  f luoride was  weighed  
accura t e ly  in to  a smal l  p l a t i n u m  basket .  This  sample  
was  t hen  t r a n s f e r r e d  to the t h e r m o b a l a n c e  reac t ion  
c ha mbe r  where  it was d e h y d r a t e d  by  hea t ing  to 
abou t  230~ in  a s t r eam of d r y  he l ium.  React ion  
ra tes  were  ob ta ined  by  con t inuous ly  record ing  the  
i so the rmal  we igh t  loss due to decomposi t ion  at sev-  
era l  p r e d e t e r m i n e d  t empera tu res .  A gas flow ra te  
of 270 cc ( S T P ) / m i n  was  used in  each expe r imen t .  

Determinat ion of the S toichiometry  

Pr io r  to in i t i a t ion  of the e x p e r i m e n t a l  work,  es- 
t ima tes  were  made  of the s t a n d a r d  free ene rgy  
changes  of the  fo l lowing react ions  which  inc lude  
all  the  decomposi t ion  products  repor ted  by  other  
worke r s  (1) : 

UO2F~ --> U02 + F~ [ 1 ] 

2 UO~F~ -~ UO.~ + UF~ + O~ [ 2 ] 

3 UO.~F~-~ UF~ + 2/3 U~O8 + 1 / 3 0 ~  [3] 

4 UO.~F..-~ UF~ + U~O~ + 2 F~ [4] 

3 U O ~ F ~  2 UO~ + UF6 + O2 [5] 

A plot  of AF ~ vs. t e m p e r a t u r e  for react ions  [ 1 ] - [ 4 ]  
is f ound  as Fig.  2, Ref. (2) .  For  reac t ion  [5], AF ~ 
in  kcal,  can be computed  f rom the  equa t ion  AF ~ = 
109-0.085 t w he r e  t is ~ The  free ene rgy  change  is 
pos i t ive  for all  the  react ions;  however ,  tha t  for r e -  
act ion [3] is the  least  posi t ive of the others  and  
could be expected  to be the m a i n  reac t ion  in  a d ry  
system. 

In  accordance  w i th  the t he r modyna mi c s ,  u r a n o -  
u r an i c  oxide (U808) was  the  on ly  decomposi t ion  
p roduc t  which  could be ident if ied by  x - r a y  ana lys i s  
at  t e m p e r a t u r e s  be low 880~ At  900~ a smal l  
a m o u n t  of u r a n i u m  dioxide  was  p resen t  in  the  
product .  

React ion  [3] was  shown to be the  m a i n  decompo-  
s i t ion reac t ion  by  compar i son  of the ca lcula ted  
weigh t  losses and  chemical  ana lyses  expected  f rom 
reac t ions  [ 1 ] - [ 5 ]  wi th  those ob ta ined  by  decompos-  
ing u r a n y l  f luoride at  880~176 u n t i l  cons tan t  

305 
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Table I. Comparison of calculated ~ weight losses and chemical 
analyses for reactions [1 ] - [5 ]  with those determined 

experimentally 

W e i g h t  U i n  U (IV) i n  F i n  
Exp.  T e m p ,  loss,  r e s idue ,  r e s idue ,  r es idue ,  
No. ~ R e a c t i o n  % % % % 

[1] 
[2] 
[3] 
[4] 
[5] 

12.34 88.15 88.15 0.0 
5.19 81.51 81.51 13.01 

39.25 84.80 28.27 0.0 
6.17 82.38 41.19 6.57 

41.56 88.15 88.15 0.0 
40.1 82.1 38.4 2.0 
42.7 79.4 43.5 1.7 
41.8 84.3 32.5 1.6 
43.3 85.3 34.6 0.16 
44.5 70.7 ~ 31.6 0.14 
41.4 83.6 38.7 0.10 

3 b 900 
4 900 
5 900 

10 900 
18 880 
19 880 

a W e i g h t  losses  and  c o m p o s i t i o n  of t h e  r e s i d u e s  w e r e  ca lcu la t ed  
for  c o m p l e t e  d e c o m p o s i t i o n  a c c o r d i n g  to  r eac t ions  [1]-[5] .  

b I n  each  case t h e  d e c o m p o s i t i o n  w a s  e s sen t i a l l y  comple te ,  i.e., t h e  
r e s idue  h a d  a t t a i n e d  a c o n s t a n t  w e i g h t .  

A n a l y s i s  is  o b v i o u s l y  low. 

w e i g h t  was  o b t a i n e d  ( T a b l e  I ) .  Reac t ions  [1] ,  [2] ,  
and  [4]  m a y  be e l i m i n a t e d  f rom cons ide r a t i on  at  the  
ou t se t  on the  bas is  of w e i g h t  loss a lone.  C o m p a r i s o n  
of the  u r a n i u m  ( IV)  a n a l y s i s  of t he  r e s i d u e  w i t h  
t h a t  e x p e c t e d  f rom r eac t i ons  [3]  and  [5]  l eaves  no 
d o u b t  t ha t  r eac t i on  [3]  is the  m a i n  decompos i t i on  
reac t ion .  

A r a p i d  loss in  we igh t ,  c o r r e s p o n d i n g  to c o m p l e t e  
d e h y d r a t i o n ,  occu r r ed  at  t e m p e r a t u r e s  b e l o w  250~ 
A n y  f u r t h e r  w e i g h t  loss was  a t t r i b u t e d  to t he  d e -  
compos i t i on  of u r a n y l  f luoride.  In  a l l  cases,  the  p e r  
cent  w e i g h t  loss due  to decompos i t i on  was  s l i gh t ly  
g r e a t e r  t h a n  e x p e c t e d  f r o m  reac t i on  [3] .  As  i n d i -  
ca ted  b y  t h e  u r a n i u m  ( I V ) ,  f luoride,  and  x - r a y  
ana lyses ,  r eac t i on  [2]  m a y  also have  o c c u r r e d  to a 
s l igh t  ex ten t .  In  mos t  cases  t he  r e s idue  was  found  to 
be v i r t u a l l y  p u r e  U30~; t he re fo re ,  i t  was  conc luded  
t ha t  t he  excess  w e i g h t  loss  was  due  p r i m a r i l y  to 
s i m u l t a n e o u s  s u b l i m a t i o n  of u r a n y ]  f luoride.  I t  is 
i m p o r t a n t  to note  t h a t  if r e a c t i o n  [2]  occu r r ed  to a 
s igni f icant  e x t e n t  t he  w e i g h t  loss w o u l d  be  less 
t h a n  e x p e c t e d  f rom r e a c t i o n  [3]  a lone.  

Rates oJ Decomposition in Dry Helium 

If  i t  is a s s u m e d  t h a t  t he  fo l lowing  pa ra l l e l ,  f irst  
o r d e r  r e a c t i o n s  

k 
UO~F~,~ -~ 2/9  U~O~(~ + 1/3 U F ~  + 1/9 O.~  [3]  

k~ 
U O ~ F ~  -~ UO~F_~(~ [6]  

account  for  the  to ta l  loss in w e i g h t  w h e n  a s a m p l e  
of u r a n y l  f luor ide  u n d e r g o e s  decompos i t ion ,  t he  fo l -  
l owing  e q u a t i o n  is eas i ly  d e r i v e d  

--dw~ 
- -  - -  ( f k  + k , )  w [7] 

dt 

In  Eq. [7] ,  w,  is t he  s u m  of t he  we igh t s  of u r a n y l  
f luor ide  and  u r a n o - u r a n i c  oxide ,  i.e., t he  w e i g h t  of 
the  s a m p l e  at  a n y  t ime ,  w is t he  w e i g h t  of u r a n y l  
f luor ide  a t  a n y  t ime,  and  f is a s t o i c h i o m e t r y  fac to r  
def ined  b y  

2/9M.~o8 ] = 0.3925 [8]  

in w h i c h  M is t he  m o l e c u l a r  w e i g h t  of the  r e s p e c t i v e  
compound .  S ince  

w = w ~ exp  [ - - ( k  + k ~ ) t ]  [9]  

Eq. [7]  m a y  also be e x p r e s s e d  as 

- - d w ,  
- - - -  ( ] k +  k~) w ~  [ - - ( k + k v ) t ]  [10] 

dt 

F o r  conven ience ,  define 

X = f k + k ~  [11] 

Y = k + k~ [12] 

Then,  i n t e g r a t i o n  of Eq. [10] w i t h  t he  b o u n d a r y  
cond i t ion  t ha t  w,  = w s~ at  t = 0 y i e ld s  

X w  o 
w, --w~ ~ --  [ exp  ( - - Y  t)  - -  1] [13] 

Y 

R e a r r a n g e m e n t  of Eq. [13] a n d  conve r s ion  to com-  
m o n  l o g a r i t h m s  g ives  

[ Y ( w ~ - - w , ~  + 1  ] - -Y t  [14] 
log X w  ~ --  2.303 

E q u a t i o n  [14] con ta ins  the  two  de s i r e d  quan t i t i e s ,  
k and  kv, in t e r m s  of e x p e r i m e n t a l l y  m e a s u r a b l e  
quan t i t i e s ,  b u t  i t  canno t  be  used  d i r ec t ly .  H o w e v e r ,  
t h e  r a t e  cons tan t s  m a y  be e v a l u a t e d  b y  the  f o l l o w -  
ing me thod ,  if t he  a s s u m p t i o n s  m a d e  above  a re  
va l id .  The  q u a n t i t y  X m a y  be  c o m p u t e d  f rom the  
in i t i a l  s lope  of a p lo t  of s a m p l e  w e i g h t  vs. t ime,  i.e., 
a t  t = 0, Eq. [10]  r educes  to 

- - d w ,  
- -  - -  X w  ~ [15] 

dt 

Once X is known ,  Y m a y  be  e v a l u a t e d  f rom Eq. [14] 
b y  success ive  a p p r o x i m a t i o n s  us ing  the  e x p e r i m e n -  
t a l l y  d e t e r m i n e d  w e i g h t - t i m e  da ta .  A r b i t r a r y  va lue s  
for  Y a re  used  in  t he  ca l cu l a t i on  of the  l o g a r i t h m i c  
p o r t i o n  of Eq. [14].  This  l o g a r i t h m i c  q u a n t i t y  is 
t h e n  p l o t t e d  vs. t ime .  If  t h e  v a l u e  chosen  for  Y is 
n o t  t he  co r r ec t  one, a c u r v e d  p lo t  w i l l  resu l t .  Suc -  
cess ive  a p p r o x i m a t i o n s  a r e  c o n t i n u e d  un t i l  the  p lo t  
becomes  l inea r .  Then ,  as r e q u i r e d  b y  Eq. [14],  t he  
v a l u e  of Y used  in the  ca l cu l a t i on  of the  l o g a r i t h m i c  
t e r m  wi l l  equa l  t ha t  c a l c u l a t e d  f rom the  s lope  of 
t he  l ine.  The  r a t e  cons tan t s  k and  k~ can  t hen  be  ob -  
t a i n e d  b y  so lv ing  Eq. [11]  and  [12] s imu l t a neous ly .  

F o r  the  spec ia l  case w h e r e  no s u b l i m a t i o n  occurs ,  
Eq. [14] r educes  to 

log [ w ~ - - w s ~  ] - -k t  [16] 
)r ~ + 1 - -2 .303  

Here  a p lo t  of the  l o g a r i t h m i c  t e r m  vs. t ime  
shou ld  be  l i n e a r  w i t h  k e v a l u a b l e  f rom the  s lope.  

F i g u r e  1 con ta ins  s e v e r a l  e x a m p l e s  of t he  t y p e  
of first  o r d e r  p lo t  w h i c h  r e su l t s  w h e n  the  r a t e  of 
s u b l i m a t i o n  is neg l ig ib le ,  i.e., kv is a p p r o x i m a t e l y  
zero.  The  l o w e r  c u r v e  in Fig .  1 i l l u s t r a t e s  t he  
m a r k e d  d e v i a t i o n  f rom l i n e a r i t y  w h i c h  r e su l t s  if 
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Fig. 1. Decomposition of UOeF2, showing a single first- 
order process below 825~ 
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Fig. 3. Rate constants for the reaction 3 UO,~Fe ~ 2 / 3  U~Os 
+UF6 + 1 / 3 0 ~ .  
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Fig. 2. Representative plots obtained when decomposition 
end subl imation of UO2F~ ore considered parallel, f i rst-order 
processes at temperatures above 825~ 

* Curve plotted from same weight-loss data as the lower curve 
in Fig. 1. 

s u b l i m a t i o n  is i g n o r e d  a t  t e m p e r a t u r e s  a b o v e  825~  
U s e  of  Eq .  [ 1 4 ]  to  s h o w  t h a t  d e c o m p o s i t i o n  a n d  
s u b l i m a t i o n  a r e  p a r a l l e l ,  f i r s t  o r d e r  r e a c t i o n s  is i l -  
l u s t r a t e d  b y  F ig .  2. I t  s h o u l d  b e  n o t e d  t h a t  t h e  u p p e r  
c u r v e  in  F ig .  2 w a s  p l o t t e d  f r o m  t h e  s a m e  d a t a  u s e d  
to  p l o t  t h e  l o w e r  c u r v e  i n  F ig .  1. T a b l e  I I  c o n t a i n s  
t h e  r a t e  c o n s t a n t s  o b t a i n e d  o v e r  t h e  t e m p e r a t u r e  
r a n g e  of  7 5 0 ~ 1 7 6  w h i l e  a l e a s t  s q u a r e s  p l o t  of  
log  k vs.  1/T is  f o u n d  i n  F ig .  3. T h e  t e m p e r a t u r e  d e -  
p e n d e n c e  of  t h e  r a t e  c o n s t a n t  f o r  t h e  d e c o m p o s i t i o n  
r e a c t i o n  is k = 3.72 x 10 ~ e x p  (--71,800/RT). 

Discussion of  Results 

C o n s i d e r a t i o n  of  s e v e r a l  o t h e r  v a r i a b l e s  w o u l d  
b e  n e c e s s a r y  b e f o r e  a d e t a i l e d  r a t e  e x p r e s s i o n  c o u l d  
b e  d e t e r m i n e d .  A m o n g  t h e  i m p o r t a n t  v a r i a b l e s  
o m i t t e d  i n  t h i s  s t u d y  w e r e  t h e  e f f ec t s  of  o x y g e n  
p a r t i a l  p r e s s u r e ,  g a s  v e l o c i t y ,  a n d  g a s  d e n s i t y  o n  
t h e  r a t e  of  d e c o m p o s i t i o n .  T h e  r e s u l t s  of  p r e l i m i n a r y  

e x p e r i m e n t s  ( T a b l e  I I I )  i n d i c a t e d  t h a t  t h e  r a t e  of 
d e c o m p o s i t i o n  d e c r e a s e d  w i t h  i n c r e a s i n g  o x y g e n  
p a r t i a l  p r e s s u r e .  

A n  a t t e m p t  w a s  m a d e  to  e s t i m a t e  t h e  h e a t  of  

Table II. Rate constants ~ for the decomposition and 
sublimation of UO2F2 

E x p .  T e m p ,  b 104/T, 105 k ,  tl/2, 105 kv, 
No. ~ ~ min-X h r  m i n  -1 kv/o:+~v) 

8 750 9.78 1.4 82 - -  0.0 
7 775 9.54 3.6 32 - -  0.0 

15 800 9.32 6.9 17 - -  0.0 
1 800 9.32 4.1 28 - -  0.0 
2 800 9.32 4.7 25 - -  0.0 
6 825 9.11 18 6.3 0.1 0.005 

20 825 9.11 22 5.3 - -  0.0 
1 840 &.98 20 5.7 9.3 0.32 

14 840 8.98 24 4.8 - -  0.0 
21 850 8.90 32 3.6 11 0.26 
22 850 8.90 30 3.8 5.1 0.14 
16 860 8.83 43 2.7 7 0.14 
17 860 8.83 51 2.2 6.3 0.11 
18 880 8.67 56 2.1 27 0.33 
19 880 8.67 56.5 2.0 26 0.31 

a R a t e s  m e a s u r e d  in  d r y  h e l i u m  f l o w i n g  a t  270 cc ( S T P ) / m i n .  
b T e m p e r a t u r e s  w e r e  m a i n t a i n e d  w i t h i n  5~  of  t h e  r e c o r d e d  t e m -  

p e r a t u r e  w i t h  a P y r - O - V a n e  p r o p o r t i o n a l  c o n t r o l l e r .  

Table III. Effect of oxygen partial pressure on the rate of 
decomposition of UO2E~ 

I n i t i a l  w e i g h t  of  s a m p l e :  2 g;  gas  f low r a t e :  270 cc ( S T P ) / m i n  

W e i g h t  loss  a f t e r  
Gas 3 h r  a t  840~ m g  

H e l i u m  320 
320 

A i r  43 
25 

O x y g e n  23 
20 
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s u b l i m a t i o n  of u r a n y l  f luor ide  b y  a s s u m i n g  t h a t  t h e  
s lope  of a p lo t  of log  k~ vs. 1/T was  equa l  to t he  
hea t  of sub l ima t i on .  H o w e v e r ,  the  s ca t t e r  in  t h e  
va lue s  of k~ p r e c l u d e d  a n y  such e s t ima t ion .  
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ABSTRACT 

A l u m i n u m  ni t r ide  crysta ls  in the form of s ix-s ided  pr i smat ic  needles,  up to 
0.5 m m  in d iamete r  by 30 m m  long, and thin plates,  2-3 m m  in d iameter ,  have 
been p repa red  by  vapor iza t ion  of a luminum in a n i t rogen  a tmosphere  at t em-  
pe ra tu res  ranging  f rom about  1800 ~ to 2000~ and the proper t ies  of the crysta ls  
de termined.  Also, an a luminum ni t r ide  body, having a densi ty  of 98% of theo-  
ret ical ,  has been p repa red  by  hot press ing the fine powder ,  and a s tudy  made  
of its propert ies .  

A l u m i n u m  n i t r i de ,  AtN,  consis ts  of 65.81% a l u -  
m i n u m  and  34.19% n i t rogen .  A l t h o u g h  a l u m i n u m  
n i t r i d e  was  p r e p a r e d  m a n y  y e a r s  ago, i ts  p r o p e r t i e s  
h a v e  not  been  w e l l  known .  E a r l y  i nves t i ga to r s  con-  
s i de r ed  i t  too uns t ab l e ,  e spec i a l l y  w i t h  r e spec t  to 
m o i s t u r e  and  ox id iz ing  condi t ions ,  to be use fu l  as 
a r e f r a c t o r y .  More  r e c e n t  work ,  h o w e v e r ,  has  i n -  
d i ca t ed  t ha t  a l u m i n u m  n i t r ide ,  p r e p a r e d  at  h igh  
t e m p e r a t u r e ,  is r e l a t i v e l y  i n e r t  and,  t he re fo re ,  m a y  
have  a p p l i c a t i o n s  as a r e f r a c t o r y .  

R e c o n s i d e r a t i o n  of the  p o t e n t i a l i t i e s  of a l u m i n u m  
n i t r i d e  as a r e f r a c t o r y  a p p e a r s  to h a v e  s t a r t e d  w i t h  
a p u b l i c a t i o n  (1)  in 1956 b y  K o h n  a n d  assoc ia tes  
of the  U. S.  B u r e a u  of Mines.  These  i nves t i ga to r s  
i n c i d e n t a l l y  o b t a i n e d  sma l l  c ry s t a l s  of a l u m i n u m  
n i t r i d e  w h i l e  w o r k i n g  at  h igh  t e m p e r a t u r e s  on 
a n o t h e r  p r o j e c t  and  r e p o r t e d  t ha t  the  c r y s t a l s  w e r e  
i ne r t  to ho t  and  cold  m i n e r a l  ac ids  and  a l k a l i  so lu -  
t ions.  O t h e r  r ecen t  w o r k e r s  who  f o u n d  a l u m i n u m  
n i t r i d e  a r e l a t i v e l y  s t ab le  m a t e r i a l  i nc lude  R e y  (2) ,  
R e n n e r  (3) ,  and  Long  and  F o s t e r  (4) .  N o t w i t h -  
s t a n d i n g  the  c o n s i d e r a b l e  r ecen t  w o r k  on a l u m i n u m  
n i t r i d e  p r e p a r e d  at  h igh  t e m p e r a t u r e ,  t h e r e  is s t i l l  
d i s a g r e e m e n t  on m a n y  of i ts p r o p e r t i e s  such as m e l t -  
ing poin t ,  ha rdness ,  color,  and  o x i d a t i o n  res i s tance .  

R e f r a c t o r i e s  b a s e d  on a l u m i n u m  n i t r i d e  a r e  no t  
n o w  c o m m e r c i a l l y  ava i l ab l e ,  a l t h o u g h  R e y  (2)  has  
p r e p a r e d  a l u m i n u m  n i t r i d e  b r i c k  b y  a s i n t e r i ng  
process  a n d  Long  and  F o s t e r  (4)  have  m a d e  l a b o r a -  
t o r y - s i z e  cruc ib les ,  also b y  a s i n t e r i n g  me thod .  In  
add i t ion ,  J o h n s o n  (5)  has  p r e p a r e d  a compos i t e  
a l u m i n u m  n i t r i d e - c r y o t i t e  body ,  and  T a y l o r  (6)  has  
used  a l u m i n u m  n i t r i d e  as a b o n d  for  o t h e r  r e f r a c -  
t o r y  m a t e r i a l s .  H igh  dens i ty ,  imperv ious ,  e s s e n t i a l l y  

p u r e  a l u m i n u m  n i t r i d e  w a r e ,  h o w e v e r ,  ha s  not  
p r e v i o u s l y  been  made .  

The  ob jec t s  of t he  p r e s e n t  w o r k  w e r e  to s t u d y  
c r y s t a l l i n e  a l u m i n u m  n i t r i d e  fu r the r ,  e spec i a l l y  
those  p r o p e r t i e s  w h i c h  a r e  s t i l l  in d i spute ,  and  to 
p r e p a r e  a n d  d e t e r m i n e  the  p r o p e r t i e s  of a h i g h -  
d e n s i t y  a l u m i n u m  n i t r i d e  body .  In  the  l a t t e r  i n -  
s tance,  hot  p r e s s i n g  was  chosen  as a m e t h o d  of 
f a b r i c a t i o n  because  p r e l i m i n a r y  e x p e r i m e n t s  i nd i -  
ca ted  t ha t  i t  w o u l d  y i e ld  w a r e  of m a x i m u m  dens i ty ,  
and,  t he re fo re ,  of o p t i m u m  p h y s i c a l  p rope r t i e s .  

Crystalline Aluminum Nitride 
Formation of Crystals .--Two me thods  of f o r m i n g  

the c rys t a l s  w e r e  t r i ed :  (a )  h e a t i n g  a l u m i n u m  n i t r i de  
p o w d e r  in a n i t r o g e n  a t m o s p h e r e  at  h igh  t e m p e r -  
a tu r e s  to i nduce  c r y s t a l  g r o w t h  b y  r ec rys t a l l i z a t i on ,  
and  (b)  h e a t i n g  a l u m i n u m  m e t a l  p o w d e r  in a n i t r o -  
gen  a t m o s p h e r e  to suff ic ient ly  h igh  t e m p e r a t u r e s  to 
vapo r i ze  t he  a l u m i n u m  and  thus  fo rm c rys t a l s  b y  a 
v a p o r  p h a s e  reac t ion .  The  second  m e t h o d  was  m o r e  
effect ive and  was  used  to p r e p a r e  most  of t he  c r y s -  
ta l s  de sc r ibed  in  th is  r epor t .  

S i n t e r e d  a l u m i n u m  n i t r i d e  boa t s  and  c ruc ib les  
w e r e  used  as con ta ine r s  in  v a p o r i z i n g  the  me ta l .  The  
r eac t i on  was  c a r r i e d  out  in  a h o r i z o n t a l  g r a p h i t e  
t ube  r e s i s t ance  fu rna c e  or  in  a v e r t i c a l  i nduc t ion  
fu rna c e  h a v i n g  a g r a p h i t e  susceptor .  In  t he  h o r i z o n -  
t a l  r e s i s t ance  fu rnace ,  i t  w a s  poss ib le ,  us ing  an  op-  
t i ca l  p y r o m e t e r  w i th  te lescope ,  to fo l low the  or igin ,  
g rowth ,  a n d  d e v e l o p m e n t  of t h e  c r y s t a l s  a n d  to 
m e a s u r e  the  c o r r e s p o n d i n g  t e m p e r a t u r e s  at  t he  same  
t ime.  
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Fig. 1. Aluminum nitride crystals in the form of six-sided 
prismatic needles, obtained by nitriding aluminum vapors 
at 1 8S0 ~ 
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blue becoming deeper with increasing amount of 
carbon monoxide in the nitriding atmosphere; 0.5% 
carbon monoxide resulted in light blue crystals, 
while 2% carbon monoxide produced dark blue 
crys ta l s .  C h e m i c a l  ana lys i s  of t h e  c r y s t a l s  s h o w e d  
the  p r e s e n c e  of c a rbon  and  o x y g e n  in an  a p p r o x i -  
m a t e l y  e q u i m o l e c u l a r  ra t io .  The  p e r c e n t a g e  of c a r -  
bon v a r i e d  f rom a few t e n t h s  of a p e r  cen t  in the  
l igh t  b lue  c r y s t a l s  to abou t  2% in t he  d e e p e r  co lo red  
c rys ta l s .  If  c a r b o n  and  o x y g e n  a re  c o m b i n e d  as a l u -  
m i n u m  o x y c a r b i d e ,  A12OC, as s t a t ed  b y  Long  and  
F o s t e r  (4 ) ,  t hen  the  a m o u n t  of th is  c o m p o u n d  in 
the  c r y s t a l s  p r e p a r e d  in the  p r e s e n t  s t u d y  r a n g e d  u p  
to abou t  14%. 

Crystal structure and density.--Both the  w h i t e  
and  b lue  c rys t a l s  have  the  h e x a g o n a l  w u r t z i t e  s t r u c -  
ture .  O t h e r  i nves t i ga to r s  have  r e p o r t e d  cel l  d i m e n -  
sions as fo l lows:  

Fig. 2. Plate-like crystals of aluminum nitride formed by 
heating aluminum nitride powder in nitrogen at temperatures 
in excess of 1900~ 

I t  was  o b s e r v e d  t h a t  shor t ,  e x t r e m e l y  fine f i la-  
m e n t s  of a l u m i n u m  n i t r i d e  f o r m e d  in t he  r a n g e  of 
1450~176 w h i l e  a t  1800~176 the  c rys t a l s  
w e r e  p r e d o m i n a n t l y  w e l l - d e f i n e d  s i x - s i d e d  p r i s -  
m a t i c  needles ,  some of w h i c h  w e r e  a b o u t  0.5 m m  in 
d i a m e t e r  and  30 m m  long (Fig .  1). Some  e l o n g a t e d  
p la t e s  also f o r m e d  in th is  t e m p e r a t u r e  range .  A t  
1900~176 n e w  g r o w t h  a p p e a r e d  m a i n l y  as 
p l a t e s  (Fig.  2),  w h i l e  a b o v e  abou t  2050~ p r e v i -  
ous ly  f o r m e d  c rys t a l s  b e g a n  dec r ea s ing  in size v e r y  
s l o w l y  due  to vapo r i za t i on .  In  t he  case  of t he  p r i s -  
m a t i c  need les  s h o w n  in Fig.  1, t he  t a p e r e d  end was  
t h e  f r ee  end.  

Color.--The color  of the  c r y s t a l s  v a r i e d  f r o m  
w h i t e  to va r i ous  shades  of b lue .  R e y  (2)  s ta tes  t ha t  
p u r e  a l u m i n u m  n i t r i d e  fo rms  b lue  h e x a g o n a l  c r y s -  
ta ls .  Long  and  F o s t e r  (4)  c l a im  t h a t  p u r e  a l u m i n u m  
n i t r i d e  is w a t e r  w h i t e  and  t ha t  t he  b lue  co lo ra t ion  
r e su l t s  f r o m  the  p r e s e n c e  of a b o u t  7% a l u m i n u m  
o x y c a r b i d e  (AI~OC) in the  c rys ta l s .  T h e y  r e p o r t  t h a t  
a l u m i n u m  o x y c a r b i d e  is i s o m o r p h o u s  w i t h  a l u m i -  
n u m  n i t r i de  and  t h a t  f o r m a t i o n  of sol id  so lu t ion  b e -  
t w e e n  the  two  c o m p o u n d s  is v e r y  l ike ly .  T h e y  sug -  
ges t  t h a t  A12OC re su l t s  f r om a r e a c t i o n  b e t w e e n  c a r -  
bon  monox ide ,  i n c i d e n t a l l y  f o r m e d  in the  g r a p h i t e  
l ined  fu rnace ,  and  a l u m i n u m  in t he  sample .  In  o r d e r  
to t es t  these  theor ies ,  a l u m i n u m  n i t r i d e  c r y s t a l s  
w e r e  f o r m e d  in c a r e f u l l y  con t ro l l ed  a t m o s p h e r e s  of 
(a )  n i t r o g e n  only ,  (b)  in n i t r o g e n  con ta in ing  0.5- 
2% of ca rbon  monox ide ,  and  (c)  in n i t r o g e n  con -  
t a i n i n g  1% of m e t h a n e .  Blue  c r y s t a l s  f o r m e d  on ly  
w h e n  ca rbon  m o n o x i d e  was  p resen t ,  t he  shade  of 

T y p e  of Cel l  d i m e n s i o n s  
I n v e s t i g a t o r  m a t e r i a l  ao co 

Ott (7) Powder  3.113 4.981 
S tacke lberg  Light  g ray  3.104--+0.005 4.96___0.008 

and Spiess powder  
(8) 

Kohn, Cotter,  Blue crys-  3.10--+0.01 4.965--+0.01 
and Po t t e r  tals  
(1) 

Pa re tzk in  (9) Powder  3.114 4.986 

In  t he  p r e s e n t  i nves t iga t ion ,  un i t  cel l  d imens ions  
w e r e  d e t e r m i n e d  b y  x - r a y  d i f f r a c t o m e t e r  b a c k  r e -  
f lect ion t echn iques .  Each  s a m p l e  was  s t a n d a r d i z e d  
i n d e p e n d e n t l y  w i t h  a s p e c t r o g r a p h i c a l l y  p u r e  s i l icon 
sample .  The  N a t i o n a l  B u r e a u  of S t a n d a r d s  v a l u e  of 
a = 5.4301A for  s i l icon was  used.  

The  fo l lowing  va lues  w e r e  o b t a i n e d  for  l igh t  
co lo red  a l u m i n u m  n i t r i d e :  a = 3.111A; c = 4.980A. 

A s a m p l e  of t he  d a r k  b l u e  c rys t a l s  con t a in ing  a p -  
p r o x i m a t e l y  2% ca rbon  and  2.7% o x y g e n  p r o d u c e d  
an x - r a y  d i f f r ac t ion  p a t t e r n  w i t h  b r o a d e r  ref lect ions ,  
some of w h i c h  showed  t h r e e  d i s t inc t  peaks .  Most  of 
these  w e r e  sh i f t ed  f rom the  p e a k s  of t he  l igh t  m a -  
te r ia l .  Va lues  of 3.11-3.13A for  t he  a d i m e n s i o n  and  
4.93-4.98A for  t he  c d i m e n s i o n  w e r e  ob ta ined ,  d e -  
p e n d i n g  on w h i c h  p e a k  was  e v a l u a t e d .  Di f fe rences  
in ref lec t ions  of t he  w h i t e  and  b lue  c rys t a l s  w e r e  
not  d e t e c t e d  w h e n  the  u s u a l  f i lm t echn iques  w e r e  
used.  P o s s i b l y  t he  b lue  s a m p l e s  con t a ined  enough  
p u r e  A1N to o v e r s h a d o w  t h e  less p r o m i n e n t  sh i f t ed  
ref lect ions.  Also,  t he  g e n e r a l  b r o a d e n i n g  w o u l d  t e n d  
to p r o d u c e  the  s ame  g e o m e t r i c a l  c en t e r  for  the  r e -  
f lect ions of bo th  t he  w h i t e  and  b lue  c rys ta l s .  

The  d e n s i t y  of a l u m i n u m  n i t r ide ,  c a l c u l a t e d  f r o m  
the  cei l  d imens ions  a =  3.111A and  c = 4.980A, is 
3.26 g /cc .  

Melting point.--The l i t e r a t u r e  r e p o r t s  m e l t i n g  
po in t s  in t he  r a n g e  of 2000~176 R e n n e r  (3)  ob -  
s e r v e d  s t rong  v a p o r i z a t i o n  of a l u m i n u m  n i t r i d e  at  
2450~ b u t  no me l t ing .  The  p r e s e n t  i n v e s t i g a t i o n  
conf i rms R e n n e r ' s  conclus ions .  The  e x p e r i m e n t s  
w e r e  c a r r i e d  out  in a m i c r o f u r n a c e  (10) at  a t m o s -  
phe r i c  p r e s s u r e  in a rgon.  W e l l - f o r m e d  p r i s m a t i c  
c rys ta l s ,  abou t  0.2-0.5 m m  t h i c k  b y  a b o u t  2-5 m m  
long,  w e r e  h e a t e d  in a V - s h a p e d  t u n g s t e n  c ruc ib le ,  
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m a k i n g  obse rva t ions  w i th  an  opt ical  py rome te r .  The 
crysta ls  were  hea ted  to 1800~ in  2-3 min ,  a f ter  
which  the  t e m p e r a t u r e  was increased  at the  ra te  of 
about  200~ Some vapor iza t ion  could be ob-  
served at 2300~ at 2450~ vapor iza t ion  was  rapid,  
and  af ter  1 m i n  at 2500~ the crysta ls  had com-  
p le te ly  d i sappeared  wi thou t  ev idence  of mel t ing .  In  
some expe r imen t s ,  c rys ta ls  were  hea ted  to 2450 ~ 
2500~ in  abou t  3 m i n  and  t h e n  i m m e d i a t e l y  a l -  
lowed to cool. The crysta ls  had  pa r t i a l l y  vaporized,  
bu t  no ev idence  of me l t i ng  was  observed.  

Hardness.--Hardness values  on the  Mohs scale 
r a n g i n g  f rom 5 to be tween  9 and  10 are found  in  the  
l i t e ra tu re .  No accura te  mic roha rdness  i n d e n t a t i o n s  
have  been  repor ted .  However ,  crysta ls  ob ta ined  in  
the  p re sen t  research  were  sufficiently la rge  tha t  
Knoop  i n d e n t a t i o n s  could be made  readi ly .  Al l  i n -  
den ta t ions  were  made  wi th  a load of 100 g, the  force 
be ing  appl ied  p e r p e n d i c u l a r  to the  c or long axis 
of the  crystal .  Some i n d e n t a t i o n s  were  made  wi th  
the  long d iagona l  of the  i n d e n t e r  pa ra l l e l  to, and  
some p e r p e n d i c u l a r  to the c axis of the crystal .  Re-  
sul ts  va r i ed  somewha t  w i th  the  direct ion,  p r o b a b l y  
because  of the anisot ropic  n a t u r e  of the  crystals .  
The ove r - a l l  ha rdness  of a l u m i n u m  n i t r ide  appears  
to be a p p r o x i m a t e l y  1200. This is e q u i v a l e n t  to a 
ha rdness  of s l ight ly  h igher  t h a n  7 on the  Mohs 
scale. Deta i led  ha rdness  data  are seen in  Table  I. 

Oxidation res is tance.- -Aluminum n i t r ide  crysta ls  
appear  to beg in  to oxidize in  air  at about  700~ 
This  was  inves t iga ted  b y  hea t ing  colorless and  b lue  
crysta ls  on a p l a t i n u m  lid in  f lowing air  to va r ious  
t e m p e r a t u r e s  for 24 hr, and  t h e n  ca re fu l ly  e x a m i n -  
ing the crys ta ls  microscopica l ly  af ter  each test. At 
b e t w e e n  700 ~ and  800~ the  surface  of clear  t r a n s -  
p a r e n t  crysta ls  became s l ight ly  foggy, ind ica t ing  the  
b e g i n n i n g  of oxidat ion.  The ox ida t ion  ra te  of w e l l -  
fo rmed  crystals ,  however ,  was  slow even  at  much  
h igher  t empe ra tu r e ,  because  of the  fo rma t ion  of a 
dense  a d h e r e n t  a l u m i n u m  oxide film. Thus,  af ter  
24 hr  at  1400~ the  cross section of crysta ls  of abou t  
1 m m  d i ame te r  and  7 m m  long showed an  oxide 

Table I. Hardness of aluminum nitride crystals 

Knoop hardness, K1oo 
I n d e n t a t i o n *  

No. W h i t e  c rys ta l s  B l u e  c rys ta l s  

1 1010 920 
2 1075 970 
3 1010 980 
4 1115 1030 
5 1000 1050 

*Average  104~' 990 

6 1453 1415 
7 1426 1510 
8 1454 1450 
9 1356 1445 

10 1348 1530 

*Average  1407 1470 

Over-al l  average 1225 1230 

* I n d e n t a t i o n s  1 t h r o u g h  5 w e r e  m a d e  w i t h  t he  l ong  d i a g o n a l  of 
t h e  i n d e n t e r  p a r a l l e l  to the  c ax i s  of t he  c rys ta l ,  6 t h r o u g h  10 w e r e  
m a d e  w i t h  t he  l o n g  d i a g o n a l  of  t he  i n d e n t e r  p e r p e n d i c u l a r  to t h e  
c axis .  

surface  fi lm es t ima ted  to be 40 tL thick.  The ins ide  
core of the crystal ,  however ,  was  st i l l  clear and  
t r a n s p a r e n t .  

T e n d e n c y  to oxidize also was d e t e r m i n e d  by  hea t -  
ing 2-3 g samples  of the  f inely mi l l ed  powder ,  h a v i n g  
an  average  par t ic le  size of about  5 t~, in  a f lowing 
s t r eam of air. The  weigh t  gain, a f ter  24 hr  at 700~ 
was 3.2%, cor responding  to a convers ion  of 13% 
of the  compound  to a l u m i n u m  oxide.  W h e n  a new  
sample  of the same powder  was hea ted  24 hr  in  
air  at 800~ the increase  in  weight  was  9%, corre-  
sponding  to a convers ion  of about  36% of the com-  
p o u n d  to a l u m i n u m  oxide. In  the  l a t t e r  case, x - r a y  
diffract ion c lear ly  showed the presence  of g a m m a  
a lumina .  

Corrosion resistance.--CrystaIs of a l u m i n u m  n i -  
t r ide  have  been  i m m e r s e d  in  wa te r  at room t e m p e r a -  
tu re  for several  m o n t h s  wi th  no a p p a r e n t  effect on 
the crystals .  Some recent  inves t iga tors  (1, 3, 4) s tate  
tha t  a l u m i n u m  n i t r i de  is essen t ia l ly  unaffected by  
m i n e r a l  acids. In  the  p resen t  research,  it was ob-  
served tha t  a l u m i n u m  n i t r ide  crysta ls  were  dissolved 
s lowly  in  a boi l ing  m i x t u r e  of one pa r t  concen t ra t ed  
hydroch lo r ic  and  one pa r t  water .  Thus,  p r i smat ic  
needles  hav ing  a d i ame te r  of abou t  80 t~ were  d is -  
solved comple te ly  in  80 hr. The corrosion rate, based 
on these exper imen t s ,  is a p p r o x i m a t e l y  170 mils  per  
year.  

Hot Pressed Aluminum Nitride 

Preparation o~f hot pressed aluminum nitr ide.--  
A l u m i n u m  n i t r i de  powder  was p r e p a r e d  by  direct  
combina t ion  of a l u m i n u m  and  n i t rogen .  Alcoa's No. 
101 a tomized a l u m i n u m  powder  was  mixed  wi th  
1% sod ium fluoride, which  catalyzes the n i t r i d ing  
at low t e m p e r a t u r e s  (11),  and  hea ted  in purif ied 
n i t r ogen  in a r e f r ac to ry  crucible.  The  t e m p e r a t u r e  
was ra ised r ap id ly  to 650~ and  then  increased 
s lowly  over  a per iod  of 40 hr  to a m a x i m u m  of 
1800~ In  this w a y  a porous s in te red  agglomera te  
was  obta ined.  I t  was  reduced  read i ly  by  dry  bal l  
m i l l i ng  in a s ta inless  steel mi l l  w i th  s tainless  steel 
bal ls  to a l ight  g ray  powder  wi th  an  average  p a r -  
t icle size of abou t  5 ~. Chemical  analys is  of the  
mi l led  a l u m i n u m  n i t r i de  powder  and  also the cal-  
cu la ted  composi t ion,  based on this  analysis ,  are  
shown in  Table  II. It  wi l l  be no ted  tha t  the a l u m i -  
n u m  n i t r i de  con ten t  is a p p r o x i m a t e l y  96%, and  tha t  
the  chief i m p u r i t y  is a lumina .  The dens i ty  of the 
powder  was 3.23 g/cc,  compared  w i th  a dens i ty  of 
3.26 g/cc  as ca lcu la ted  f rom the cell d imens ions  
of the crystals.  

Table II. Aluminum nitride powder 
(Pure AIN: 65.81% AI; 34.19% N) 

C h e m i c a l  ana lys i s  C a l c u l a t e d  compos i t i on  

A1 64.8 % A1N 
N 32.8 % ALO.~ 
C 0.2 % Other eom- 
Si 0.4% pounds 
Fe 0.1% 
O 1.0% 

96.0% 
2.1% 

1.9% 

P a r t i c l e  size:  0.5 to 25~ 
D e n s i t y :  3.23 g / cc  
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Table III. Strength and elasticity properties of hot pressed conduc t iv i ty  expressed  in  c a l / c m 2 / c m / s e c / ~  ob-  
aluminum nitride t a ined  by  the same method:  

M o d u l u s  of M o d u l u s  of 
r u p t u r e ,  e l as t i c i ty ,  

Temp ,  ~ psi psi 

25 38,500 50 X 106 
1000 27,000 46 X 106 
1400 18,100 40 X 106 

Test  specimens,  3 in. in  d i ame te r  and  3 in. long, 
were  fabr ica ted  by  hot  press ing  the mi l led  powder  
at  2000~ in g raph i t e  dies, app ly ing  pressures  of 
abou t  5000 psi. Test  bars,  3 x 0.5 x 0.25 in., were  cut  
f rom the hot pressed pieces w i th  a d i amond  whee l  
and  then  g round  to p roduce  smooth  para l l e l  su r -  
faces. The test  spec imens  were  l ight  g ray  in  color 
and  had a b u l k  dens i ty  of 3.20 g/cc  or about  98% of 
the  theore t ica l  for pu re  a l u m i n u m  ni t r ide .  Us ing  a 
load of 100 g, 10 Knoop  ha rdness  i n d e n t a t i o n s  gave 
va lues  r a n g i n g  f rom 1005 to 1240, w i th  an  ave rage  
of 1130. 

Strength and elasticity.--Data for modu l us  of 
r u p t u r e  and  modu lus  of e las t ic i ty  at room t e m p e r a -  
ture ,  1000 ~ and  1400~ are p r e sen t ed  in  Tab le  III. 
F o u r  specimens,  3 x 0.5 x 0.25 in. were  tes ted at  each 
t empe ra tu r e ,  p ressure  be ing  appl ied  p e r p e n d i c u l a r  
to the  d i rec t ion  in  which  the bars  were  hot pressed.  
These va lues  compare  f avo rab ly  w i th  those for 
o ther  h i g h - d e n s i t y  ceramic  mater ia l s ,  especia l ly  at 
h igh  t empera tu re s .  For  ins tance ,  hot  pressed a l u -  
m i n a  is s t ronger  at room t empera tu r e ,  bu t  w e a k e r  at 
1400~ The modu lus  of e las t ic i ty  of hot pressed 
a l u m i n u m  n i t r i de  is about  the  same as tha t  of hot  
pressed a l u m i n a  at  room t e m p e r a t u r e ,  bu t  is h igher  
t h a n  tha t  of hot pressed a l u m i n a  at  1400~ 

Long and  Fos te r  (4) repor ted  a modu lus  of r u p -  
t u r e  of s in te red  a l u m i n u m  n i t r i de  at room t e m p e r a -  
t u r e  of 11,500 psi. The exact  dens i ty  of the  test  
spec imens  was  no t  g iven  bu t  p r e s u m a b l y  was  ap -  
p rec iab ly  lower  t h a n  tha t  of the  hot  pressed m a t e r i a l  
r epor ted  here in .  Rey  (2) r epor ted  the compress ive  
s t r eng th  of s in te red  a l u m i n u m  n i t r i de  b r i ck  to be 
abou t  3000-4000 psi. P r e l i m i n a r y  tests on the  hot  
pressed m a t e r i a l  indica te  a compress ive  s t r eng th  of 
about  300,000 psi. 

Thermal conductivity.--The t h e r m a l  conduc t iv i ty  
was  measu red  by  a l i nea r  flow compara t ive  method,  
pa ra l l e l  to the  d i rec t ion  of press ing,  in  an  a tmos -  
phere  of s t a g n a n t  n i t rogen ,  us ing  Incone l  as a s t a n d -  
ard.  Values  ob ta ined  over a t e m p e r a t u r e  r a nge  of 
200~176 are  shown  in  Tab le  IV. These  resul t s  
ind ica te  tha t  a l u m i n u m  n i t r ide  is a good conductor  
of heat,  be ing  i n t e r m e d i a t e  b e t w e e n  dense si l icon 
carbide,  which  is an  exce l len t  conductor ,  and  a l u -  
mina ,  which  is a fa i r  conductor .  This  is i l l u s t r a t ed  
by  the  fo l lowing compara t ive  va lues  for t h e r m a l  

Table IV. Thermal conductivity of hot pressed aluminum nitride 

T e m p ,  "C C a l / c m S / c m / s e e / ~  B t u / f t S / i n . / h r / ~  

M a t e r i a l  A t  200~ A t  800~ 

Dense SiC 0.24 0.10 
Hot pressed A1N 0.072 0.048 
Dense AI~O, 0.054 0.017 

The  p r e se n t  data  are  in  sharp  con t ras t  to those of 
Long and  Fos ter  (4) ,  who recen t ly  repor ted  the 
t h e r m a l  conduc t iv i ty  of s in te red  a l u m i n u m  n i t r i de  
at 25~ as 0.0042 c a l / c m 2 / c m / s e c / ~  The dens i ty  
of the spec imens  used by  Long and  Fos te r  was not  
disclosed, bu t  the dens i ty  of some of the i r  test  speci-  
mens  used for d e t e r m i n a t i o n  of e lectr ical  res i s t iv i ty  
was as h igh as 2.66 g/cc.  It  seems probable ,  t he re -  
fore, tha t  the difference in  dens i ty  a lone  is not  re -  
spons ib le  for the  grea t  d i s s imi la r i ty  of the  t h e r m a l  
conduc t iv i ty  values,  bu t  r a t h e r  the  difference in  
me thods  is m a i n l y  responsible .  Accord ing  to K i n g e r y  
and  co -worke r s  (12) t h e r m a l  conduc t iv i ty  at zero 
poros i ty  can be ca lcula ted  employ ing  the  fo l lowing 
simplif ied re la t ionsh ip  of Loeb:  

km 
k s  - -  _ _  

(i -- P~) 

where ks is the solid thermal conductivity (zero 
porosity); k .... measured thermal conductivity; P~., 
volume pore fraction. 

Even if it is assumed that the thermal conductiv- 
ity, km= 0.0042 cal/cm~/cm/sec/~ measured at 
25~ by Long and Foster, is for a specimen with 
40% porosity, the thermal conductivity at zero po- 
rosity calculated according to above equation, will 
be only 0.007 cal/cm2/cm/sec/~ 

The accuracy of the present method has been 
checked by comparing the results obtained on some 
standard materials with data from other laboratories 
as illustrated in the following examples: 

Thermal 
c o n d u c t i v i t y ,  

c a l / c m ~ / c m / s e c / ~  C 

L a b o r a t o r y  M a t e r i a l  400 ~ C 600 ~ C 

Carborundum Inconel 0.049 0.057 
National  Bureau of 

Standards (13) Inconel 0.049 0.058 
Carborundum Nickel 0.119 0.130 
In terna t ional  Nickel 

Company (14) Nickel 0.112 0.136 

Thermal expansion.--The d e t e r m i n a t i o n  of t h e r -  
ma l  e xpa ns i on  was  made  by  the d i l a tome te r  method,  
us ing  a si l icon carb ide  d i l a tomete r  a s sembly  (15).  
T h e r m a l  expans ion  was  m e a s u r e d  pa ra l l e l  to the  
d i rec t ion  of pressing,  on a ba r  3 in. long and  0.5 in. 
in d iameter .  Values  are  g iven  in  Tab le  V. These  

Table V. Thermal expansion of hot pressed aluminum nitride 

Temperature Linear expansion, 
i n t e r v a l ,  ~ c m / c m / ~  

200 0.072 209 
400 0.060 173 
600 0.053 153 
800 0.048 139 

25-200 4.03 X 10 -6 
25-600 4.84 X 10 .6 
25-1000 5.64 X 10 -6 
25-1350 6.09 X 10 -6 
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check closely the resu l t s  r epor ted  by  Long and  Fos-  
ter  (4) (4.8 x 10 -~ c m / c m / ~  in  the  r ange  20 ~ - 
500~ for the s in te red  a l u m i n u m  ni t r ide .  The t h e r -  
ma l  expans ion  of hot  pressed a l u m i n u m  n i t r ide  is in  
the  mode ra t e  r ange  for a ceramic,  be ing  only  s l igh t ly  
h igher  t h a n  tha t  of si l icon carbide.  

Thermal  shock res is tance . - -The  high  t h e r m a l  
conduc t iv i ty  and  low t h e r m a l  expans ion  of hot  
pressed  a l u m i n u m  n i t r i de  are  conducive  to good 
t h e r m a l  shock resis tance.  Bars, 3 x 0.5 x 0.25 in., 
hea ted  r ap id ly  to 2200~ in  an  o x y g e n - a c e t y l e n e  
torch and  cooled rapid ly ,  did not  crack or spal l  w h e n  
the  test  was repea ted  consecu t ive ly  severa l  t imes.  
The t h e r m a l  shock res is tance  was  eva lua ted  also by  
m e a s u r i n g  the  loss in  s t r eng th  of hot  pressed a l u m i -  
n u m  n i t r ide  bars  af ter  30 cycles of hea t ing  in  2.5 
m i n  to 1400~ and  r ap id ly  cooling to room t e m p e r a -  
t u r e  in  an  air  blast .  The  modu lus  of r u p t u r e  before  
t h e r m a l  cycl ing was  38,500 psi  and  af ter  t h e r m a l  
cycling,  33,700 psi, or a loss of 12% of the  o r ig ina l  
s t rength .  

Stabi l i ty  in various atmospheres at elevated t em-  
pera tures . - -Tes t  specimens,  0.25 x 0.5 x 0.5 in., were  
exposed to f lowing air,  oxygen,  d ry  steam, chlor ine,  
and  hyd rogen  at  e leva ted  t empera tu re s .  Resul ts  are 
repor ted  in  Tab le  VI. The last  co lumn  shows the  
pe rcen tage  of a l u m i n u m  n i t r i de  conver ted  to a l u m i -  
n u m  oxide or a l u m i n u m  chlor ide according to the  
d i f ferent  condi t ions  of the  expe r imen t s .  As can  be 
seen f rom these data,  the  effect of air  or oxygen  at 
t e m p e r a t u r e s  up to 1400~ or of s team at 1000~ 
af ter  30 hr  is slight. At  1700~ in air, however ,  the  
ra te  of ox ida t ion  becomes r a the r  rapid.  It  wi l l  be  
recal led  f rom the  discussion of the  c rys ta l l ine  m a -  
te r ia l  tha t  it was found  tha t  ox ida t ion  of a l u m i n u m  
n i t r i de  in  air  s tar ts  at about  700~ bu t  t ha t  the  
ra te  of ox ida t ion  is slow even  at t e m p e r a t u r e s  as 
h igh as 1400~ because  of the  fo rma t ion  of a p ro -  
tec t ive  oxide coating.  This coat ing also accounts  for 
the  slow ra te  of ox ida t ion  of the  dense  hot  pressed 
mater ia l .  F igu re  3 shows a 0.25 x 0.5 in. cross sect ion 
of a ba r  af ter  exposure  to air  at  1400~ for 24 hr. 
The  oxide l aye r  is a p p r o x i m a t e l y  60 ~ or 2-3 mi ls  
thick.  At  1700~ however ,  it  was  no ted  tha t  the  
oxide coat ing t ended  to crack and  no longer  p ro -  
tec ted effectively the  a l u m i n u m  n i t r i de  agains t  oxi -  
dat ion.  The c rack ing  of the  coat ing at this  t e m p e r a -  
t u r e  m a y  be due to the  apprec iab le  difference in  the  
t h e r m a l  expans ion  of a l u m i n u m  oxide and  a l u m i -  
n u m  ni t r ide .  

Table VI. ,Stability of hot pressed aluminum nitride in various 
atmospheres of elevated temperatures 

(Test specimens, 0.25x0.5x0.5 in.) 

Conversion to 
other  t o m -  

Atmosphere  Ternp, "C Time,  hr  pounds, % 

Air 1000 30 0.3 ALO~ 
Air 1400 30 1.3 AI~O~ 
Air 1700 4 10.6 Al~O3 
Oxygen 1400 30 0.9 ALO3 
Dry steam 1000 30 0.3 AhO8 

Chlorine 500 30 <0.1 A1C18 
Chlorine 700 30 19.2 A1Ch 

Hydrogen 1700 4 ni l  

A p r i l  1960 

Fig. 3. Cross section of a hot-pressed aluminum nitride 
specimen showing the protective oxide coating after heating 
in air 24 hr at 1400~ 

It  is of in te res t  to note  the  difference in  the ox ida-  
t ion  ra te  of hot  pressed a l u m i n u m  n i t r i de  and  the 
s in te red  ma te r i a l  as repor ted  by  Long and  Foster  
(4) .  Exposure  to air  for 1 hr  at 1200~ of 1-cm 
cubes of s in te red  ma te r i a l  r esu l t ed  in a convers ion  of 
about  11% of the sample  to a l u m i n u m  oxide, 
whereas  exposure  to air  for 30 hr  at 1400~ of dense 
hot pressed a l u m i n u m  n i t r i de  spec imens  of com- 
pa rab le  size resu l ted  in  a convers ion  of on ly  about  
1% to a l u m i n u m  oxide. 

Table  VI also shows tha t  hot pressed a l u m i n u m  
n i t r ide  is no t  apprec iab ly  a t tacked  by  chlor ine  at 
500~ bu t  tha t  the reac t ion  ra te  at 700~ is rapid.  
F u r t h e r m o r e ,  hot pressed a l u m i n u m  n i t r i de  is p rac -  
t ica l ly  unaffec ted  by  h y d r o g e n  at 1700~ for 4 hr. 

Corrosion in water  and mineral  acids . - -As in  the  
case of the  c rys ta l l ine  ma te r i a l ,  hot pressed a l u m i -  
n u m  n i t r i de  is s lowly dissolved by  hot  m i n e r a l  acids. 
The resul t s  of the corrosion tests are shown  in Table  
VII. Spec imens  0.25 x 0.5 x 0.5 in. were  hea ted  in  a 
600 ml  v o l u m e  of wa te r  a nd  in  the severa l  m i n e r a l  
acids for 72 hr. Wi th  the  except ion  of hydrof luor ic  
acid, the tests were  made  at  the  boi l ing  t e m p e r a t u r e s  
of the  l iquids.  The corrosion ra te  in boi l ing  wa te r  can 
be cons idered  as low. A l t h o u g h  dissolu t ion  in  the  
m i n e r a l  acids is slow, the r a t e  is too grea t  to classify 
hot pressed a l u m i n u m  n i t r i de  as a corrosion res is t -  
an t  m a t e r i a l  in  these acids. I t  wi l l  be recal led  tha t  

Table VII. Corrosion of hot pressed aluminum nitride in water 
and mineral acids 

(0.25x0.5x0.5 in. specimens in 600 ml liquid, 72 hr) 

Corros ion  
rate, 

Corrosive liquid Temp,  ~ mi ls /year  

Water 100 14 

Conc. HC1 acid 72 320 
1 Conc. HC1 acid: 1 H~O 110 570 

Conc. H.~SO4 acid 305 180 
1 Conc. H2SO4 acid: 1 H~O 145 550 

Conc. HNO3 acid 120 150 
1 Conc. HNO~ acid: 1 water  111 200 

1 HF: 1 HNO~ conc. acids 57 160 
1 Conc. HF acid: 1 water  57 215 
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Fig. 4. Effect of temperature on dielectric constant of 
hot pressed a luminum nitr ide at several frequencies. 
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Fig. 5. Effect of temperature on dissipation factor of hot 
pressed a luminum nitr ide at several frequencies. 

the corrosion ra te  of s ingle  crysta ls  in  a boi l ing m i x -  
t u r e  of 1 pa r t  concen t ra t ed  hydrochlor ic  and  1 pa r t  
wa te r  was es t imated  to be abou t  170 mils  per  year .  

Corrosion in cryolite and a luminum and in bor 
ox ide . - - t to t  pressed a l u m i n u m  n i t r i de  was  hea ted  
in  an ine r t  a tmosphere  in  a ba th  consis t ing of a m i x -  
t u r e  of mo l t en  cryol i te  and  a l u m i n u m  for 66 hr  at  
1200~ wi thou t  v i sua l  ev idence  of corrosion.  A piece 
of hot pressed a l u m i n u m  ni t r ide ,  0.25 x 0.5 x 0.5 in., 
immersed  in  m o l t e n  boric  oxide for 4 h r  at 1000~ 
showed only  ve ry  sl ight  ev idence  of a t tack  in the  
form of fa in t  surface  m a r k i n g  and  a we igh t  loss of 
0.02%. This  is e q u i v a l e n t  to a corrosion ra te  of abou t  
25 to 30 mils  per  year .  

Electrical proper t ies . - -The  elect r ical  p roper t ies  of 
hot  pressed a l u m i n u m  n i t r ide  appear  to be s imi la r  
to those of a lumina ,  and  especial ly  to some of the  
high dens i ty  hot pressed a luminas .  Dielectr ic  con-  
s tan t  and  d iss ipa t ion  factor  were  d e t e r m i n e d  by  the  
L a b o r a t o r y  for I n s u l a t i o n  Research  at Massachuset t s  
I n s t i t u t e  of Technology  and  also by  our  own  l a b o r a -  
tories, the resul ts  ag ree ing  fa i r ly  closely. Data  on d i -  
electr ic  cons tan t  are shown in  Fig. 4. At  room t e m -  
p e r a t u r e  the  dielectr ic  constant ,  over  a wide  r ange  
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of f requencies ,  is abou t  8.5 compared  wi th  b e t w e e n  
9 and  10 for m a n y  a luminas .  The dielectr ic  con-  
s t an t  increases  r ap id ly  w i t h  t e m p e r a t u r e  at low f re -  
quencies ,  less r ap id ly  at  h igh f requencies .  At  a f r e -  
q u e n c y  of 8.5 x 10 ~ cps, the  change  wi th  t e m p e r a -  
t u r e  is on ly  slight. This  behav io r  is also typ ica l  of 
the a luminas .  

The d iss ipa t ion  factor  at var ious  f requenc ies  and  
t e m p e r a t u r e s  is shown in  Fig. 5. At  low f requencies ,  
the d iss ipa t ion  factor  increases  r ap id ly  w i th  t e m -  
pera tu re .  However ,  at the  f r e que nc y  of 8.5 x 10 ~ 
cps, the  change  wi th  t e m p e r a t u r e  up  to 500~ is 
slow. At  room t e m p e r a t u r e  the  d iss ipa t ion  factor  at  
the var ious  f requenc ies  is b e t w e e n  about  0.01 and  
0.001, whi le  for the  a luminas ,  the d iss ipa t ion  factor  
at this t e m p e r a t u r e  is abou t  0.001 to 0.0001. At  high 
t e m p e r a t u r e s  (400~176  and  low f requenc ies  
(102-10 ;̀  cps) the  d iss ipa t ion  factor  of hot pressed 
a l u m i n u m  n i t r i de  and  a l u m i n a  are comparable ,  
whi le  at h igh t e m p e r a t u r e s  and  high f requenc ies  the  
d iss ipa t ion  factor  of the  a l u m i n a s  is app rec i ab ly  
lower.  

The v o l u m e  res i s t iv i ty  of hot pressed a l u m i n u m  
n i t r ide  as ca lcula ted  f rom the dielectr ic  cons tan t  
and  d iss ipa t ion  factor  is shown in Fig. 6. Data  for 
a hot pressed a l u m i n a  at two f requenc ies  are also 
shown in  Fig. 6 for compar ison.  At  a f r e q u e n c y  of 
100 cps, the res i s t iv i ty  of hot  pressed a l u m i n u m  n i -  
t r ide  is abou t  2 x 101~ o h m - ~ m  at room t e m p e r a t u r e  
and  7 x 107 o h m - c m  at 500~ Res is t iv i ty  decreases  
wi th  f r equency ;  this  is also typica l  for the a l u m i n a s  
and  other  ceramic  insula tors .  

S u m m a r y  

P u r e  a l u m i n u m  n i t r i de  is white .  Blue  crys ta ls  
are formed w h e n  the  me t a l  is hea ted  above 1750~ 
in n i t r ogen  con ta in ing  smal l  a moun t s  of ca rbon  
monoxide .  

A l u m i n u m  n i t r ide  does no t  me l t  u n d e r  a tmos-  
pher ic  p ressure  in argon,  bu t  vapor izes  r a p i d ly  at  
about  2400~ Its Knoop  hardness ,  w i th  a load of 
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Fig. 6. Effect of temperature on volume resistivity of hot 
pressed a luminum nitr.ide at  several frequencies. Data for a 
hot pressed a lumina at  two frequencies are shown for com- 
parison. (Data obtained from Tables of Dielectric Mater ia ls 
Volume V- Laboratory for Insulation Research, Massachusetts 
Institute of Technology.) 
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100 g, is a p p r o x i m a t e l y  1200, which  is e q u i v a l e n t  to 
seven plus  on the  Mohs scale. 

A l u m i n u m  n i t r i de  s tar ts  to oxidize in  air  at be -  
tween  700 ~ and  800~ bu t  in  the case of l a rge  
crysta ls  and  the  dense hot  pressed mater ia l ,  ox ida-  
t ion  is slow up  to 1400~ because  of the pro tec t ive  
oxide surface  layer  formed.  I t  is ine r t  to hyd rogen  
at 1700~ b u t  is a t t acked  by  chlor ine  b e t w e e n  500 ~ 
and  700~ 

Al though  a l u m i n u m  n i t r i de  in  the  c rys ta l l ine  or 
hot pressed fo rm does no t  dissolve read i ly  in  bo i l -  
ing m i n e r a l  acids, it  is no t  h igh ly  corrosion res i s tan t  
to these acids. However ,  it has r e l a t ive ly  good cor-  
rosion res i s tance  to m o l t e n  boric  oxide and  to a 
m i x t u r e  of m o l t e n  a l u m i n u m  and  cryol i te  in  i ne r t  
a tmospheres .  

S t r e n g t h  of hot pressed a l u m i n u m  n i t r i de  is lower  
t h a n  tha t  of h i g h - d e n s i t y  a l u m i n u m  oxide at  room 
t empera tu re ,  bu t  is h igher  at 1400~ Compared  
wi th  most  ceramics,  it has h igh  t h e r m a l  conduc t iv i ty ,  
low t h e r m a l  expans ion ,  and  good t h e r m a l  shock 
resis tance.  Its e lectr ical  propert ies ,  in m a n y  re -  
spects, are  s imi la r  to those of a l u m i n u m  oxide. 
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ABSTRACT 

A theory  is developed which correlates  the ratio of the rates of e lect romi-  
gration across permselect ive  membranes  of two species of cri t ical  exchange-  
able ions coexisting in solution with  the ratio of the rates of spontaneous 
exchange across the same membrane  of the same two species of ions for a third 
ion in the other  solution, and with  the bi-ionic potential  arising across the same 
membrane  be tween solutions each containing one of the ions under  investigation, 
at the same activity. The numerous factors which must  be considered in elec- 
t romigrat ion experiments ,  par t icular ly  polarization, are outlined. With  solu- 
tions in the range of 0.02-0.2N and with  current  densities of about 0.3-1.0 m a /  
ca% the agreement  be tween the ratios predicted by the theory is closely ap- 
proached, in many instances wi thin  the limits of the exper imenta l  errors. "At 
lower  current  densities, the exper imenta l  flux ratios .are marked ly  lower  than 
postulated by the theory, for unknown reasons. At higher  current  densities, 
wi th  increasing polarization, there  is a gradual  decline of these flux ratios, as 
predicted by theoret ical  considerations. 

In a p rev ious  pape r  we  d e m o n s t r a t e d  the  occur -  
r ence  of g r ea t l y  d i f ferent  ra tes  of e x c h a n g e  of ions 
of the  same cha rge  across porous  m e m b r a n e s  of e x -  
t r e m e  ionic se l ec t iv i ty  ( p e r m s e l e c t i v e  m e m b r a n e s )  
(1) .  This  effect was  s tud ied  in sys tems  such as 
S y s t e m  1 which ,  in t he  case of e x c l u s i v e l y  ca t ion -  
pe rmeab le ,  a n i o n - i m p e r m e a b l e  m e m b r a n e s  of ionic 
charac te r ,  <--Q-->, a re  r e p r e s e n t e d  by: 

So lu t ion  1 e-- @--> So lu t ion  2 
M e m b r a n e  

A§ - of e x t r e m e  L+X - 
B+X - cat ionic  

se lec t iv i ty  
[ S y s t e m  1 ] 

H e r e  A +, B +, and L + r e p r e s e n t  the  e x c h a n g e a b l e  
(c r i t ica l )  cations,  X- the  n o n e x c h a n g i n g ,  n o n p e r -  
m e a t i n g  anions.  An ion ic  sys tems  w i t h  e x c l u s i v e l y  
an ion  p e r m e a b l e  m e m b r a n e s ,  <--G-+, a re  analogous .  
D e p e n d i n g  on the  n a t u r e  of the  m e m b r a n e s ,  the  
ra t io  of the  in i t ia l  ra tes  of s imu l t aneous  e x c h a n g e  of 
u n i v a l e n t  ions, A § for  L § and B + for  L +, can be as h igh  

as 1:100 and more .  
These  ra t ios  of the  ra tes  of exchange ,  t ha t  is, 

the  ra t ios  of the  ne t  f luxes of any  two  species  of 
c r i t ica l  u n i v a l e n t  ions coexis t ing  in So lu t ion  1, 
(4,,+/~bB+) ....... w e r e  shown to be co r r e l a t ed  to the  po-  
t en t i a l s  a r i s ing  w i t h  the  same m e m b r a n e  in cells  of 

the  type :  

So lu t ion  1 So lu t ion  2 
<-- O---> 

Ca lome l  KC1 [ ] 
e l ec t rode  conc. c~ A+X - c, B+X - KC1 Ca lom e l  conc. e l ec t rode  

[Ce l l  1 ] 

(and  analogous  cells  w i t h  e x c l u s i v e l y  anion p e r -  
1 Presen t  address :  Chemis t ry  Division,  Nava l  Research  Labora tory ,  

Wash ing ton  25, D. C. 

m e a b l e  m e m b r a n e s )  (1) .  The  s ign and the  m a g -  
n i t ude  of the  po ten t i a l  a r i s ing  in such cells, the  
so -ca l l ed  " b i - i on i c "  potent ia l ,  Eb~p., as was  po in ted  
out by Michael i s  (2) ,  a re  d e t e r m i n e d  by the  r e l -  
a t ive  ease w i t h  wh ich  the  two  cr i t i ca l  ions p e n e -  
t r a t e  the membrane: if in Cell 1 the cations A + of 

Solution 1 penetrate the membrane with greater 
ease than do the cations B § of Solution 2, then 
Solution 2 will be charged positive; if the con- 
verse is true, Solution 2 will be negative. 

Expressing this concept quantitatively one may 
w r i t e  

RT ~~ 
E .... --  - -  in  - -  [1] 

F TOB+ 

where T~247 and r~ represent the transference num- 
bers of A § and B § within the membrane (the super- 
script o being used throughout to indicate equality 
of activities) (3-6). The ratio of these transference 
numbers is considered to be a quantitative measure of 
the relative intrinsic abilities of the A § and B § ions 
to penetrate across the particular membrane. 

If this holds true, the ratio of the transference 
numbers can be used to predict the ratio of fluxes 
of A § and B* ions across the membrane when pres- 
ent at equal activities in Solution i, and exchang- 
ing for a third ion in Solution 2, as in System 1 (i). 
If this predicted ratio of fluxes derived from the bi- 
ionic potential is designated (~~ we may 
write: 

( 4~ [2] T~ 

�9 T~ 

Experimentally it was shown that in most in- 
stances these ratios, (4~247176247 agree within %he 
limits of experimenta] error with the experimentally 
established ratios of exchange, (4~162176247 (1): 
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,-~---z = \ --~--/ [3] 

If, in sys t ems  such as S y s t e m  1, the  r a t io  of t h e  
ac t iv i t i e s  of a n y  two  species  of e x c h a n g e a b l e  ions  
in  So lu t ion  1 was  not  1: 1, the  ra t ios  of t h e i r  i n i t i a l  
ne t  f luxes  across  t he  m e m b r a n e ,  (~A+/~B+) ....... 
w e r e  s h o w n  to a g r e e  sa t i s f ac to r i ly ,  u s u a l l y  w i t h i n  
the  l imi t s  of t he  e x p e r i m e n t a l  e r ro r ,  w i t h  the  co r -  
r e s p o n d i n g  r a t io s  d e r i v e d  f rom the  b i - i o n i c  p o t e n -  
t ia ls ,  (%b~162176 t imes  the  r a t io s  of t he  ac t iv i t i e s  
of t he  two  ions u n d e r  cons ide ra t ion ,  a~+[1]/aB+ u], 
acco rd ing  to t he  equa t ion :  

( ~ )  - -  aA+[1] ( %h~ ~ [4a]  
~h. a~+ [1] \ r176 /b~,,. 

C o m b i n i n g  Eq. [3]  and  [4a] ,  w e  m a y  w r i t e  the  
e x p a n d e d  equa t ion :  

( %b~+ ~ _aA+[il (~b~ _aA+ [1] (~b~ 

%bB+ /~xoh. as+ [1] as+ [1] - 
[4b] 

Analogous considerations were shown to apply to 
systems with more than two species of critical ions 
in Solution i. 

After the ratios of the rates of spontaneous ex- 
change across permselective membranes of coexist- 
ing species of ions of the same charge were thus cor- 
related satisfactorily with the bi-ionic potentials 
arising with these ions across the same membranes, 
the next obvious step was to test whether analogous 
correlations exist with the ratios of the migration 
in an electric field of ions of the same charge across 
permselective membranes. This electromigration 
could be studied in cells such as Cell 2, which is es- 
sentially System 1 provided with electrodes: 

Solution 1 Solution 2 
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If  the  c o n c e n t r a t i o n s  of A + and  B + in Cel l  2 a r e  

not  iden t i ca l ,  th is  is t a k e n  in to  account  in  t he  same  
m a n n e r  as in t he  case  of e x c h a n g e  s tud ies  (1) b y  
the  use  of t h e  m o r e  g e n e r a l  equa t ion  

A n o d e  e, A+X - cl B+X - c_, L+X C a thode  

Cel l  [2]  

This  m a t t e r ,  m e n t i o n e d  br ie f ly  at  an  e a r l i e r  occas ion 
(7 ) ,  is the  sub jec t  of the  p r e s e n t  communica t i on .  

W h e n  a pos i t i ve  c u r r e n t  is pa s sed  t h r o u g h  Cel l  2 
f r o m  le f t  to r ight ,  A + and  B + ions a r e  t r a n s p o r t e d  
s i m u l t a n e o u s l y  f rom So lu t ion  1 t h r o u g h  the  m e m -  
b r a n e  into So lu t ion  2, the  t o t a l  n u m b e r  of e q u i v -  
a len t s  of ions m o v e d  be ing  i den t i ca l  w i t h  the  n u m -  
b e r  of f a r a d a y s  pa s sed  t h r o u g h  the  cell.  

I f  t he  r a t i o  (6~176 and  the  c lose ly  s im i l a r  
r a t i o  (4~176 ..... r e p r e s e n t  a m e a s u r e  of t he  r a t i o  
of t he  in t r in s i c  c o m p e t i t i v e  p r o p e n s i t i e s  of these  
two  ions  to p e n e t r a t e  across  t he  m e m b r a n e ,  the  r a t i o  
in w h i c h  the  c u r r e n t  is t r a n s p o r t e d  b y  the  A + a n d  
B + ions across  the  m e m b r a n e  in  Cel l  2 m a y  be  e x -  
p e c t e d  to be  t he  same,  p r o v i d e d  a~+ [i] equa l s  a~+ [i]. 
Deno t ing  the  r a t i o  of these  ne t  f luxes  of the  A + and  
B + ions, w h i c h  m a y  also be  cons ide red  as the  r a t i o  
of t h e i r  t r a n s p o r t  n u m b e r s  in t he  m e m b r a n e s ,  as 
(6o,+/4o +) ...... w e  m a y  w r i t e :  

, ,oot .  ~ ~ + / ~ , , .  = \ r B . . . .  h. 
x ~%+ = ~o--/ [5] 

( 4pA+ ) (aA+ Eij )(~~ 
~~247 /b .... 

( aA+[1]a--~+Li] ) - - (  %b~ ~ 
\ J~ 

[ 6 ]  

or i ts a n a l o g u e  for  an ion ic  cells.  
The  fo rego ing  d e r i v a t i o n  of the  f lux r a t i o  (~A+/ 

~+)  ...... i m p l i c i t l y  m a k e s  t he  a s s u m p t i o n  tha t  p o -  
t e n t i a l l y  c o m p l i c a t i n g  effects do not  a r i se  to a s ig-  
n i f icant  ex ten t .  Spec i f i ca l ly  i t  is ba sed  on the  as -  
sumpt ions  t ha t :  

1. the  m e m b r a n e s  a r e  of idea l  ionic se lec t iv i ty ;  
2. e q u i l i b r i u m  cond i t ions  a t  the  m e m b r a n e - s o l u -  

t ion i n t e r f aces  a r e  m a i n t a i n e d ;  
3. t he  d i s t r i b u t i o n  of ions in the  m e m b r a n e  has  

r e a c he d  a s t a t i o n a r y  s ta te ;  
4. p o l a r i z a t i o n  does no t  a r i se ;  
5. e l e c t r o p h o r e t i c  effects,  p a r t i c u l a r l y  a coupl ing  

of the  m o v e m e n t s  of d i f fe ren t  ionic species,  a re  a b -  
sent;  

6. s p o n t a n e o u s  ne t  e x c h a n g e  of ions across  the  
m e m b r a n e s  is absen t ;  and  

7. osmosis ,  due  to d i f fe rences  in t he  a c t i v i t y  of 
the  so lven t  a t  the  two  sides  of the  m e m b r a n e  does 
not  occur.  

A s s u m p t i o n  1 m e a n s  t h a t  no s igni f icant  q u a n t i t y  
of nonc r i t i c a l  ions p e n e t r a t e s  across  t he  m e m b r a n e ,  
a cond i t ion  w h i c h  is r e a d i l y  ful f i l led  b y  p e r m s e l e c -  
t ive  co l lod ion  m a t r i x  m e m b r a n e s  (8 -10) .  

A s s u m p t i o n  2 impl i e s  t ha t  the  d i s t r i b u t i o n  of ions 
at  the  m e m b r a n e - s o l u t i o n  in t e r faces  d u r i n g  e l ec t ro -  
m i g r a t i o n  co r r e sponds  to the  e q u i l i b r i u m  d i s t r i b u -  
t ion of ions  w h i c h  w o u l d  ex is t  w i t h o u t  the  flow of 
cu r ren t ,  in t he  absence  of a n y  spon t aneous  ne t  e x -  
change  of ions across  t he  m e m b r a n e .  This  a s s u m p -  
t ion is c lose ly  l i n k e d  to t he  p r o b l e m  of m e m b r a n e  
p o l a r i z a t i o n  w h i c h  is t r e a t e d  below,  A s s u m p t i o n  4. 

A s s u m p t i o n  3 s ta tes  t h a t  the  d i s t r i b u t i o n  of t he  
ions in t h e  m e m b r a n e s  u n d e r  the  inf luence  of t he  
e lec t r ic  f ield has  r e a c h e d  a s t a t i o n a r y  s ta te .  This  
condi t ion  w o u l d  be fu l f i l led  e i the r  if such a s t a t i on -  
a r y  s t a t e  is t he  same  as t h a t  w i th  no c u r r e n t  f lowing, 
or  if a c u r r e n t  has  been  pa s sed  t h r o u g h  the  cel l  p r i o r  
to the  e x p e r i m e n t  p r o p e r  for  a pe r iod  long enough  
to ach ieve  the  s t a t i o n a r y  s ta te .  M e m b r a n e s  hav ing  
ion e x c h a n g e  capac i t i e s  w h i c h  a r e  low c o m p a r e d  
w i th  the  t o t a l  ionic  c o n t e n t  of So lu t ion  2 w o u l d  be  
e x p e c t e d  to cause  t he  l ea s t  e r r o r  even  if A s s u m p t i o n  
3, w h i c h  is not  r e a d i l y  t e s t ed  b y  an  i n d e p e n d e n t  
me thod ,  shou ld  not  be  s t r i c t l y  fulf i l led.  

A s s u m p t i o n  4, t ha t  p o l a r i z a t i o n  at  the  m e m b r a n e -  
so lu t ion  i n t e r f aces  does  no t  ar ise ,  can  be  t r ue  on ly  
w i th  in f in i t e ly  w e a k  cu r ren t s ,  qu i t e  as in the  case 
of me ta l l i c  e lec t rodes .  

W h i l e  p o l a r i z a t i o n  at  m e t a l l i c  e l ec t rodes  has  been  
t r e a t e d  w i d e l y  in the  l i t e r a t u r e ,  m e m b r a n e  p o l a r i z a -  
t ion has  no t  been  s t ud i e d  ex t ens ive ly .  P o l a r i z a t i o n  at  
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meta l l ic  electrodes is thus  a usefu l  s t a r t i ng  point  in  
discuss ing m e m b r a n e  polar izat ion.  

Elect rode po la r i za t ion  is best  k n o w n  for n o m i n a l l y  
r eve r s ib l e  electrodes in  contact  wi th  s ingle  e lec t ro-  
ly te  solut ions such as C u S O J C u .  O r d i n a r i l y  one 
d i s t inguishes  (a) chemical polarization due to a 
slow step or steps invo lved  in  the d ischarge  of the  
ions, such as the i r  dehydra t ion ,  and  the  deposi t ion of 
the  d ischarged m a t e r i a l  in  a s table  fo rm at the ca th -  
ode, or to the  inve r se  processes in  the  anodic  d isso lu-  
t ion  of a me ta l  e lectrode;  and  (b)  concentration po- 
larization which  is due to the s lowness  of the  diffu-  
sion of ions in the solut ion.  There  is a decrease of 
the  concen t r a t i on  in  the solut ion in  the  imme d i a t e  
ne ighborhood  of the  cathode where  ions are be ing  
discharged,  and  an  increase  n e a r  the  anode f rom 
which  me ta l  dissolves and  goes in to  so lu t ion  in  the  
fo rm of ions. In  a t h i n  l ayer  of so lu t ion  the re  is a l -  
ways  a concen t ra t ion  g r ad i en t  f rom tha t  of the b u l k  
of the  solut ion to the  smal le r  or l a rger  (for cathode 
and  anode,  respec t ive ly)  va lue  at  the electrode;  
diffusion into or f rom the  b u l k  so lu t ion  tends  to r e -  
duce these  concen t ra t ion  differences nea r  the  elec-  
trodes. The l aye r  in  which  this occurs is c o m m o n l y  
re fe r red  to as the diffusion layer. The th ickness  of 
this  l ayer  can be reduced  by  s t i r r ing,  bu t  it canno t  be 
e l im ina t ed  ent i re ly .  Wi th  solut ions at room t e m p e r a -  
tu re  tha t  are s t i r red  tho rough ly  by  o r d i n a r y  m e -  
chanica l  devices a diffusion layer  wi th  an  a p p a r e n t  
th ickness  of 20 to 30 ~ remains .  

Before the  ions can reach the  cathode they  m u s t  
t r ave r se  the  diffusion l ayer  f rom the  b u l k  solut ion;  
the ra te  at which  ions reach the  cathode is p ropor -  
t iona l  to the i r  concen t ra t ion  in  the solut ion.  Concen-  
t r a t i on  po la r iza t ion  at a g iven  c u r r e n t  dens i ty  can 
be reduced  by  the  use of solut ions  of h igher  concen-  
t r a t ions  and  by  s t i r r ing ,  or by  ra i s ing  the  t e m p e r a -  
ture,  bu t  it cannot  be e l imina t ed  en t i re ly .  Concen-  
t r a t i on  po la r iza t ion  is less at lower  c u r r e n t  densit ies.  

At  the phase  bounda r i e s  b e t w e e n  two e lect rolyt ic  
conductors ,  such as an  e lect rolyt ic  so lu t ion  and  an  
ionic m e m b r a n e ,  chemical polarization which  i n -  
volves  the  discharge of ions obvious ly  does not  oc- 
cur  except  u n d e r  the  most  ex t r eme  condi t ions  (11).  

Concentration polarization, however ,  does occur 
w h e n  a c u r r e n t  passes across the  phase  b o u n d a r y  
b e t w e e n  two ionic conductors  if the  rat ios of the  
t r ans f e r ence  n u m b e r s  of cat ions and  an ions  in  the  
two phases  are  not  the  same, as po in ted  out  first by  
Nerns t  and  Riesenfe ld  (12) for the  s imple  case of e 
u n i - u n i v a l e n t  e lec t ro ly te  d i s t r ibu ted  b e t w e e n  two 
l iqu id  phases. Such po la r iza t ion  consists  of an  i n -  

crease in  concen t r a t i on  of e lec t ro ly te  at  the  one side 
of the  phase b o u n d a r y  and  a cor responding  decrease  
at  the  other.  The rat ios  of the t r ans f e r ence  n u m b e r s ,  
t+[1] / t  -[1] and  t+[2] / t - [2] ,  are  obv ious ly  no t  the  

same if Phase  1 is an  e lect rolyt ic  so lu t ion  and  Phase  
2 an  ionic m e m b r a n e  equ i l ib ra t ed  w i th  it  (12-14) .  

Wi th  pe rmse lec t ive  m e m b r a n e s  the  s i tua t ion  is 
m u c h  simpler .  In  such m e m b r a n e s  of p rac t i ca l ly  
ideal  ionic se lec t iv i ty  e i ther  the  cat ions  or the  an ions  
have  a t r a n s f e r e n c e  n u m b e r  of zero. O n l y  the  
coun te r  ions of the  fixed wa l l  charges,  the  cr i t ical  
ions of the  ad jacen t  solut ion,  move  into the  me r e -  
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b r a ne  phase  or are  re leased by  it . '  Thus,  wi th  p e r m -  
select ive m e m b r a n e s  the  concen t ra t ion  po la r iza t ion  
in a so lu t ion  con ta in ing  a s ingle  e lec t ro ly te  is q u a n -  
t i t a t ive ly  the  same as if the  m e m b r a n e  were  a r e -  
vers ib le  e lect rode on which  the  ion u n d e r  cons ide ra -  
t ion  is deposited,  or f rom which  it is re leased by  dis-  
solution.  

The  cells inves t iga ted  in  this  paper ,  such as Cell  2, 
con ta in  two species of cr i t ical  ions of the  same 
charge in  So lu t ion  1, thus  be ing  analogous  to elec-  
t rolyt ic  cells in  which  an  a l loy is deposi ted f rom a 
mixed  solut ion.  In  the two solut ions of such cells 
concen t ra t ion  po la r iza t ion  wi l l  arise wi th  respect  to 
all  ions according  to the i r  respect ive  t r a n spo r t  n u m -  
bers  in the  solut ions  and  the  m e m b r a n e .  Therefore ,  
the degrees of concen t r a t i on  po la r iza t ion  of two ions 
of the same charge will ,  in  genera l ,  be different .  In  
o ther  words,  the  ra t io  of the  concen t r a t i on  of the  
two cri t ical  species of ions in  the  solut ion layers  im-  
med ia t e ly  ad jacen t  to the m e m b r a n e s  wi l l  be differ-  
ent  f rom tha t  in  the b u l k  solut ion.  In  cells such as 
Cell 2, this  effect would  be d i s t u rb ing  p a r t i c u l a r l y  at 
the  phase  b o u n d a r y  b e t w e e n  Solu t ion  1 and  the  
m e m b r a n e ,  where  the cr i t ica l  ions move  f rom the  
solut ion into the  m e m b r a n e ,  t he r e by  chang ing  p ro -  
f ound l y  the  most  i m p o r t a n t  p a r a m e t e r  of the cell. If 
concen t r a t i on  po la r iza t ion  did not  change  the rat io 
of the concen t ra t ions  of the  two p e r m e a b l e  ions bu t  
on ly  the i r  absolu te  concent ra t ions ,  concen t ra t ion  po-  
la r iza t ion  wou ld  be of l i t t le  consequence  in the p res -  
ent  s i tuat ion.  

Assume,  for ins tance ,  tha t  the A § ions in Cell  2 
r ep resen t  po tass ium ions and  B +, l i t h i um ions. The 
fo rmer  have  in  free so lu t ion  about  twice the  diffu-  
sion veloci ty  and  ionic mob i l i t y  of the la t ter .  In  or-  
d i n a r y  permse lec t ive  m e m b r a n e s  the rat ios (~b~247 
~~ ...... or (r~176247 are in  most  ins tances  
about  six (1) .  A l though  the K § ions reach the  i n t e r -  
face about  twice as fast  as the  Li + ions, they  are r e -  
moved  by  the c u r r e n t  into the m e m b r a n e  abou t  six 
t imes  as fast  as the  Li + ions; thus  a r e l a t i ve ly  
s t ronger  dep le t ion  of the K + ions t h a n  of the  Li + ions 
would  arise in  Solu t ion  1 at the  m e m b r a n e - s o l u t i o n  
interface.  

The concen t r a t i on  po la r i za t ion  which  we have  
considered so fa r  is the  po la r i za t ion  which  arises in  
the solutions.  On the m e m b r a n e  side of the  i n t e r -  
face, concen t r a t i on  po la r iza t ion  in  the  classical sense, 
a decrease or increase  in  tota l  concen t ra t ion  of e lec-  
t rolyte ,  c anno t  occur w i th  m e m b r a n e s  of e x t r eme  
ionic se lec t iv i ty  in  which  all  mova b l e  ions are of the  
same charge.  However ,  ano the r  type  of concen t r a -  
t ion po la r iza t ion  m a y  conce ivab ly  arise. In  our  d is -  
cussion up  to now the  a s sumpt ion  was  made  (As-  
sumpt ion  2) t ha t  e q u i l i b r i u m  wi th  respect  to the  
d i s t r i bu t ion  of ions is a lways  m a i n t a i n e d  b e t w e e n  
the surfaces of the  m e m b r a n e  and  the  l ayers  of 
solut ion i m m e d i a t e l y  ad j acen t  to it. The  ques t ion  
arises w h e t h e r  or no t  the  a s sumed  ion exchange  
e q u i l i b r i u m  on the  sur face  of the  m e m b r a n e  is m a i n -  
t a ined  w h e n  two compet ing  species of ions of the  

e Th is  is no t  t r u e  i f  the  d e g r e e  of  p o l a r i z a t i o n  is ex t r eme ,  and  t he  
c o n c e n t r a t i o n  of the  e l e c t ro ly t e  in  t he  d i f fus ion  l a y e r  i m m e d i a t e l y  
a d j a c e n t  to t he  m e m b r a n e  becom es  so l ow  t h a t  t he  ions  of the  
wa te r ,  H+ or OH-  ions,  c o n t r i b u t e  s i gn i f i can t l y  to  t he  t r a n s p o r t a -  
t i on  of e l ec t r i c i ty  across  t h e  m e m b r a n e  (14). C o n d i t i o n s  u n d e r  
w h i c h  th i s  effect  a r i ses  are  n o t  cons ide red  i n  t h i s  paper .  
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A s tudy  somewhat  s imi la r  to the  p resen t  has been  
pub l i shed  by  Bergsma  and  S t a v e r m a n  (15).  Using 
technica l  m e m b r a n e s  of fa i r ly  h igh wa te r  content ,  
t hey  found  ra the r  unsa t i s f ac to ry  a g r e e m e n t  b e t w e e n  
theory  and  expe r imen t .  Gregor  a nd  Wets tone  (16) 
and  Bi lberg  and  B r u n  (17) have  br ief ly  touched the  
same subject .  F r o m  a more  prac t ica l  po in t  of v iew 
some phases  of the p r ob l e m of the  s imul t aneous  
e l ec t romigra t ion  of ions across m e m b r a n e s  were  
t a ke n  up by  Di Benede t to  and  Light foot  (18) and  by  
P a r t r i dge  and  Peers  (19) .  

Design of the Experiments 
The expe r imen t s  were  des igned not  on ly  to ful~ 

fill adequa t e ly  the r e q u i r e m e n t s  of the  assumpt ions  
ou t l ined  above, bu t  also to pe rmi t  ease and  accuracy 
of analysis .  Pa i r s  of ions were  chosen which do not  
i n t e r f e re  ana ly t i ca l ly  wi th  each other.  Fu r the r ,  to 
faci l i ta te  accura te  m e a s u r e m e n t  of concen t ra t ion  
changes  in the so lu t ion  into which  the ions were  
t ranspor ted ,  Solu t ion  2, the  in i t i a l  concen t ra t ions  in 
tha t  so lut ion of the  ions u n d e r  s tudy  were  made  low. 
Var ious  possible types  of cells sat isfy  these condi -  
t ions. We chose cells which  fulfil l  the  condi t ion  de-  
scr ibed by  the D o n n a n  m e m b r a n e  e q u i l i b r i u m :  

aA+[ 11 aA+[2l 
- -  - - -  [ 7 ]  a~+[ll aB+[ 21 

In  cells wi th  on ly  s t rong u n i - u n i v a l e n t  inorganic  
electrolytes ,  it is adequa te  and  more  conven ien t  to 
opera te  wi th  no rma l i t i e s  ins tead  of activities,  the  
rat ios of which  are for pract ica l  purposes  ident ica l  
wi th  those of the cor responding  activit ies,  for ex-  
ample :  

Solu t ion  1 So lu t ion  2 

<--O--> 

0.1N A+X - 0.001N A+X - 
Anode  Cathode O.1N B+X - O.O01N B§ - 

[Cell 3] 

Before the passage of current, such cells are in 
equilibrium with respect to the distribution of the 
critical ions. No spontaneous net exchange of ions be- 
tween the two solutions can occur until the flow of 
current has shifted the ratios of their concentrations 
away from the Donnan distribution. 

Although Cell 3 is in equilibrium with respect to 
the distribution of the ions, it is not in equilibrium 
with respect to the solvent; there is an osmotic flow 
of water from Solution 2 into Solution 1. Such an 
osmotic flow would decrease by the same absolute 
value the speed of electromigration of the two crit- 
ical ions across the membrane, and thus would in- 
crease the experimental flux ratios above the cal- 
culated ones. The influence of osmosis would be 
most noticeable in long duration, low current density 
experiments. The osmotic and the electro-osmotic 
effects in Cell 3 operate in opposite directions and 
thus tend to cancel. 

The following considerations were applied in the 
detailed planning of the experiments. In order that 
the concentrations of the ions under study in So- 
lution 1 and therefore also the ratio of their con- 
centrations remain practically unchanged, the vol- 
ume of this solution should be large and its concen- 

same charge are forced by  the  electric field into the  
surface of the  m e m b r a n e .  There  migh t  be some proc-  
esses associated wi th  the  t r ans i t i on  of the ions f rom 
the so lu t ion  into the m e m b r a n e ,  such as pa r t i a l  de-  
hydra t ion ,  which  are slow and  occur at different  
speeds wi th  the  two species of cr i t ical  ions u n d e r  
considera t ion.  No i n f o r m a t i o n  fu l ly  p e r t i n e n t  to this  
po in t  seems to be avai lable .  It  mus t  be assumed  tha t  
this type  of polar iza t ion,  if it should exist,  would,  
l ike all  o ther  po la r iza t ion  effects, be more  p ro -  
nounced  the  h igher  the c u r r e n t  densi ty .  

A s s u m p t i o n  5 states tha t  there  is no e lec t ro-  
phoret ic  coupl ing  of the m o v e m e n t  of the A + and  the  
B + ions in the  m e m b r a n e .  Such a coupl ing  m a y  be 
v isual ized  as be ing  due to an  e lec t ro-osmot ic  m o v e -  
m e n t  of l iqu id  in  the pores which  is caused by  the  
f r ic t ion b e t w e e n  the e l ec t romigra t ing  ions and  the  
solvent .  Wi th  the  two species of ions e l ec t romig ra t -  
ing in the same s t r eam of l iquid,  the e lec t rophore t ic  
effect would  a lways  t end  to equal ize  the  exper i -  
m e n t a l l y  observab le  fluxes, thus  b r i n g i n g  the  flux 
ratios, (r162 ...... n e a r e r  to u n i t y  t h a n  those p re -  
dicted on the basis of the  b i - ion ic  potent ia l s  or f rom 
exchange  studies.  

A s s u m p t i o n  6, tha t  there  is no s ignif icant  spon-  
taneous  ne t  exchange  of ions by  diffusion across the 
m e m b r a n e ,  can be real ized by  the use of m e m b r a n e s  
of high res is tance;  the ra te  of exchange  of ions across 
a m e m b r a n e ,  ceteris paribus, being  inve r se ly  p ropor -  
t ional  to its resis tance.  

Assumpt ion  7 s t ipula tes  tha t  m o v e m e n t  of wa te r  
caused by  an  i n e q u a l i t y  of the so lvent  act ivi t ies  at 
the two sides of the m e m b r a n e  is absen t  or neg l ig i -  
b ly  small .  The d i rec t ion  of this  m o v e m e n t  of wa te r  
would  depend  on the  composi t ion of the two solu-  
t ions or more  cor rec t ly  on the  concen t ra t ions  in the  
two layers  of solut ion i m m e d i a t e l y  ad jacen t  to the  
m e m b r a n e .  If po la r iza t ion  occurs, this would  resu l t  
in  a reduced  concen t r a t i on  of this l ayer  in  Solu t ion  
1 and  in  an increased  concen t r a t i on  on the  side of 
the more  d i lu te  Solu t ion  2. This effect would  t end  
to a l te r  the osmot ica l ly  act ive  concen t r a t i on  differ-  
ence across the  tes ted m e m b r a n e .  The use of fa i r ly  
dense m e m b r a n e s  of low wa te r  pe rmeab i l i ty ,  such as 
the permse lec t ive  collodion m a t r i x  m e m b r a n e s ,  
t ends  to min imize  the errors  due to osmotic so lvent  
m o v e m e n t  (8-10) .  

The condi t ions  pos tu la ted  by  the  var ious  a s s u m p -  
t ions discussed above,  except  the absence of e lec t ro-  
phoret ic  effects m a y  be real ized e x p e r i m e n t a l l y  to 
an  adequa te  extent ,  p r i m a r i l y  by  the use of low cu r -  
r en t  densi t ies  and  solut ions which  are not  too d i lu te  
in  cells wi th  dense, high res is tance  m e m b r a n e s .  The 
absence of e lec t rophore t ic  effects, however ,  canno t  
be achieved as a m a t t e r  of pr inciple ,  except  in the  
u n i q u e  and  t r i v i a l  ins tance  of equa l  mobi l i t ies  w i t h i n  
the m e m b r a n e  of the two compet ing  species of c r i t i -  
cal ions. The m u t u a l  in t e rac t ions  b e t w e e n  the  two 
types  of e l ec t romig ra t ing  cr i t ical  ions, the  charged  
pore walls ,  and  the so lvent  are i n h e r e n t  in  the  elec- 
t r omig ra t i on  exper imen t s ,  i n d e p e n d e n t  of the  cu r -  
r en t  densi ty .  On ly  the expe r imen t s  can show 
whe the r  the s imple  theore t ica l  approach which  has 
led to Eq. [5] and  [6] is just i f ied by  the  facts. 
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t r a t i o n  h igh  c o m p a r e d  w i t h  t h a t  of S o l u t i o n  2. The  
v o l u m e  of So lu t ion  2 shou ld  be  smal l ,  so t ha t  a g iven  
s m a l l  a m o u n t  of e l e c t r i c i t y  passed  t h r o u g h  the  cel l  
w o u l d  b r i n g  abou t  changes  in c o n c e n t r a t i o n  w h i c h  
a r e  l a r g e  enough  to p e r m i t  a c c u r a t e  ana lyses .  To 
o b t a i n  a l a r g e  c o n c e n t r a t i o n  change  in  a shor t  t i m e  
w i t h  a g iven  c u r r e n t  dens i ty ,  i t  is d e s i r a b l e  to h a v e  
a h igh  r a t i o  of t he  m e m b r a n e  a r ea  to t he  v o l u m e  of 
So lu t ion  2. 

To fulf i l l  as  f a r  as poss ib le  A s s u m p t i o n s  1, 6, and  
7 l i s t ed  in t he  p r e c e d i n g  sect ion,  t he  m e m b r a n e s  
chosen  shou ld  be  of v i r t u a l l y  idea l  ionic  se lec t iv i ty ,  
of suff ic ient ly  h igh  r e s i s t ance  to p r e v e n t  s igni f icant  
s p o n t a n e o u s  e x c h a n g e  of ions b e t w e e n  the  two  so lu -  
t ions,  and  dense  enough  to p r e v e n t  a p p r e c i a b l e  os-  
mot ic  w a t e r  m o v e m e n t .  F u r t h e r ,  t h e  m e m b r a n e s  
should  h a v e  low ion e x c h a n g e  capac i t i e s  so t ha t  e x -  
c h a n g e  of ions b e t w e e n  t h e m  and  the  so lu t ions  c a n -  
not  affect  s ign i f i can t ly  the  r a t io  of t he  ionic concen -  
t r a t i o n  of  t he  solu t ions .  

P e r m s e l e c t i v e  m e m b r a n e s  e x c e p t  t hose  w i t h  v e r y  
low res i s t ances  have  s a t i s f a c t o r y  ionic  se l ec t iv i t i e s  in 
so lu t ions  up  to a b o u t  0.2N, t h e y  also h a v e  low ion 
e x c h a n g e  capac i t i e s  (8 -10 ) .  In  gene ra l ,  m e m b r a n e s  
of h i g h e r  r e s i s t ance  y i e l d  a l o w e r  r a t e  of osmot ic  
w a t e r  m o v e m e n t .  H o w e v e r ,  t he  r e s i s t ance  m u s t  no t  
be so h igh  as to m a k e  the  e x c h a n g e  s tud ies  for  t he  
d e t e r m i n a t i o n s  of t he  (~b~ ...... r a t ios  too t e -  
dious,  or  to cause  a s igni f icant  a m o u n t  of hea t  to 
be  g e n e r a t e d  b y  the  flow of the  m a x i m u m  c u r r e n t  
used.  A l t h o u g h  t h e  c o n c e n t r a t i o n s  of b o t h  spec ies  of 
c r i t i ca l  ions in So lu t i on  1 shou ld  be high,  t he  t o t a l  
c o n c e n t r a t i o n  of So lu t ion  1 can be  r a i s e d  sa fe ly  on ly  
to a c e r t a i n  e x t e n t  ( w h i c h  d e p e n d s  on the  m e m -  
b r a n e )  because  the  ionic se lec t iv i t i e s  of the  m e m -  
b r a n e s  a r e  l o w e r  at  h i g h e r  concen t r a t i ons  (8 -10 ) .  

Also,  t he  c u r r e n t  dens i t i e s  used  shou ld  be  low to 
m i n i m i z e  po la r i za t ion .  H o w e v e r ,  a c e r t a i n  t o t a l  
q u a n t i t y  of e l e c t r i c i t y  m u s t  flow t h r o u g h  the  cel l  
be fo re  a n a l y t i c a l  d a t a  of sufficient  a c c u r a c y  can  be  
ob ta ined .  L o w  c u r r e n t  dens i t i e s  t h e r e f o r e  neces s i t a t e  

long e x p e r i m e n t a l  per iods .  U n d e r  these  cond i t ions  
the  d a n g e r  of a s igni f icant  spon t aneous  e x c h a n g e  of 
ions is inc reased ,  due  not  on ly  to the  t i m e  f ac to r  b u t  
also to the  less p r o n o u n c e d  u n i d i r e c t i o n a l  f lux of ions 
in the  m e m b r a n e .  The  r a n g e  of c u r r e n t  dens i t i e s  
used  m u s t  r e p r e s e n t  a c o m p r o m i s e  b e t w e e n  these  
an t agon i s t i c  r e q u i r e m e n t s .  

W h e n  a c u r r e n t  is pas sed  t h r o u g h  Cel l  3, t he  
p r o d u c t s  of e l ec t ro ly s i s  d e v e l o p e d  at  m e t a l l i c  e l ec -  
t rodes ,  p a r t i c u l a r l y  H + a n d  OH- ions, w o u l d  s e r i ous ly  
affect the  e s sen t i a l  m e m b r a n e  processes .  I n  cel ls  
w i t h  ca t ion  se lec t ive  m e m b r a n e s  and  so lu t ions  of 
the  ha l ides ,  the  use  of s i l v e r - s i l v e r  h a l i d e  e l ec t rodes  
w o u l d  c o n s i d e r a b l y  a m e l i o r a t e  th is  s i tua t ion ;  h o w -  
ever ,  d i s t u r b i n g  e l ec t rode  processes  w o u l d  s t i l l  occur  
w i t h  the  c u r r e n t  dens i t i e s  used  in m a n y  of our  e x -  
pe r ime n t s .  The  diff icul t ies  due  to e l ec t rode  processes  
can be  e l i m i n a t e d  b y  us ing  g u a r d  m e m b r a n e s  of e x -  
t r e m e  ionic s e l e c t i v i t y  w h i c h  s e p a r a t e  t he  e l ec t rodes  
f rom So lu t ions  1 and  2 (15, 20) .  I f  the  t e s t ed  m e m -  
b r a n e  is ca t ion  p e r m e a b l e  t he  g u a r d  m e m b r a n e s  
m u s t  be  an ion  p e r m e a b l e ,  and  vice versa, as shown  
in Cel ls  4a and  4b. 

I t  is e v i d e n t  w h i c h  ions a r e  t r a n s p o r t e d  b y  the  
c u r r e n t  to and  f rom the  d i f fe ren t  c o m p a r t m e n t s  of 
Ce l l  4, h o w  c o n t a m i n a t i o n  of So lu t ions  1 and  2 f r o m  
the  a d j a c e n t  e l ec t rode  c o m p a r t m e n t s  is suppressed ,  
and  how e l e c t r o n e u t r a l i t y  is m a i n t a i n e d  in each  
c o m p a r t m e n t .  

Apparatus and Procedure 
The  e x p e r i m e n t a l  cell ,  shown s c h e m a t i c a l l y  in 

Fig.  la ,  cons i s ted  of fou r  Luc i t e  sect ions  c l a m p e d  t o -  
g e t h e r  b y  m e a n s  of fou r  bol ts .  The  c o m p a r t m e n t s  so 
fo rmed ,  A, B, C, and  D, w e r e  s e p a r a t e d  f r o m  each  
o the r  b y  the  t e s t ed  m e m b r a n e  and  two  g u a r d  m e m -  
b ranes ,  m o u n t e d  flat  b e t w e e n  P a r a f i l m  gaske t s .  The  
e xpose d  a r e a  of each  m e m b r a n e  was  23.7 c m  ~. 

The  two  end  sec t ions  f o r m i n g  the  e l ec t rode  c o m -  
p a r t m e n t s  A and  D each  h a d  an a i r  hole  at  t he  top  
a n d  a t u b e  a t  t he  b o t t o m  for  i n t r o d u c i n g  or  d r a i n i n g  
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Fig. 1. Cell for the study of the electromigrat ion of ions 
across membranes (schematic). (a) Cross section through the 
cell; (b) plastic section forming compartment B or C. 

solutions,  and  con ta ined  an  electrode,  a s i lver  disk 
on which  s i lver  chlor ide  had  been  deposi ted by  elec-  
t rolysis  f rom a chlor ide solut ion.  

The two sections fo rming  c o m p a r t m e n t s  B and  C 
on e i ther  side of the tes ted m e m b r a n e  were  m a -  
chined as shown in  Fig. lb .  Each had a hole  at  the  
top and  was p rov ided  wi th  a closed loop of po ly -  
v iny l  chlor ide (Tygon)  tub ing .  These loops passed 
th rough  a per i s ta l t ic  p u m p  which  c i rcu la ted  the  so- 
lu t ions  at a ra te  of about  100 m l / m i n .  This  s t i r r ing  
was v igorous  enough  tha t  f u r t h e r  increases  in  the  
ra te  of c i rcu la t ion  made  no signif icant  difference in  
the e x p e r i m e n t a l  resul ts .  The  vo lume  of so lu t ion  
r equ i r ed  for fi l l ing comple te ly  e i ther  c o m p a r t m e n t  
B or C i nc lud ing  the loop of t u b i n g  was about  20 ml  
which,  w h e n  necessary,  was  increased  to about  200 
ml  by  p lac ing  a reservoi r  in  the  p u m p i n g  circuit .  

The m e m b r a n e s  were  cut  f rom the  cy l indr ica l  
par ts  of test  t u b e - s h a p e d  permse lec t ive  collodion 
m a t r i x  m e m b r a n e s ,  the  p r epa ra t i on  and  proper t ies  
of which  have  been  descr ibed in  detai l  (8-10) .  The 
cat ion select ive m e m b r a n e s  con ta ined  acidic po ly -  
e lect rolytes  as ac t iva t ing  agents,  po lyacry l ic  acid 
(PAA)  in  the  case of w e a k  acid m e m b r a n e s  and  
po lys ty rene  sulfonic acid (PSSA)  in the  case of 
s t rong acid m e m b r a n e s  (8) .  The an ion  select ive 
m e m b r a n e s  were  made  wi th  basic polyelect rolytes ,  
p o l y - 2 - v i n y l - N - m e t h y l - p y r i d i n i u m  ha l ide  (PVMP)  
or p r o t a m i n e  chlor ide (9, 10). 

The  tes ted m e m b r a n e s  had  u n i t  area res is tances  in 
0.1N KC1, p~, f rom 125 to 300 o h m - c m  ~, the  guard  
m e m b r a n e s  f rom 250 to 900 o h m - c m  ~. M e m b r a n e s  in 
these ranges  of res is tance  are k n o w n  to be of high 
ionic se lec t iv i ty  as d e t e r m i n e d  f rom the  m e a s u r e -  
m e n t  of concen t r a t i on  po ten t ia l s  or f rom leak 
studies, the i r  pe rmeab i l i t i e s  to the cr i t ical  ions at 
0.1N be ing  abou t  400 to 2000 t imes  tha t  of the  n o n -  
cr i t ical  ions (8-10) .  They  have  ion exchange  ca-  
pacit ies of 0.4 to 2.0 /xeq/cm ~, wa te r  conten ts  of 6- 
13%, and  a re  abou t  30/x thick. 

For  m e a s u r e m e n t  of the bi-ionic potentials, Eb,,,, 
the c o m p a r t m e n t s  B and  C on opposite sides of the 
tes ted m e m b r a n e  were  filled wi th  0.1N e lec t ro ly te  
solutions,  each con ta in ing  one of the  cr i t ical  ions to 
be  s tudied;  the electrode c o m p a r t m e n t s  were  lef t  
empty .  The solutions,  which  were  s t i r red  c on t i n -  
uously,  were  r enewed  r epea t ed ly  over a per iod  of 
several  hours  to es tabl ish  a s t a t i ona ry  s tate  across 
the m e m b r a n e  (4).  I m m e d i a t e l y  af ter  r e n e w i n g  both  
solut ions  again,  the po ten t i a l  was m e a s u r e d  us ing 

s a tu ra t ed  calomel  ha l f -ce l l s  w i th  sa tu ra ted  KC1- 
agar  bridges,  a nd  the t e m p e r a t u r e  recorded.  This  
was  repea ted  un t i l  successive read ings  agreed w i t h i n  
-- 2%. These po ten t ia l s  were  no t  corrected for the  
a s y m m e t r y  of the two l i q u i d - j u n c t i o n  poten t ia l s  at  
the  tips of the  bridges.  The flux ratio,  (~~162176 
was ob ta ined  us ing  Eq. [1] and  [2].  

For  the d e t e r m i n a t i o n  of the  rat ios  of the rates of 
exchange, a rese rvo i r  was placed in  the p u m p i n g  
c i rcui t  of one of the  c o m p a r t m e n t s  ad jacen t  to the  
tested m e m b r a n e ,  B or C, and  filled wi th  Solu t ion  1, 
a 0.2N solut ion con t a in ing  equa l  concen t ra t ions  of 
the two cri t ical  ions u n d e r  study.  The other  compar t -  
ment ,  w i thou t  reservoir ,  was filled wi th  Solu t ion  2, 
0.2N NH~C1 if the tes ted m e m b r a n e  was  cat ion p e r -  
meab le  or 0.2N KNO3 if it  was an ion  permeable .  Both 
solutions were circulated for stirring. A stationary 
state across the membrane was obtained, as de- 
scribed above, before starting the experiment proper 
with fresh solutions. The duration of the exchange 
experiments was chosen so that the concentrations 
of the critical ions in Solution 2 became sufficient 
for accurate analysis. The ratio of their concentra- 
tions gives the ratio of the exchange fluxes, 
(~b~176 These experimental runs were re- 
peated until two or more runs agreed within 5-10%. 

To measure the electrical fluxes, the electrode 
compartments A and D were filled with about 50 ml 
of 0.2N MgCl~ if the tested membrane was cation 
permeable, or 0.2N KC1 if the tested membrane was 
anion permeable. One of the compartments adjacent 
to the tested membrane, B or C, was provided with 
a reservoir and filled with the more concentrated so- 
lution, Solution 1 [Cell 4]. The compartment on the 
other side of the tested membrane, without reser- 
voir, was filled with the more dilute solution, Solu- 
tion 2. Both solutinns were circulated for stirring. The 
m e m b r a n e  was equ i l i b ra t ed  wi th  the  solut ions as de -  
scr ibed above. Before an  e x p e r i m e n t a l  run ,  both  solu-  
t ions were  changed,  the  more  d i lu te  solut ion th ree  
t imes.  F ina l ly ,  a m e a s u r e d  v o l u m e  of the  d i lu te  so lu-  
t ion  was placed in  the  c o m p a r t m e n t  of Solu t ion  2 and  
the  flow of a d i rect  c u r r e n t  of the chosen in tens i ty ,  
0.042-4.2 m a / c m  ', s tar ted.  The d u r a t i o n  of the  ex -  
pe r iments ,  3-480 rain, was  ad jus ted  so tha t  the  con-  
cen t ra t ions  of the  cr i t ical  ions in the  d i lu te  so lu t ion  
increased  sufficiently for accura te  d e t e r m i n a t i o n  of 
the concen t ra t ion  changes.  The cu r r en t s  passed were  
1-100 ma;  the tota l  q u a n t i t y  of e lec t r ic i ty  in the  i n -  
d iv idua l  runs  was  0.2-0.6 x 10 -3 faraday.  The ex -  
p e r i m e n t a l  r uns  at a ny  g iven  c u r r e n t  dens i ty  we re  
repeated,  u sua l ly  two or th ree  t imes  wi th  abou t  
100% va r i a t ion  in the i r  dura t ion .  The electr ical  flux 
ratios,  (~.~§162 ....... for each e x p e r i m e n t a l  r u n  were  
ob ta ined  f rom the rat ios  of the  increases  in concen-  
t r a t i on  of the two cr i t ical  ions. These rat ios were  
o r d i n a r i l y  r ep roduc ib le  w i t h i n  15 %. 

As a rou t ine  check for sa t i s fac tory  pe r fo rmance  
of the  cell, the  n u m b e r  of e qu i va l e n t s  of cr i t ical  ions 
t r a n spo r t e d  was  compared  wi th  the  n u m b e r  of f a r a -  
days  of e lec t r ic i ty  passed, as d e t e r m i n e d  by  an  io-  
d ine  coulometer  or as ca lcu la ted  f rom the m a g n i t u d e  
and  du ra t i on  of the  cur ren t .  I t  also should be m e n -  
t ioned  tha t  the  m e m b r a n e s  did no t  change  signifi-  
c an t ly  d u r i n g  a series of exper imen t s ,  as ind ica ted  
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by the  cons tancy  of the  exchange  flux rat ios a nd  of 
the  b i - ion ic  potent ia ls .  The sequence  in which  the  
expe r imen t s  were  car r ied  out did no t  inf luence  the  
resul ts .  

In  n u m e r o u s  ins tances  the posi t ions of the so lu-  
t ions and  the  d i rec t ion  of the c u r r e n t  were  r eve r sed  
w i th  respect  to the tes ted m e m b r a n e ;  wi th  the  elec- 
t rolytes  used in  the  expe r imen t s  r epor ted  be low in  
detai l ,  no s ignif icant  effect was found.  

The ana ly t i ca l  d e t e r m i n a t i o n s  of an ions  were  ca r -  
r ied out  by  s t a n d a r d  mic romethods  (21) ,  o r d i n a r i l y  
wi th  an  es t imated  er ror  of ___1%. The cat ions were  
d e t e r m i n e d  by  means  of a flame spec t rophotometer ,  
the  e r ror  in  ana lys i s  be ing  in  most  cases less t h a n  
-- 3 %, neve r  more  t h a n  • 5 %. 

Before p r e sen t i ng  the resul t s  of the expe r i me n t s  
which  were  car r ied  out  by  the  methods  jus t  ou t -  
l ined,  several  p r e l i m i n a r y  tests are  descr ibed which  
were  made  to explore  to wha t  ex t en t  ce r ta in  of the 
condi t ions  a s sumed  in the  theore t ica l  d e v e l o p m e n t  
a re  fulf i l led in  our  e x p e r i m e n t a l  cells. 

D u r i n g  the  course of the e l ec t romigra t ion  ex-  
p e r i m e n t s  the  ra t io  of the A + and  B + ions in  So lu t ion  
2 is changed  f rom the  D o n n a n  e q u i l i b r i u m  d i s t r i b u -  
t ion  shown in  Cell  4, and  spon taneous  back  exchange  
of ions tends  to occur, con t r a ry  to our  assumpt ion .  

Back exchange  is "not r ead i ly  m e a s u r e d  in  the  
p resence  of the electr ic  field appl ied  in  the  e lec t ro-  
m ig ra t i on  exper iments .  We there fore  have  tes ted 
w h e t h e r  such an  exchange  of ions migh t  occur in  
the  absence  of an  impressed  electr ic  field. The m e m -  
b ranes  were  of the  same types  employed  in  the  elec-  
t r o m i g r a t i o n  exper iments ,  wi th  p* of 175-275 o h m -  
cm ~. Solu t ions  s imi la r  to the final solut ions  ob ta ined  
in  the  e l ec t romigra t ion  studies  were  p laced  in  the  
c o m p a r t m e n t  of Solu t ion  2 and  a l lowed to exchange  
aga ins t  Solu t ion  1 whi le  both  Solutions were  s t i r red.  
At  the end of the exchange  periods,  2-16 hr,  l i t t le  or 
no change  in the  concen t ra t ions  of the  ions was 
found.  There  wou ld  have  been  even  less back  ex-  
change  d u r i n g  the  e l ec t romigra t ion  runs :  first, w i th  
c u r r e n t  flowing, the  back  e x c h a n g i n g  ions wou ld  
have  had to move  agains t  an  electr ical  g rad ien t ;  
second, the  concen t r a t i on  difference which  wou ld  
cause back exchange  is in i t i a l ly  zero and  wou l d  be 
bu i l t  up on ly  in  course of t ime.  Thus  it  is ce r ta in  
tha t  back exchange  was q u a n t i t a t i v e l y  u n i m p o r t a n t  
d u r i n g  the e l ec t romigra t ion  exper imen t s .  

To test  w h e t h e r  osmosis due to differences in  the 
act ivi t ies  of the  so lvent  at the  two sides of the  m e m -  
b r a n e  occurs, the  ra te  of osmotic wa t e r  m o v e m e n t  
was  measured ,  as descr ibed p rev ious ly  (8-10) ,  wi th  
1.0N KC1 aga ins t  water .  The same m e m b r a n e s  were  
used as in  the back  exchange  exper imen t s .  The  ra tes  
of osmotic wa t e r  m o v e m e n t  were  2 to 6 m m ~ / h r - c m  ~. 
S ince  the ra te  of wa te r  m o v e m e n t  is p ropor t iona l  to 
the  difference in  osmolar  concent ra t ions ,  the grea tes t  
ra te  to be  expected  w i th  the solut ions  used in  our  
e l ec t romigra t ion  expe r imen t s  is a p p r o x i m a t e l y  one-  
four th  as much.  

The wa te r  t r an spo r t ed  per  e q u i v a l e n t  of ions 
moved  was  also d e t e r m i n e d  for the  same m e m b r a n e s .  
The  e x p e r i m e n t a l  a r r a n g e m e n t  was  s imi la r  to tha t  
for the  m e a s u r e m e n t  of osmosis, bu t  w i th  the  addi -  
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t ion of Ag/AgC1 screen electrodes on e i ther  side of 
the m e m b r a n e .  The q u a n t i t y  of wa te r  t r a n spo r t ed  
per  f a r a da y  depended  on the cr i t ical  ion and  the r e -  
s is tance of the m e m b r a n e .  It  was i n d e p e n d e n t  of the  
c u r r e n t  dens i ty  and  essen t ia l ly  i n d e p e n d e n t  of the  
concen t ra t ion ,  in  the r ange  of in te res t  here.  The 
va lues  w i th  acidic m e m b r a n e s  were  3-4 moles of 
w a t e r  per  e q u i v a l e n t  of K + and  6-8 pe r  e q u i v a l e n t  
of Li+; for the basic m e m b r a n e s ,  4-5 moles per  
e q u i v a l e n t  of C1- and  8-10 for Ac-. The lower  figures 
were  ob ta ined  wi th  the  h igher  res is tance  m e m -  
branes .  

The difference in  the  n u m b e r  of moles of wa t e r  
t r anspo r t ed  by  ions of the  same charge m a y  be t aken  
as an  ind ica t ion  tha t  an  e lect rophoret ic  coupl ing  of 
the m o v e m e n t  of such ions exists  w h e n  they  elec-  
t romig ra t e  s i m u l t a n e o u s l y  across a m e m b r a n e .  H o w -  
ever,  at  p r e sen t  it does no t  seem possible  to eva lua t e  
this effect quan t i t a t i ve ly .  

A n o t h e r  aspect of the  e lec t ro-osmot ic  t r a n s p o r t a -  
t ion  of w a t e r  of in te res t  here  is its cor re la t ion  to the  
osmotic w a t e r  move me n t ,  the  two be ing  opposed 
in  d i rec t ion  to each other  in  the e l ec t romigra t ion  
exper iments .  The  e lec t ro-osmot ic  effects are  p ro -  
po r t iona l  to the n u m b e r  of equ iva len t s  of ions 
t r anspor ted ,  i n d e p e n d e n t  of the  d u r a t i o n  of the ex-  
pe r imen t .  The osmotic effects, however ,  are  p ro -  
por t iona l  to the t ime  a nd  are thus  p ropo r t i ona t e ly  
less for the  shor ter  e xpe r i me n t s  at h igher  c u r r e n t  
densi t ies .  The da ta  ind ica te  tha t  the  osmotic and  
e lec t ro-osmot ic  effects were  of the same order  of 
m a g n i t u d e  at the  lowest  c u r r e n t  densi t ies  used in  
our  e l ec t romigra t ion  exper iments ,  0.042-0.127 
ma /cmf ;  at the  h ighes t  c u r r e n t  dens i ty  employed  
(4.2 r n a / c m  ~) the  e lec t ro-osmot ic  effect was  an  order  
of m a g n i t u d e  g rea te r  t h a n  the  osmotic effect. 

The effect of the  e lec t ro-osmot ic  and  osmotic 
m o v e m e n t  of wa te r  on the  vo lume  and  therefore  the  
concen t r a t i on  of So lu t ion  2 m u s t  also be considered.  
At  low c u r r e n t  densi t ies  the  two effects, be ing  of 
about  the same m a g n i t u d e  and  opposite in  direct ion,  
t end  to cancel  and  p roduce  l i t t le  change  in the  vo l -  
ume  of Solu t ion  2. At  h igh c u r r e n t  densi t ies  whe re  
e lec t ro-osmosis  p redomina tes ,  a m a x i m u m  of ap -  
p r o x i m a t e l y  6 mlV[ or abou t  0.1 ml  of w a t e r  is moved  
into So lu t ion  2 d u r i n g  a s ingle  run .  This  is on ly  
about  0.5% of the  in i t i a l  v o l u m e  of Solu t ion  2, so 
tha t  the  vo lume  change  which  resu l t s  f rom the  
w a t e r  m o v e m e n t  a nd  the  concomi t an t  effect on the  
concen t r a t i on  of ions in  So lu t ion  2 m a y  be neglected.  

Results and Discussion 
Figures  2-4 s u m m a r i z e  our  e x p e r i m e n t a l  resul ts .  

In  the  coord ina te  graphs  the  m e a n  va lues  of the  
rat ios of the e lect r ical  fluxes for each c u r r e n t  dens i ty  
s tudied  are p lo t ted  a nd  connec ted  by  s t ra igh t  l ines.  
The l eng th  of the  ve r t i ca l  l ine  at each p lo t ted  po in t  
indicates  the  average  dev ia t ion  of the  e lectr ical  
flux ra t io  f rom the m e a n  va lue  of rep l ica te  exper i -  
ments .  This  a l t e r n a t i v e  is used to give an  ind ica -  
t ion of the r ep roduc ib i l i t y  of the exper imen t s ,  s ince 
m a n y  more  data  wou ld  be necessa ry  to m a k e  pos-  
sible a m e a n i n g f u l  s ta t i s t ica l  analysis .  

To the  r igh t  of each coordina te  g raph  are two 
bar  graphs,  one showing  the  rat ios ca lcu la ted  f rom 
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the  b i - ion ic  potent ials ,  and the  other,  the  e x c h a n g e  
f lux ratios. These  graphs h a v e  the same vert ica l  
scale  as the  coordinate  graphs.  In the  bar graph of 
the  ratios der ived from the b i - ion ic  potent ials ,  the  
w i d t h  of the  shaded areas represents  the  e s t imated  
u n c e r t a i n t y  in these  ratios a s s u m i n g  the  m e a s u r e -  
m e n t  of the  b i - ion ic  potent ia l  to be accurate  w i t h i n  
--+ 2%. Because the ratio is a logarithmic function 
of the bi-ionic potential, the width of the shaded 
areas increases exponentially with the heights on 
these bar graphs. In the case of theexchange ratios, 
the width of the shaded areas represents the average 
deviation from the means of replicate experiments. 

Figures  2 and 3 s h o w  results  obta ined  w i t h  e x -  
c l u s i v e l y  anion p ermeab le  membranes ,  <--G-->: Fig. 
2 w i t h  a protamine  m e m b r a n e  and SCN- and Ac- 
as crit ical  ions; Fig. 3 w i t h  protamine  and p o l y - 2 -  
v i n y l - N - m e t h y l - p y r i d i n i u m  ( P V M P )  m e m b r a n e s  
C1- and Ac-  ions. F igure  4 g ives  the  results  w i th  e x -  
c l u s i v e l y  cation p ermeab le  membranes ,  ~--O--->, 
p o l y s t y r e n e  sul fonic  acid ( P S S A )  and po lyacry l i c  
acid ( P A A )  membranes ,  w i t h  K § and Li  § as crit ical  
ions. 

A comparison  of each pair of bar graphs shows  
that  the  f lux ratios ca lculated  from the  b i - ion ic  po-  
tent ia ls  and from the e x c h a n g e  m e a s u r e m e n t s  agree 
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reasonably well with each other, the exchange flux 
ratios being somewhat higher than the ratios cal- 
culated from the bi-ionic potential. The agreement 
between the two ratios is similar to that reported 
by Neihof and Sollner (I). 

The curves of the ratios of electrical fluxes versus 
current density in the coordinate graphs of Fig. 2-4 
show in the majority of the investigated cells a max- 
imum in the range of current densities of about 0.3- 
1.0 ma/cm ~. At higher current densities the ratios 
of the fluxes are lower, being lower the greater the 
current density. At current densities less than about 
0.3 ma/cm" there is in nearly every cell a significant, 
in several instances a very marked, drop in the elec- 
trical flux ratio. The slope may in many cases be 
steeper than indicated by the graphs, since the ex- 
perimental points at low current densities are not 
close enough together to define exactly the maxi- 
mum of the curves. 

This general shape of the curves is not to be an- 
ticipated on the basis of the theoretical treatment. 
The latter predicts only the observed lowering of 
the electrical flux ratios as the current density in- 
creases, primarily due to polarization and, second- 
arily, to an increasing preponderance of the electro- 
osmotic over the osmotic liquid movement. 

A comparison of the electrical flux ratios at the 
maxima of the curves with the ratios given by the 
corresponding bar graphs shows a fairly good quan- 
titative agreement with most of the cells. An ex- 
trapolation to zero current of the parts of the curves 
between about 0.5 ma/cm" and 4.0 ma/cm 2 would 
yield an intercept which would show an even better 
agreement with the bar graphs. This extrapolation, 
however, seems questionable in view of the drop 
of the curves at the lower current densities. 

The downward slope of the curves toward the 
side of the lower current densities is contrary to 
the theoretical expectation. Since this effect occurs 

quite regularly and is in magnitude far outside the 
limits of the experimental errors, it must be con- 
sidered as real. The experiments on spontaneous 
back exchange reported above preclude an explana- 
tion on this basis of the low flux ratios obtained at 
low current densities. In some instances a spontane- 
ous back exchange with no current passing was not 
detectable. The greatest back exchange with no 
current would correspond to less than one-third of 
the observed decrease in ratios. However, as men- 
tioned previously, any back exchange during the 
electromigration runs must have been less. Attempts 
based on the conventional electrochemistry of perm- 
selective membranes to explain the lower electrical 
flux ratios at the lowest current densities have not 
yet been successful. 

That the electrical flux ratios at the maxima of 
the curves, where polarization is still small, show 
satisfactory agreement with the theory, seems to 
indicate that the electrophoretic coupling of the 
electromigration across the membrane of two species 
of critical ions is not very marked--the available 
data are inadequate for any quantitative statement. 

Thus the outlined theory seems justified in prin- 
ciple as a first approximation, although it is not ade- 
quate to describe the phenomena over more than a 
very limited area of current densities. Proof is lack- 
ing that such agreement between theory and ex- 
perimental results would be found with membranes 
of higher porosity, in which each electromigrating 
ion transports a much greater number of water 
molecules (22) than in the rather dense membranes 
used in the present study. 

Any more comprehensive and rigorous approach 
to the problem of the ratios of the electromigration 
across permselective membranes of two or more 
species of critical ions coexisting in solution will be 
confronted not only with the complexity of the 
membrane processes themselves, but also with the 
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problem of polarization. Polarization, as indicated 
by our experimental results, is a most important 
factor, at all but rather low current densities. The 
general approach to the theory of irreversible proc- 
esses given by de Groot (23) and the more specific 
treatment of membrane processes along analogous 
lines by Staverman, Kirkwood, Schmid, SehlSgl, 
Spiegler and others yield a useful conceptual frame- 
work (24-28). However, the practical obstacles to 
the use of this approach with experimental cells are 
formidable. Disregarding polarization in the solutions 
and assuming no complications such as slow reac- 
tions at the membrane-solution interfaces, the situ- 
ation even with membranes of ideal ionic selectivity 
is highly complex. With three species of particles, 
A § B +, and H~O, which are movable with respect to 
the membrane, it would be necessary to determine 
six independent flux constants, which describe the 
interactions between these particles, in order to 
know their flux equations (28). However, a given 
set of constants applies only to a given ratio of 
A + and B § in the membrane and additional data, or 
permissible assumptions, are needed to describe any 
different  A+/B + ratio.  Moreover  al l  such cons tan ts  
apply  on ly  to the pa r t i cu l a r  m e m b r a n e  u n d e r  s tudy;  
d i f ferent  cons tants  pe r t a i n  to each di f ferent  m e m -  
brane .  

A n  approach along these  l ines  to the p rob l e m of 
the rat ios  of the e l ec t romigra t ion  across pe rmse lec -  
l ive  m e m b r a n e s  of co-ex is t ing  species of cr i t ical  ions 
is an  u n d e r t a k i n g  of a ma jo r  magn i tude .  This  
p rompts  us, for the t ime  being,  to stop fu r t he r  w o r k  
in  this  direct ion.  

Manuscript  received Aug. 13, 1959. This paper was 
prepared for delivery before the New York Meeting, 
April  27-May 1, 1958. 

Any discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1960 
JOURNAL. 
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ABSTRACT 

The relation between surface coverage and electrode potential during hydro- 
gen and oxygen evolution was studied with inert electrodes of very large sur- 
face area. Desorption of gas after interruption of current was followed with 
micro-volumetric techniques and overvoltage decay was measured simultane- 
ously. The steady-state overvoltage varied linearly with the total amount of 
hydrogen or oxygen evolved after interruption of current. The true surface 
area of the electrodes was determined by the BET method, and the capacity 
was obtained from charging curves. Average effective charges in the double 
layer per desorbed reacting particle were calculated from these data. 

A given (experimentally measurable) over-all  
Volta potential difference at an electrochemical in- 
terface may be established by an infinite number  
of different charge distributions in the electrode 
double layer. For the interpretation of transient 
electrode phenomena (experiments with voltage or 
current step functions, or a-c techniques) the time- 
dependence of the charge distribution along the co- 
ordinate vertical to the electrode surface, or of the 
double layer capacity, must be taken into account. 
Adsorption processes on electrodes are often rel- 
atively slow, and it is shown below that considerable 
time periods may be required to establish steady- 
state conditions. 

Build-up of overvoltage at constant current is 
generally linear with time over voltage regions ex- 
tending in some cases over several hundred milli- 
volts if the double layer capacity remains constant 
during the time period involved (1-6). This is the 
case if the build-up of the double layer charge is 
due to accumulation of the same (reacting) species 
in the same average state (constant distance from 
electrode interface, constant dipole for adsorption 
bond) throughout. Changes in the electrode ca- 
pacity during the charging period (nonlinear charg- 
ing curves) could result from a variation in specific 
capacity of a particular species with total Volta po- 
tential difference (adsorption state, particularly 
average distance from the electrode surface vary- 
ing with potential) or from adsorption of several 
different species with different specific capacities in 
such a way that the number of each species in the 
interface does not vary linearly with over-all Volta 
potential difference. 

The decay of overvoltage after interruption of 
current becomes, after an initial time period, gen- 
erally linear with the logarithm of time (I, 4, 6-ii). 
This again can generally be expected only in po- 
tential regions where the double layer capacity is 
constant. This is the case if the number of each 
species contributing to the charge of the double 
layer decreases linearly with electrode potential, 
and if the specific average capacity (adsorption 

state, distance from electrode surface) is independ- 

ent of the total Volta potential difference. 

Overvoltage in general decays more slowly than 
expected for an ionic double layer without strong 
adsorption. The reacting species, maintaining the 
overvoltage, must be strongly (specifically) ad- 
sorbed. Electrodes have the characteristic of main-  
taining a nonequilibrium concentration of reacting 
species at the interface over considerable time 
periods (12). The persistence of nonequilibrium 
electrode potentials is manifested convincingly by 
experiments with reversed pulse technique (6). 
Speculations about the actual configuration of the 
intermediates (protons, hydrogen molecule ions, 
atomic hydrogen, surface metal hydrides, molecular 
hydrogen, for H~ evolution; and oxygen ions, hy-  
droxyl ions, hydrogen peroxide ions, atomic oxygen, 
surface oxides, molecular oxygen, for O~ evolution) 
on the basis of current-vol tage relations only, are 
not conclusive in view of the fact that (mixtures of) 
these species might be present in the interface to- 
gether with foreign inert species, not taking part 
directly in the reaction. In this connection it is im- 
portant to point out that there is no such thing as 
a neutral particle (atom, molecule) in an electro- 
chemical interface. All the Surface bonds must have 
substantial ionic components. This becomes par- 
ticularly evident from the work function effects of 
adsorption on solid-gas interfaces (13). The differ- 
entiation between atomic and ionic species in the 
interface is therefore only one of degree and not 
clear-cut at all. It is the purpose of the present 
investigation to shed more light on the actual con- 
figuration in the electrode interface during hydro- 
gen and oxygen evolution, to study the number and 
state of adsorbed (activated) species, and to deter- 
mine the relation between surface coverage and 
overvoltage. Particular consideration is given to 
time effects due to slow adsorption phenomena. 

Theory 
The electrode reaction of gas evolution can be de- 

scribed approximately by the rate equation (13) 

i ~ A exp {--~Z~e V / k T  ~- ~Z~e Vf /kT  

- -  ( e * - -  ~ ~  [1] 
where i is the current density, A a factor independ- 
ent of potential, a the transfer coefficient, Z,e the 
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charge of the reac t ing  species in  the interface,  V 
r  CH the Vol ta  po ten t i a l  difference b e t w e e n  elec-  
t rode  I and  so lu t ion  II, Vr = (r  the  Vol ta  
po ten t i a l  difference at which  the  n u m b e r  of the  r e -  
act ing species in  the in te r face  becomes zero, ~ and  
e* --  e ~ the cova len t  adsorp t ion  ene rgy  of the  reac t -  
ing species. '~ The t r ans fe r  coefficient a is g iven  by  
a ~ (1 /2)  (1 --~/) = 1/2 --  ~,/2, where  ~, is the  f rac -  
t ion  of the va r i a t i on  of e lectrode pola r iza t ion  due  to 
ine r t  fore ign  species according to the  theory  of 
Riietschi (21).  The factor  A is g iven  by  A = ~ Z,e  8n,, 
where  . is a j u m p  f r e q u e n c y  and  8 the th ickness  of 
the  reac t ion  zone, and  n, the concen t r a t i on  of the  r e -  
act ing ions in  the  b u l k  of the  so lu t ion  ( n u m b e r  per  
cm~). The i n s t a n t a n e o u s  cur ren t ,  d u r i n g  b u i l d - u p  or 
decay of overvol tage ,  is g iven  by  

i = C d V / d t  = C d(r --  ~H) /d t  [2] 

where  C is the double  l ayer  capaci ty.  C o m b i n i n g  [ 1 ] 
and  [2] and  i n t eg ra t i ng  at cons tan t  C, one ob ta ins  

k T  ln { tAaZ~e [ ~Z~eVr e ' - - c  ~ ] 
V -- aZ,e C k ~  exp k T  

-t- exp k T  [3] 

where  Vo = (4 , - - r  is the Vol ta  po ten t ia l  differ-  
ence of the  electrode at zero t ime  ( b e g i n n i n g  of 
b u i l d - u p  or decay) .  

If the  t ime  t is sufficiently long, the second t e rm 
in  braces  can be neglected,  and  the po ten t i a l  de-  
cays on open circui t  l i nea r ly  wi th  loga r i thm of t ime.  

d V / d  In t = • k T / a Z , e  [4] 

Dur ing  cons tan t  cu r r en t  charge,  the po ten t i a l  i n -  
creases l i nea r ly  wi th  t ime,  if C is constant ,  according 
to Eq. [2]. 

= i t / C  + Yo [5] 

In  the p resen t  paper  Eq. [1] to [5] were  tes ted ex-  
p e r i m e n t a l l y  for hyd rogen  and  oxygen  evolut ion .  
Devia t ions  f rom these equa t ions  demons t r a t e  the  i n -  
f luence of vol tage  and  t ime effects on the capaci ty  C. 
E x p e r i m e n t s  on overvol tage  decay were  coupled 
wi th  gas desorp t ion  measu remen t s .  Such m e a s u r e -  
men t s  give i n fo rma t ion  abou t  the a m o u n t  of p a r -  
t i a l ly  or comple te ly  d ischarged  reac t ing  species in  
the  interface.  

I t  should  be po in ted  out  he re  tha t  the  behav io r  
of an  electrode in te r face  can be descr ibed qui te  ac-  
cu ra t e ly  wi th  the  s imple  model  of a condenser .  Each 
species on the  e lec t ro ly te  side of the in te r face  con-  
t r ibu tes  a charac ter i s t ic  charge  to the double  layer ,  
and  con t r ibu tes  t h rough  its specific average  capaci ty  
in  a charac ter i s t ic  w a y  to the tota l  Volta  e lect rode 
po ten t i a l  difference of the  electrode.  The  to ta l  
charge is compensa ted  on the  e lect rode side of the  
in te r face  by  an  excess or deficiency of electrons,  de -  
p e n d i n g  on w h e t h e r  the  e lect rode is on the  nega t i ve  
or posi t ive side of the zero charge  potent ia l .  The  

1 T h e  p o t e n t i a l  Vt w a s  d e n o t e d  V ~ f o  i n  a n  e a r l i e r  t h e o r e t i c a l  
p a p e r  ( 2 1 ) .  

e O n l y  c h a n g e s  i n  V = ~bi - -  ~bii a r e  m e a s u r e d  i n  o v e r v o l t a g e  
s t u d i e s :  A V  = A ( ~ I  --  ~ I I )  = Ay,  w h e r e  ~ i s  t h e  o v e r v o l t a g e .  I n  
t h i s  p a p e r  t h e  r e f e r e n c e  e l e c t r o d e s  t o  w h i c h  o v e r v o l t a g e s  a r e  r e -  
f e r r e d  a r e  t h e  r e v e r s i b l e  P b / ' P b S O t  a n d  P b O 2 / l a b $ O 4  e lec trodes .  

double  l ayer  capaci ty  r e m a i n s  cons tan t  on ly  if each 
species has a cons tan t  specific capacity,  i n d e p e n d e n t  
of the  tota l  Volta  po ten t i a l  difference,  and  if the  
n u m b e r  of each species var ies  l i n e a r l y  wi th  to ta l  
Volta  po ten t i a l  difference.  

Equa t ions  [1] to [5] imp ly  a reac t ing  species, wi th  
charge Z,e,  whose ene rgy  in  the double  layer  can 
be compared  wi th  its ene rgy  in  the  b u l k  of the  elec-  
t rolyte .  For  hyd rogen  evo lu t ion  in  acid solut ion,  it  
is conven i en t  to define the  p ro ton  as reac t ing  species. 
The charge  of the  doub le  l ayer  on the  solut ion side 
in su l fur ic  acid, e.g., is due  to reac t ing  protons,  SO(-  
ions and  ove r l app ing  e lec t rons  (pa r t i a l l y  d ischarged 
hyd rogen  ions, or polar ized h y d r o g e n  a toms) .  T h e n  
Z, = 1, and  ~ is d e t e r m i n e d  by  the  re la t ive  con-  
t r i b u t i o n  of SO,-- ions a nd  e lec t rons  ( and  conceiv-  
ab ly  o ther  charged  species)  to the  va r i a t i on  of the  
e lect rode po ten t i a l  (21) .  Af t e r  h a v i n g  defined the  
reac t ing  species, Eq. [1] and  [4] a l low ca lcu la t ion  of 

= ( 1 / 2 ) ( 1 -  ~/) f rom e x p e r i m e n t a l  data.  A priori ,  
on ly  the  p roduc t  aZ,  can be d e t e r m i n e d  exper i -  
men ta l l y ,  bu t  not  the  i n d i v i d u a l  componen ts  ~, and  
Z,. On ly  af ter  def ini t ion of the  reac t ing  species is ~, 
de te rmined .  If, in the  case of H~ evolut ion ,  the va r i -  
a t ion in  po la r iza t ion  is due to accumula t i on  of reac t -  
ing pro tons  only, ~, = 0 a nd  a ---- �89 

For  oxygen  evo lu t ion  in  acid so lu t ion  one can de -  
fine the  reac t ing  species as the  hypo the t i ca l  O-- ion. 
On the  solut ion side of the  double  layer ,  this ion can 
be associated wi th  pro tons  (p roduc ing  OH- or H~O), 
or wi th  ove r l app ing  e lec t ron  holes (p roduc ing  p a r -  
t ia l ly  d ischarged species l ike O-, O, O.~--, O..-, O~) or 
both, p roduc ing  HO~-, a nd  H~O.~. The  charge on the  
so lu t ion  side is the re fore  due to O-- and  associated 
fore ign species ( i nc lud ing  SO,-- and  ions of the  
me t a l ) .  If the va r i a t i on  in po la r iza t ion  due to for -  
e ign species were  zero, t hen  ~/= 0 and  a = 1/2. If 
the va r i a t i on  in po la r iza t ion  were  due en t i r e ly  to 
OH- ions, each O-- is associated wi th  one pro ton  and  
y = --1. Since Z~ = 2, (1/2)(1 -- ~,)Z~ = 2 and  

= 1. To de mons t r a t e  tha t  the choice of the r e -  
act ing species is no t  a rb i t r a ry ,  one could assume OH- 
as the  reac t ing  species and  va r i a t i on  of polar iza t ion  
due to accumula t ion  of OH- ions only.  Then  Z, = 1, 
~ , = 0 ,  a =  1/2, and  thus  ( 1 / ~ ) ( 1 - - ~ , ) Z , ~ 1 / 2 .  This 
shows tha t  a depends  on the choice of the reac t ing  
species. 

In  the  fo l lowing discuss ion we shal l  adopt Z~ = 1 
for h y d r o g e n  and  2 for oxygen,  since these are the  
charges ac tua l ly  r e q u i r e d  to l ibe ra te  one a tom of 
the  gases f rom the i r  s ta te  in  the  b u l k  of the so lu-  
tion. The e x p e r i m e n t a l  resul t s  t hen  y ie ld  va lues  for 
~,, which  is a measu re  of the c o n t r i b u t i o n  of fore ign 
species (other  t han  H + or O--, respec t ive ly)  to the  
va r i a t i on  of po la r iza t ion  for H~ and  O.~ evolut ion.  
The factor  ~ can theore t i ca l ly  assume a ny  va lue  be -  
t w e e n -  ~ and  + 1 (21) .  

M e a s u r e m e n t s  of b u i l d - u p  of overvo l t age  at con-  
s t an t  c u r r e n t  give i n f o r m a t i o n  abou t  the  tota l  ca -  
pac i ty  of the  double  layer .  Capac i ty  is measu red  here  
by  the  vol tage  change  p roduced  b y  an  e x t e r n a l  
k n o w n  cur ren t .  D u r i n g  overvol tage  decay, the i n -  
s t an taneous  i n t e r n a l  c u r r e n t  canno t  be measu red  
direct ly,  bu t  it is r easonab le  to assume that  it is 
adequa te ly  descr ibed by  [ 1]. 
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It is necessa ry  to define the t e r m  capaci ty  as the 
charge t r an s f e r r ed  per  u n i t  vol tage  change.  D u r i n g  
fast  charging,  an  outer  l ayer  of ions is bu i l t  up at 
the interface.  As t ime proceeds,  pa r t  of these  ions 
are b rough t  closer to the  in te r face  and  are pa r t i a l l y  
discharged.  This resul ts  in an  a p p a r e n t  increase  in  
capacity.  On ly  the gas ac tua l ly  l eav ing  the in te r face  
does not contribute anything to the charge of the 
double layer. In the present paper, the capacities 
were determined from relatively slow charging 
curves, which means that they are essentially the 
capacities for an average adsorption state. On open- 
circuit decay, an ionic, outer double layer would re- 
quire theoretically 2 or 4 electronic charges to pro- 
duce one molecule of H~ or Oz. Actually, less charge 
may be required for species already partially dis- 
charged in the interface. The amount of gas desorbed 
in excess of the amount expected for an ionic type 
double layer is a measure of the number and state 
of adsorbed and partially discharged reacting spe- 
cies. Thus, even for constant capacity (voltage 
changing linearly with current-time product) the 
amount of gas desorbed need not be linear with the 
amount of electricity passed, nor with the voltage 
change. 

E x p e r i m e n t a l  
To ob ta in  m e a s u r a b l e  amoun t s  of gas d u r i n g  over -  

vol tage  decay, i ne r t  e lectrodes of la rge  sur face  are  
required .  In  the  p resen t  s tudy,  the  electrodes were  
sections of s torage b a t t e r y  plates.  The electrode for 
the  hydrogen  evo lu t ion  studies  consisted of pu re  
meta l l ic  sponge lead, wi th  a gr id  of a l e a d - c a l c i u m  
al loy (0.075% Ca by  weight )  and  was 7.5 cm high, 
3.6 cm wide, and  0.55 cm thick.  The total  we igh t  
of the electrode was 70.00 g. The electrode for the  
oxygen  evo lu t ion  studies  was a PbO~ sponge p la te  
wi th  a l e a d - c a l c i u m  grid a l loy (0.075% Ca by  
weight )  and  4.0 cm high, 2.0 cm wide and  0.60 cm 
thick, we igh ing  44.02 g. I t  should be po in ted  out 
that PbOa is an excellent material for the study of 
oxygen overvoltage since it cannot be oxidized to 
a higher oxide and since it has a low electronic re- 
sistivity (ca. 10 -4 ohm-cm). 

The large-area electrode is shown in Fig. 1 at B. 
The electrolyte was 5M H~SO, prepared from triply 
distilled water and purified acid. The electrolyte 
level (E) was adjusted to allow a minimum amount 
of dead space. Electrode potentials were measured 
against a sealed mercurous sulfate reference elec- 
trode in 5M H~SO~. The large-area electrodes were 
polarized by means of a polarizing electrode of 
pure lead (A). During polarization at constant cur- 
rent, both stopcocks in Fig. 1 were kept open. The 
electrodes were polarized at small current densities 
over prolonged time periods prior to the actual ex- 
periments on decay and build-up of overvoltage, to 
remove PbSO~ from the surfaces. 

Build-up of overvoltage at constant current and 
decay of overvoltage on open circuit were followed 
with an electrometer amplifier (General Radio Volt- 
meter Amplifier 1230-A) driving a high-speed re- 
corder [Brown-Honeywell Model Y 153 X (19) 
VX 156] with a precision of 1 mv, current drains of 
less than I0 -~ amp, and with a response of 1 mv 
in 20 msec. Constant current was obtained from an 

Z 

Fig. 1. Cell for overvoltage and gas desorption measure- 
ments. A, polarizing electrode; B, large area electrode under 
study; C, reference electrode; D, capil lary; E, electrolyte level. 
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Fig. 2. Build-up of oxygen overvoltage on PbOa at constant 
currents, in 5.0M H~S04 at 30~ 

elect ronic  c i rcui t  descr ibed ear l ie r  (14).  To m i n i -  
mize any  changes in  e lectrode surface,  the  electrode 
po ten t ia l s  were  n e v e r  a l lowed to reach revers ib le  
values.  The revers ib le  po ten t i a l  of the P b O J P b S O ,  
electrode in  5M H_~SO4 is 1.704 v vs. Ha (or 1.111 v 
vs. Hg/HgaSO4) in  the  same solut ion.  D u r i n g  oxygen  
overvol tage  decay the  po ten t i a l  was  a l lowed to reach 
a va lue  of 1.717 v vs. Ha (13 m v  above the  revers ib le  
P b O J P b S O 4  po ten t i a l ) .  At  this po in t  the  charg ing  
c u r r e n t  was  swi tched on aga in  and  the  cons tan t  
c u r r e n t  charg ing  curves  were  ob ta ined  (Fig. 2). In  
this  m a n n e r ,  specific adsorp t ion  effects due  to SO,-- 
ions were  min imized .  I t  is k n o w n  tha t  SO,-- ions are  
adsorbed on PbO.~ b e t w e e n  1.70 and  2.0 v vs. H~, and  
tha t  above this  po ten t i a l  adsorp t ion  does no t  change  
m u c h  (15).  A s imi la r  p rocedure  was  fol lowed d u r -  
ing h y d r o g e n  overvol tage  s tudies  on meta l l i c  lead. 
The  revers ib le  po ten t i a l  of the Pb /PbSO4 electrode 
--0.372 v vs. H_~ (or --0.965 v vs. Hg/Hg~SO4) in 5M 
H~SO4. D u r i n g  decay of overvo l t age  the  po t en t i a l  
was  a l lowed to reach a va lue  of --0.392 v vs. H2 (20 
m v  more  nega t ive  t h a n  the  revers ib le  po ten t i a l ) .  
This  decreased the effects of SO,-- adsorpt ion;  h o w -  
ever,  these effects were  neve r the le s s  p ronounced ,  
which  is u n d e r s t a n d a b l e  since the  zero charge  po-  
t en t i a l  of meta l l i c  lead is at abou t  --0.7 v vs. H~ (16).  
On ly  at po ten t ia l s  nega t ive  to this  va lue  can the  
po la r iza t ion  be expected  to be due p r e d o m i n a n t l y  
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to a c c u m u l a t i o n  of H ~ ions. In  the case of the  
P b O J P b S O ~  elect rode the zero charge po ten t i a l  in  
5M H~SO, is at +1.70 to § v vs. H~ (17, 18). This  
indica tes  tha t  SO,-- adsorp t ion  is less no t iceable  for 
the  oxygen  overvo l tage  exper imen t s .  This  was  con-  
f i rmed expe r imen t a l l y .  Gas desorp t ion  f rom the  e lec-  
t rodes was  m e a s u r e d  f rom the  d i sp l acemen t  of a 
d i b u t y l p h t h a l a t e  drop in  a 1 cm" P y r e x  capi l lary ,  
ca l ib ra ted  in  un i t s  of 1/100 cm ~. Af te r  i n t e r r u p t i o n  
of the polar iz ing  cur ren t ,  the stopcocks were  closed 
i n s t a n t a n e o u s l y  and  the  posi t ion of the d i b u t y l p h -  
tha la t e  drop fol lowed wi th  t ime. Vo lume  correct ions  
for a tmospher ic  p ressure  changes  were  made  by  si-  
m u l t a n e o u s l y  fo l lowing a drop in  a second cap i l l a ry  
a t t ached  to a cell w i th  the same dead-space,  bu t  
w i thou t  electrodes.  The whole  sys tem was care-  
fu l ly  t he rmos t a t ed  to ---- 0.05~ 

At  the  end of the m e a s u r e m e n t s  the electrodes 
were  washed  ca re fu l ly  wi th  dis t i l led wa t e r  and  e thy l  
alcohol and  dr ied  qu ick ly  in a vac t ium desiccator  con-  
t a i n ing  CaCI~. The surface  areas of the  electrodes 
were  d e t e r m i n e d  by  s t anda rd  BET techniques  a nd  
y ie lded  35.2 m ~ for the  PbO~ electrode and  15.9 m ~ 
for the  Pb  electrode. 

Overvo l t age  s tudies  on porous electrodes can lead 
to d i f ferent  resul t s  f rom smooth electrodes due to 
the n o n u n i f o r m  c u r r e n t  d i s t r i bu t ion  over  the t rue  
surface  area  (19).  If the ohmic drop due to c u r r e n t  
flow in  the  pores canno t  be neglec ted  in compar i son  
wi th  the po la r iza t ion  at the  in terface ,  the porous  
electrode wi l l  show different  po la r iza t ion  charac -  
teristics.  Accord ing  to Ksenzhek  and  S tender  (20) 
the  overvol tage  V var ies  wi th  d is tance  x f rom the  
surface  of the porous  electrode toward  the in te r io r  
according  to 

~ 4b t a n h  -~ [exp ( - - x / k / b / 2 S i , , p )  t an  (~o/4b) ] [6] 

where  io is the exchange  c u r r e n t  densi ty ,  p the elec-  
t ro ly te  res is t ivi ty ,  S the specific surface area of the  
porous electrode in cm'~/cm ~, and  b = R T / a  Z F  
(Tafel  s lope/2 .303) ;  Vo is the a p p a r e n t  overvol tage  
at the  surface  of the  porous  electrode,  and  ~ the t rue  
overvo l tage  at the reac t ion  interface.  The p e n e t r a -  
t ion  depth  x ,  where  the  t rue  c u r r e n t  dens i ty  has 

fa l len  to 1/e  of the  a p p a r e n t  va lue ,  is x~ = ~/b/2Siop.  
For  our  exper imen t s ,  wi th  b = 0.05, S' = 50,000 
cm~/cm :~, io = 10 --~ a m p / c m  '~, p = 1 ohm-cm,  the p e n e -  
t r a t ion  depth  becomes 22.4 cm. This  is 100 t imes the  
va lue  of the ha l f - t h i cknes s  of our  porous plates.  This  
shows tha t  p o r e - s t r u c t u r e  effects should be neg l i -  
gible in  our  exper imen t s .  

Results 
The electrodes were  polar ized at  cons tan t  cu r -  

r en t  to a s t eady- s t a t e  overvol tage.  The co r respond-  
ing Tafel  plots are shown in  Fig. 3. Here  ove r -  
vol tage  is r e fe r red  to the revers ib le  Pb/PbSO~ po-  
t en t i a l  for hyd rogen  evolut ion,  and  to the revers ib le  
P b O J P b S O ,  po ten t i a l  for oxygen  evolut ion.  These 
are the s table  e lectrode po ten t ia l s  the electrodes 
would  ac tua l ly  reach  on pro longed  open circuit .  The 
c u r r e n t  densi t ies  refer  to the to ta l  BET elect rode 
surface.  Hydrogen  overvol tage  increases  s lowly over  
m a n y  hours.  If overvol tages  are measu red  over  
short  t ime  in terva ls ,  the  Tafel  slope is 0.120 v i.e., 
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Fig. 3. Tafel curves for hydrogen overvoltage on lead and 
oxygen overvoltage on PbO~. Overvoltage measured against 
reversible Pb/PbS04 and PbO2/PbS04 electrodes, respectively, 
in 5 .0M H~SO~ at  20 ~ 30 ~ and 40~ 

with  Z~ = 1, ~, = 0, and  ~ = 1/2 (Fig. 3). The change 
in  overvo l tage  f rom one c u r r e n t  dens i ty  to ano ther  
is t hen  s imply  due  to a c c u m u l a t i o n  of reac t ing  spe-  
cies only,  according to the  theory  of Riietschi (21).  
If, on the  o ther  hand ,  the  Tafel  curve  is t aken  
slowly, a l lowing  longer  t ime  periods for each cur -  
rent ,  the slope increases  to 0.160 v in  the vol tage 
region  of Fig. 3. This  m e a n s  tha t  now s lowly  adsorb-  
ing or desorb ing  fore ign species are con t r i bu t i ng  to 
changes in  the  charge of the  double  layer  (desorp t ion  
of SOF- ions) ,  or tha t  the  reac t ing  species have a 
smal le r  specific capaci ty  ( l a rger  d is tance  to the elec- 
t rode surface)  such tha t  for a g iven n u m b e r  of re -  
act ing species in  the  in terface ,  the electrode po ten -  
t ial  is h igher  t h a n  before. F r o m  the slope 0.160 v one 
obta ins  a = 0.37 and  ~ = 0.25. The la t te r  is the f rac-  
t ion of va r i a t i on  of po la r iza t ion  a t t r i b u t a b l e  to de-  
sorpt ion of SOF- or changes  in specific capacit ies of 
reac t ing  pro tons  (21).  

In  Fig. 3, oxygen  overvo l tage  has a Tafel  slope 
of about  0.095 v, de pe nd i ng  aga in  somewha t  on the 
ra te  of t ak ing  the  curve.  However ,  adsorp t ion  effects 
are smal le r  t h a n  for h y d r o g e n  on lead, which  can 
be exp la ined  on the basis  of the  re la t ive  posi t ion of 
the zero charge  potent ia ls .  Wi th  Z~ = 2 one obta ins  
f rom the  Tafel  slope .a ---- 0.32 and  ~ = 0.37. The 
l a t t e r  f rac t ion  of vol tage  change  f rom one cu r r en t  
to another ,  is a t t r i b u t a b l e  to adsorpt ion  or associa- 
t ion  of fore ign  species, such as SO,-- (a long wi th  the  
reac t ing  species O - ) ,  or changes  in  specific capaci ty  
of reac t ing  species (21).  Cons ider ing  the la rge  su r -  
face areas of the electrodes the  t rue  c u r r e n t  densi t ies  
are e x t r e m e l y  low, in  the  order  of 10 -6 to 10 -6 
a m p / c m  ~. However ,  the  exchange  cu r ren t s  for h y -  
drogen and  oxygen  evo lu t ion  on these electrodes 
are in  the order  of 10 -~ a nd  10 -1~ a m p / c m  ~, and  the re -  
fore the  e xpe r i me n t s  fal l  into the Tafel  region. 
Measu remen t s  of the  gas evolved at s teady state 
showed tha t  97% or be t t e r  of the  c u r r e n t  w e n t  into 
gas product ion ,  and  therefore ,  no other  charg ing  re -  
act ions in te r fe red .  

F igure  2 shows oxygen  overvol tage  b u i l d - u p  at 
cons tan t  cur ren t .  F r o m  the  slopes of the  l i n e a r  por -  
t ions one ob ta ins  a capaci ty  of 44 farads  for the  
double  layer .  Wi th  a BET surface of 35.2 m ~, this  
is 125 t tF /cm ~, a r e l a t i ve ly  h igh value,  wh ich  would  
be even  h igher  if on ly  pa r t  of the  surface were  elec- 
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Fig. 4. Decay of oxygen overvoltage on Pb02 for various 
prepolarizing currents and oxygen gas desorbed; temperature 
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Fig. 5. Decay of oxygen overvoltage on PbO~ at various 
temperatures and oxygen gas desorbed. Prepolarizing current 
5 ma. 

t rochemica l ly  active. The high va lue  for the  ca-  
pac i ty  indicates  s t rong adsorp t ion  of the  reac t ing  
species. There  is a s l ight  b e n d  in  the  in i t i a l  po r t ion  
of the  charg ing  curve  ind ica t ing  a smal l  va r i a t i on  in 
capaci ty  due to a di f ferent  in i t ia l  charge  d i s t r ibu t ion .  

F igures  4 and' 5 show oxygen  overvo l tage  decay 
on open circuit ,  and  s imu l t aneous  gas desorpt ion.  
Oxygen  overvol tage  decreases l i n e a r l y  wi th  the  
loga r i thm of t ime,  ind ica t ing  a fa i r ly  cons tan t  ca-  
pac i ty  d u r i n g  decay. The  decay slope is a lmost  i n -  
d e p e n d e n t  of t e m p e r a t u r e  and  of p repo la r iz ing  cur -  
rent .  F igu re  4 indicates  tha t  at the same t e m p e r a -  
tu re  (30~ a g iven  vol tage  is reached  in  the  same 
time, i n d e p e n d e n t l y  of p repo la r iz ing  cur ren t .  Ac-  
cording  to Fig. 5 the  desorp t ion  ra te  increases  wi th  
t e m p e r a t u r e .  In  Fig. 6 the  l oga r i t hm of the gas 
evo lu t ion  ra te  in c m V m i n  is p lot ted  aga ins t  1 / T  for 
g iven  overvol tage  values .  The slopes of the  s t ra ight  
l ines t end  to become less steep wi th  inc reas ing  over -  
voltage.  If  the ra te  of O~ evolu t ion  could be set 
equa l  to the  i n s t a n t a n e o u s  i n t e r n a l  cur ren t ,  t hen  the  
slopes would  be, according to Eq. [ 1], a measu r e  for 
the  t e rm  --  {~Z~eV--~Z.~eV~ + ~* --  C}/2.303 k. A 
plot  of this  t e r m  aga ins t  overvo l tage  should then  
y ie ld  a s t ra ight  l ine  wi th  a slope of --  c,.Z,e/2.303 

: 5010 aZ~. One could then determine the value of 

aZ~ by this method, but the accuracy of the meas- 
urements is not suf~cient to obtain an exact value, 
although one obtains the correct order of magnitude 
(aZi = 1 - 2). However, the instantaneous internal 

current cannot be set equal to the instantaneous gas 
evolution rate, at 2 electrons per H2 and 4 electrons 
per 02. The slope of the oxygen overvoltage decay 
curves in Fig. 4 and 5 is about 0.078 v, which is fairly 
close to the value of the Tafel slope. With Z~ = 2 

this  gives ~ ---- 0.38 and  T : 0.23. 
In  Fig. 7 the resul t s  of Fig. 4 have  been  corre-  

l a ted  in  such a m a n n e r  tha t  the  total  oxygen  evolved 
has been  plot ted  aga ins t  overvol tage.  A vol tage  of 
+ 13  m v  above  the  revers ib le  P b O J P b S O ,  po ten t i a l  
has been  chosen a r b i t r a r i l y  for the endpo in t  of de-  
cay. I t  seems reasonab le  to assume tha t  at this low 
va lue  the same s ta te  of the  electrode surface  is 
reached,  indeper~dently of p repo la r iz ing  cur ren t .  

Since 1 cm 3 of O.~ at 700 m m  Hg a nd  30~ cor-  
responds  to 15.5 amp sec, one can ca lcula te  how the  
vol tage  should  decay, at 2 e lec t rons  per  oxygen  
atom, if on ly  a discharge of the double  l ayer  ca-  
pac i ty  of 44 farads  were  involved .  One cm 3 of O~ 
evolved should t hen  decrease the po ten t i a l  by  350 
mv.  In  Fig. 7, this theore t ica l  slope has been  plot ted,  
m a r k e d  wi th  2e. Other  slopes, co r respond ing  to le  
and  0.5e per  oxygen  a tom are  also indicated.  It  is 

I 
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Fig. 6. Logarithm of oxygen gas evolution rates on PbO~ 
on open circuit (in cmS/min) as a function of ] / T  for various 
f ixed values of overvoltage. 
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Table I. Observations on PbO,~ anode 

O v e r v o l t a g e ,  O x y g e n  a t o m s  
P r e p o l a r i z i n g  m y  v s .  d e s o r b e d  p e r  

c u r r e n t ,  m a  P b O e / P b S O ~  B E T  c m  e 

100 242 2.12 • 10 ~ 
20 190 1.61 X lff '  
5 158 0.91 • 10 ~ 

April 1960 

interesting to note that for the initial portions of 
overvoltage decay, the slope approaches the value 
for 2e. However, for later portions, the voltage de- 
cay is much smaller, the difference being a measure 
for the amount of oxygen already partially dis- 
charged. A slope of 2e could indicate the discharge 
of 2 OH- or O - in the outer double layer. 

There is another important result in Fig 7. The 
slope of the plot of the steady-state overvoltage 
against the total amount of oxygen desorbed gives 
a s t ra igh t  l ine.  The  slope of this  l ine  could be in -  
t e rp re ted  theore t ica l ly  by  pos tu la t ing  the presence  
of oxygen  species wi th  an  average  ~harge of about  
le  per  a tom in  the double  layer ,  a l though  such an  
i n t e r p r e t a t i o n  is not  r igorous.  If the tota l  a m o u n t  of 
oxygen  desorbed is r e la ted  to the  BET surface  of 
the electrode,  one obta ins  the  figures of Table  I 
(1 cm" O, at 760 m m  Hg, 30~ conta ins  4.84 x 10'" 
a toms) .  

B u i l d - u p  of hyd rogen  overvo l tage  on lead at con-  
s tan t  c u r r e n t  is shown in Fig. 8. F r o m  the slope of 
the l inear  por t ion  one obta ins  a capaci ty  of 1.67 
farad.  Wi th  a BET surface of 15.9 m '~, this  is 10.5 
~ F / c m  '~, a smal l  value,  i nd ica t ing  tha t  the  charges 
are at cons iderab le  d is tance  f rom the surface.  Since 
the cha rg ing  was done at  r e l a t i ve ly  low rates, this 
capacity does probably include some changes in SOZ- 
adsorption and adsorption capacities due to partially 
discharged protons. 

Figures 9 and i0 give hydrogen overvoltage decay 
curves and gas evolution curves. Decay of hydro- 
gen overvoltage is nearly linear with the logarithm 
of time, indicating a nearly constant capacity. The 
decay slope is almost independent of temperature 
and prepolarizing current. The temperature has a 
smaller effect on the rate of desorption than for ox- 
ygen. In Fig. ii, the logarithm of the hydrogen evo- 
lution rate cm~/min) is plotted against I/T. The 
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Fig. 9. Decay o f  hydrogen overvo l toge  on Pb and hydrogen 
gas desorbed, for  var ious prepo lor iz ing  currents  at  30~  
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Fig. ] O, Decay of hydrogen overvoltage on Pb and hydrogen 
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Fig. 8. Bui ld-up of  hydrogen overvo l tage  on Pb a t  constant  
currents. Electrolyte 5 . 0 0 M  H_~SO4 at  30~  

gas desorbed at  var ious temperatures;  p repo lor iz ing  cur rent  
50 ma. 

slopes of the l ines  are n e a r l y  equa l  bu t  t end  to d e -  
crease wi th  inc reas ing  overvol tage.  The va r i a t ion  
in the  slopes would  be a measu re  for ~Z, if the i n -  
s t a n t a ne ous  c u r r e n t  were  equa l  the  r a t e  of gas evo-  
lu t ion,  which  is not  exact ly  the case. One can de-  
r ive  however  the r igh t  order  of m a g n i t u d e  (aZ, = 
0.5 + 1), a l though  the  method  is no t  precise. 

The  slope of the  hydrogen  overvol tage  decay 
curves  in Fig. 9 and  10 averages  0.145, which  is 
close to the slope of the  Tafel  curve,  w h e n  it is t a k e n  
slowly.  The va lue  0.145 gives wi th  Z~ = 1  va lues  for 

= 0.41 and  7 = 0.17. This shows tha t  the va r i a t ion  
in  po la r iza t ion  due  to fore ign species (e.g., adsorp-  
t ion  of SO,-- d u r i n g  decay)  or the inf luence of p a r -  
t i a l ly  d ischarged h y d r o g e n  is not  excessive, accord-  
ing to Riietschi 's  theory  (21). 

In  Fig. 12 the  tota l  a m o u n t  of H~ desorbed af ter  
i n t e r r u p t i o n  of c u r r e n t  (to a po ten t i a l  20 mv  more  
nega t i ve  t h a n  the  P b / P b S O ,  e lec t rode)  was p lo t ted  
aga ins t  overvol tage  decay. At  the end  of decay, the  
same state of the  electrode is reached,  i n d e p e n d e n t l y  
of p repo la r i z ing  cur ren t .  Since 1 cm ~ of H~ at 760 
m m  Hg and  30~ corresponds  to 7.75 amp sec at l e  
per  H, one can ca lcula te  tha t  1 cm ~ of H.~ should d is-  
charge  1.67 fa rad  by  4.65 v. This  theore t ica l  slope 
b e t w e e n  the h y d r o g e n  evolved a nd  overvol tage  de -  
cay is shown in Fig. 12 as a l ine  m a r k e d  wi th  le.  
This  is the theore t ica l  decay of the  vol tage if each 
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Fig. 11. Logarithm of gas evolution rates on Pb on open 
circuit (in cm~/min) as a function of 1 /T  for various f ixed 
values of overvoltage. 
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Fig. 12. Hydrogen overvoltage decay on Pb as a function 
of hydrogen gas desorbed from the electrode at 30~ 

hydrogen atom desorbed were to originate from a 
proton in a double layer with a capacity of 10.5 
~F/cm ~. For the initial portion of the decay, the 
voltage decreases according to this theoretical slope. 
However, for later portions, the potential decreases 
much less. The difference between the theoretical 
slope of le and the experimental values is a measure 
of the already partially discharged hydrogen in the 
surface (overlap of H ~ and electron cloud). This hy- 
drogen contributes to the charge of the double layer 
only by the heteropolarity of the adsorption bonds. 
Toward the end of the decay, the potential is deter- 
mined largely by the adsorption of SO,- ions, as 
in the case of the oxygen overvoltage SO4-- become 
the potential determining species at the reversible 
potential? 

During decay of H~ and O~ overvoltages, the po- 
tentials approach asymptotically the reversible 
Pb/PbSO, and PbOJPbSO, potentials, respectively, 
while H~ and O~ evolution are continuing at a small 
but steady rate since the Pb/PbSO, potential is nega- 
tive to the potential of the hydrogen electrode and 
the PbOJPbSO, potential positive to the oxygen 
electrode (self-discharge). 

3 N o t e  t h a t  t h e  d i f f u s i o n  of  a d s o r b e d  g a s  a l o n g  t h e  g r a i n  s u r -  
f a c e s  of  the  p o r o u s  e l e c t r o d e s  to  t h e  l oca t ions  of  b u b b l e  f o r m a t i o n  
m i g h t  be  i n t e r f e r i n g  w i t h  t h e  s i m p l e  i n t e r p r e t a t i o n  of  t h e  r e su l t s  
g i v e n  i n  th i s  paper �9  

Table II. Observations on Pb cathode 

O v e r v o l t a g e ,  H y d r o g e n  a t o m s  
m v ,  vs .  d e s o r b e d  p e r  

C u r r e n t ,  m a  P b / P b S O 4  B E T  cm~ 

250 553 13.0 • 10 TM 

50 410 7.2 • 1013 
10 293 3.3 • 10 TM 

The  s t e a d y - s t a t e  o v e r v o l t a g e  p r i o r  to i n t e r r u p t i o n  
of c u r r e n t  var ies ,  a cco rd ing  to Fig.  12, l i n e a r l y  w i t h  
the  t o t a l  a m o u n t  of h y d r o g e n  evo lved .  The  s lope  of 
th is  l ine  co r r e sponds  r o u g h l y  w i t h  t he  s lope  of a 
l ine  c a l c u l a t e d  for  a t h e o r e t i c a l  d i s c h a r g e  of a d o u b l e  
l a y e r  of 10.5 ~ F / c m  '~ at  0.5 e l ec t ron  for  each  h y d r o -  
gen  atom desorbed. This could be interpreted as re- 
sulting from a mixture of adsorbed H atoms and 
protons in the double layer, or the presence of H~ +. 
The significant fact is that more hydrogen is de- 
sorbed than one could expect from the discharge 
of a purely ionic type double layer, indicating the 
presence of partially discharged reacting species. 

The total amount of H~ evolved from the electrode 
during hydrogen overvoltage decay, down to a po- 
tential 20 mv more negative than the Pb/PbSO~ po- 
tential, has been correlated to the BET surface. Since 
1 cm ~ of H~ at 760 mm Hg at 30~ contains 4.84 x 
l0 TM atoms, the figures of Table II were obtained. 

Basically, the same laws apply both to hydrogen 
and oxygen overvoltage. In either case, the electrode 
potential (overvoltage) seems to be determined es- 
sentially by the number of adsorbed activated 
species at the interface, these species being present 
in various states of discharge, and by adsorbed 
foreign inert species, not taking part directly in the 
electrode reaction (21). Desorption follows a 
Beeker-Zeldovich equation, which is coherent with 
a Temkin isotherm (13). 
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A Study of the Factors Affecting the Electrical 
Characteristics of Sintered Tantalum Anodes 

G. L. Martin, 1 C. J. B. Fincham, and E. E. Chadsey, Jr. 
National Research Corporation, Cambridge, Massachusetts 

ABSTRACT 

Measurements were made of the electrical characteristics (d-c leakage, 
capacitance, and equivalent  series resistance) of anodically oxidized sintered 
t an ta lum pellets, which were made from three t an ta lum powders of different 
purities, particle shapes, and particle size distributions. The apparent  densities 
of the pellets after s intering were also measured. The effects of varying the 
pressed density of the pellets and the t ime and temperature  of s inter ing were 
studied systematically, and the results were correlated in the form of em- 
pirical relationships. 

A t a n t a l u m  electrolyt ic  capaci tor  is composed of 
th ree  basic par t s :  the  t a n t a l u m  anode,  the t a n t a l u m  
oxide dielectric,  and  the e lec t ro ly te  which  acts as 
the cathode. 

The t a n t a l u m  anode  m a y  be foil, wire,  or a s in -  
te red  porous pe l le t  made  f rom powder .  The s in te red  
pe l le t  can give the  highest  surface area  per  u n i t  
vo lume  and  hence  the highest  capac i tance  per  un i t  
vo lume  of the  th ree  types. The  t a n t a l u m  oxide di -  
e lectr ic  is fo rmed  by  anodic  ox ida t ion  of the  t a n -  
t a l u m  anode.  The  cathode is an electrolyte ,  which  
m a y  be e i the r  l iqu id  (e.g., aqueous  solut ions  of 
su l fur ic  or phosphoric  acids) or solid (e.g., m a n -  
ganese  d iox ide) .  References  (1 -3) ,  for example ,  give 
more  deta i led  descr ip t ions  of the cons t ruc t ion  and  
opera t ion  of t a n t a l u m  capacitors.  

This  paper  repor ts  a s tudy  of some of the factors,  
especia l ly  s in t e r ing  condit ions,  which affect the  
e lectr ical  p roper t ies  of porous  s in te red  t a n t a l u m  
anodes  and  the i r  oxide films. The electr ical  p r ope r -  
ties s tudied were  d-c  leakage,  which  is defined as 
the  cu r r en t  which  flows when  a specified d-c vol tage  
is impressed  across the  anode and  its oxide film; 
the capaci tance,  which  var ies  wi th  the  sur face  area  
and  th ickness  of the  oxide film; and  the e q u i v a l e n t  
series res i s tance  (ESR) ,  which was ca lcula ted  f rom 
the measu red  d iss ipa t ion  f a c t o r  (D) us ing  the  r e l a -  
t ionship  

D 
ESR - -  - -  

2 ~ y C  

whe re  C is the  capaci tance  ( in  f a rads ) ,  y is the  f re -  
q u e n c y  of the  a -c  s ignal  ( in  cps) ,  and  ESR is g iven  
in  ohms. 

Presen t  address :  D e p a r t m e n t  of Chemis t ry ,  Univers i ty  of Ala-  
b a m a ,  Univers i ty ,  A l a b a m a .  

Experimental Techniques 
Press ing. - -The t a n t a l u m  powder  was  pressed into 

cy l indr ica l  pel lets  of 0.25 in. d i ame te r  in  a f loat ing- 
body steel die. No l u b r i c a n t  or b i n d e r  was used. 
The pel le ts  all  weighed  1.8 g. A n n e a l e d  10-mil  t a n -  
t a l u m  lead wires  were  pressed into the  pellets.  

S in t e r ing . ~The  pressed pel lets  were  s in te red  i n -  
side a closed t a n t a l u m  can, in a modified NRC 2904 
re s i s t ance -hea ted  v a c u u m  furnace.  T e m p e r a t u r e  
was measu red  wi th  a t u n g s t e n - m o l y b d e n u m  the r -  
mocouple  wi th  the hot  j u n c t i o n  res t ing  on top of 
the t a n t a l u m  can. T e m p e r a t u r e s  m e a s u r e d  in this 
way  were  p r o b a b l y  lower  t han  the  t rue  t e m p e r -  
a tures  of the  pel le ts  in  the  can. The  fu rnace  was 
pumped ,  t h rough  a cold t rap,  to a p ressure  of about  
5 x 10 -~ m m  Hg ( and  a leak ra te  of less t han  10 -8 
m m  H g / m i n  in to  a v o l u m e  of about  40 l i ters)  before  
the power  was  t u r n e d  on. At the end  of a run ,  
the charge  was a l lowed to cool to abou t  200~ u n d e r  
v a c u u m ;  t hen  a rgon  was  admit ted .  The fu rnace  was 
not  opened  to air  u n t i l  the  charge t e m p e r a t u r e  was 
less t h a n  100~ 

Electrical tes t ing . - -The s in tered  pellets  were  
anodized at a cons tan t  c u r r e n t  of 35 m a / g  up to 200 
v, in  an  0.01% phosphor ic  acid so lu t ion  at 92~ 
They  were  held at 200 v for 2 hr. The  m a x i m u m  
vol tage  d e t e r m i n e d  the  th ickness  of the  oxide film 
and  hence  its capac i tance  per  un i t  area.  At  200 v 
the  th ickness  of the oxide film is abou t  0.3/x (4) .  

The  anodized pel le ts  were  washed  for 1/2 hr  in 
de - ion ized  w a t e r  and  dr ied  in air  ove rn igh t  at room 
t empera tu r e .  

M e a s u r e m e n t s  of d -c  leakage,  capaci tance,  and  
d iss ipa t ion  factor  we re  done us ing  10% phosphoric  
acid at room t e m p e r a t u r e  as electrolyte.  
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Direc t  c u r r e n t  l e akage  was  m e a s u r e d  a f te r  2 min  
at  140 v. Capac i t ance  and  d iss ipa t ion  fac to r  w e r e  
m e a s u r e d  at 120 cps w i t h  a 0.5 v a - c  signal,  us ing a 
modif ied  Gene ra l  Rad io  650-A i m p e d a n c e  br idge.  
The  s ignal  source  was  a H e w l e t t  P a c k a r d  205 A G  
audio  s ignal  genera to r ,  and a H e w l e t t  P a c k a r d  400D 
v a c u u m  tube  v o l t m e t e r  was  used as the  nu l l  de t ec -  
tor.  

Sinter densi t ies . - -The a p p a r e n t  dens i t ies  of the  
pe l l e t s  a f t e r  s in te r ing  w e r e  d e t e r m i n e d  by m e a s u r -  
ing the  d i a m e t e r s  and lengths  of the  pe l l e t  at s ev -  
e ra l  p laces  on the  pe l l e t  w i t h  a po in ted  end m i -  
c romete r .  

This  m e t h o d  was  found  to g ive  resu l t s  ag ree ing  
w e l l  (w i th in  1%)  w i t h  m e a s u r e m e n t s  m a d e  by  
coa t ing  the  pe l le t s  w i t h  na i l  pol ish  and w e i g h i n g  
t h e m  in air  and wa te r .  

Materials 

T h r e e  d i f ferent  t a n t a l u m  powde r s  w e r e  se lec ted  
for  study,  and w e r e  g iven  the  des igna t ions  E-11,  
SG-73R,  and L-533.  As discussed below,  t he r e  w e r e  
cons ide rab le  d i f ferences  b e t w e e n  these  powde r s  in 
chemica l  pur i ty ,  pa r t i c l e  size d i s t r ibu t ion ,  and p a r -  
t ic le  shape. 

Chemical pur i t y . - -The  ana lyses  of the  t h r ee  p o w -  
ders  a re  g iven  in Tab l e  I. The  impur i t i e s  showing  
the  w ides t  d i f ferences  il~ levels  b e t w e e n  the  powder s  

Table I. Analyses of tantalum powders 
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Impurity content, ppm 

Impurity E-11 SG-73R L-533 

O 720 480 930 
H 10 10 50 
C 25 25 120 
N 25 30 750 
Fe 100 87 460 
Ni <100 52 25 
Cr 61 110 <10 
Si 560 81 780 
A1 <50 <50 <50 
Nb 220 120 140 
Na 1500 30 - -  
Cu <50 <50 <50 
Ti <50 <10 40 
Zr <50 <50 <50 
Mo <I00 <25 <25 

Means below the limit of detection by method used. 

Table II. Particle size distribution 

Weight  per cent in fraction 
Screen Particle 
mesh size,/~ E-11 SG-73R L-533 

>250 - -  - -  8.6 
250-150 - -  - -  8.0 
100-74 - -  - -  16.5 
74-44 12.7 2.5 13.2 

44-36 1.7 1.0 0.5 
36-30 6.1 4.1 0.3 
30-25 10.5 10.4 1.9 
25-20 14.0 15.7 4.2 
20-15 17.4 24.5 7.4 
15-10 19.7 27.6 18.6 
10-5 13.7 10.6 17.4 

5-0 0.6 0.9 2.0 

Totals 96.4 97.3 98.6 

,+60 
--60+100 

--100+200 
--200+325 
--325 

Particle size measurements below 44~ were done using a Roller 
subsieve particle size analyzer. 

a re  O, C, N, Fe, Cr, Si, and Na. In genera l ,  S G - 7 3 R  
was  the  mos t  pure,  and L-533 the  leas t  pure ,  of the  
t h r ee  powders .  

Particle size dis tr ibut ions.--These are  shown in 
Tab le  II. M e a s u r e m e n t s  of pa r t i c l e  size above  44 /~ 
w e r e  done  by screen analysis ,  and be low 44 /~ by 
us ing a Ro l l e r  subs ieve  pa r t i c l e  size ana lyze r  (5) .  
L-533 d i f fered  f r o m  the  o the r  two  pow de r s  in h a v -  
ing a cons ide rab le  a m o u n t  of m a t e r i a l  in the  g r ea t e r  
t han  74 /~ range .  In gene ra l  SG-73R had  the  lowes t  
a v e r a g e  pa r t i c l e  size, and L-533 the  highest ,  of the  
t h r ee  powders .  H o w e v e r ,  in v i e w  of the  pa r t i c l e  
shapes  (see be low)  of L-533,  the  m e a s u r e m e n t s  of 
pa r t i c l e  size for  this  m a t e r i a l  a re  of doub t fu l  signifi-  
cance. 

Fig. 1. Particle shape. Photomicrographs of powder par- 
ticles mounted in plastic, sectioned, and polished. Top, E-11; 
middle, SG-73R; bottom, L-533. 
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Table III. Electrical results, sample E-11 

Dg = 8.5 Dg = 9.5 Dg = 10.5 Dg = 11.5 
Temp, T i m e ,  

~  m i n  L C E S R  L / C  L C E S R  L / C  L C E S R  L / C  L C E S R  L / C  

30 1.0" 12.41" 6* 0.08 0.9 11.75 10 0.08 0.8 10.72 12 0.07 0.8 9.82 15 0.08 
1750 90 1.0" 10.99'. 8* 0.09 1.0 10.41 17 0.10 0.8 9.60 21 0.08 0.9 8.51 30 0.11 

180 . . . .  0.7 9.57 20 0.07 0.6 8.43 22 0.07 0.6 7.50 30 0.08 

30 1.0"* 10.80'* 8** 0.09 0.8 10.28 13 0.08 0.8 9.62 13 0.08 0.9 8.63 21 0.10 
1900 90 1.0 10.16 9 0.10 0.7 8.95 12 0.08 0.8 8.13 18 0.10 0.7 7.15 24 0.10 

180 . . . .  0.6 8.03 14 0.08 0.8 7.27 19 0.11 0.7 6.24 31 0.11 

30 1.1 9.84 9 0.11 0.8 9.67 12 0.08 0.7 8.86 13 0.08 0.7 7.85 23 0.09 
2050 90 1.0 8.13 10 0.12 0.8 7.62 15 0.11 0.7 6.91 22 0.10 0.6 6.01 31 0.10 

180 . . . .  0.5 6.68 26 0.07 0.5 6.07 32 0.08 0.4 5.03 45 0.08 

L i s  d - e  l e a k a g e  a t  140  v ,  i n  ~ a / g ;  C ,  c a p a c i t a n c e  
o h m / p e l l e t ;  D g ,  g r e e n  d e n s i t y ,  i n  g / c c .  

* I n d i c a t e s  o n e  " w i l d "  p e l l e t  o u t  o f  s i x .  
** I n d i c a t e s  t w o  " w i l d "  p e l l e t s  o u t  o f  s i x .  

C = 3 .75  • 104/T -- 3 .50  l o g  
L / C  : 0 .09  - -  0 .02  

a t  120  e p s ,  i n  m i c r o f a r a d / g  

( t  + 6} -- 3 2 . 4 7 / ( 1 6 . 6 - D g )  

(200 v 

+ 3.20 

f o r m a t i o n )  ; E S R ,  e q u i v a l e n t  s e r i e s  r e s i s t a n c e ,  i n  

( T  i n  ~  

Particle shape.--Samples of each of the powders  
were  m o u n t e d  in  plastic,  sectioned, and  polished.  
F igu re  1 shows pho tomic rographs  of the sect ioned 
part ic les ,  at a magni f ica t ion  of 500 x before r ep ro -  
duct ion.  The par t ic le  shapes of E-11 and  SG-73R 
were  somewha t  s imilar ,  in  tha t  the  par t ic les  t ended  
to be solid and  r egu l a r  in  shape. L-533 had  severa l  
d i f ferent  par t ic le  shapes, i nc lud ing  hol low hemis -  
pheres  and  "s t r ings ."  The par t ic le  size of such i r -  
r egu la r  shapes is not  m e a s u r e d  accura te ly  by  sc reen-  
ing or by  air  e lu t r i a t ion  in  the  Roller  appara tus .  

Results 
The resul t s  of this s tudy  were  ob ta ined  us ing  the  

e x p e r i m e n t a l  t echn iques  descr ibed above. In  p a r -  
t icular ,  the e lec t ro ly te  used for m e a s u r e m e n t  of 
leakage,  capaci tance,  and  e q u i v a l e n t  series res is t -  
ance  was  a lways  10% phosphor ic  acid. However ,  
o ther  work  done  in  these labora tor ies  has shown 
that ,  w h e n  l iqu id  e lect rolytes  are used, to a first 
a p p r o x i m a t i o n  leakage  and  capaci tance  are  i nde -  
p e n d e n t  of e lectrolyte .  E q u i v a l e n t  series res is tance  
is m a r k e d l y  d e p e n d e n t  on the  e lectrolyte ,  s ince pa r t  
of the  series res i s tance  is due  to the  ohmic res is t -  
ance  of the e lec t ro ly te  in  the  pores of the  anode.  
E q u i v a l e n t  series res is tance  there fore  var ies  wi th  
the  specific res i s t iv i ty  of the  electrolyte .  The spe- 
cific res i s t iv i ty  of 10% phosphor ic  acid at room t e m -  
p e r a t u r e  is abou t  15 o h m - c m  (6, 7). 

E - 1 1 . - - P e l l e t s  pressed to th ree  different  g reen  
densi t ies  (9.5, 10.5, and  11.5 g /cc)  were  s in te red  
at th ree  di f ferent  t e m p e r a t u r e s  (1750 ~ 1900 ~ and  
2050~ for th ree  different  t imes  (30, 90, and  180 
ra in ) .  

The electr ical  resul ts  ob ta ined  on these pel le ts  
are  shown in  Tab le  III, toge ther  wi th  resul t s  for a 
g reen  dens i ty  of 8.5 g /cc  (see be low) .  Each resu l t  
is the  average  f rom four  pellets,  two f rom one s in-  
ter  r u n  and  the  o ther  two f rom a second s in te r  run .  
The  tab le  shows the  leakage  per  g r am (L, in  mic ro -  
ampere s ) ,  the  capaci tance  per  g r am (C, in  mic ro -  
f a rads ) ,  the  e q u i v a l e n t  series res i s tance  per  1.8 g 
pe l le t  (ESR, in  ohms) ,  and  the  leakage  d iv ided  by  
the  capaci tance  ( L/C, in  mic roamperes  per  mic ro -  
f a r ad ) .  

It  can be seen tha t  both  leakage a nd  capaci tance 
decreased as the  g reen  dens i ty  and  t ime  and t e m -  
p e r a t u r e  of s in t e r ing  increased,  the  ove r -a l l  change  
for the  r ange  of condi t ions  s tudied be ing  about  a 
factor  of two. As the  va lues  of L/C show, L and  C 
changed  at the  same rate,  so tha t  L/C was cons tan t  
at  0.09 +-- 0.02 ~ a / m i c r o f a r a d  over  the  r ange  of 
condit ions.  

It  was  found  tha t  the  re la t ionsh ip  be tween  ca-  
pac i tance  and  s in t e r ing  condi t ions  could be ex -  
pressed in the  fo rm of an  empir ica l  equat ion,  wi th  
i n d e p e n d e n t  t e rms  in  green  densi ty,  t ime,  and  t e m -  
pe ra tu re .  This equa t ion  is 

C = 3.75 x IO'/T-- 3.50 log (t+6) -- 

32.47/(16.6-D~) + 3.20 

where T is temperature, in ~ t, time, in minutes, 
D~ green density, in g/cc, and C, capacitance, in mi- 
crofarads/g. The average difference between the 
value of C given by this equation and the measured 
value of C is 1.5%. The maximum difference is 
4.9%. These differences are well within experi- 
mental error. The expression (t+6) occurs in the 
term for time because t was measured as time at 
the designated temperature. The additional 6 rain 
is an estimate of the extra effective time due to 
heating and cooling periods. The density of tantalum 
metal is 16.6 g/cc, and this number appears in the 
term for green density. 

The equivalent series resistance results showed 
some scatter which tends to obscure the trends. 
However, it is clear that ESR increased markedly 
with increasing green density, and also to some ex- 
tent wi th  t ime. The  effect of t e m p e r a t u r e  is u n -  
cer tain.  

Af te r  the resul t s  descr ibed above were  ob ta ined  
and  the  capaci tance  equa t ion  der ived,  the  s tudy  of 
E-11 was  ex tended  to a lower  green  dens i ty  of 8.5 
g/cc,  at the  same t empera tu re s ,  b u t  for two t imes  
on ly  (30 and  90 m i n ) .  The resul t s  are shown in  
Table  III.  The a g r e e m e n t  be t w e e n  the  measu red  ca-  
pac i tance  and  the capaci tance  pred ic ted  by  the  p re -  
v ious ly  der ived  equa t i on  is excel lent ,  the  larges t  
dif ference be ing  6%. Values  of L/C also agree wi th  
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Table IV. Sinter densities and capacitance per unit volume, sample E-11 

G r e e n  d e n s i t y ,  g / c c  

8.5 9.5 10.5 11.5 
Temp, Time, 
~ rain Ds Cvol. Ds Cvo]. Ds Cvol. Ds CvoL 

30 8.98 111 9.72 114 10.54 113 11.41 112 
1750 90 9.60 106 10.06 105 10.70 103 11.69 99 

180 - -  - -  10.34 99 11.04 93 11.93 89 

30 9.53 103 10.05 103 10.80 104 11.54 100 
1900 90 - -  - -  10.59 95 11.34 92 12.03 86 

180 - -  - -  10.77 86 11.46 83 12.27 77 

30 9.75 96 10.28 99 10.96 97 11.78 92 
2050 90 10.46 85 11.05 84 11.73 81 12.20 73 

180 - -  - -  11.50 77 11.92 72 12.77 64 

Ds is s i n t e r  d e n s i t y  (g / cc )  a n d  Cvol .  is  c a p a c i t a n c e  p e r  u n i t  v o l u m e  ( m i c r o f a r a d s / c c ) .  

those previously found; however, a differerlt kind 
of result was obtained with a few pellets sintered at 
the less severe sintering conditions. One, or at most 
two, of six pellets sintered under the same condi- 
tions started to "gas" violently during anodization, 
and on measurement were found to have leakages 
of the order of 400 ~a/g. These values were termed 
"wild" leakages and are not included in the aver- 
ages in the table. The reasons for this phenomenon 
are not clear, but it is associated with lower green 
densities and lower times and temperatures of sin- 
tering (see also the results for L-533 below). 

The results for equivalent series resistance ap- 
peared to follow the same trends as those previously 

obtained. 
The apparent densities of the pellets after sinter- 

ing were measured for the pellets studied elec- 
trically. Results are shown in Table IV, together 
with the values for capacitance per unit volume, 
which were obtained by multiplying the capaci- 
tance per gram by the sinter density in g/cc. For 
practical purposes, in the manufacture of capacitors, 
the capacitance per unit volume is the important 
parameter, rather than the capacitance per unit 
weight. 

The sinter density increased with time and tem- 
perature of sintering and also with green density, 
but the difference between green density and sinter 
density became less as the green density increased. 
The capacitance per unit volume was almost inde- 
pendent of green density, except at the highest 

g r e e n  d e n s i t y  ( 1 1 . 5 ) ,  w h e r e  t h e r e  w a s  s o m e  d e -  
c r e a s e .  T h e  c a p a c i t a n c e  p e r  u n i t  v o l u m e  d e c r e a s e d  
w i t h  i n c r e a s i n g  t i m e  a n d  t e m p e r a t u r e  of  s i n t e r i n g .  

S G - 7 3 R . - - A  s i m i l a r  s t u d y  to  t h a t  m a d e  o n  E - 1 1  
w a s  m a d e  w i t h  S G - 7 3 R ,  e x c e p t  t h a t  t h e  d a t a  w e r e  
n o t  as  c o m p l e t e  a n d  s i n t e r  d e n s i t i e s  w e r e  n o t  m e a s -  
u r e d .  

T h e  e l e c t r i c a l  r e s u l t s  a r e  s h o w n  i n  T a b l e  V, w h e r e  
t h e  v a l u e s  a r e  t h e  a v e r a g e s  f r o m  s ix  p e l l e t s .  

T h e  t r e n d s  of  l e a k a g e  a n d  c a p a c i t a n c e  w e r e  v e r y  
s i m i l a r  to  t h o s e  f o r  E - 1 1 ,  a n d  L / C  w a s  a g a i n  f o u n d  
to  b e  c o n s t a n t ,  a l t h o u g h  t h e  v a l u e  of  0.07 --  0.01 
~ a / m i c r o f a r a d  f o r  S G - 7 3 R  w a s  s l i g h t l y  l o w e r  t h a n  
t h a t  f o r  E - 1 1  (0 .09  --  0 .02 ) .  T h e  c a p a c i t a n c e  v a l u e s  
c o u l d  b e  e x p r e s s e d  b y  a n  e q u a t i o n ,  i n  t e r m s  of  g r e e n  
d e n s i t y ,  t i m e ,  a n d  t e m p e r a t u r e ,  of  t h e  s a m e  f o r m  
as  t h a t  u s e d  f o r  E - 1 1 .  T h e  a v e r a g e  d i f f e r e n c e  b e -  
t w e e n  t h e  v a l u e s  of  c a p a c i t a n c e  g i v e n  b y  t h i s  e q u a -  
t i o n  a n d  t h e  m e a s u r e d  v a l u e s  w a s  2 % .  T h e  m a x i -  
m u m  d i f f e r e n c e  w a s  5 . 1 % .  T h e  e q u a t i o n  is C = 
4.83 x IO~/T --  3.72 l og  ( t  + 6) - -  4 6 . 5 6 / ( 1 6 . 6 - D ~ )  + 
1.19. 

T h e  m e a s u r e m e n t s  of  e q u i v a l e n t  s e r i e s  r e s i s t a n c e  
s h o w e d  l e s s  s c a t t e r  t h a n  t h a t  f o u n d  f o r  E - 1 1 ,  p a r t l y  
b e c a u s e  e x p e r i m e n t a l  t e c h n i q u e  h a d  b e e n  i m p r o v e d .  
T h e  e q u i v a l e n t  s e r i e s  r e s i s t a n c e  i n c r e a s e d  w i t h  i n -  
c r e a s i n g  g r e e n  d e n s i t y  a n d  t i m e ,  a n d  s l i g h t l y  w i t h  
i n c r e a s i n g  t e m p e r a t u r e .  

L - 5 3 3 . - - T h e  s t u d y  of  L - 5 3 3  w a s  m a d e  o v e r  a 
r a n g e  of  g r e e n  d e n s i t i e s  (7 .0  to  10.5 g / c c )  e x t e n d -  
i n g  l o w e r  t h a n  t h a t  u s e d  f o r  E - 1 1 .  O n l y  t i m e s  of  30 

Table V. Electrical results, sample SG-73R 

Dg = 8.5 Dg = 9.5 Du = 10.5 Dr = 11.5 
T e m p ,  T i m e ,  

~ C m i n  L C E S R  L / C  L C E S R  L / C  L C E S R  L / C  L C E S R  L / C  

1750 90 1.0 12.05 8.3 0.08 0.9 11.17 8.7 0.08 0.7 10.02 12.1 0.07 . . . .  

30 0.9 11.47 7.6 0.08 0.85 10.75 9.1 0.08 . . . . . . . .  
1900 90 0.8 10.59 8.2 0.08 0.7 9.37 10.2 0.07 0.6 8.45 14.1 0.07 0.5 7.12 23.8 0.07 

180 0.6 9.24 9.6 0.07 0.55 8.38 12.3 0.07 . . . . . . . .  

30 0.8 10.67 9.1 0.08 0.7 10.18 11.0 0.07 0.6 8.96 12.5 0.07 . . . .  
2050 90 0.6 8.60 9.4 0.07 0.55 8.02 12.0 0.07 . . . . . . . .  

180 0.5 7.96 10.1 0.06 0.4 6.89 15.0 0.06 . . . . . . . .  

L is d -c  l e a k a g e  a t  140 v ,  i n  # a / g ;  C, m e a s u r e d  c a p a c i t a n c e  a t  120 c ps,  in  m i c r o f a r a d / g  (200-v  f o r m a t i o n ) ;  E S R ,  e q u i v a l e n t  s e r i e s  r e s i s t -  
a n c e ,  i n  o h m / p e l l e t ;  D~, g r e e n  d e n s i t y ,  i n  g / c c .  

C = 4.83 x IO'~/T -- 3.72 log  (t + 6) -- 4 6 . 5 6 / ( 1 6 . 6 n g )  + 1.19 (T in  ~ 
L / C  = 0.07 • 0.01 
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Table Vl. Electrical results, sample L-533 

Dg = 7.0 Dg = 8.0 Dg = 0.5 Dg = 10.5 
Temp,  T ime ,  

~ m i n  L C E S R  L / C  L C E S R  L / C  L C E S R  L / G  L C E S R  L / C  

1750 90 . . . .  1.7" 14.78 10 0.12 1.3 11.88 17 0.11 1.2 9.54 29 0.13 

39 . . . .  1.6' 15.66 11 0.10 . . . . . . . .  
1900 90 . . . .  1.4 11.59 13 0.12 1.3 9.53 24 0.14 3.1 7.77 41 0.40 

30 2.5* 14.02 12 0.18 1.7 12.36 12 0.14 1.5 10.36 25 0.14 . . . .  2050 90 . . . .  1.2 9.75 15 0.12 1.0 7.66 35 0.13 6.4 5.66 63 1.13 

L is d-c l e a k a g e  a t  140 v ,  in  ~ a / g ;  C, capac i t ance  a t  120 cps, in  m i c r o f a r a d / g  (200-v f o r m a t i o n )  ; ESR,  e q u i v a l e n t  series resistance,  in  
o h m / p e l l e t ;  Dg, g r e e n  dens i ty ,  in  g/cc .  

* One  or m o r e  pe l l e t s  ha d  " w i l d "  leakages .  
C = 8.04 • IOt/T -- 7.34 log  (t + 6) -- 94.0/(16.6-Dg) + 0.40 (T i n  ~ K) 

L / C  no t  cons tan t .  

and 90 m i n  w e r e  used. E lec t r i ca l  resul t s  a re  shown 
in Tab le  VI, each n u m b e r  be ing  the  a v e r a g e  f r o m  
four  pel le ts .  

As w i t h  E-11 and SG-73R,  the  capac i t ance  de -  
c reased  w i t h  inc reas ing  g r e e n  densi ty ,  t ime,  and 
t e m p e r a t u r e .  H o w e v e r ,  l e akage  did not  fo l low the  
same t r end  o v e r  the  w h o l e  r a n g e  of condit ions,  so 
tha t  wh i l e  L/C was  essen t i a l ly  cons tan t  at 0.12 ---- 0.02 
~ a / m i c r o f a r a d  for  g reen  densi t ies  of 8.0 and 9.5, 
t he re  was  a def ini te  inc rease  in L/C  at  a g r een  
dens i ty  of 10.5 and h i g h e r  t e m p e r a t u r e s .  T h e r e  w e r e  
also pe l le ts  showing  " w i l d "  l eakage  at  the  l ower  
g reen  densi t ies  and t imes  and t e m p e r a t u r e s .  These  
w e r e  not  inc luded  in the  averages .  

The  capac i t ance  m e a s u r e m e n t s  f i t ted t he  same 
fo rm of equa t i on  r e l a t i ng  t h e m  w i t h  g r een  densi ty ,  
t ime,  and t e m p e r a t u r e  as t ha t  found  to app ly  for  
E-11 and SG-73R.  The  e q u a t i o n  is 

C ~ 8.04 x IOVT -- 7.34 log ( t + 6 )  

- -  94.0/(16.6-D~) + 0.40 

This  equa t i on  does not  fit the  da ta  qu i t e  as we l l  
as did the  equa t ions  for  E-11 and SG-73R,  the  
a v e r a g e  and m a x i m u m  di f ferences  b e t w e e n  the  
m e a s u r e d  and calcf i la ted capac i tances  be ing  3.4% 
and 9.2%, r e spec t ive ly .  This  m a y  be due  in pa r t  to 
the  less comple t e  da ta  used  in de r iv ing  it. 

The  e q u i v a l e n t  series res i s tance  inc reased  w i t h  
inc reas ing  g r een  densi ty ,  t e m p e r a t u r e ,  and t ime.  

The  resu l t s  of s in te r  dens i ty  m e a s u r e m e n t s  and 
the  va lues  of capac i t ance  per  un i t  v o l u m e  de r i ved  
f r o m  t h e m  and the  capac i tances  per  uni t  w e i g h t  a re  
shown in Tab le  VII.  U n l i k e  E-11,  the  capac i t ance  
per  uni t  v o l u m e  of L-533 changed  m a r k e d l y  w i t h  

g r een  densi ty ,  dec reas ing  w i t h  increas ing  g r een  
densi ty .  Capac i t ance  per  un i t  v o l u m e  also dec reased  
w i t h  ir icreasing t i m e  and t e m p e r a t u r e .  

Comparison of Results 

Leakage. - -The  most  s ignif icant  d i f ferences  b e -  
t w e e n  the  l e a k a g e  resu l t s  for  the  t h r ee  powde r s  
were ,  first, the  cons tancy  of L/C  for  E-11 and S G -  
73R compared  w i t h  the  increase  in L/C  for  L-533 at  
h ighe r  g reen  dens i t ies  and t e m p e r a t u r e s ,  and sec-  
ond, the  condi t ions  at  wh ich  the  p h e n o m e n o n  of 
" w i l d "  l eakage  occurred .  Some  pe l le t s  of E-11 had  
" w i l d "  l eakages  at a g r een  dens i ty  of 8.5 and l o w e r  
t e m p e r a t u r e s  and t imes,  whereas ,  u n d e r  the  same  
condi t ions,  no pe l l e t s  of S G - 7 3 R  "showed " w i l d "  
leakage .  L-533 gave  " w i l d "  l eakages  only  at g r een  
dens i t ies  be low those  s tud ied  for  the  o ther  two  
powders .  

Capacitance.--For all  t h r ee  p o w d e r s  the r e l a t i on -  
ship b e t w e e n  capac i t ance  and s in t e r ing  condi t ions  
could  be expres sed  by  an empi r i ca l  equa t ion  of the  
f o r m  

C = A x l O V T  + Blog  ( t + 6 )  

+ C' /16.6-D~ + D 

T h e r e  were ,  h o w e v e r ,  cons ide rab le  di f ferences  in 
t he  va lues  of the  coefficients A, B, C', and D for  the  
t h r ee  powders .  These  coefficients ( shown  in Tab le  
VI I I )  a re  a m e a s u r e  of the  sens i t iv i ty  of the  capac i -  
t ance  to changes  in s in te r ing  condi t ions.  It  can be  
seen tha t  the  capac i t ance  of E-11 is the  least  sens i -  
t ive  to changes  in condi t ions,  and tha t  of L-533 is 
the  mos t  sensi t ive.  S G - 7 3 R  is m u c h  closer  in sens i -  
t i v i t y  to E-11 t h a n  to L-533,  bu t  is m o r e  sens i t ive  

Table VII. Sinter densities and capacitance per unit volume, sample L-533 

G r e e n d e n s i t y ,  g / cc  

7.0 8.0 9.5 10.5 
Temp ,  Time,  

~ m i n  n s  Cvol .  Ds Cvol .  Ds Cvol .  n s  Cvol .  

1750 90 - -  - -  10.00 148 11.41 136 12.15 116 

30 - -  - -  9.50 149 . . . .  
1900 90 - -  - -  9.91 115 11.18 107 11.86 92 

30 8.76 123 9.89 122 11.17 116 - -  - -  2050 
90 - -  - -  10.47 102 11.78 90 12.45 70 

Ds is s i n t e r  d e n s i t y  (g/cc) and  Cvol .  is capac i t ance  pe r  u n i t  v o l u m e  ( m i c r o f a r a d / c c ) .  
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Table VIII. Comparison of capacitance equations 

G e n e r a l  f o r m  of  e q u a t i o n :  
C = A x l 0 t / T  + B l o g  (t + 6) + C / ( 1 6 . 6 - D s )  + D 

Sample A B C' D 

E - l l  3.75 --3.50 --32.47 +3.20 
SG-73R 4.83 --3.72 --46.56 + 1.19 
L-533 8.04 --7.34 --94.0 +0.40 

C is c a p a c i t a n c e ,  in  m i c r o f a r a d / g  (2OO-v f o r m a t i o n } ;  T, t e m p e r -  
a t u r e ,  in  ~  t ,  t i m e ,  in  m i n u t e s ;  Dg,  g r e e n  d e n s i t y ,  i n  g / ca .  

to changes  in t e m p e r a t u r e  and  g r e e n  d e n s i t y  t h a n  
is E-11. 

F i g u r e s  2, 3, and  4 show the  changes  in c a p a c i -  
t ance  of t he  t h r e e  p o w d e r s  w i t h  c h a n g i n g  t e m p e r -  
a t u r e  (a t  cons t an t  t i m e  and  g reen  d e n s i t y ) ,  t ime  
(a t  cons t an t  t e m p e r a t u r e  and  g r e e n  d e n s i t y ) ,  and  
g reen  d e n s i t y  (a t  cons t an t  t ime  and  t e m p e r a t u r e ) ,  
r e spec t ive ly .  Those  g r a p h s  show not  on ly  t he  r e l a -  
t ive  sens i t iv i t i e s  of the  c a p a c i t a n c e  of the  p o w d e r s  
to changes  in cond i t ions  as  d e s c r i b e d  above ,  b u t  
also t he  effects of each  of the  s e p a r a t e  v a r i a b l e s  

~ .  Di �9 9.5 gm/r 

\ 
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Fig. 2. Capacitance vs. temperature at constant time and 
green density. 

L �9 
log I t .6 )  

Fig. 3. Capacitance vs. time at constant temperature and 
green density. 

%e.~-o,) 

Fig. 4. Capacitance vs. green density at constant time and 
temperature. 

( t ime ,  t e m p e r a t u r e ,  and  g r e e n  d e n s i t y )  r e l a t i v e  to 
each  other .  The  changes  in c a p a c i t a n c e  due  to t he  
s e p a r a t e  effects of the  o v e r - a l l  changes  in each  v a r i -  
a b l e  w e r e  a p p r o x i m a t e l y  equal ,  ove r  t he  r a n g e s  
s tud ied .  

Equivalent series resistance.--The e q u i v a l e n t  
ser ies  r e s i s t ance  i nc r ea sed  w i t h  g r e e n  d e n s i t y  and  
t i m e  for  a l l  t h r e e  powder s .  I t  i n c r e a s e d  w i t h  t e m -  
p e r a t u r e  for  S G - 7 3 R  and  L-533,  bu t  t he  effect  of 
t e m p e r a t u r e  for  E-11 is unc e r t a in .  The  ESR of L-533  
was  t h e  mos t  s ens i t i ve  of the  t h r e e  p o w d e r s  to 
changes  in s i n t e r i ng  condi t ions ,  and  also t he  h ighes t  
in m a g n i t u d e  for  a g iven  set  of condi t ions .  

Conclusions 
No a t t e m p t  has  been  m a d e  to g ive  s p e c u l a t i v e  i n -  

t e r p r e t a t i o n s  of t he  o b s e r v e d  resu l t s ,  s ince  i t  is 
t h o u g h t  t h a t  s p e c u l a t i o n  could  b e  m o r e  m i s l e a d i n g  
t h a n  h e l p f u l  w h e n  d i scuss ing  such c o m p l e x  sys tems .  
Much  m o r e  e x p e r i m e n t a l  ~work is n e e d e d  in th is  
f ield "before, for  e x a m p l e ,  a n y  m e a n i n g f u l  p h y s i c a l  
i n t e r p r e t a t i o n  could  be  g iven  for  t he  f o r m  of t he  
g e n e r a l  c a p a c i t a n c e  equa t ion ,  or  t he  p h e n o m e n o n  
of " w i l d "  l e a k a g e  could  be  e xp l a ine d .  I t  is h o p e d  
t h a t  such w o r k  w i l l  be  fo r thcoming .  

Manuscr ip t  rece ived  June  22, 1959. This pape r  was 
p repa red  for de l ive ry  before the Ph i l ade lph ia  Meeting, 
May 1-5, 1959. 

A n y  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1960 
J O U R N A L .  
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The Growth of Anodic Oxide Films on Germanium 

Solomon Zwerdling and Sumner Sheff 1 

Lincoln Laboratory, Massachusetts Institute ol Technology, Lexington, Massachusetts 

ABSTRACT 

Thick uni form germanium dioxide films of controlled thickness have been 
grown anodically on both n -  and p- type  germanium. The electrolyte used was 
a 0.25N solution of anhydrous  sodium acetate in  glacial acetic acid. The com- 
position of the films was established by gravimetric and spectrometric meth-  
ods. From the current  efficiencies and the other parameters  of the electrolysis, 
certain significant properties of the oxide films were calculated, i.e. differen- 
tial formation field dur ing  growth, resistivity, and thickness. Furthermore,  it 
was possible to determine changes in these quanti t ies by evaluat ing them for 
different intervals  of the electrolysis. 

The  p resence  of a th ick  oxide film on a g e r m a n i u m  
subs t ra te  is cons idered  of impor t ance  in  u n d e r s t a n d -  
ing  the  surface  p roper t i es  of semiconductors .  Such 
spec imens  could be used for phys ica l  m e a s u r e -  
men t s  i nvo lv ing  e lec t ronic  in te rac t ions  b e t w e e n  the  
oxide l aye r  and  the  subs t ra te ,  e.g., the  inf luence of 
var ious  gaseous a m b i e n t s  on the  surface conduc-  
t iv i ty .  Anodic  electrolysis  was selected to produce  
these films, since it r ead i ly  pe rmi t s  ob t a in ing  pe r -  
t i n e n t  e lec t rochemical  da ta  for the  films i nc lud ing  
d i f ferent ia l  fo rma t ion  field d u r i n g  growth,  res is-  
t iv i ty ,  and  thickness.  F u r t h e r m o r e ,  the  ox ida t ion  
ra te  m a y  be cont ro l led  readi ly,  and  the  films m a y  
be fo rmed  at room t empera tu r e ,  so tha t  the  electr ical  
charac ter is t ics  of the  subs t ra te  are una l t e red .  

Anodic  oxide film g rowth  on electrodes has been  
s tudied  r a the r  ex t ens ive ly  for meta l s  in  aqueous  
e lect rolytes  (1-8) ,  and  severa l  theor ies  (4, 9-11) 
have  been  proposed according to which  the  fo rma-  
t ion c u r r e n t  dens i ty  should  be d e p e n d e n t  e x p o n e n -  
t i a l ly  on the  electric field across the oxide film. The  
data  ob ta ined  for these  sys tems have  been  essen-  
t i a l ly  in  ag r eemen t  wi th  theory.  In  recen t  years,  
the expe r imen t s  have  been  ex tended  to semiconduc-  
tors, i nc lud ing  g e r m a n i u m  (12}, i n d i u m  a n t i m o n i d e  
(13),  and  sil icon (14).  In  this  paper ,  we wi l l  p r e -  
sent  the  de ta i led  resu l t s  ob ta ined  for the e lec t ro-  
chemical  p a r a m e t e r s  of the  anodic  oxide film f o r m a -  
t ion  on g e r m a n i u m  in  a n o n a q u e o u s  electrolyte.  

Experimental 
Apparatus.--The expe r imen t s  for p roduc ing  the  

oxide films were  pe r fo rmed  at  room t e m p e r a t u r e  in 
a th ree  c o m p a r t m e n t  e lect rolyt ic  cell wi th  the same 
e lec t ro ly te  in all  th ree  compar tmen t s .  The expe r i -  
m e n t a l  a r r a n g e m e n t  is shown  schemat ica l ly  in Fig. 
1. C u r r e n t  was ob ta ined  f rom an  e lec t ron ica l ly  s ta -  
bi l ized c u r r e n t  supp ly  h a v i n g  an  e q u i v a l e n t  source 
vol tage  of 100 kv. The anode  was  g r o u n d e d  and  its 
vol tage  re la t ive  to a re fe rence  p l a t i n u m  electrode 
in  the same e lec t ro ly te  was m e a s u r e d  and  recorded 
c o n t i n u o u s l y  by  a v e r y  h igh i npu t  impedance  elec-  
t ronic  po ten t iomete r .  The  circui t  was  des igned so 

z Presen t  address :  Semiconduc tor  Division,  Ray theon  Manufac tu r -  
ing Company,  Newton,  Mass. 

t ha t  the c u r r e n t  could be m o n i t o r e d  on the  same ap-  
pa ra tus  w i t hou t  i n t e r r u p t i n g  the  circuit .  

Samples.--The samples  were  Ge wafers  ( a p p r o x -  
ima te ly  2 X 1 • 0.1 cm) ca re fu l ly  lapped  wi th  No. 
600 and  No. 800 sil icon carb ide  fol lowed by  a 1.5 
rain CP-4  etch2 Surfaces  were  e x a m i n e d  in in t ense  
obl ique  l ight  and  were  reprocessed if not  sat isfac-  
tory. For  r epea ted  anodic ox ida t ions  wi th  the same 
electrode,  on ly  a 0.5 m i n  CP-4  etch was used. Tygon  
pa in t  ( a i r -d r i ed ,  t hen  baked  at 70~ ove rn igh t )  
was used to protect  the lead soldered to the anode 
which  was  on ly  pa r t i a l ly  i m m e r s e d  in  the e lec t ro-  
lyte.  

The geomet r ica l  areas of the electrodes were  de-  
t e r m i n e d  to ___ 1% by  means  of an  optical  compara to r  
capable  of r ead ing  d imens ions  to w i t h i n  0.005 cm. 
A surface roughness  factor  of 1.3 was  assumed based 
on m e a s u r e m e n t s  repor ted  by  La w  (15).  The depth  
of i mme r s i on  of the  Ge anode was  d e t e r m i n e d  f rom 
the  b o u n d a r y  l ine  of the oxidized por t ion  of the 
electrode observed  af ter  the  r e mova l  of the oxide 
film by  i mme r s i on  in 0.01N sod ium hydrox ide  (aq.) .  

Electrolyte.--A large n u m b e r  of expe r imen t s  
showed tha t  it was  a p p a r e n t l y  impossible  to grow 
oxide films on g e r m a n i u m  us ing  aqueous  e lec t ro-  
lytes,  due to the apprec iab le  so lub i l i ty  of the fo rmed  

2 CP-4 consists of concentra ted RNO3 (5 par t s  by vo lume) ,  glacial 
CH~COOH (3 pa r t s ) ,  48% HF (3 parts)  and Br2 (0.06 par t ) .  

CONSTANT (+ ) I  
CURRENT 
SOURCE (-) 

Pt Ge REFERENCE Pt 
CATHODE ANODE ELECTRODE 

COMPARTMENT COMPARTMENT COMPARTMENT 

Fig. 1. Schematic diagram of electrolysis apparatus 
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GeO~ in  water .  A m o n g  m a n y  e lec t ro ly te  sys tems 
t r ied  a so lu t ion  of a n h y d r o u s  sod ium acetate  in  g la -  
cial acetic acid (A.R.) was  found  su i tab le  and  it  
was employed  in the p resen t  s tudy.  The o p t i m u m  
composi t ion for p roduc ing  sat is factory oxide films 
over the  c u r r e n t  dens i ty  r ange  f rom 50-400 tLa/cm ~ 
was found  to be 0.25N and  it was  employed  t h r o u g h -  
out. 

Anod ica l ly  fo rmed  GeO~ is essen t ia l ly  inso lub le  in 
the  e lec t ro ly te  (less t han  0.2 7 / m l )  as shown  by  
a color imetr ic  p rocedure  descr ibed below. The 
e lect rolyte  had  a specific conduc t iv i ty  of 43.7 
~mho-cm -~ at 24.3~ 

Analytical.---A method  for the  d e t e r m i n a t i o n  of 
the a m o u n t  of oxidized Ge in the  anodic  films was  de-  
veloped by a modif icat ion of the oxidized h e m a t o x y l i n  
photomet r ic  p rocedure  descr ibed by  Newcombe,  et al. 
(16).  The modif icat ions  invo lved  (a) d issolv ing the  
oxide film on the  electrode by  a 10-sec i m m e r s i o n  
wi th  s t i r r ing  in  0.01N aqueous  sod ium hydroxide ,  
neu t r a l i z ing  w i th  0.04N aqueous  sul fur ic  acid, and  
m a k i n g  up to s t a n d a r d  vo lume  wi th  ph tha l a t e  buffer  
of pH = 3.2, (b)  us ing  10 ml  a l iquots  of this  solu-  
t ion to d e t e r m i n e  the Ge concen t ra t ion ,  and  (c) a l -  
lowing  60 m i n  for the reac t ion  t ime  b e t w e e n  the  
Ge and  the hema toxy l in .  The 10-sec i m m e r s i o n  t ime  
was e x p e r i m e n t a l l y  found  sufficient to r emove  com-  
p le te ly  even  the  th ickes t  film g rown  and m a k e  neg -  
l igible  any  con t r i bu t i on  due to f u r t he r  ox ida t ion  
and  d issolu t ion  of the  electrode. A ca l ib ra t ion  curve  
was ob ta ined  by  us ing  fl-GeO.~ s t anda rd  solut ions  
p repa red  by  d issolv ing a we ighed  q u a n t i t y  of the  
oxide in 0.01N aqueous  sodium hydroxide ,  n e u t r a -  
lizing, and  d i lu t ing  to v o l u m e  wi th  the  same re -  
agents  as above.  Optical  dens i ty  m e a s u r e m e n t s  were  
made  on a B e c k m a n  Model  DU Spec t ropho tomete r  
to a precis ion of • 0.002 u n i t  s t anda rd  devia t ion .  

Determination of Oxide Composition 

A s tudy  was  made  in  order  to d e t e r m i n e  the 
composi t ion of the  anodic  films. Since the  elec- 
t rolysis  was pe r fo rmed  in  glacial  acetic acid, the 
poss ibi l i ty  tha t  the  films were  g e r m a n i u m  t e t r a -  
acetate  was inves t iga ted .  This compound  had been  
synthes ized  b y  Schmidt ,  et al. (17) and  was  re -  
por ted  to be soluble  in  benzene  and  acetone.  These 
anodic  films were  found  to be inso lub le  in  those re -  
agents.  

To test  the  a s sumpt ion  tha t  the  films were  GeO~, 
expe r imen t s  were  pe r fo rmed  to d e t e r m i n e  the 
s to ichiometr ic  rat io of g e r m a n i u m  to oxygen.  The 
rat io was ca lcula ted  f rom the  weigh t  loss of ger -  
m a n i u m  anodes  af ter  the  film had  been  r emov e d  by  
dissolut ion in  aqueous  sod ium hyd rox ide  and  f rom 
the  a m o u n t  of g e r m a n i u m  found  in  the r e su l t ing  
solution.  The films were  g rown  on p - t y p e  g e r m a n i u m  
at 100 t~a/cm ~ for 10 hr. They  were  f reed of sodium 
acetate  by  t en  5 - m i n  r ins ings  in  fresh por t ions  of 
glacial  acetic acid, and  0f acetic acid by  p u m p i n g  
in  a v a c u u m  desiccator  for severa l  hours.  Rad io-  

s A s m a l l  q u a n t i t y  of the  e l ec t ro ly t e  was  r e f luxed  a t  120~ fo r  
1 h r  w i t h  0.6% of  i ts  w e i g h t  of ace t ic  a n h y d r i d e  to  d e h y d r a t e  i t  
fu r the r .  The  r e s u l t i n g  so lu t i on  h a d  a specific c o n d u c t i v i t y  of 42.4 
/ tmho-cm -1 a t  27.5~ as con t r a s t ed  to a v a l u e  of  49.5 ~mho-cm-1  
for  the  o r i g i n a l  so lu t ion .  A t t e m p t s  to g r o w  u n i f o r m  ox ide  f i lms o n  
G e  anod ica l ly  w i t h  the  r e f luxed  e l ec t ro ly t e  we re  unsuccess fu l .  F u r -  
t he r  i n v e s t i g a t i o n s  w i t h  t h i s  e l ec t ro ly t e  m a y  e luc ida t e  t he  r eac t i on  
m e c h a n i s m  of  t he  anod ic  ox ida t ion .  
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t racer  e x p e r i m e n t s  us ing  Na ~ tagged e lec t ro ly te  
ind ica ted  tha t  this  r i n s ing  p rocedure  was  sufficient 
to r emove  comple te ly  all  sod ium ions poss ib ly  ad-  
sorbed on the film. By coun t ing  the  aqueous  sodium 
hydrox ide  solut ions  con ta in ing  the dissolved film 
g r ow n  in the  tagged electrolyte,  it was found  tha t  
no s ignif icant  a m o u n t  of sod ium was incorpora ted  
in  the  film. P r io r  to weighing,  the  films were  equ i -  
l ib ra ted  at a tmospher ic  p ressure  in  a desiccator  for 
30 min.  Weigh ings  were  m a d e  on a mic roba lance  to 
a precis ion of -----2~/. A s to ichiometr ic  ra t io  of 1:2 
co r respond ing  to the  empi r ica l  f o r mu l a  GeO~ was 
found.  

X - r a y  diffract ion pa t t e rn s  were  t a k e n  of the 
powder  ob ta ined  by  m e c h a n i c a l l y  r e m o v i n g  the  film 
m a t e r i a l  g rown  on Ge anodes.  A diffuse p a t t e r n  was 
ob ta ined  ind ica t ive  of an  a mor phous  powder .  Af te r  
r ec rys ta l l i za t ion  f rom redis t i l led  water ,  the  diffrac-  
t ion  p a t t e r n  con ta ined  on ly  the  l ines  associated wi th  
the hexagona l  fo rm of GeO~. 

The composi t ion of the  anodica l ly  fo rmed  film was 
inves t iga ted  f u r t h e r  by d e t e r m i n i n g  its i n f r a red  ab -  
sorpt ion spec t rum.  T ransmis s ion  m e a s u r e m e n t s  were  
made  us ing  two oxidized electrodes in  series, cor-  
r e spond ing  to four  film thicknesses ,  in  the  r ad ia t ion  
beam. The spectra l  reg ion  f rom 2-20 t~ was  scanned.  
This  was  possible since b u l k  g e r m a n i u m  is t r a n s -  
p a r e n t  in this region.  Only  the  absorp t ion  bands  of 
GeO2 (18) were  found  and  are  shown in  Fig. 2 (a )  
and  (b ) ,  thus  conf i rming tha t  the  films were  ger -  
m a n i u m  dioxide. 
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Fig. 2(a). Infrared transmission of GeO~ films produced on- 
odical ly on germanium (1 6 to 18/~ band). 
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E l e c t r o c h e m i c a l  C o n s i d e r a t i o n s  o f  F i l m  G r o w t h  

Cer t a in  p e r t i n e n t  p roper t ies  of the  oxide films 
were  ca lcula ted  f rom the p a r a m e t e r s  of the  elec-  
t rolysis ,  i.e., the  to ta l  cur ren t ,  the  anode  area, and  
the  increase  of vo l tage  across the  oxide wi th  t ime  
as the  film grew thicker .  

The  d i f ferent ia l  oxide fo rma t ion  field at a n y  th i ck -  
ness  is defined as 

E~ = d V / d x  : d V / f i d q  t [1] 

where  E~ is the  d i f ferent ia l  oxide fo rma t ion  field, 
v / c m ;  V the  po ten t i a l  across the  film, v; x the  film 
thickness ,  cm; and  fl the  cen t ime te r s  of film th i ck -  
ness fo rmed  per  a m p - s e c / c m  ~ of charge q~ passed 
l ead ing  to oxide fo rmat ion .  

The th ickness  of the  oxide film at a n y  t ime  t is 
g iven  by  

x ,  = Xo -& flqr [2] 

whe re  fl is t a k e n  to be a constant ,  and  xo is the t h i ck -  
ness pr ior  to electrolysis .  The dens i ty  of the oxide 
fo rmed  on the  Ge anode  was assumed to be tha t  
of b u l k  hexagona l  GeO~ (4.28 g / c m  ~) (19),  so tha t  
a ca lcu la t ion  for fl y ie lded  6.35 x 10 -~ cm~(amp-sec)  -1, 
and  for the  average  th ickness  of a GeO~ layer  3.4A. 
The c u r r e n t  efficiency for oxide fo rma t ion  E is de-  
fined as 

= i r / I  [3] 

where  i r is the oxide fo rma t ion  cu r r en t  dens i ty  and  
I the  tota l  c u r r e n t  densi ty .  If the  c u r r e n t  efficiency 
is a cons tan t  d u r i n g  a g iven  electrolysis  i n t e rva l  in 
the  anodic  ox ida t ion  of Ge to GeO~, t hen  

E = 4 F M o r  [4] 

whe re  F is the  F a r a d a y  constant ,  Moe is the n u m b e r  
of moles  of Ge anodica l ly  oxidized, and  Q is the  
tota l  charge passed d u r i n g  tha t  in te rva l .  If the  elec-  
tr ical  res i s t iv i ty  of the  oxide po~ is a cons tan t  d u r -  
ing the  same in te rva l ,  f rom Ohm's  law, 

po~ : E ~ / I  [5] 

Since i r ~ d q f / d t ,  Eq. [3] m a y  be combined  wi th  
Eq. [1 ] to give 

E~ = d V / f l i r d t  = (1 / f l ~ I )  d V / d t  [6] 

and  wi th  Eq. [2] to give 

A l t e rna t i ve ly ,  the  
d e t e r m i n e d  f rom 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  A p r i l  1960 

x t  : xo ~- f leI t  [7] 

th ickness  of the  film m a y  be 

x t  : W~o G / D  [8] 

q u a n t i t y  of oxidized Ge on the 
G is the  g rav ime t r i c  factor  for 
the  dens i ty  of GeO~ in  g / c m  ~. 
e x p e r i m e n t a l  me thod  used, the  

where  WG~ is the  
surface  in  g / c m  ~, 
G e O J G e ,  and  D is 

Because  of the  
cu r r en t  efficiency could be ob ta ined  on ly  as an  
average  over  an i n t e r v a l  of electrolysis.  Therefore ,  
it was  on ly  possible to eva lua t e  the  d i f ferent ia l  field 
for those in t e rva l s  d u r i n g  which  the  c u r r e n t  effi- 
c iency was  cons tant .  Since the  e lectrolyses  were  
pe r fo rmed  at  cons tan t  c u r r e n t  densi ty ,  such i n t e r -  
vals  wou ld  be expected  to exhib i t  a l i nea r  r ise of 
vol tage  w i th  t ime. As the  po ten t i a l  across the  oxide 

was the on ly  componen t  of the measu red  anode 
po ten t ia l  tha t  was  expected  to con t r ibu t e  p r i m a r i l y  
to its increase  wi th  t ime  as the  oxide grew thicker ,  
the  ra te  of increase  of the  la t te r  was t a k e n  equa l  
to the ra te  of increase  of po ten t i a l  across the  oxide 
d V / d t .  This increase  was a s sumed  to be due  on ly  to 
the increase  in  the film th ickness  and  not  to any  
changes  in  the  oxide a l r eady  formed.  

It  was necessa ry  to consider  the poss ib i l i ty  of 
the  fo rma t ion  of a p - t y p e  " inve r s ion"  l aye r  at the 
surface  of n - t y p e  Ge w h e n  anodized in the  sodium 
ace ta te -g lac ia l  acetic acid electrolyte.  The  effect 
was not  observed  in  the  electrolyses pe r fo rmed  ex-  
cept at the h ighes t  c u r r e n t  dens i ty  used. For  this 
case, the anode  vol tage  rose a b r u p t l y  to a b n o r m a l l y  
high va lues  w h e n  the  c u r r e n t  was t u r n e d  on, and  
wi th in  1 m i n  had  fa l len  to the  va lue  n o r m a l l y  ob-  
ta ined  wi th  p - t y p e  g e r m a n i u m  u n d e r  the same con-  
dit ions.  D u r i n g  fu r the r  electrolysis ,  the behav ior  
of the anode  vol tage  wi th  t ime  r e m a i n e d  normal .  
Evident ly ,  the  oxide film formed  w i t h i n  1 m i n  of 
electrolysis  was  sufficiently th ick  to des t roy the  " in-  
vers ion"  layer  by  p r e v e n t i n g  the e lect rolyt ic  double  
layer  f rom affecting the n o r m a l  e lec t ron and  hole 
densi t ies  at the  surface of the  g e r m a n i u m  substra te .  
Fu r the rmore ,  an  accumula t i on  of e lect rolyt ic  oxida-  
t ion  products  n e a r  the  anode  migh t  also have  con-  
t r i bu ted  to the  rise of anode  po ten t ia l  w i th  t ime. It  
is l ikely,  however ,  tha t  this did not  occur since the 
po ten t ia l  of a p l a t i n u m  anode  subs t i tu ted  for the 
germanium was found to remain constant during 
prolonged electrolysis. 

Results and Discussion 

As a consequence  of the  above considerat ions ,  
the cr i ter ia  adopted  for a successful  anodic  oxide 
film growth  e x p e r i m e n t  were :  (a) the film grown 
should be of u n i f o r m  th ickness  as ev idenced  by  the 
u n i f o r m i t y  of the  color it  p roduced  by  optical  i n t e r -  
ference in  wh i t e  l ight,  and  (b)  for all  in te rva l s  
fo l lowing the  in i t i a l  shor ter  one, the anode vol tage  
should increase  u n i f o r m l y  wi th  t ime  at cons tan t  
c u r r e n t  densi ty .  

For  c u r r e n t  densi t ies  be t w e e n  66 and  240 ~a / cm ', 
u n i f o r m  films appea r ing  b lue  and  yellow, respec-  
t ively,  in  wh i t e  l ight  were  obta ined.  The anode vol t -  
age vs. t ime  curves  satisfied c r i te r ion  (b) ,  a l though 
the onset  and  du ra t i on  of the  in te rva l s  va r ied  wi th  
the  c u r r e n t  densi ty .  Plots  of corrected anode po t en -  
t ia l  vs. e lectrolysis  t ime  for both  n -  and  p - t y p e  ger-  
m a n i u m  are shown in Fig. 3. 

The correc t ion  was chiefly due  to the I R  drop in 
the  anoly te  inc luded  in the m e a s u r e d  vol tage  and  
depended  on the  geomet ry  of the e x p e r i m e n t a l  
cell. By subs t i t u t i ng  a p l a t i n u m  anode for the  ger-  
m a n i u m  and  e lec t ro lyz ing  at  var ious  c u r r e n t  dens i -  
ties in  the  r a nge  studied,  these correct ions  were  
eva lua ted ,  the la rges t  be ing  abou t  4.5 v at the h igh-  
est c u r r e n t  densi ty .  The cnrves  show the different  
l inear  in t e rva l s  for the d i f ferent  c u r r e n t  densities.  
The va lues  of d V / d t  which  were  used in  ca lcu la t ing  
E~ f rom Eq. [6] for the d i f fe rent  l inear  in t e rva l s  
were  ob ta ined  f rom these curves.  The c u r r e n t  effi- 
ciencies for the  different  l i nea r  in te rva l s  were  cal-  
cula ted f rom the  charge passed d u r i n g  each i n t e rva l  



Vol. 107, No. 4 G R O W T H  O F  A N O D I C  O X I D E  F I L M S  O N  G e  341 

4 0  Z4OF~ 

35 n-AND p-TYPE 120Fo~m2 -- 

n - A N D p - T Y P E  

30 66Fo~m ~ 

p-TYPE 

25 

} 
zo 

i 
0 30 60 90 t20 ]50 ISO ZlO 240 270 

TIM~ OF ELECTROLYSIS (minutes) 

Fig. 3. Potential of Ge anodes vs. a reference Pt electrode 
during growth of anodic oxide fi lms in O.25N sodium acetate 
in glacial acetic ocid (corrected for IR drop in electrolyte). 

and  f rom differences in  the a m o u n t s  of oxidized 
g e r m a n i u m  found  in  films g rown  at the  same cu r -  
r en t  dens i ty  for t imes  equa l  to those at  the  b e g i n -  
n i n g  and  end  of each in te rva l .  F r o m  such differences,  
the  va lues  for M~e in  Eq. [4] we re  obta ined .  I t  was  
es tab l i shed  tha t  the  c u r r e n t  efficiency ac tua l ly  was  
cons tan t  t h r o u g h o u t  a l i nea r  in te rva l ,  by  d iv id ing  
each of two such in t e rva l s  into two par t s  and  ob-  
t a i n i n g  the  c u r r e n t  efficiency for these  parts .  The  
resu l t s  for two samples  of both n -  and  p - t y p e  ge r -  
m a n i u m  are shown in  Table  I. The  u n c e r t a i n t y  of 
the  efficiency d e t e r m i n a t i o n s  for the  to ta l  i n t e r v a l  
in  each case was ___ 5%. Since the  d e t e r m i n a t i o n s  for 
the  i n t e r m e d i a t e  in t e rva l s  invo lve  sma l l e r  dif fer-  
ences b e t w e e n  r e l a t i ve ly  la rge  quan t i t i e s  of oxidized 
g e r m a n i u m  t h a n  in  the  case of the  co r respond ing  
to ta l  in te rva ls ,  the  u n c e r t a i n t y  for the  fo rmer  was  
--- 10%. Consequen t ly ,  w i t h i n  this  e x p e r i m e n t a l  e r -  
ror  the  c u r r e n t  efficiency was cons tan t  t h r o u g h o u t  a 
l i nea r  in te rva l .  

A compar i son  was  made  b e t w e e n  the  anodic  ox-  
ida t ion  p a r a m e t e r s  of the  (111),  (110),  and  (100) 
faces of p - t y p e  Ge wi th  res is t iv i t ies  of a pp r ox -  
ima t e ly  30 ohm-cm.  E x p e r i m e n t s  were  pe r fo rmed  

Table I. Current efficiency for anodic oxidation of germanium 

Total  
c u r r e n t  C u r r e n t  
density,  In te rva l ,  efficiency, 

Material ~a/cm2 Specimen rnin % 

n- type  Ge 
(30 ohm-cm) 

120 1 60-105 11 
105-150 11 
60-150 11 

2 60-105 12 
105-150 11 
60-150 11 

66 3 60-150 17 
150-270 16 

60-270 16 

4 60-150 17 
150-270 16 
60-270 17 

p-type Ge 
(30 ohm-cm) 

for per iods of 6 h r  at va r ious  c u r r e n t  densi t ies  in  
the  r ange  of in teres t .  The resul t s  ind ica ted  that ,  
w i t h i n  e x p e r i m e n t a l  error ,  there  were  no differences 
be tween  the  anodic  ox ida t ions  of the  va r ious  c rys -  
t a l lographic  planes .  

The resu l t s  of a series of d e t e r m i n a t i o n s  of the  
anodic  oxide g rowth  p a r a m e t e r s  for n -  a nd  p - t y p e  
Ge of 30 o h m - c m  res is t iv i ty ,  e lect rolyzed at  the i n -  
dicated c u r r e n t  densi t ies  are  shown in  Tab le  II. For  
the  p - t y p e  Ge, the  (111) face was  used, and  for the  
n - t y p e  Ge, the  (111) a nd  (100) faces were  used. 
The va lues  repor ted  are the  averages  of d e t e r m i n a -  
t ions wi th  each e lec t rode  as wel l  as wi th  d i f ferent  
samples  cut  f rom ad jacen t  sections of the same ingot.  
The c u r r e n t  densi t ies  for r epea ted  e xpe r i me n t s  could 
be reproduced  only  to w i t h i n  _ 3% on account  of 
the pa r t i a l  i m m e r s i o n  t echn ique  used for the  Ge 
anodes.  The  r ep roduc ib i l i t y  of the d e t e r m i n a t i o n s  
of dV/dt was _ 5%, so tha t  the va lues  for E~, pox, 
and  it a re  repor ted  wi th  an u n c e r t a i n t y  of +-- 8%. 
W i t h i n  this  e x p e r i m e n t a l  error ,  both  n -  and  p - t y p e  
Ge showed the same behav io r  du r ing  anodic  oxide 
film growth.  

The ave rage  c u r r e n t  efficiency va lues  ob ta ined  
for the  ox ida t ions  d u r i n g  the  in i t i a l  n o n l i n e a r  i n -  
t e rva ls  at the  va r ious  c u r r e n t  densi t ies  were  all  
a p p r o x i m a t e l y  the  same, about  24-26%. The  d u r a -  
t ion  of these  n o n l i n e a r  in t e rva l s  was shor ter  the  
grea te r  the  c o r r e spond i ng  c u r r e n t  densi ty .  How-  
ever,  for the  la te r  in te rva ls ,  there  is a t e n d e n c y  for 
the  efficiency to decrease  wi th  inc reas ing  c u r r e n t  
densi ty .  I t  is i n t e re s t ing  to no te  tha t  in  all  cases, 
the  first p r o n o u n c e d  change  in  slope occurred  at a 
po ten t i a l  b e t w e e n  20 a nd  24 v (see Fig. 3). This  
migh t  ind ica te  a change  in  the  anodic  process which  
could ar ise f rom the  onset  of increased  e lec t ron  
a n d / o r  "hole" conduc t iv i ty  in  the  oxide due  to the  
field across it, or to a hea t ing  effect by  the  cu r r en t  
passing.  Since the  c u r r e n t  efficiency of oxide f o r m a -  
t ion for a n y  c u r r e n t  densi ty ,  fo l lowing the  change  
of slope, is less t h a n  d u r i n g  the in i t i a l  i n t e r v a l  as is 
ev iden t  f rom Tab le  II, it fol lows tha t  the  e lect ronic  
conduc t iv i ty  increases  at this  po in t  p r o b a b l y  accom- 
pan ied  by  a decrease  in  ionic conduc t iv i ty  in  the  
oxide s ince the  tota l  c u r r e n t  dens i ty  r e m a i n s  con-  
s tant .  

For  the  m e a s u r e m e n t s  t a ke n  at a c u r r e n t  dens i ty  
of about  120 ~ a / c m  ~, the  va lues  of the c u r r e n t  effi- 
c iency a nd  dV/dt  are  sma l l e r  for the  th i rd  i n t e r v a l  
t h a n  they  are  for the  second in te rva l ,  bu t  in  a pp rox -  
ima te ly  the  same propor t ion .  Consequen t ly ,  the  r e -  
la ted  va lues  for E~ and  po~ are about  the  same for 
these i n t e r v a l s . F u r t h e r m o r e ,  the  th ree  di f ferent  cu r -  
r e n t  densi t ies  employed  resu l ted  in  E~ va lues  for the  
la te r  i n t e rva l s  tha t  were  a p p r o x i m a t e l y  p ropor t iona l  
to the  respec t ive  c u r r e n t  densit ies.  Therefore ,  the  
cor responding  resis t ivi t ies ,  pox are  aga in  about  the  
same. This  indica tes  tha t  the  oxide films g r o w n  were  
alike. 

Using the  a s sumpt ion  for the  oxide dens i ty  s ta ted  
earl ier ,  the  th icknesses  of the  oxide films were  found  
to r ange  f rom 220 to 1240A. The  a m o u n t s  g rown  
for specific i n t e rva l s  are shown separa te ly  in  Tab le  
II. 
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Table 11. Anodic oxide growth parameters for n- and p-type germanium in 0.25N sodium acetate in glacial acetic acid 

Oxid ized  T h i c k -  
I n t e r v a l ,  To ta l  c u r r e n t  Ge,  m i c r o -  C u r r e n t  106 dV/d t ,  10-6 E~, 10 -l~ pox, hess  x t ,  

ra in  Area ,  cm~ dens i ty ,  ~ a / c m  e m o l e / c m  6 efficiency, % v / s e c  v / c m  o h m - c m  A 

p - t y p e  Ge,  (30 o h m - c m )  
0-60 2.12 66 0.16 26 - -  - -  - -  390 

60-270 2.12 66 0.35 16 0.47 0.70 1.1 850 

1240 

0-20 2.09 120 0.10 25 - -  - -  - -  230 
20-60 2.09 120 0.14 19 2.3 1.6 1.3 340 
60-150 2.19 120 0.19 11 1.4 1.7 1.4 460 

1030 

0-10 2.17 240 0.09 25 - -  - -  - -  220 
10-60 2.17 240 0.22 10 5.5 3.5 1.4 530 

750 

n - t y p e  Ge,  (30 o h m - c m )  
0-20 2.42 120 0.10 26 - -  - -  - -  240 

20-60 2.42 120 0.15 19 2.1 1.4 1.2 360 
60-150 2.56 120 0.19 11 1.3 1.6 1.3 460 

1060 

0-10 2.41 240 0.09 24 - -  - -  - -  220 
10-60 2.41 240 0.21 11 5.5 3.3 1.4 510 

730 

In  conclusion,  w e  h a v e  shown  tha t  r e l a t i v e l y  th i ck  
ox ide  films m a y  be g r o w n  on g e r m a n i u m  by anodic  
e lec t ro lys i s  in the  n o n a q u e o u s  e l ec t ro ly t e  sys tem:  
sod ium a c e t a t e - g l a c i a l  acet ic  acid. It  was  not  pos-  
s ible to deduce  a s imple  r e l a t i onsh ip  b e t w e e n  the  
f o r m a t i o n  c u r r e n t  dens i ty  and the  d i f fe ren t ia l  fo r -  
m a t i o n  field in this  case, as is usua l ly  found  for  
m e t a l - a q u e o u s  e l ec t ro ly t e  systems.  L ikewise ,  no 
def ini te  r e l a t ionsh ip  b e t w e e n  these  p a r a m e t e r s  was  
r e p o r t e d  for an ana logous  s emiconduc to r  nonaqueous  
e l ec t ro ly t e  sys tem by  S c h m i d t  and Michel  (14) who  
s tud ied  the  anodic  f o r m a t i o n  of oxide  films on s i l i -  
con in a so lu t ion  of 0.04N po ta s s ium n i t r a t e  in N-  
m e t h y l  ace tamide .  S imi l a r  cu rves  for  the  inc rease  
in anode  po t en t i a l  w i t h  t i m e  w e r e  ob ta ined  in the i r  
s tudy  and ours. Anod ic  ox ide  films on i n d i u m  an t i -  
m o n i d e  h a v e  been  g r o w n  in the  aqueous  e l ec t ro ly t e  
0.1N po tass ium h y d r o x i d e  by  D e w a l d  (13) whe re ,  
a l t hough  the  po ten t i a l  vs. t i m e  curves  w e r e  s imi la r  
to those  found  for  Ge and Si, the  da ta  ob ta ined  
could  be f i t ted e m p i r i c a l l y  to the  r e l a t ionsh ip  i r 
cc exp  (Er) .  In this  w o r k  on InSb,  it was ind ica ted  
tha t  the  i n t e r p r e t a t i o n  of the  k ine t i c  p a r a m e t e r s  
d e r i v e d  f r o m  the  e x p e r i m e n t a l  da ta  was  difficult,  
s ince the  necessa ry  m a t h e m a t i c a l  f o r m u l a t i o n s  of 
the  de ta i l ed  t h e o r y  of the  ox ida t ion  of such a b i n a r y  
i n t e r m e t a l l i c  e l ec t rode  h a v e  not  ye t  been  deve loped .  
T h e  i n t e r p r e t a t i o n  of the  da ta  for  the  m o r e  c o m p l e x  
sys t em of a s emiconduc to r  e l ec t rode  in a n o n a q u e -  
ous e l ec t ro ly t e  m u s t  also awa i t  f u r t h e r  t heo re t i c a l  
and m a t h e m a t i c a l  deve lopmen t s .  

Acknowledgment 

The  au thors  w i sh  to t h a n k  Dr. H a r r y  C. Gatos  of 
this  L a b o r a t o r y  for  m a n y  he lp fu l  discussions and 
ass is tance w i t h  the  p r e p a r a t i o n  of the  manusc r ip t .  

The  x - r a y  m e a s u r e m e n t s  and c rys t a l log raph ic  
o r i en ta t ions  w e r e  p e r f o r m e d  by Mr. Joseph  W. 
Sanchez .  The  r a d i o t r a c e r  e x p e r i m e n t s  w e r e  p e r -  
f o r m e d  w i t h  Mr. J. A. Kafa las ,  to w h o m  the  au thors  
express  the i r  thanks.  

Manuscript  received J u l y  2, 1959. The work reported 
in this paper  was per formed by Lincoln Laboratory,  a 
center  for research operated by Massachusetts Insti tute 
of Technology with  the joint  support  of the U.S. Army,  
Navy, and Air Force. 

Any  discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December  1960 
J O U R N A L .  

REFERENCES 
1. J. J. Poll ing and A. Charlesby, Proc. Phys. Soc., 67, 

3-B, 201 (1954). 
2. H. A. Johansen, G. B. Adams, Jr., and P. Van Rys-  

selberghe, This Journal, 104, 339 (1957). 
3. L. Young, Trans. Faraday Soc., 50, 153 (1954). 
4. A. Guntherschul tze  and H. Betz, Z. Physik, 92, 367 

(1934). 
5. A. Charlesby, Proc. Phys. Soc., 66, 317 (1953). 
6. R. D. Misch and E. S. Fisher, This Journal, 103, 153 

(1956). 
7. P. E. Lake and E. J. Casey, ibid., 105, 52 (1958). 
8. G. B. Adams, Jr., P. Van Rysselberghe, and M. 

Maraghini,  ibid., 102, 502 (1955). 
9. N. F. Mott, Trans'. Faraday Soc., 43, 429 (1947). 

10. N. Cabrera  and N. F. Mott, Repts. Progr. in Physics, 
12, 163 (1948-1949). 

11. J. F. Dewald, This Journal, 102, 1, (1955). 
12. S. Zwerdl ing  and S. Sheff, ibid., 103, 61C (1956). 
13. J. F. Dewald, ibid., 104, 244 (1957). 
14. P. F. Schmidt  and W. Michel, ibid., 104, 230 (1957). 
15. J. T. Law, J. Phys. Chem., 59, 543 (1955). 
16. H. Newcombe, W. A. E. McBryde, J. Bartlett ,  and 

F. E. Beamish, Anal. Chem., 23, 1023 (1951). 
17. H. Schmidt,  C. Blolm, and G. Jander ,  Angew. 

Chem., A59, 233 (1947). 
18. W. Kaiser, P. H. Keck, and C. F. Lange, Phys. Rev., 

101, 1264 (1956). 
19. W. Zachariasen, Z. Kryst., 67, 226 (1928). 



Interpretation of Measurements of 
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ABSTRACT 

Observat ions  of the change in e lec t rode  poten t ia l  as a funct ion of t ime on 
open ci rcui t  have p roved  a useful  method  for the s tudy  of e lect rode kinet ics  
and doub l e - l aye r  capacitances.  The in te rp re ta t ion  of such observat ions  may  be 
compl ica ted  by  capaci ta t ive  effects resul t ing  f rom compet ing fa rada ic  p roc-  
esses. Considera t ion of these effects is inc luded in a theory  of open-c i rcu i t  de-  
cay. In  cer ta in  cases such effects a re  v i r t ua l ly  indis t inguishable  f rom double -  
l aye r  capaci tances  and they  m a y  be of surpr i s ing  impor tance .  The analysis  of 
decay measurements  is also considered,  and a new method is described.  

In  v i e w  of r e c e n t  i n t e r e s t  in t he  d e c a y  of o v e r -  
p o t e n t i a l  on open c i rcu i t  in s tud ies  of e l ec t rode  
k ine t i c s  and  of d o u b l e - l a y e r  capac i t ances ,  i t  is p e r -  
t i n e n t  to r e - e x a m i n e  the  t h e o r e t i c a l  bas i s  for  i n t e r -  
p r e t a t i o n  of obse rva t ions .  The  s i m p l i c i t y  of t he  
m e a s u r e m e n t  and  i ts  a p p l i c a b i l i t y  to l a r g e  e lec -  
t rodes  shou ld  be  recognized .  F o r m e r  i n t e r p r e t a t i o n s  
of p o t e n t i a l - d e c a y  d a t a  h a v e  d e p e n d e d  on v e r y  
s imp le  theor ies .  This  has,  in a n u m b e r  of cases, 
p r o v e d  i n a d e q u a t e  or  l ed  to  e r r o n e o u s  resu l t s .  

E a r l y  o b s e r v a t i o n s  of h y d r o g e n  o v e r p o t e n t i a l  d e -  
cay  m a d e  b y  B a a r s  (1)  a n d  B o w d e n  and  R i d e a l  (2)  
w e r e  s i m p l y  e x p l a i n e d  b y  B u t l e r  and  A r m s t r o n g  
(3, 4) in t e r m s  of t he  d i s c h a r g e  of a c a p a c i t o r  ( e l ec -  
t r i ca l  d o u b l e  l a y e r )  b y  a f a r a d a i c  c u r r e n t  w h i c h  is 
an  e x p o n e n t i a l  func t ion  of t he  p o t e n t i a l  (Ta fe l  c u r -  
r e n t ) .  On th is  basis ,  e x p l i c i t  p o t e n t i a l - t i m e  r e l a t i ons  
a r e  r e a d i l y  d e r i v a b l e  and  have  been  g iven  b y  a 
n u m b e r  of au tho r s  (5 -11 ) .  W h e r e  t h e  f a r a d a i c  r e -  
ac t ion  has  equa l  anodic  and  ca thod ic  Tafe l  s lopes,  
exp re s s ions  va l id  t h r o u g h o u t  t he  w h o l e  p o t e n t i a l  
r a n g e  h a v e  been  d e r i v e d  (11, 12),  a n d  t h e  s i t ua t ion  
n e a r  t h e  e q u i l i b r i u m  p o t e n t i a l  has  also b e e n  con-  
s i de r ed  (9, 13). W h e n  di f fus ion is a f ac to r  in t he  
f a r a d a i c  process ,  G r a h a m e  (10) and  Sco t t  (14) h a v e  
s h o w n  the  e x t r e m e  c o m p l e x i t y  to be  e x p e c t e d  in a n y  
ana lys i s  of d e c a y  m e a s u r e m e n t s .  

The  m o r e  g e n e r a l  s i tua t ion ,  in w h i c h  m o r e  t h a n  
one f a r a d a i c  process  occurs ,  is t r e a t e d  here .  I t  has  
been  a p p r o a c h e d  on ly  b y  L u k o v t s e v  and  T e m e r i n  
(15) in t h e i r  t r e a t m e n t  of the  d i s c h a r g e  of t he  n i c k e l  
o x i d e  e l e c t r o d e  b y  o x y g e n  evo lu t i on  w i t h o u t  con-  
s i d e r a t i o n  of t he  e l e c t r i c a l  doub le  l aye r .  

G e n e r a l  E q u a t i o n s  

F o r  a n y  e l ec t rode  

t e x t -  ~ir = d q ~ , / d t  = C~, d E / d t  [1]  

w h e r e  ie~t is t he  e x t e r n a l  cu r ren t ,  ~i ,  is t he  sum of 
t he  c u r r e n t s  for  f a r a d a i c  p rocesses  at  t he  e lec t rode ,  
q~, is t he  c h a r g e  on the  e l ec t rode  s ide  of t h e  e l ec -  
t r i c a l  doub le  l aye r ,  t is t he  t ime ,  Cd, is t h e  d i f fe r -  
en t i a l  c a p a c i t a n c e  of t he  e l ec t r i ca l  d o u b l e  l aye r ,  and  
E is t he  p o t e n t i a l  of t he  e lec t rode ,  m e a s u r e d  w i t h  

r e spe c t  to an  u n p o l a r i z e d  r e f e r e n c e  e l ec t rode  ( G i b b s -  
S t o c k h o l m  s ign c o n v e n t i o n ) .  In  a n y  g iven  e l ec t rode  
sys tem,  Ca, is a func t ion  of po t en t i a l ,  bu t  i ts  v a r i a -  
t ion  ove r  sho r t  r a n g e s  of potent ia l~is  g e n e r a l l y  smal l ,  
and  i t  m a y  be  t r e a t e d  as a c o n s t a n t  to a good a p -  
p r o x i m a t i o n .  B y  a n a l o g y  w i t h  m e r c u r y  (16) ,  Ca, 
m a y  be  e x p e c t e d  to be  of t he  o r d e r  of 20 ~ f / c m  ~ of 
t r u e  e l e c t r o d e  sur face .  

The  p o t e n t i a l - t i m e  r e l a t i o n  to be o b s e r v e d  for  a n y  
e l e c t r o d e  can  t h e r e f o r e  be  d e t e r m i n e d  i f  t he  c u r -  
r e n t - p o t e n t i a l  r e l a t i ons  for  t h e  f a r a d a i c  p rocesses  
a r e  known .  A l t h o u g h  the  r a t e s  of m a n y  f a r a d a i c  
p rocesses  a r e  in f luenced  s t r o n g l y  b y  mass  t r a n s p o r t  
p h e n o m e n a ,  such  c o m p l e x  effects  w i l l  be  n e g l e c t e d  
h e r e  and  a l l  phases  wi l l  be  a s s u m e d  homogeneous .  
The  r e s u l t i n g  s impl i f i ca t ion  w i l l  be  on ly  an  a p p r o x i -  
m a t i o n  to t h e  s t a t e  of af fa i rs  in a s y s t e m  w h e r e  mass  
t r a n s p o r t  is i m p o r t a n t .  S ince  suff icient  h o m o g e n e i t y  
of a p h a s e  can  be  a s su r e d  b y  a d e q u a t e  mix ing ,  and  
s ince  the  e x t e n t  of i n h o m o g e n e i t y  in a r e a l  sy s t em 
d e p e n d s  m a r k e d l y  on g e o m e t r i c a l  as w e l l  as e l ec -  
t r o c h e m i c a l  cons ide ra t ions ,  t h e  t r e a t m e n t  g iven  h e r e  
w i l l  omi t  a n y  specific d i scuss ion  of t he se  fac tors .  The  
c u r r e n t - p o t e n t i a l  r e l a t i o n  for  a f a r a d a i c  process  is 
t hen  d e t e r m i n e d  e n t i r e l y  b y  a c t i v a t i o n  cont ro l .  

Close to t he  e q u i l i b r i u m  p o t e n t i a l  Ee, t he  f a r a d a i c  
c u r r e n t  i n t e n s i t y  is g iven  b y  

i r = ionF (E  - -  E e ) / R T  [2]  

w h e r e  i0 is t he  e x c h a n g e  c u r r e n t  i n t e n s i t y  (17) and  
n t he  n u m b e r  of e l ec t rons  pa s sed  w h e n  the  r a t e -  
d e t e r m i n i n g  r e a c t i o n  occurs  once.  Bo th  io and  Ee a r e  
d e p e n d e n t  on the  c o n c e n t r a t i o n s  of r e a c t i n g  species.  

A t  p o t e n t i a l s  c o n s i d e r a b l y  r e m o v e d  f r o m  E,, t h e  
c u r r e n t  i n t e n s i t y  is g iven  b y  t h e  Ta le ]  e q u a t i o n  

i r = • io exp[ - - - -_~F(E-  E ~ ) / R T ]  [3]  

w h e r e  ~ is t h e  anod ic  or  ca thod ic  t r a n s f e r  coefficient  
(17) a n d  t h e  u p p e r  s igns a r e  used  for  anod ic  p r o c -  
esses, t h e  l o w e r  for  ca thodic .  The  Ta fe l  s lope  is 
-----2.303 R T / ~ F .  

N o r m a l l y ,  i nves t i ga t i ons  of e l ec t rode  k ine t i c s  a r e  
m a d e  in sy s t e ms  w h i c h  a r e  bu f f e r ed  in an  e l e c t r o -  
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chemical  sense. H y d r o g e n  and  oxygen  evo lu t ion  are  
u sua l l y  s tudied  in  fa i r ly  acidic or basic e lec t rolytes  
to p r e v e n t  s ignif icant  changes  in  pH d u r i n g  the  
course of an  expe r imen t .  P rob l ems  associated wi th  
mass t r a n s p o r t  and  ohmic so lu t ion  effects are also 
reduced  by  this  procedure .  The faradaic  c u r r e n t  for 
a reac t ion  in  a sys tem which  is e lec t rochemica l ly  
we l l -bu f f e red  w i th  respect  to tha t  r eac t ion  is then  
g iven  by  [2] or [3] w i th  bo th  io and  E~ cons tan t .  

However ,  the e lec t rochemica l  buf fe r ing  of a sys-  
t em wi th  respect  to one reac t ion  of ten prec ludes  the  
buffer ing  of the  sys tem wi th  respect  to compet ing  
reac t ions  which  m a y  occur. For  example ,  it  is pos-  
sible to e x a m i n e  the  k ine t ics  of s i lver  deposi t ion  in  
solut ions  con ta in ing  both  s i lver  and  h y d r o g e n  ions 
in la rge  quan t i t y ,  bu t  the  process of h y d r o g e n  evo lu -  
t ion  at s i lver  electrodes canno t  be s tud ied  in  solu-  
t ions  con t a in ing  apprec iab le  quan t i t i e s  of s i lver  ion 
wi thou t  grea t  difficulty. 

In  such a case, it  is cu s tomary  to buffer  the  sys-  
t em wi th  respect  to the  reac t ion  of in te res t  a nd  to 
e l imina t e  as far  as possible  al l  o ther  reac tants .  E v e n  
then,  the  m e a s u r e d  s t eady - s t a t e  c u r r e n t - p o t e n t i a l  
re la t ions  wi l l  not  refer  to the  des i red reac t ion  unless  
all  the  r e m a i n i n g  possible  react ions  are  e i ther  at 
e q u i l i b r i u m  or so slow for k ine t i c  reasons  tha t  they  
m a y  be disregarded.  Ve ry  slow reac t ions  m a y  be 
neglec ted  in  genera l ,  bu t  it  is necessa ry  to consider  
the  poss ib i l i ty  of r e m a i n i n g  unbu f f e r ed  react ions  
which  are at  e q u i l i b r i u m  u n d e r  s t e ady - s t a t e  condi -  
tions. 

For  example ,  d u r i n g  h y d r o g e n  evo lu t ion  at a ny  
meta l  e lectrode in  an  acid solut ion,  t he re  exists  a 
finite e q u i l i b r i u m  q u a n t i t y  of me ta l  ion in  solut ion 
at any  g iven  s t eady- s t a t e  h y d r o g e n  overpotent ia l .  
A change  in  po ten t i a l  changes  the  a m o u n t  of meta l  
ion r equ i r ed  for e q u i l i b r i u m  and  resul t s  in  a fa radaic  
c u r r e n t  co r respond ing  to ox ida t ion  of, or r educ t ion  
to, the  metal .  C u r r e n t - p o t e n t i a l  re la t ions  for such 
an unbu f f e r ed  reac t ion  are complex,  depend ing  on 
the potent ia l ,  the  exchange  c u r r e n t  for the  react ion,  
and  the  concen t r a t i on  of me ta l  ion, all  of which  are 
i n t e r r e l a t ed  and  t ime  dependen t .  However ,  if the  
unbuf fe red  reac t ion  is charac te r ized  by  an  i n h e r -  
en t l y  l a rge  ra te  constant ,  the  process m a y  be con-  
s idered to take  place u n d e r  condi t ions  close to t he r -  
m o d y n a m i c  revers ib i l i ty ,  and  a cons iderab le  s impl i -  
fication becomes possible. 

In  this  case, the  fa rada ic  c u r r e n t  m a y  be re la ted  
to the  po ten t i a l  by  

i r ~ d q f / d t  : (dqr /dE~)  ( d E J d t )  [4] 

w h e r e  dqr is the  pos i t ive  charge  car r ied  by  the  f a r a -  
daic process f rom elect rode to e lec t ro ly te  in  t ime  dr. 
Two classes of fa rada ic  processes are of in teres t .  

The e q u i l i b r i u m  po ten t i a l  for the m e t a l - m e t a l  ion 
couple M ~ M ~* ~- ze- is g iven  by  

E~ : E ~ -~ ( R T / z F )  In a [5] 

where  a is the  ac t iv i ty  of M ~§ and  E ~ is the  s t anda rd  
e lect rode potent ia l .  If the  ac t iv i ty  can be approx i -  
ma ted  by  the  m o l a r i t y  c, the  ac t iv i ty  change  r e su l t -  
ing f rom a faradaic  process is 

da : dc ~ d q r / z F V  [6] 
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w he r e  V is the  v o l u m e  of the so lu t ion  in  liters. Wi th  
the  a s sumpt ion  tha t  E is not  s igni f icant ly  d i f ferent  
f rom Eo, i.e., t ha t  the  electrode subs t a n t i a l l y  m a i n -  
ta ins  t h e r m o d y n a m i c  r eve r s ib i l i t y  w i th  respect  to 
the  m e t a l - m e t a l  ion react ion,  the  fa rada ic  c u r r e n t  
is g iven  by  

i r = ( z~F~V/RT)  exp [ z F ( E - - E ~  [7] 

For  the  reac t ion :  reduced  species = oxidized 
species + ze-, 

Ee = E ~ + ( R T / z F )  In a j a r  [8] 

w h e r e  ao and  a~ are  the  act ivi t ies  of oxidized and  re -  
duced species. A p p r o x i m a t i n g  act ivi t ies  by  m o l a r i -  
ties co and  c,, 

i r = [z~F~V(co + c ~ ) / 4 R T ]  sech ~ 
[ z F ( E -  E ~  (dE~dr )  [9] 

As long as E - - E ~  volt,  so tha t  Co/(Co+C~) 
0.05, Eq. [9] m a y  be a p p r o x i m a t e d  w i th in  10% 

by  the  s impler  express ion  

ir = [z~F~V(co + c ~ ) / R T ]  exp 
[ z F ( E -  E ~  ( d E / d t )  [10] 

which  has the  same po ten t i a l  dependence  as the  cu r -  
r e n t  for the m e t a l - m e t a l  ion react ion.  A s imi la r  ap -  
p r ox i ma t i on  is va l id  w h e n  E is sufficiently g rea te r  
t h a n  E ~ 

It  wi l l  be no ted  tha t  no k ine t i c  pa r ame te r s  appear  
in  these express ions  for i~ s ince these unbuf fe red  
fa rada ic  processes are  assumed  in  effect to be in f i -  
n i t e ly  fast. If, as is of ten the  case, i0 is large and  
d E / d t  is not,  the  l imi ta t ions  i n t roduced  by  such an  
a s sumpt ion  are  p r o b a b l y  less serious t han  those 
b r ough t  abou t  by  the  neglec t  of mass  t r anspo r t  p h e -  
nomena .  Q u a n t i t a t i v e  cons idera t ions  inc lud ing  diffu-  
sion and  forced convect ion  are  p roh ib i t i ve ly  com-  
plex, bu t  q u a l i t a t i v e l y  it is a p p a r e n t  tha t  i n h o m o -  
gene i ty  in  the e lec t ro ly te  m a y  have  a cons iderable  
effect, s ince t h e n  only  the v o l u m e  of e lec t rolyte  
nea res t  the electrode r ema ins  in  v i r t u a l  e q u i l i b r i u m  
wi th  it d u r i n g  a change  in  potent ia l .  

Potential-Time Relations 
With  an appropr i a t e  choice of c u r r e n t - p o t e n t i a l  

re la t ions ,  p o t e n t i a l - t i m e  re la t ions  du r ing  o p e n - c i r -  
cuit  decay m a y  be d e t e r m i n e d  for a ny  electrode. As 
a specific example ,  the  decay of h y d r o g e n  ove rpo ten -  
t ia l  at a me ta l  e lectrode in  a w e l l - s t i r r e d  acid e lec-  
t ro ly te  free f rom oxygen  and  o ther  reduc ib le  m a t e -  
r ia l  wi l l  be considered,  so tha t  the  react ions  which  
take  place d u r i n g  the  decay are  2H ~ + 2e--~ H.~ and  
M ~ M ~* + ze-. The unbuf fe red  m e t a l - m e t a l  ion r e -  
act ion is a ssumed  to be at e q u i l i b r i u m  at all  t imes.  

N e a r  t h e  e q u i l i b r i u m  h y d r o g e n  p o t e n t i a l . - - F o r  
this  me ta l  e lect rode in  a po ten t i a l  region such tha t  
h y d r o g e n  evo lu t ion  is occur r ing  at  a ra te  g iven  by  
Eq. [2], Eq. [1], [2],  and  [7] give 

iext - -  ionF(E - -  E e ' ) / R T  --  ( z~F~V/RT  ') exp 
[ z F ( E  --  E ~  (dE~dr )  = C ~ , ( d E / d t )  [11] 

where  E~ ~ is the  e q u i l i b r i u m  h y d r o g e n  potent ia l .  It  
is a p p a r e n t  t ha t  in  a s t e ady - s t a t e  condi t ion  
( d E / d r - - - - 0 ) ,  no c u r r e n t  is ca r r ied  by  the m e t a l -  
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meta l  ion reac t ion  and  only  the first two t e rms  are 
finite. 

On opening  the  circuit ,  io~ = 0 and  in t eg ra t i on  
yie lds  

C,, in  [ (E  --  E ~ ) / ( E o  --  E ~ ) ]  + (z~F~V/RT) exp 
[ z F ( E o " -  E ~  • { E i [ z F ( E  - -  E ~ ) / R T ]  - -  

E i [ z F ( E o - -  E ~ ) / R T ] }  : - - ( i o n F / R T ) t  [12] 

whe re  E i [ x ]  is the  exponen t i a l  i n t eg ra l  of x, t is the  
t ime  on open circuit ,  and  E0 is the  po ten t i a l  at the  
m o m e n t  of open ing  the c i rcui t  (t  = 0). If the  c i rcui t  
is opened f rom a s t eady- s t a t e  condi t ion  in  which  the  
e x t e r n a l  c u r r e n t  is L, Eq. [11] shows tha t  ionF/RT 
m a y  be replaced  by  i~/(Eo --  E~) .  

If E ~ > >  E,", the  second t e r m  in  [12] m a y  be neg -  
lected and  in  (E --  E~ ~) becomes a l i nea r  f unc t i on  of 
t ime du r ing  the  decay wi th  a slope o f - - ionF/C~,RT.  
U n d e r  this condi t ion,  the f rac t ion  of the  c u r r e n t  
f rom the h y d r o g e n  evo lu t ion  reac t ion  used d u r i n g  
the  decay in  fo rming  meta l  ions is negl ig ib le ,  a nd  
a plot  of l n ( E - - E ~  *) vs. t may  be used in  the  de-  
t e r m i n a t i o n  of C~. If the  m e a s u r e d  po t en t i a l  at 
the  m o m e n t  of i n t e r r u p t i o n  of c u r r e n t  is in  e r ro r  
because  of an ohmic po ten t i a l  drop in  the  so lu t ion  
b e t w e e n  the  e lect rode and  the re fe rence  electrode,  
such a plot  also provides  a means  of d e t e r m i n i n g  
E0. This type  of behavior ,  which  corresponds  to the  
d ischarge  of a capaci tor  t h rough  an  ohmic  resis tance,  
has been  pred ic ted  (9) ,  observed e x p e r i m e n t a l l y  
(18),  and  used in  the  d e t e r m i n a t i o n  of capac i tance  
(13) .  

On the other  hand,  w h e n  a neg l ig ib le  f rac t ion  of 
the  c u r r e n t  f rom the  hyd rogen  evo lu t ion  reac t ion  is 
used  in  chang ing  the  charge  in  the  e lect r ical  double  
layer ,  the first t e r m  of [12] m a y  be neglected,  and  
E i [ z F ( E -  Eo~)/RT] is a l inear  f unc t i on  of t. W h e n  
z F ( E o - - E ~ ) / R T  is small ,  the  difference b e t w e e n  
exponen t i a l  in tegra l s  m a y  be a p p r o x i m a t e d  by  
in  [ (E --  E~ ' )  / ( E o -  E~ ~) ], so tha t  the  r e l a t ion  be -  
t w e e n  l n ( E - - E ~ " )  and  t is aga in  l inear .  However ,  
the  slope is now --(ion/z~FV) exp [ z F ( E  ~ - -  E~ ~ ) / R T ]  
and  is u n r e l a t e d  to the  capaci tance  of the  e lectr ical  
double  layer.  

In  Fig. 1, log (Eo ~ -  E) is p lo t ted  aga ins t  t d u r i n g  
the  open-c i r cu i t  decay of hyd rogen  ove rpo ten t i a l  at  
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Fig. 1. D e c o y  o f  h y d r o g e n  o v e r p o t e n t i o l  a t  a ] cm 8 elec-  
t r ode  o f  a me ta l  whose ions ore d i v a l e n t  (z = 2) .  i0 = ] 0  -8 
amp ,  n, ~ ] ,  Cdl ~--- 2 0 # f ,  V = 10 -3 l i ter ,  E~h-E0 : 0 . 0 2 6  

v .  Lower  curve ,  E~ h ~> 0 . 3 1 3  v ;  m i d d l e  curve ,  E~ h 
0 . 2 5 4  v ;  uppe r  curve ,  E~ ~' = 0 . 1 9 5  v .  

a 1 cm 2 me t a l  e lect rode whose ions are d iva len t .  As 
p a r a m e t e r s  typ ica l  of such a system, io = 10 -8 amp,  
n ~ 1, and  C~, -~ 20 ~f were  chosen, and  the  v o l u m e  
of so lu t ion  was t a k e n  to be 10 -3 li ter.  Three  cases are  
shown,  each o r ig ina t i ng  at the  same va l ue  of E~ ~ -  
E0 = 0.026 v, bu t  wi th  different  va lues  of E ~ - -E~ ~. 

The most  r ap id  decay corresponds  to E ~  E~ ~ 
0.313 v. In  this  case, the  second t e r m  of Eq. [12] is 
less t h a n  1% of the  first t e r m  so tha t  the  slope of 
log (Eo ~ - E )  vs. t is a me a su r e  of C~. The leas t  
rap id  decay cor responds  to E ~  Eo ~-= 0.195 v. For  
this and  a n y  smal le r  values ,  the  second t e r m  of [12] 
is at least  100 t imes  the  size of the first t e r m  so tha t  
the fraction of the current from the hydrogen evolu- 
tion reaction changing the charge in the electrical 
double layer is negligible. The middle curve corre- 
sponds to E ~ -- E~ =- 0.254 v, an intermediate case. 

While the theory on which these plots are based 
is limited by the approximations made in its deriva- 
tion, the large capacitative effect shown by faradaic 
process involving the metal-metal ion couple should 
be strongly emphasized. It can be shown readily that 
the oxidation of a metal in contact with a solution 
containing m moles of divalent metal ion corre- 
sponds to an apparent capacitance of the order of 
1.5 • l0 t̀ '̀ m ~f, and even in extremely dilute solutions 
this may easily exceed the capacitance of the elec- 
trical double layer. 

In the Taler region.--For the same metal electrode 
in a potential region where the current for hydrogen 
evolution is given by Eq. [3], 

ie~t ~- io exp [~F(E~ ~ -  E ) / R T ]  --  (z~F~V/RT) exp 
[ z F ( E - - E ~  = C~ , (dE /d t )  [13] 

On open ing  the  circuit ,  io~ = 0, and  in t eg ra t i on  
yields  

C~, {exp [aF  (E --  E~ ~ ) / R T ]  --  exp [~F ( E o -  E~ ~) / R T ]  ) 
+ [~z~F~V/(a + z ) R T ]  exp [ z F ( E / ~ -  E ~  

[ (~  -F z ) F ( E - - E o ~ ) / R T ]  - - e x p  
[ ( ~ + z ) F ( E o - - E ~ ) / R T ] ) =  ( i o ~ F / R T ) t  [14] 

If E ~ > >  E, ~, the  second t e r m  in  [14] m a y  be n e g -  
lected because  a neg l ig ib le  f rac t ion  of the  c u r r e n t  
f rom h y d r o g e n  evo lu t ion  is used in  f o r mi ng  me ta l  
ions. In  this  case, the  equa t ion  m a y  be r e w r i t t e n  

E = Eo + (RT/ ,~F)  In  (1 + (~Fiot/RTC~,) 
e x p [ ~ F ( E ~ - - E 0 ) / R T ] )  [15] 

If the  c i rcui t  is opened f rom a s teady state  in  which  
the e x t e r n a l  c u r r e n t  is L, Eq. [13] indica tes  tha t  
[15] m a y  be simplif ied by  rep lac ing  io exp [aF  
(E~ ~ --  Eo) / R T ]  by --L. 

If C~ is i n d e p e n d e n t  of potent ia l ,  the  ra t io  io/C~ is 
d e t e r m i n e d  solely by  the  composi t ion of the  system, 
and -Eq .  [15] shows t h e n  that ,  at sufficiently la rge  
va lues  of t, all  decays in  a sys tem of cons tan t  com-  
posi t ion become coincident ,  regard less  of Eo and  
electrode area. F u r t h e r m o r e ,  w h e n  t is large,  the  po-  
t en t i a l  is a l i nea r  f unc t i on  of In  t w i th  a slope of 
R T / ~ F .  

Since Baars  (1) and  Bowden  and  Rideal  (2) in  
1928, m a n y  worker s  have  observed such behavior .  
The e xpe r i me n t s  of Fedo tov  (19) are of pa r t i cu l a r  
interest ,  for the  va lues  of C~ which  he d e t e r m i n e d  
f rom m e a s u r e m e n t s  of the decay of h y d r o g e n  ove r -  
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po ten t i a l  on m e r c u r y  agree wel l  w i th  the  a -c  de t e r -  
m i n a t i o n s  of capac i tance  at the  same potent ia ls .  In  
ce r t a in  cases, successive p o t e n t i a l - t i m e  curves  s t a r t -  
ing  f rom dif ferent  va lues  of Eo have  been  observed  
to cross by  Hick l ing  and  Sal t  (20) and  K o l o t y r k i n  
(21).  This  has  been  ascr ibed  by  the  l a t t e r  to changes  
in  surface area, bu t  this  e x p l a n a t i o n  is c lear ly  i n -  
appl icab le  u n d e r  the  condi t ions  in  which  Eq. [15] 
applies.  

If a neg l ig ib le  f rac t ion  of the  c u r r e n t  f rom the  
h y d r o g e n  evo lu t ion  reac t ion  is used in chang ing  the  
charge  in  the  e lect r ical  double  layer ,  the first t e r m  
in  Eq. [14] m a y  be neglec ted  and  the  equa t ion  m a y  
be r e w r i t t e n  

E = Eo + [RT/(a + z ) F ] l n { 1  + [iot(a + z)/z2FV] • 

exp [aF(E~ ~ - -  Eo)/RT] exp [ z F ( E  ~ - -  Eo)/RT]} [16] 

which  corresponds  to the  resu l t  ob ta ined  by  L u k o v t -  
sev and  T e m e r i n  (15) .  

The  s imi l a r i ty  in  fo rm b e t w e e n  Eq. [15] and  [16] 
is s t r ik ing  and  c lear ly  indicates  tha t  in  the  Tafe l  
reg ion  capac i ta t ive  effects r e su l t ing  f rom farada ic  
processes m a y  wel l  be i nd i s t i ngu i shab l e  f rom the  
capaci tance  of the  e lectr ical  double  layer.  The essen-  
t ia l  difference is t ha t  the  slope exh ib i ted  by  a plot  
of E vs. in  t at  l a rge  va lues  of t is R T / ( a §  
r a t h e r  t h a n  RT/aF. I t  is i n t e r e s t i ng  to no te  tha t  in  
this  case, a crossing of decay curves  can be ascr ibed  
to changes  in  surface  area, since the  r e su l t ing  change  
in  io is u n c o m p e n s a t e d  by  a cor responding  change  in  
V. The  d iscrepancies  observed by  Hickl ing  and  Sal t  
(20) be tween  decay slopes and  the nega t ives  of the  
Tafe l  slopes m e a s u r e d  by  a di rect  me thod  lend  add i -  
t iona l  weight  to this  e x p l a n a t i o n  of such behavior .  

In  Fig. 2, E~ ~ - -  E is p lo t ted  aga ins t  log t d u r i n g  the  
open -c i r cu i t  decay of h y d r o g e n  ove rpo ten t i a l  at the  
same 1 cm ~ me ta l  e lectrode i l lus t ra ted  in  Fig. 1. 
Again ,  typ ica l  p a r a m e t e r s  for such a sys tem were  
chosen:  io = 10 -~ amp,  C~ = 20 t~f, and  the  v o l u m e  of 
so lu t ion  con ta in ing  d iva l en t  me ta l  ions in equ i l i b -  
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Fig. 2. Decoy of hydrogen overpotential at a 1 cm ~ elec- 
trode of a metal whose ions are divalent (z = 2). io ~ 10-s 
amp,  a ~ � 8 9  Ca1 ~ 20  /~f, V ~ 10 -8 l i ter ,  E~-E0 0 . 5 9 2  
v. Lower  curve,  E~ ~' = 0 . 1 8 3  v; m idd le  curve,  E~ = 
- - 0 . 0 8 0  v;  upper  curve,  E~ h = - - 0 . 3 4 4  v. 

r i u m  wi th  the  electrode was  t a k e n  to be 10 -~ l i ter .  
The t r ans f e r  coefficient a was  chosen to be 1/2, so t ha t  
the  Tafe l  slope is --0.118 v / t e n f o l d  change  in  cu r -  
rent .  Th r e e  decays a re  shown,  each f rom the same 
va lue  of E~ '~ - -  Eo ---- 0.592 v, bu t  w i t h  d i f ferent  va lues  
of E ~ - -  E, ~. 

The  most  r ap id  decay cor responds  to E ~  E~ ~ =  
0.183 v, in  which  case Eq. [15] is appl icable ,  since 
the second t e r m  of Eq. [14] is no more  t h a n  about  
1% of the  first t e r m  a nd  m a y  be neglected.  The least  
rap id  decay corresponds  to E ~ --  Eo ~ = --0.344 v, and  
in  this  case the  re la t ive  m a g n i t u d e s  of the  t e rms  are 
reversed.  The  midd le  cu rve  is for E ~ - -  E~" --~ --0.080 
v, an  i n t e r m e d i a t e  case, a nd  is of p a r t i c u l a r  in te res t  
because  of the  r e l a t ive ly  sharp  t r ans i t i on  it exhibits .  
In  the in i t i a l  por t ion  essen t ia l ly  all  the c u r r e n t  f rom 
the  h y d r o g e n  evo lu t ion  reac t ion  goes to change  the  
charge in  the  electr ical  double  l ayer  a nd  the decay 
coincides w i th  the  decay curve  for E ~ - - E e  ~ 0.183 
v. The l a te r  pa r t  of the  decay is pa ra l l e l  to the  de-  
cay for E ~ --  Eo ~ = --0.344 v and  l ike it, resul t s  f rom 
the capac i ta t ive  effect shown  by  the  m e t a l - m e t a l  ion 
couple. I t  is a p p a r e n t  tha t  in  this  i n t e r m e d i a t e  case, 
observa t ions  of the po ten t i a l  at t imes  grea te r  t h a n  1 
sec or of decays f rom va lues  of EJ ~ -  Eo of less t h a n  
about  0.31 v wi l l  not  inc lude  a ny  capac i ta t ive  effects 
due  to the  e lectr ical  double  layer.  

Whi le  it  is doub t fu l  tha t  e x p e r i m e n t a l  condi t ions  
co r respond ing  exac t ly  to the  app rox ima t ions  i n t ro -  
duced in  the  de r iva t ion  of Eq. [14] are ever  a t t a ined  
in  pract ice,  it ma y  be no ted  tha t  S a l k i nd  (22) and  
Conway  and  Bourgau l t  (23) have  observed two-  
stage decays of po ten t i a l  ana logous  to tha t  i l lus-  
t r a ted  in  Fig. 2 in  s tudies  of the  decay of oxygen  over -  
po ten t i a l  on n icke l  oxide electrodes.  S imi la r  con-  
s idera t ions  m a y  wel l  account  for some of the a n o m -  
a lously  la rge  slopes observed  d u r i n g  open-c i r cu i t  
decay m e a s u r e m e n t s  on o x y g e n - e v o l v i n g  p l a t i n u m  
electrodes (8) .  

Analysis of Decay Measurements in the Tafel Region 
F r o m  the  discussion of the  prev ious  section and  a 

compar i son  of Eq. [15] a nd  [16], it  is c lear  tha t  any  
decay f rom a s t eady- s t a t e  condi t ion  can  be r ep re -  
sented  at  leas t  a p p r o x i m a t e l y  by  an  equa t ion  of the  
form 

E = Eo--  bt i n  (1 + t/to) [17] 

where  b, and  to are p a r a m e t e r s  character is t ic  of the  
decay. Where  a t r ans i t i on  occurs, as i l lus t ra ted  in  
Fig. 2, va lues  of b~ and  to m a y  be associated wi th  
each por t ion  of the curve.  In  the  s imple  case of the 
d ischarge  of the  e lectr ical  double  l ayer  i l lus t ra ted  in  
Eq. [15], to m a y  be ident i f ied wi th  the  q u a n t i t y  
b~C~/i,, and  s imi lar  ident i f icat ions  m a y  be made  in  
more  complex  cases. A l t h o u g h  n u m e r i c a l  va lues  of 
b~ and  to can be d e t e r m i n e d  by  the  ana lys i s  of meas -  
u red  decay curves,  ~ur ther  i n f o r m a t i o n  is necessary  
before phys ica l  m e a n i n g s  can be ass igned to these 
pa ramete r s .  

W h e r e  to can be ident i f ied wi th  b~C~/i,, the  de te r -  
m i n a t i o n s  of the  rat io b,/to is sufficient to de t e rmine  
C~,, and  f rom Eq. [17] this  is g iven  by  the  nega t ive  
of the  in i t i a l  slope. A s imi la r  s i tua t ion  obta ins  w h e n  
a fa rada ic  process exhib i t s  a capac i ta t ive  effect. A n  
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expans ion  of the logar i thmic  t e rm  of Eq. [17] shows 
tha t  for smal l  va lues  of t the  po ten t i a l  is a l i nea r  
f unc t i on  of t, bu t  in  pract ice  this  l i n e a r  region  is 
sufficiently smal l  tha t  m e a s u r e m e n t s  of cons iderab le  
sens i t iv i ty  are r equ i r ed  if the  ra t io  bJto is to be  
found  wi th  any  degree  of accuracy.  

This  becomes a p p a r e n t  if the in i t i a l  slope is con-  
s idered to be a p p r o x i m a t e d  by  a l ine  d r a w n  b e t w e e n  
Eo and  a la te r  va lue  of E. I t  can be shown  tha t  this  
wi l l  differ f rom the  t rue  va lue  --b,/to by  more  t h a n  
10% if the  la ter  va lue  of E is more  t h a n  0.2b, away.  
Since va lues  of b~ of g rea te r  t h a n  +--0.051 v are sel-  
dom observed,  it is a p p a r e n t  tha t  precise  m e a s u r e -  
men t s  of the  decay m u s t  be  made  w i t h i n  about  0.010 
v of Eo to give b~/t~ to 10%. 

It is wor th  no t ing  tha t  in  the  i n t e r r u p t e r  me thod  
deve loped  by  Hick l ing  (24) and  others  for m e a s u r -  
ing ove rpo ten t i a l  w h e n  ohmic po t en t i a l  drops exist  
in  the  solut ion b e t w e e n  the  electrode and  the  r e fe r -  
ence electrode, use is made  of this  l i nea r  po t en t i a l -  
t ime  reg ion  to ex t rapo la te  open -c i r cu i t  m e a s u r e -  
men t s  of po ten t i a l  to t = 0 and  thus  to d e t e r m i n e  Eo. 
A l t h o u g h  the va lues  of Eo are less sens i t ive  t h a n  the  
va lues  of b,/to to an  e r roneous  a s sumpt ion  as to the  
r ange  over  which  the  l i nea r  reg ion  extends,  it  is 
c lear  tha t  care mus t  be exercised w h e n  such a l inear  
ex t r apo la t ion  is made.  

There  are several  methods  by  which  b~ and  t0 m a y  
be separa te ly  d e t e r m i n e d  f rom e x p e r i m e n t a l  data.  
Most obviously,  an  empi r ica l  choice of to can be made  
such tha t  E is a l i nea r  f unc t i on  of In  (1 + t/to). The 
slope of such a l ine  is --b, .  This  p rocedure  is, how-  
ever,  l ike ly  to be s o m e w h a t  more  tedious  and  less 
accura te  t h a n  a me thod  not  i nvo lv ing  t r i a l  and  error.  

W h e n  t is m u c h  la rger  t h a n  to, the  po ten t i a l  be -  
comes a l i nea r  func t ion  of In t w i th  a slope of - -b,  as 
shown  in  Fig. 2. The  equa t ion  of this  l i n e a r  func t ion  
is 

E = E0 --  b~ In  (t/to) [18] 

f rom which  it is a p p a r e n t  tha t  the  func t i on  passes 
t h rough  the va lue  E = E~ at t = to. Thus  a l inear  
ex t r apo la t ion  of the  l a t t e r  pa r t  of the  E vs. log t 
plot  to Eo gives to direct ly.  Since it has been  noted  
tha t  all  decay curves  for a g iven  e lect rode coincide 
at  la rge  va lues  of t regard less  of the va lue  of E~, the  
q u a n t i t y  Eo + b, in  to is cons tan t  and  to has t h e r e -  
fore been  t e rmed  the  t ime  r equ i r ed  for the po ten t i a l  
to decay to E0 f rom inf ini te  po ten t i a l  (11).  

Two cons idera t ions  m a k e  this  me thod  of de t e r -  
m i n i n g  to and  b, less a t t r ac t ive  t h a n  it at  first ap-  
pears.  If it is a ssumed  possible to take  an  exact  
t a n g e n t  to the  E vs. In  t cu rve  at a n y  poin t  and  to 
use this  t a n g e n t  for the  d e t e r m i n a t i o n  of b, and  to, it  
can be shown tha t  the  va lue  of to ob ta ined  wi l l  be  in  
e r ror  b y  more  t h a n  10% unless  the  t a n g e n t  is t a k e n  
at a t ime  grea te r  t h a n  46 to, which  corresponds  to a 
po ten t i a l  decay of more  t h a n  3.8 b,. Consequen t ly ,  
the  me thod  canno t  be  used wi th  accuracy  unless  the  
po ten t ia l  decay is observed over a sizable range.  
This r e q u i r e m e n t  e l imina tes  its use in  tha t  pa r t  of 
the  Tafe l  reg ion  nea re s t  the e q u i l i b r i u m  po ten t i a l  
because  the decay m u s t  t hen  be fo l lowed in to  a po-  
t en t i a l  reg ion  in  which  Eq. [17] is no longer  appl ic-  
able.  

A second i m p o r t a n t  cons idera t ion  in  the  app l ica -  
t ion of this  me thod  arises f rom the  a s sumpt ions  
made  d u r i n g  the  der iva t ions  l ead ing  to Eq. [17]. For  
smal l  changes  in  potent ia l ,  b, and  to m a y  be t a k e n  
as cons tan ts  to a good app rox ima t ion ;  bu t  over  
la rger  ranges  such cons tancy  m a y  be ser ious ly  ques -  
t ioned, t h r o w i n g  doubt  on the  ex t r apo la t ion  to Eo. 

The fo l lowing me thod  of ana lys i s  overcomes to a 
cons iderab le  ex t en t  the objec t ions  ra ised  to the  p ro -  
cedures  descr ibed above. The inve r se  of dE~dr is, 
f rom Eq. [17],  

dE - 1  [19] 

so tha t  dr/dE is a l i nea r  f u n c t i o n  of t w i th  a zero 
in te rcep t  of --to/b, a nd  a slope o f - - l / b , .  In  pract ice,  
dt /dE m a y  be a p p r o x i m a t e d  by  (tn+l-- t~) / (En+l-- E.)  
and  p lo t ted  aga ins t  (t~ d- t~+l)/2 w i thou t  i n t r oduc ing  
s ignif icant  errors,  for it can be shown  tha t  the  com-  
pu ted  de r iva t i ve  is w i t h i n  5% of the  t rue  va lue  as 
long as t~+l--t,~ is less t h a n  1.2(t~ ~-to). This  p ro -  
cedure  is p a r t i c u l a r l y  a t t r ac t ive  in  tha t  it can be 
used to d e t e r m i n e  to and  b, f rom m e a s u r e m e n t s  over  
a ny  smal l  r ange  in  po ten t i a l  and  is l im i t ed  on ly  by  
the  accuracy  wi th  which  E and  t can be measured .  
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Glossary of Symbols 

C~ - -  Capacitance of the electr ical  double layer,  dq~,/ 
dE, farads. 

E ~ P o t e n t i a l  measured wi th  respect  to an unpo-  
lar ized reference  electrode,  v (Gibbs-Stockholm 
sign convent ion) .  

E~ - -  Equi l ibr ium potent ial  of a faradaic process, e.g., 
a me ta l -me ta l  ion process (it ~ 0), v. 

E~ ~ - -  Equi l ibr ium potent ial  of the hydrogen gas elec- 
trode, v. 

E ~ - -  Standard  potent ial  of the faradaic process, v. 
E0 ~ P o t e n t i a l  at beginning of decay (t  ~ 0), v. 

dqr ~ A m o u n t  of posit ive charge enter ing electrolyte  
f rom electrode by means of the faradaic process, 
coulombs. 

q ~ - - A m o u n t  of posit ive charge on electrode side of 
the electr ical  double layer, coulombs. 

text - - C u r r e n t  intensi ty in ex terna l  circuit, amp. 
i t - - C u r r e n t  intensi ty corresponding to the faradaic 

process, dqr/dt, amp. 
i ~ - - S t e a d y - s t a t e  current  intensi ty in external  cir- 

cuit at the moment  of opening the circuit, amp. 
/~ - -  Exchange  cur ren t  intensi ty for an act ivat ion-  

controlled electrode reaction, amp. 
t -  Time, also t ime on open circuit, sec. 

t o - - P a r a m e t e r  of decay, sec. 
n - - N u m b e r  of electrons passed in an act ivat ion-  

controlled react ion when the ra te -de te rmin ing  
step occurs once. 

- - T r a n s f e r  coefficient for an act ivat ion-control led  
reaction. 

z - -  Number  of electrons passed by the faradaic proc-  
ess in one occurrence of the over -a l l  reaction. 

b t - - P a r a m e t e r  of decay, change in potential  for an 
e-fold change in t ime when t ~ >  to, v. 

a - -  Activity.  
ao - - A c t i v i t y  of oxidized species. 
a~ - - A c t i v i t y  of reduced species. 
co - -  Molari ty of oxidized species. 
c ~ -  Molari ty of reduced species. 
V - - L i t e r s  of e lectrolyte  in equi l ibr ium with  the 

electrode. 

Arsine Evolution and Water Reduction at an Arsenic Cathode 
H. W. Salzberg and Bernard Goldschmidt 1 

Chemistry Department, City College, New York, New York 

ABSTRACT 

The effects of current  density, temperature ,  acidity, and salt concentrat ion 
on the evolut ion of arsine have been studied at arsenic and lead-arsenic  cath-  
odes. Analysis of the data indicates that  the surface of the electrode is largely 
covered wi th  chemisorbed hydrogen at current  densities as low as 5-10 m a / c m  ~, 
that  arsine is formed by reduct ion of water  molecules on the chemisorbed 
layer  of hydrogen, that  the ra te -de te rmin ing  step is the disproport ionat ion be- 
tween adjacent  surface hydrides,  and that  wa te r  molecule  reduct ion takes 
place at the electrode even in 1M sulfuric acid at current  densities at least as 
low as 1 m a / c m  ~. 

P r e v i o u s  w o r k  (1-4) on tin, lead,  and a n t i m o n y  
ca thodes  has shown tha t  on these  cathodes,  w h e n  
ca thodic  d i s in t eg ra t ion  or h y d r i d e  f o r m a t i o n  occurs,  
the  w a t e r  molecu le ,  r a t h e r  t h a n  the  h y d r o n i u m  ion, 
is the  i m m e d i a t e  source of the  h y d r o g e n  p re sen t  in 
the  h y d r i d e  molecule .  This  w a t e r  mo lecu l e  r educ t ion  
is obse rved  at cu r r en t  dens i t ies  at least  as low as 
20-30 m a / c m  2 in solut ions of pH  2.5 or  h igher .  To see 
if  w a t e r  molecu les  a re  r educed  at l o w e r  c u r r e n t  
dens i t ies  and in m o r e  acid solut ion,  i t  was  dec ided  to 
i nves t i ga t e  the  a r s e n i c - a r s i n e  system, since a rs ine  is 
k n o w n  to f o r m  at low c u r r e n t  dens i t ies  and  because  
micro  me thods  for  its d e t e r m i n a t i o n  are  known.  

Apparatus, Method, and Materials 
The  a p p a r a t u s  was  tha t  of  t he  p r ev ious  work ,  w i t h  

only  m i n o r  changes  (1) .  The  a rs ine  was  absorbed  in 
HgCl~-KMnO,-H~SO4 solu t ion  and d e t e r m i n e d  co lor i -  
m e t r i c a l l y  by the  s t a n d a r d  m o l y b d e n u m  b lue  
m e t h o d  (5) .  

The  e l ec t ro ly t i c  so lu t ions  w e r e  m a d e  o f  C. P. 
ma te r i a l s  d i sso lved  in d i s t i l l ed  w a t e r  and  usua l ly  
p r e - e l e c t r o l y z e d  at  c.d. 's b e t w e e n  10 and 500 m a / c m  2 

1 P resen t  address :  D e p a r t m e n t  of Chemis t ry ,  Un ive r s i ty  of Wis-  
consin,  Madison,  Wis. 

for periods up to 24 hr. Check runs using different 
batches of solution made from different lots of ma- 
terial were in good agreement with each other. 

Arsenic cathodes were prepared by plating arsenic 
out of c o n c e n t r a t e d  solut ions  of AsC13 in g lac ia l  
acet ic  acid, us ing  the  m e t h o d  of A u d r i e t h  (6) .  I t  is 
fe l t  t ha t  the  sur faces  w e r e  p u r e  a rsen ic  since any  
zinc tha t  l eached  out  of the  brass  be fore  p la t ing  
s t a r t ed  w o u l d  not  rep la te ,  due  to the  l a rge  d i f fe r -  
ences  in both  p o t e n t i a l  and concen t r a t i on  b e t w e e n  
the  zinc and the  arsenic .  In any event ,  each ca thode  
i m m e d i a t e l y  be fo re  use was  c l eaned  in f resh  con-  
c e n t r a t e d  HC1 and then  r ep l a t ed  f r o m  fresh  p l a t i ng  
so lu t ion  for  about  10 rain at abou t  3-6 m a / c m  ~ to 
r e m o v e  impur i t i e s  a n d / o r  ox ide  film. The  l ead-  
a r sen ic  sur face  was  p r e p a r e d  s i m p l y  by  d ipping  a 
lead  w a s h e r  of a p p r o p r i a t e  size in to  an arsenic  p l a t -  
ing solution.  No conclus ions  can be d r a w n  c o n c e r n -  
ing this  su r face  excep t  tha t  i t  was  a m i x t u r e  of 
a rsen ic  and lead. 

C u r r e n t  dens i t ies  w e r e  ca lcu la ted  on the  basis of 
g e o m e t r i c  area,  w h i c h  means  tha t  r e a l  cu r r en t  d e n -  
si t ies and r ea l  r a t e s  of a rs ine  f o r m a t i o n  w e r e  l o w e r  
t h a n  the  f igures g i v e n  here .  Also,  due  to d i f fe ren t  
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histories,  each ca thode  mus t  have  had  a roughness  
factor  at least  s l ight ly  different  f rom the others.  

40~ r u n s  were  cont ro l led  to w i t h i n  0.2~ 25~ 
r u n s  were  cont ro l led  to w i t h i n  1 ~ 

Po ten t i a l s  were  no t  m e a s u r e d  whi le  a rs ine  f o r m a -  
t ion  was  be ing  de te rmined .  Separa te  cells w i th  a 
ca lomel  re fe rence  were  used. F i r s t  the  po ten t i a l  was  
m e a s u r e d  d i rec t ly  at  the desired a p p a r e n t  c u r r e n t  
densi ty .  T h e n  the  IR drop was  measured ,  u s ing  a 
c u r r e n t  i n t e r r u p t e r  technique ,  and  sub t rac t ed  f rom 
the  to ta l  r ead ing  to give the  po ten t i a l  of the  cathode 
vs. the  calomel.  The  i n t e r r u p t e r  was  a m e r c u r y  
cap i l l a ry  re lay  ac t iva ted  by  60-cycle h a l f - w a v e  rec-  
tified house cur ren t .  The  m a k e - b r e a k  t imes  were  of 
the  order  of microseconds.  The IR drop was  ob ta ined  
f rom the ca l ib ra ted  oscilloscopic t race  of the  
potent ia l .  

The  t e m p e r a t u r e  coefficient was ob ta ined  by  a v e r -  
aging t e m p e r a t u r e  coefficients for severa l  different  
cathodes.  This p rocedure  was fo l lowed because  dif-  
ferences  in  roughness  caused di f ferent  a p p a r e n t  
ra tes  at each t e m p e r a t u r e  for the va r ious  cathodes 
whose t e m p e r a t u r e  coefficients, however ,  were  in  
agreement .  

In  order  to gua rd  agains t  false ra tes  due to changes  
in surface,  each cathode was r u n  first at  25~ then  at 
40~ at 25~ again ,  a t  40~ again ,  etc, and  the  
t e m p e r a t u r e  coefficients were  ca lcula ted  f rom va lues  
in  ag r eemen t  w i th  each other.  Resul t s  were  t h e n  
averaged  among  al l  o ther  cathodes used in  the  t e m -  
p e r a t u r e  coefficient exper iments .  Also, different  
batches  of so lu t ion  were  used w i th  the  same  
cathodes,  and  the  same solut ions  were  used w i th  
di f ferent  cathodes. W h e n e v e r  resul t s  were  no t  self-  
cons is tent  they  were  discarded.  

As an  add i t iona l  check, a f ter  2 yea r s  had  elapsed,  
t e m p e r a t u r e  coefficients were  r e - r u n  w i th  di f ferent  
mater ia l s ,  d i f ferent  cells, and  a d i f fe rent  ca thode 
system. The. cathode was  a 10 cm ~ cone of s i lve r -  
p la ted  brass  which  had  been  p la ted  w i th  arsenic  to 
a th ickness  of severa l  mi l l imete rs .  Solut ions  w e r e  
made  wi th  conduc t iv i ty  water .  Solids were  CP m a -  
te r ia ls  recrys ta l l i zed  f rom conduc tance  water .  The  
scour ing gas was  e lect rolyt ic  h y d r o g e n  passed over  
a p a l l a d i u m  ca ta lys t  to r e m o v e  oxygen  and  t h e n  
passed over  ac t iva ted  ca rbon  at  solid CO~-acetone 
t empera tu re .  P re -e l ec t ro lys i s  was  car r ied  out for 
per iods of t ime  up  to 5 days. A l t h o u g h  a p p a r e n t  c.d. 
and  ra tes  differed f rom those of the  or ig ina l  work,  
t e m p e r a t u r e  coefficients were  in  subs t an t i a l  ag ree -  
m e n t  w i th  the  or iginal .  

In  spite of the  e labora te  p recau t ions  discussed 
above,  the  resu l t s  were  often d i s h e a r t e n i n g l y  Jr- 
reproducib le .  To a grea t  ex t en t  this  was due to 
differences in surface.  Each cathode had  a s l igh t ly  
di f ferent  shape, area,  posi t ion in  the  cell, a rsenic  
thickness ,  arsenic  roughness ,  a d i f ferent  t ime  lapse 
be tween  the o r ig ina l  p l a t ing  and  use, and  a d i f ferent  
p l a t i ng  cur ren t .  Resul t s  the re fore  va r i ed  f rom ca th -  
ode to cathode. Curves  ob ta ined  wi th  di f ferent  ca th -  
odes were  shif ted s l igh t ly  a long the  axis, a l though  
the  shapes of the  curves  were  the  same. However ,  
differences b e t w e e n  curves  for d i f ferent  cathodes 
were minor compared to  differences resulting from 
changes in pH. Also, by the nature of the reaction, 
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Fig. 1. Rate of arsine evolution vs. current density, A, 1M 
No,SO4, A, 0.1M H2SO~; o, 1M H2SO~; e, 1M H2SO4-Grube's 
data; III, 1M H2SO~ on Pb-As cathode. 

the surface  of a ny  cathode m u s t  have  changed  dur -  
ing each run ,  thus  g iv ing  r ise  to f u r t h e r  i r r ep roduc i -  
bi l i ty.  

Never the less  by  d i scard ing  the  resul t s  of those 
cathodes tha t  gave  er ra t ic  resul t s  and  by  p u r i f y i n g  
and  r e - p u r i f y i n g  solutions,  resul t s  were  f inal ly  ob-  
t a ined  tha t  were  se l f -cons i s ten t  and  valid.  

Exper imental  Results 

Figu re  1 shows the  ra te  of a rs ine  p roduc t ion  
plot ted aga ins t  a p p a r e n t  c u r r e n t  densi ty .  The  effici- 

- ency  of a r s ine  fo rma t ion  is low, on ly  abou t  10% of 
the  c u r r e n t  going into a rs ine  in  n e u t r a l  so lu t ion  and 
abou t  1-2 % in  acid. Inc reased  ac id i ty  lowers  the  r a t e  
of a rs ine  format ion .  Ar s ine  is fo rmed  at cu r r en t  
densi t ies  less t h a n  1 ma/cm% At  h igh c u r r e n t  dens i -  
ties, the  ra te  fal ls  off, p r o b a b l y  due  to a h igh  pH 
a r o u n d  the  cathode. The ra te  of a rs ine  p roduc t ion  at 
an  a r s en i c - l ead  sur face  in  mo l a r  acid is def ini te ly  
h igher  t h a n  at  an  arsenic  surface  in the same solu-  
tion. The  fact tha t  the two poin ts  t a ke n  f rom Grube ' s  
work  (7) fit so wel l  is for tu i tous ,  since the re  would  
have been  a s l ight ly  di f ferent  cu rve  us ing  ano ther  
cathode. Never theless ,  the  a g r e e m e n t  is good. 
Curves  obta ined ,  bu t  no t  p lo t ted  here,  for m ix tu re s  
of acid and  salt, wou ld  fal l  b e t w e e n  those for pure  
acid and  pu re  salt  solut ions.  Curves  obta ined,  bu t  
no t  p lo t ted  here,  us ing  cathodes  tha t  had  a c c u m u -  
la ted a l aye r  of sur face  oxide by  s t and ing  in  the  
l abora to ry  for v a r y i n g  per iods  of t ime, gave resul ts  
tha t  were  bo th  h igher  and  more  errat ic .  Resul ts  
us ing  cathodes tha t  had  been  de l ibe ra t e ly  g iven  an 
oxide coat ing  were  also higher .  

F igu re  2 shows the overvo l tage  curves  for arsenic  
and  a rsen ic - lead  surfaces  in  acid solut ion and  the 
voltage curve  for arsenic  in  n e u t r a l  solut ion.  P o t e n -  
t ials are  h igher  in  n e u t r a l  solut ion.  L e a d - a r s e n i c  
po ten t ia l s  in  acid are  more  t h a n  w i th  arsenic  in  acid 
bu t  less t h a n  for a rsenic  in  n e u t r a l  solut ion.  The 
25 ~ and  40~ curves  in  n e u t r a l  so lu t ion  cor respond 
at low c u r r e n t  densi t ies  bu t  d iverge  above cu r r en t  
densi t ies  of abou t  30 m a / c m  ~, w i th  the  25~ curve  
be ing  s l igh t ly  higher .  Each curve  has two regions 
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Grube's work on arsenic in acid solution. 

c o r r e s p o n d i n g  to a b u i l d - u p  of p o t e n t i a l  a t  low 
c u r r e n t  dens i t i e s  and  a l e v e l i n g  off a t  h i g h e r  c u r r e n t  
dens i t ies .  The  s lopes  o b s e r v e d  at  h i g h e r  c u r r e n t  
dens i t i e s  a r e  a b o u t  those  v a l u e s  g e n e r a l l y  o b s e r v e d  
at  h igh  h y d r o g e n  ove rvo l t age ,  bu t  in v i e w  of 
t h e  c rudenes s  of t he  a p p a r a t u s ,  w i t h  a r a t h e r  
l a r g e  e x p e r i m e n t a l  e r ro r .  T h e  l eve l ing  off a t  h igh  
c u r r e n t  dens i t i e s  is in a g r e e m e n t  w i t h  t he  r e su l t s  
r e p o r t e d  b y  L l o y d  (8)  a n d  t h e  g e n e r a l  shape  of the  
c u r v e  is t ha t  r e p o r t e d  b y  G r u b e  (7)  as shown  in 
Fig.  3. This  g r a p h  shows  t h a t  G r u b e ' s  va lue s  d i f fer  
f rom ours  b u t  t h a t  his c u r v e  has  t he  s ame  shape .  
N o t e w o r t h y  also is t he  fac t  t h a t  a t  v e r y  low c u r r e n t  
dens i t i e s  his  s lope  is a b o u t  0.03. 

T a b l e  I g ives  some t e m p e r a t u r e  coefficients.  
W i t h i n  e x p e r i m e n t a l  e r ro r ,  t h e y  a r e  a l l  t he  same.  

Discussion 

Coverage oS the surface by hydrogen.---The o v e r -  
a l l  m e c h a n i s m  m u s t  p roceed  b y  w a y  of a d i s p r o p o r -  

Table I. Temperature coefficients at constant current 

Rate  a t  40~  
S o l u t i o n  Ca thode  ra te  a t  25~ 

1M H2SO, As 1.3 _ 0.2 
1M H=SO, A s - P b  1.2 _ 0.3 
1M Na=SO4 As 1.2 +_ 0.2 

t i ona t i on  b e t w e e n  t w o  a d j a c e n t  a r s e n i c - h y d r o g e n  
groups .  The  p r o b a b i l i t y  of a s i m u l t a n e o u s  r eac t i on  
b e t w e e n  t h r e e  a d j a c e n t  A s - H  g roups  and  of t h r e e  
consecu t ive  e l e c t r o c h e m i c a l  r e d u c t i o n s  a t  one si te  
for  each  a r s ine  m o l e c u l e  is neg l ig ib le .  This  d i s p r o -  
p o r t i o n a t i o n  w o u l d  t h e n  occur  b e t w e e n  an  a r s e n i c -  
m o n o h y d r o g e n  and  an  a r s e n i c - d i h y d r o g e n  group.  

Since ,  in n e u t r a l  so lu t ion ,  abou t  10% of the  cur -  
r e n t  goes in to  a r s ine  p r o d u c t i o n  v i a  a d j a c e n t  a r sen ic  
h y d r o g e n  groups ,  a t  l eas t  20% of t he  su r face  is 
cove red  b y  h y d r o g e n  a toms,  even  at  1 m a / c m  = (Fig .  
1). Yet  the  c o m b i n a t i o n  of su r f ace  h y d r o g e n  a toms  
in t he  u n a d s o r b e d  or  p h y s i c a l l y  a d s o r b e d  s ta te  is 
e x t r e m e l y  r a p i d  (9 ) .  F o r  such a l a r g e  f r ac t ion  of t he  
su r f ace  as 20% to be  cove red  b y  h y d r o g e n ,  the  hea t  
of a d s o r p t i o n  w o u l d  be  a t  l eas t  23 k c a l / m o l e ,  us ing  
the  ca lcu la t ions  of S a l z b e r g  and  S c h u l d i n e r  (9) .  
This  m e a n s  t ha t  t he  h y d r o g e n  w o u l d  be  c h e m i s o r b e d  
in t he  f o r m  of a s u r f a c e  h y d r i d e .  A c t u a l l y ,  a r sen ic  
and  h y d r o g e n  do f o r m  a s t rong  c o v a l e n t  bond  whose  
e n e r g y  is e s t i m a t e d  b y  P a u l i n g  (10) to be  47 k c a l /  
mole.  

T h e  a r s e n i c - d i h y d r o g e n  g roup  m e n t i o n e d  a b o v e  is 
e i t he r  an  a d s o r b e d  m o l e c u l e  or a su r f ace  d ihyd r ide .  
The  l a t t e r  w o u l d  h a v e  to be  e x t r e m e l y  u n s t a b l e  
s ince  no such s u b s t a n c e  has  been  r e p o r t e d .  On the  
o t h e r  hand ,  s ince  t he  bond  e n e r g y  of the  h y d r o g e n  
m o l e c u l e  is abou t  104 k c a l / m o l e  a n d  tha t  of two  
A s - H  bonds  w o u l d  be  abou t  94 k c a l / m o l e ,  an 
a d s o r b e d  h y d r o g e n  m o l e c u l e  w o u l d  no t  be  l i ke ly  to 
b r e a k  d o w n  into  two  h y d r o g e n  a t o m s  wh ich  t h e n  
fo rm cova l en t  bonds  w i t h  an a r sen ic  a tom,  i.e., d i s -  
p r o p o r t i o n a t e  into an  a r s i n e  molecu le .  Ra ther ,  the  
process  w o u l d  go t h e  o the r  way .  Two  h y d r o g e n  
a toms  he ld  by .  c o v a l e n t  bonds  to t he  same  a r sen ic  
a t o m  w o u l d  c ombine  to  fo rm a m o l e c u l e  of h y d r o -  
gen. S ince  the  r a d i u s  of an  a r sen i c  a tom is 1.25A 
a n d  t h a t  of  t he  h y d r o g e n  a t o m  is 0.37A t h e r e  w o u l d  
be  p l e n t y  of r oom for  two  h y d r o g e n  a toms  to be  
b o u n d  to one su r f ace  a r sen i c  a tom.  T h e  d i h y d r o g e n  
g roup  w o u l d  t h e r e f o r e  be  ASH=, a su r f ace  hyd r ide ,  
f o r m e d  e i t he r  b y  a second  h y d r o g e n  a tom be ing  
p r o d u c e d  at  a s i te  w h i c h  a l r e a d y  has  a h y d r o g e n  
a t o m  [ (a )  in Fig.  4] or  b y  a d i s p r o p o r t i o n a t i o n  b e -  
t w e e n  t w o  a d j a c e n t  A s H  g roups  [ (b )  in Fig.  4] 

In  Fig.  4, t he  l a r g e  c i rc les  r e p r e s e n t  a r sen ic  
a toms,  t he  sma l l  ones h y d r o g e n  a toms.  S tep  (a)  is 
an e l e c t r o c h e m i c a l  r eac t ion ;  s tep  (b )  is also an e lec -  
t r o c h e m i c a l  r eac t ion ;  s t ep  (c)  is a d i s p r o p o r t i o n a -  

3 

Fig. 4. Diagram of possible reaction paths. Large circles 
are arsenic atoms, small circles are hydrogen atoms. 
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tion between two adjacent  monohydr ide  molecules 
forming a d ihydrogen  molecule;  step (d)  is a d is-  
propor t ionat ion  forming an ars ine  molecule;  and 
step (e) is the  desorpt ion of the ars ine from the 
surface. 

In ei ther  event,  whether  the d ihydr ide  is formed 
e lec t rochemical ly  as in (a)  or by d ispropor t ionat ion  
as in (c) ars ine format ion  must  be preceded by the 
format ion of ad jacent  As-H groups. Since the d i -  
hydrogen molecule  must  be unstable ,  b reak ing  down 
rap id ly  into molecular  hydrogen  and arsenic, most 
of the d ihydr ide  formed would go d i rec t ly  into mole-  
cular  hydrogen.  An over -a l l  10% yie ld  of arsine im-  
plies tha t  much more than 10% of the current  goes 
into the format ion of the uns table  d ihydrogen  h y -  
dr ide  and therefore  that  the surface would be l a rge ly  
sa tura ted  with  monohydrogen  hydr ide .  

The r a t e -de t e rmin ing  p rocess . - -The  r a t e - d e t e r -  
mining step in ars ine format ion  in both neu t ra l  and 
acid solution is (d) in Fig. 4, the d ispropor t ionat ion 
be tween As -H  and AsH~. Also, the wa te r  molecule, 
r a the r  than  the hydron ium ion is the immedia te  
source of the hydrogen  found in arsine. These ideas 
follow from the facts that  : ( a )  ars ine product ion 
falls off as ac idi ty  is increased and in acid solution 
increases as sodium sulfate  is added;  (b) even in 
acid solutions, the  potent ia l  at cur ren t  densit ies 
where  arsine is produced is high enough to reduce 
wate r  molecules;  (c) the t empera tu re  coefficient of 
ars ine  product ion at constant  cur ren t  is posi t ive and 
the same in both acid and neu t ra l  solution. The 
impor t  of this last  s ta tement  may  not be im-  
media te ly  obvious and so some e labora t ion  is r e -  
quired.  

The r a t e  of a react ion is d i rec t ly  p ropor t iona l  to 
the number  of reac tan t  par t ic les  which possess a 
to ta l  energy equal  to tha t  of an ac t iva ted  complex. 
The energy of the act ivated complex is r e la t ive ly  
independent  of t empera ture .  (For  example,  if the 
ac t iva ted  complex in this case is a molecule con- 
sisting of a surface arsenic atom and two adsorbed 
hydrogen atoms, there  are no degrees of t rans la -  
t ional  freedom, one degree  of ro ta t iona l  freedom, 
and one degree  of v ib ra t iona l  f reedom less than the 
normal  3N-6. The heat  capaci ty  at constant  volume, 
according to classical theory,  is at  most  10 ca l /mo le -  
degree. Over a 15 degree range at  constant  pressure,  
the energy of the ac t iva ted  complex would change 
by  about 170 cal at  most.)  Consequently,  the r e -  
action products  at the moment  of format ion  all  have 
about  the same energy regardless  of the t empera tu re  
at which the react ion occurs. Af te r  formation,  in-  
elastic collisions resul t  in the rmal  equi l ib r ium and 
so at h igher  t empera tu res  the react ion products  wil l  
have a grea te r  energy.  Nevertheless ,  at  the moment  
of formation,  the products  have an energy independ-  
ent  of t empera ture .  

One except ion to this, however,  is the case of 
e lectrochemical  react ions involving an overvoltage.  
To speed up these reactions,  e lectr ical  energy is sup-  
pl ied to the react ing part icles,  thus increasing the 
number  tha t  have  the  requi red  energy.  If the over -  
vol tage is ~, the e lectr ical  energy added per  equiva-  
lent  is ~nF, where  a is a f ract ion whose va lue  is 
usual ly  about  1/z and F is the faraday.  The rest  of 

the e lectr ical  energy suppl ied  to the sys tem ( l - s )  nF 
goes to the  products  of the r a t e -de te rmin ing  step. 
(This is obvious since this f ract ion of the expended 
energy does not  influence the ra te  of react ion.)  So, 
for these reactions,  the energy of the react ion p rod -  
ucts is g rea te r  than that  of the ac t iva ted  complex by 
( 1 -~ )nF  unt i l  t he rma l  equi l ib r ium is reached.  This 
means tha t  the higher  the overvoltage,  the grea ter  the 
energy of the products,  since more electr ical  energy 
must  be supplied.  The products  of wa te r  molecule  
reduction,  which occurs at  a higher  voltage,  wil l  
have a grea te r  energy than the products  of hyd ro -  
n ium ion reduction.  The higher  the current ,  the 
grea te r  the  energy of the products,  since the vol tage 
is greater .  Final ly ,  the h igher  the t empera tu re ,  the 
lower  the overvol tage  of the react ion and the less 
the energy of the react ion products  at the moment  
of formation.  With  this  in mind we can get down to 
cases. 

The posi t ive t empera tu re  coefficient, at constant 
current ,  e l iminates  an electrochemical ,  r a t e - d e t e r -  
mining step (RDS) since at  constant  cur ren t  an 
e lec t rochemical ly  formed ac t iva ted  complex would 
be produced at  a ra te  independent  of t empera ture .  
The RDS then involves neu t ra l  products  of e lect ro-  
chemical  steps, i.e., the  RDS is e i ther  (c) ,  or (d) or 
(e) in Fig.  4. 

The posi t ive  t empera tu re  coefficient also e l imin-  
ates an RDS be tween  electrochemical  react ion p rod-  
ucts tha t  react  immedia te ly ,  before they  undergo 
collisions wi th  solvent  molecules and reach thermal  
equi l ibr ium.  The energy of newly  formed products  
of an e lect rochemical  step would decrease,  if any-  
thing, wi th  increased t empera tu re  and decreased 
overvol tage  and hence the  t empe ra tu r e  coefficient of 
an RDS involving newly  formed reactants  would not 
be posit ive.  

On the other  hand, if all  of the  par t ic ipants  in the 
RDS had reached equi l ibr ium,  there  would  be no 
difference in the  ra tes  in neu t ra l  and in acid solu- 
tion, since the energies of the  reac tants  would 
depend only on t empe ra tu r e  and not on pH. This 
e l iminates  the desorpt ion of ars ine [ react ion  ( e ) ]  
as the RDS. 

The only possibi l i t ies  left  are  the two d i spropor -  
t ionat ion react ions which could occur be tween  one 
newly  formed hydrogen  a tom and ei ther  one or two 
previous ly  formed atoms that  had a l r eady  reached 
the rmal  equi l ibr ium, tha t  is e i ther  (c) or (d) in 
Fig. 4. Of these the format ion of d ihydrogen  hydr ide  
(c) can be dismissed as the RDS. If the  movement  
of the newly  formed h igh -ene rgy  hydrogen  atom 
from posit ion 3 to posit ion 2 is slow, the  movement  
of the  prev ious ly  formed, and therefore  lower  
energy, hydrogen  a tom from posit ion 1 to posit ion 2 
should be even slower. But this  would  make  (d)  
s lower than  (c) and so (c) could not be the RDS. 

By el imination,  therefore,  the RDS is the d i spro-  
por t ionat ion be tween  the AsH and a newly  formed 
e lec t rochemical ly  produced AsH2 group, step (d) .  

The ra te  of this react ion obviously depends on 
the energy of the AsH~. If this is formed by  reduc-  
tion of a wa te r  molecule  at  a high overvoltage,  its 
energy would be higher  than if it were  formed from 
a hydron ium ion at  a lower  overvoltage.  But, since 
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the  t e m p e r a t u r e  coefficient is the  same in  bo th  acid 
and  n e u t r a l  solut ion,  the d ihyd rogen  hyd r ide  m u s t  
be formed wi th  the  same ene rgy  in  both  cases. This  
means  tha t  the  hydr ide  would  be fo rmed  by  r educ -  
t ion  of wa t e r  molecules,  s ince p r e s u m a b l y  n e u t r a l  
so lut ions  wou ld  no t  have  sufficient h y d r o n i u m  ion 
p resen t  at the  surface  to m a i n t a i n  the react ion.  The  
difference in  ra tes  b e t w e e n  the  acid and  n e u t r a l  
solut ions  is the  resu l t  of f ewer  wa t e r  molecules  
be ing  reduced  in  acid solut ions.  

The d ihyd rogen  hydr ide  fo rmed  f rom h y d r o n i u m  
ion r educ t ion  wou ld  not  have  enough  ene rgy  to fo rm 
a rs ine  bu t  wou ld  b r eak  down  to molecu la r  hydrogen .  
Since the  ion is more  easi ly  r educed  t h a n  the w a t e r  
molecule ,  in  acid before  w a t e r  molecule  r educ t ion  
can  start ,  a cr i t ical  c u r r e n t  dens i ty  mus t  be reached  
at  which  the  surface  h y d r o n i u m  ion concen t r a t i on  
is too smal l  to suppor t  the cu r ren t .  The shape of the  
cu rve  suppor ts  this  idea. The  g rea te r  the  acidity,  
the  more  h y d r o n i u m  ion in i t i a l ly  present ,  and  the 
h igher  the  n e u t r a l  sal t  concen t r a t i on  the  fewer  
h y d r o n i u m  ions in i t i a l ly  p re sen t  at the  surface. The 
da ta  show tha t  increased  ac id i ty  and  decreased 
n e u t r a l  salt  concen t r a t i on  lowers  the  ra te  of a r s ine  
format ion .  

The  p roduc t ion  of a rs ine  at a l ead -a r sen ic  ca thode 
would  fol low the  same m e c h a n i s m  as a t  an  arsenic  
cathode, since in  acid so lu t ion  the t e m p e r a t u r e  
coefficient is the  same, the shape of the  overvo l tage  
curve  is the  same, the  shape of the ra te  curve  is 
the same, and  the  ra tes  and  poten t ia l s  bo th  fal l  
b e t w e e n  those of arsenic  in  n e u t r a l  so lut ion and  in  
acid solut ion.  

The  evo lu t ion  of hydrogen ,  as d is t inc t  f rom the  
fo rma t ion  of ars ine,  has severa l  d i f ferent  r a t e - d e t e r -  
m i n i n g  steps, d e p e n d i n g  on the  c u r r e n t  densi ty .  A t  
v e r y  low c u r r e n t  densit ies,  the  sur face  is no t  s a tu -  
r a ted  wi th  h y d r o g e n  and  the RDS is the combina t ion  
of a toms to fo rm molecules.  The  in i t i a l  slope of Fig. 
3 is abou t  0.03, w i t h i n  e x p e r i m e n t a l  error,  and  the 
overvo l tage  is less t h a n  abou t  40 mv.  

Above  abou t  10 -5 m a / c m ' ,  G r u b e ' s  resul t s  ind ica te  
tha t  the surface  s tar ts  to become sa tu ra t ed  and  the  
po ten t i a l  increases  to tha t  r equ i r ed  for p roduc t ion  
of h y d r o g e n  on an  arsenic  hyd r ide  surface.  This 
steep rise also shows up in the first por t ion  of the  
curves  in  Fig. 2. 

A t  abou t  5-10 ma/cm~, ' the  surface  is s a tu ra t ed  
wi th  m o n o h y d r o g e n  hyd r ide  and  the  slope of the  
overvo l tage  cu rve  levels  off to abou t  the 0.12 va lue  
expected for the r educ t ion  of a wa t e r  molecu le  or 
the  slow or r e t a rded  discharge  of a h y d r o n i u m  ion. 
The  f luctuat ions  at h igher  values ,  especial ly  in 
n e u t r a l  solut ion,  are e i ther  due  to changes  in  the  
sur face  produced  by  a rs ine  f o r m a t i o n  or to increase  
in  pH. 

The  same m e c h a n i s m  of h y d r o g e n  p roduc t ion  ap -  
plies to the  case of the  l e a d - a r s e n i c  cathode except  
tha t  here  wa t e r  r educ t ion  p r o b a b l y  occurs at a lower  
c u r r e n t  dens i ty  t h a n  on pu re  arsenic.  

Conclusions 
I t  mus t  be r e - e m p h a s i z e d  tha t  u n c e r t a i n t y  as to 

the t rue  surface  area  makes  the  ra te  and  c u r r e n t  
dens i ty  data  va l id  o n l y ' a s  an  uppe r  l imi t .  Also, use 
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of t a n k  hyd rogen  a nd  o r d i n a r y  dis t i l led  wa te r  in  
the ea r l i e r  work  could have  lead to ser ious errors.  
However,  the  checks r u n  wi th  conduc tance  wa te r  
and  a h y d r o g e n  pur i f ica t ion  t r a i n  were  in  good 
enough  a g r e e me n t  to ind ica te  tha t  the  resul ts  were  
valid. 

These  conclusions  s tem f rom an  ana lys i s  of the  
presen t  work  and  f rom cons idera t ion  of the  data  of 
G r u b e  (Fig. 3).  

1. Ar s ine  is fo rmed  loy reduc t ion  of wa te r  mole -  
cules on an  arsenic  sur face  covered w i th  chem-  
isorbed hyd rogen  in  the  fo rm of a cova len t  hydride.  

2. The  r a t e - d e t e r m i n i n g  step in  a r s ine  fo rmat ion  
is the  d i sp ropor t iona t ion  b e t w e e n  an  AsH and  an  
ad jacen t  AsH~ group  or molecule .  

3. Wa t e r  r educ t ion  takes  place even  in  1M acid at 
c u r r e n t  densi t ies  at  least  as low a 1 m a / c m  ~. 

4. The  react ions  at a l ead -a r sen ic  surface are the 
same as at an  arsenic  surface  except  tha t  in  acid 
so lu t ion  w a t e r  r educ t ion  s tar ts  at lower  c u r r e n t  den -  
sities on the  a r sen ic - l ead  cathode. Consequen t ly ,  at 
a g iven  c u r r e n t  densi ty ,  the  vol tage  and  therefore  
the a m o u n t  of a rs ine  fo rmed  is g rea te r  at the lead-  
a rsenic  surface.  

5. A t  c u r r e n t  densi t ies  be low 1-2 x 10 -~ a m p / c m  ~ 
in acid solut ion,  the f o r ma t i on  of h y d r o g e n  atoms is 
revers ible .  The r a t e - d e t e r m i n i n g  step in  hydrogen  
evo lu t ion  at this low c u r r e n t  dens i ty  is the  combina -  
t ion of hyd rogen  atoms. The heat  of ac t iva t ion  is at 
least abou t  23 kca l /mole .  

6. The  sa tu ra t ion  of the surface  wi th  chem-  
isorbed hydrogen  is v i r t u a l l y  comple te  at cu r r en t  
densi t ies  of about  10-' a m p / c m  ~. 

This  w o r k  has impl i ca t ions  for the  genera l  
p r ob l e m of hyd rogen  overvol tage .  I t  shows, we  
believe,  t ha t  w a t e r  molecules  are reduced  at ca th-  
odes in  acid solut ion at  c u r r e n t  densi t ies  wel l  be low 
those r equ i r ed  for ca thode d is in tegra t ion .  This is in  
a g r e e me n t  wi th  the  w o r k  of Schu ld ine r  (11) and  
Schu ld ine r  and  Hoare  (12) who showed tha t  on 
p a l l a d i u m  and  p l a t i n u m  w a t e r  molecules  are r e -  
duced at low c u r r e n t  densi t ies  at pH 0.8 and  1.4, 
respect ively.  In  both  cases the  vol tage  r equ i r ed  for 
wa te r  r educ t ion  was less t h a n  tha t  which  is com- 
m o n l y  observed  at h igh overvo l tage  cathodes, such 
as m e r c u r y  and  lead. 

Pe rhaps  the  best  s u m m a r y  of the  posi t ion is tha t  
concen t r a t i on  po la r i za t ion  at the surface  occurs at 
c u r r e n t  densi t ies  m u c h  lower  t h a n  tha t  p rev ious ly  
expected  and  that  the re fore  wa te r  molecule  r educ -  
t ion occurs. 
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Technical Notes 0 
Creeping Silver Sulfide 

T. F. Egan and A. Mendizza 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

A n  effect was  observed  w h e n  a s i lver  spec imen  lO 
coated wi th  a porous  gold e lec t ropla te  was  exposed 8 
to su l fu r  vapor .  S i lve r  sulfide fo rmed  at  the  pore  6 
sites as would  be expected,  bu t  in  add i t ion  it  spread  

4 r ad i a l l y  and  r ap id ly  on the  gold surface,  to which  
it  was  s t rong ly  adheren t .  > 

n-  
For  a p r e l i m i n a r y  inves t iga t ion  of this  effect, a ~- 2 

u l  s i lver  pane l  was  prepared ,  one ha l f  of which  was  o 
heav i ly  gold p la ted  to produce  a s i lve r -go ld  j u n c -  ~, 
t ion. The c leaned spec imen  was suspended  in air  ~ 1.o 
s a tu ra t ed  w i th  su l fu r  vapor  at 60~ at  which  tern-  ~ o.s 
p e r a t u r e  the vapor  p ressure  of su l fu r  is 0.0001 m m  ~ o.6 
(1) .  Af te r  an  ove rn igh t  exposure  (17 hr )  s i lver  
sulfide had crept  over  the  gold surface  a long the  ~ 0.4 
en t i r e  b imeta l l i c  b o u n d a r y .  ~:~ 

F i g u r e  1 depicts  the  appea rance  of the  sulfided 
0 . 2  

surfaces at the  conclus ion  of the  tes t  (165 h r ) .  P e r i -  

j l  f 

. . j ' -  

J 
J 
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Fig. 2. Creepage silver sulfide on gold-sulfur vapor at 
60~ 

Fig. 1. Advance of silver sulfide on gold after 165 hr in 
sulfur vapor at 60~ Leading edge very thin, exhibits in- 
terference colors. 

odic m e a s u r e m e n t s  were  made  at  a po in t  of m a x i -  
m u m  creepage and  are shown  in  Fig. 2. A cross sec- 
t ion  of the  spec imen at the  go ld -s i lve r  j u n c t i o n  is 
shown  in  Fig. 3. I t  is a p p a r e n t  tha t  the  cav i ty  was  
p roduced  b y  m i g r a t i o n  of s i lver  ions needed  for the  
fo rma t ion  of the  sulfide on the  gold. I t  is also ev i -  
den t  tha t  the  sulfide coat ing on the  gold is of the  
same order  of th ickness  as t ha t  on the  si lver.  H o w -  
ever,  it t apers  r a the r  a b r u p t l y  to a t h i n  film which  
at  t he  l ead ing  edge exhib i t s  i n t e r f e r ence  colors 
(Fig. 1). 

The  same e x p e r i m e n t  was  pe r fo rmed  us ing  r h o -  
d i u m  and  si lver.  Direct  microscopic e x a m i n a t i o n  re -  
vea led  needles  of s i lver  sulfide at the  b imeta l l i c  
j u n c t u r e  b u t  no creepage of s i lver  sulfide on the  rho -  
d i u m  surface.  F i g u r e  4 is a pho tomic rog raph  of a 



354 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  A p r i l  1960 

Fig. 3. Cross section of specimen showing cavity in silver 
and sulfide fi lm on silver and on gold plate. 

Fig, 4. Cross section of rhodium plated silver showing 
cavity resulting from silver sulfide needle growth. 

cross sect ion of this  specimen.  It  shows w h a t  migh t  
appear  to be  a sl ight  a m o u n t  of c reeping  of the  si l -  
ver  sulfide on the  rhod ium.  This, however ,  is u n -  
l ike ly  since the  r e l a t i ve ly  th ick  sulfide coat ing  ends 
ab rup t ly .  If c reeping  had occurred,  one wou ld  ex-  
pect  the  sulfide on the  r h o d i u m  to t aper  out  to an  
e x t r e m e l y  t h in  film as had  occurred  in  the  case of 
the  gold. The  s i lver  sulfide on the  r h o d i u m  p r ob -  
ab ly  resu l t ed  f rom a collapse of the  needles  d u r i n g  
the  mo ld ing  operat ion.  The cavi ty ,  which  u n d e r c u t s  
the  rhod ium,  indica tes  the  q u a n t i t y  of s i lver  r e -  
qu i r ed  to fo rm the  s i lver  sulfide needles.  A s imi la r  

e x p e r i m e n t  wi th  s i lver  and  p a l l a d i u m  also fa i led 
to p roduce  spread ing  of s i lver  sulfide. 

At  the  p resen t  t ime  the re  is no comple te ly  ade-  
qua te  e xp l a na t i on  for the behav io r  of s i lver  su l -  
fide on the  meta ls  s tudied.  

A recen t  (2) pape r  discusses a s imi la r  effect i n -  
vo lv ing  t a n t a l u m  p a r t l y  coated w i th  s i lver  and  ex -  
posed to iodine vapors  at  174~ Si lver  iodide 
fo rmed  not  on ly  on the  s i lver  b u t  spread  rap id ly  
over the  uncoa ted  t a n t a l u m  surface.  The  spread-  
ing m e c h a n i s m  pos tu la ted  for this  effect assumes 
local cell action, e n h a n c e d  by  re la t ive  ease of flow of 
ions and  e lect rons  in  di f ferent  phases.  In  this i n -  
s tance  sp read ing  of the  corrosion p roduc t  is favored 
by  the  ease of flow of s i lver  ions in  the  iodide and  
the  ease of flow of e lec t rons  in t a n t a l u m .  The same 
effect was  ob ta ined  wi th  s i lver  on p l a t i n u m  and  on 
graphi te .  Whi le  this t heo ry  appears  to be opera t ive  
in  the  case of the sp read ing  of s i lver  sulfide on the  
gold, it  is not  clear  w h y  the same p h e n o m e n o n  does 
not  occur w h e n  r h o d i u m  or p a l l a d i u m  is subs t i -  
tu ted  for the gold, at least  at the  t e m p e r a t u r e  em-  
p loyed  (60~ 

F r o m  the  prac t ica l  po in t  of v iew this  p h e n o m e n o n  
is of cons iderab le  impor tance .  S i lve r -go ld  combina -  
t ions are  fa i r ly  common  in e lectr ical  contact  design. 
Some of the  usua l  f ab r i ca t ion  methods  are e lectro-  
p la t ing ,  overlays,  a nd  inlays.  S i lver  solder is also 
used to a t tach  gold to other  metals .  In  al l  cases, it 
should  be real ized tha t  w h e n e v e r  a j u n c t i o n  of s i lver  
and  gold exists in  a sulf iding a tmosphere ,  the gold 
surface  wi l l  be c o n t a m i n a t e d  wi th  s i lver  sulfide. In  
these exper iments ,  s i lver  sulfide was  more  adhe ren t  
to gold t h a n  to s i lver  (Fig. 3) which  would  indicate  
tha t  it  would  be more  difficult to r e m o v e  by  contact  
wipe. Therefore ,  wh i l e  s i lver  sulfide is a lways  u n -  
des i rab le  on electr ical  contacts,  it m a y  be even  more  
d e t r i m e n t a l  on gold. 
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A New Method for Preparing Hydroxide-Free 
Alkali Chloride Melts 

Donald L. Maricle ~ and David N. Hume 
Department of Chemistry and Laboratory for Nuclear Science, 

Massachusetts Institute of Tvchnology, Cambridge, Massachusetts 

Molten  salts have  been  used ex tens ive ly  in  recen t  
years  as solvents  for e lec t rochemica l  processes and  
inves t iga t ions .  Alka l i  me t a l  chlor ides  in  pa r t i cu l a r  
offer exce l len t  t h e r m a l  s tabi l i ty ,  good so lvent  p rop -  
erties,  and  a wide  po ten t i a l  span  b e t w e e n  anodic  

Z A m e r i c a n  C y a n a m i d  Co. Fel low 1958-1959. P resen t  a d d r e s s :  
A m e r i c a n  Cyanamid  Co., S tamford ,  Conn. 

and  cathodic decomposi t ion  l imits .  However ,  the  
difficulty of r e m o v i n g  the last  t races  of res idua l  
mo i s tu re  f rom the salts has often necess i ta ted  r a t h e r  
a rduous  d ry ing  procedures  (1-3) .  If the  mois tu re  is 
not  removed,  hydro lys i s  occurs u p o n  fus ion  as i n -  
dicated by  Eq. [ 1 ] 
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C1- + H~O-> H C l t  + OH- [1]  

The  h y d r o x i d e  ion thus  p r o d u c e d  p r e c i p i t a t e s  m e t a l  
ions, a t t a c k s  glass,  a n d  is r e d u c e d  m o r e  eas i ly  t h a n  
the  a l k a l i  me ta l s ,  t hus  d i m i n i s h i n g  the  u s a b l e  p o -  
t e n t i a l  r a n g e  of t he  so lvent .  

La i t i nen ,  et al. (4)  h a v e  s t ud i ed  t h e  p r e p a r a t i o n  
of a h y d r o x i d e - f r e e ,  59-41 mole  % l i t h i u m  c h l o r i d e -  
p o t a s s i u m  ch lo r ide  eu tec t ic  b y  m e a s u r i n g  the  h y -  
d r o x i d e  ion  c o n c e n t r a t i o n  p o l a r o g r a p h i c a l l y  in the  
mel t .  L i t h i u m  sal ts  a r e  p a r t i c u l a r l y  diff icult  to dry ,  
and  p o l a r o g r a p h y  is s ens i t i ve  to low concen t r a t i ons  
of h y d r o x i d e  ions. As  a r e s u l t  t h e y  f o u n d  it  neces -  
s a ry  to use  a p r o c e d u r e  i nvo lv ing  v a c u u m  t r e a t -  
m e n t s  a n d  fus ion  u n d e r  h y d r o g e n  c h l o r i d e  which ,  
un t i l  i t  was  d e v e l o p e d  in to  a r ou t i ne  ope ra t ion ,  r e -  
q u i r e d  s e v e r a l  days  to comple te .  By  such m e a n s  t h e y  
w e r e  ab l e  to ob t a in  m e l t s  w i t h  low p o l a r o g r a p h i c  
r e s i d u a l  c u r r e n t s  and  w i t h  l i t t l e  t e n d e n c y  to e tch  
glass  a p p a r a t u s .  

The  a u t h o r s  have  m a d e  a p o l a r o g r a p h i c  s t u d y  of 
d r y i n g  p r o c e d u r e s  for  t he  e q u i m o l a r  s o d i u m  ch lo -  
r i d e - p o t a s s i u m  ch lo r ide  m e l t  740~ us ing  a t u n g s t e n  
m i c r o - e l e c t r o d e  0.8 m m  in d i a m e t e r  a n d  5 m m  long 
and  a p l a t i n u m - p l a t i n u m  ( I I )  r e f e r e n c e  e lec t rode .  I t  
was  f o u n d  t h a t  if t he  o r d i n a r y  d r y  sa l t s  w e r e  fused  
and  f lushed w i t h  p u r e  a rgon  for  20 m i n  to r e m o v e  
d i s so lved  oxygen ,  on ly  a s m a l l  h y d r o x i d e  r e d u c t i o n  
w a v e  was  found.  Us ing  a s t a n d a r d  a d d i t i o n  m e t h o d  
for  ca l i b r a t i on ,  t he  h y d r o x i d e  c o n c e n t r a t i o n  of such 
a m e l t  was  e s t i m a t e d  to be  0.17 mi l l imo la l ,  o r  3 x 
10-~% e x p r e s s e d  as w a t e r .  I f  r i g o r o u s l y  d r i e d  h y d r o -  
gen  c h l o r i d e  is b u b b l e d  t h r o u g h  the  m e l t  for  20 m i n  
be fo re  t he  a rgon  flush, even  th is  s m a l l  h y d r o x i d e  ion 
i m p u r i t y  is r emoved .  T y p i c a l  p o l a r o g r a m s  w i t h  and  
w i t h o u t  h y d r o g e n  ch lo r ide  t r e a t m e n t  a r e  shown  in 
Fig.  1. This  is in c o n s i d e r a b l e  con t r a s t  to t he  l i t h i u m  
c h l o r i d e - p o t a s s i u m  ch lo r ide  eu tec t ic  w h i c h  w i l l  con-  
t a in  gross  a m o u n t s  of h y d r o x i d e  ions if  fused  w i t h -  
out  spec ia l  d r y i n g  p r o c e d u r e s  and  in w h i c h  d r y  h y -  
d r o g e n  c h l o r i d e  is no t  ef fec t ive  for  r e m o v i n g  h y -  
d r o x i d e  ions. 

A n e w  and  b e t t e r  m e t h o d  of r e m o v i n g  h y d r o x i d e  
i m p u r i t i e s  f rom bo th  m e l t s  has  been  d e v e l o p e d  in 
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Figure 1. Residual polarographic currents in the NaCI-KCI 
melt before (solid line) and after (dotted line) removal of 
hydroxide ion impurity. 
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Figure 2. Residual polarographic currents during the puri-  
f ication of the / i C I - K C I  eutectic. - . . . .  Before t reatment ;  

a f ter  2 0  rain chlorine and 2 0  rain argon; 
. . . .  a f ter  4 0  min chlorine and 2 0  rain argon. 

t he  p r e s e n t  i nves t iga t ion .  This  m e t h o d  e l i m i n a t e s  
t he  need  for  p r e - d r y i n g  a n y  sa l t s  and  can  be c a r r i e d  
out  eas i ly  and  r a p i d l y .  I t  consis ts  s i m p l y  of pas s ing  
ch lo r ine  t h r o u g h  the  m e l t  i m m e d i a t e l y  a f t e r  fus ion  
of t he  u n d r i e d  salts .  The  reac t ion ,  p r e s u m a b l y ,  is 
t h a t  of Eq. [2] .  

2 0 H - + 2 C l ~ - > O 2 t  + 2 H C l t  -F2C1- [2]  

The  h y d r o x i d e  ion is t hus  r e m o v e d  w i t h o u t  con-  
t a m i n a t i o n  of t he  m e l t  w i t h  a n y  e x t r a n e o u s  n o n -  
v o l a t i l e  species .  The  o x y g e n  a n d  h y d r o g e n  ch lo r ide  
gases  a r e  s w e p t  out  b y  the  ch lor ine ,  a n d  the  ch lo r ine  
is eas i ly  r e m o v e d  b y  f lushing a rgon  t h r o u g h  the  
mel t .  A f t e r  20 m i n  of t r e a t m e n t  w i t h  ch lo r ine  fo l -  
l o w e d  b y  a 20 ra in  a rgon  flush, t he  h y d r o x i d e  ion 
c o n c e n t r a t i o n  in  a s o d i u m  c h l o r i d e - p o t a s s i u m  ch lo -  
r i de  m e l t  was  r e d u c e d  b e l o w  the  l eve l  d e t e c t a b l e  
p o l a r o g r a p h i c a l l y .  P o l a r o g r a m s  r e c o r d e d  be fo re  and  
a f t e r  t he  ch lo r ine  t r e a t m e n t  a r e  shown  in Fig .  1. 
F o r  t r e a t i n g  th is  mel t ,  ch lo r ine  has  the  a d v a n t a g e  of 
be ing  m u c h  eas i e r  to d r y  t h a n  h y d r o g e n  ch lor ide .  
An additional drawback to the use of hydrogen chlo- 
ride is its characteristic of altering the fluid charac- 
teristics of the melt in such a way that splashing 
and spattering occurs with consequent deposition of 
melt at unwanted places in the apparatus. 

The use of chlorine is extremely advantageous 
for drying lithium-ion-containing melts. Figure 2 
shows polarograms obtained before and after chlo- 
rine treatments in the 59-41 mole % lithium chlo- 
ride-potassium chloride eutectic at 450~ with a 
tungsten micro-electrode and a platinum foil used as 
an anode and reference electrode. It is apparent 
that after 40 min of chlorine treatment, the hydrox- 
ide ion concentration has been reduced below the 
level detectable polarographically. This was found 
to be true even if the salts were taken directly out 
of the bottle, with no pre-drying. A 20-min flush 
with argon was sufficient to remove the chlorine 
from this melt also. Therefore, if chlorine is used to 
purify the melt, the procedure takes only about 1 
hr, in contrast with previously used procedures re- 
quiring up to several days. 

While this method has been used by the authors 
to purify only the two melts mentioned above, it is 



356 JOURNAL OF THE ELECTROCHEMICAL SOCIETY Apr i l  1960 

presumed that chlorine could be used to remove 
hydroxide impurities from other alkali metal and 
alkaline earth chlorides. However, it is interesting 

to note that if the temperature of the lithium-chlo- 

ride-potassium chloride eutectic was raised from 

450 ~ to 740~ reaction [2] did not occur to any ap- 

preciable extent, and the color of the chlorine solu- 

tion changed from nearly colorless to red-brown. 

The sodium chloride potassium chloride melt ex- 

hibits a deep red-brown color when saturated with 

chlorine at 740~ It appears as if higher temper- 

atures favor the formation of a chlorine species 

which has a sufficiently diminished oxidizing power 

that it cannot oxidize the hydroxide ion in lithium- 

ion-containing melts. 
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O 
Location of Diffused pn-Junctions on Germanium 

by Electrodeposition of Copper 
Reinhard Glang 

Diamond Ordnance Fuze Laboratories, Washington, D. C. 

The  d e l i n e a t i o n  of d i f fused  j unc t i ons  on s i l icon b y  
chemica l  depos i t i on  or  e l e c t r o p l a t i n g  of m e t a l s  has  
been  d e s c r i b e d  f r e q u e n t l y  in r ecen t  p u b l i c a t i o n s  
and  can  be  ach i eved  in v a r i o u s  ways .  G e r m a n i u m ,  
h o w e v e r ,  offers diff icult ies.  I t  seems  to be  imposs ib l e  
to s h a r p l y  def ine a j u n c t i o n  on g e r m a n i u m  b y  c h e m -  
ical  d i s p l a c e m e n t  r eac t i ons  (1) .  E l e c t r o p l a t i n g  
m e t h o d s  of loca t ing  g r o w n  junc t i ons  on g e r m a n i u m  
c rys t a l s  h a v e  been  r e p o r t e d  occas iona l ly  (2, 3) ,  bu t  
a p p a r e n t l y  no p r o c e d u r e  has  been  p u b l i s h e d  for  d e -  
f ining diffused j unc t ions  on g e r m a n i u m  w i t h  meta l s .  
The  t e c h n i q u e  d e s c r i b e d  b e l o w  m a k e s  i t  poss ib le  to 
d e l i n e a t e  t he  j u n c t i o n  b e t w e e n  p - t y p e  g e r m a n i u m  
and  th in  d i f fused n - t y p e  l aye r s .  

A s m a l l  p iece  of a d i f fused  g e r m a n i u m  w a f e r  is 
angle lapped (4) as shown in Fig. 1 in order to expose 
the junction. The lapping is done against a glass 
plate, using an alumina abrasive 0.3~ in particle 
size, in order to avoid deep scratches on the beveled 

TYPE ~ - -  

P-~YPE ~ ~ l 
l BEVELED GERMANJUM WAFER I 

Fig. 1. Copper plating of diffused germanium wafer for 
delineation of junction. 

region .  The  su r f ace  is c l eaned  c a r e f u l l y  w i th  o rgan ic  
so lven ts  and  d i s t i l l ed  wa te r .  

The  p l a t i n g  so lu t ion  is p r e p a r e d  b y  d i s so lv ing  
a p p r o x i m a t e l y  20 g of CuSO4.5H~O in 80 ml  of w a t e r  
and  add ing  a b o u t  1 ml  of c o n c e n t r a t e d  ( 4 9 % ) H F .  
T h e  hyd ro f luo r i c  ac id  is i n t e n d e d  to keep  the  g e r -  
m a n i u m  su r f ace  f ree  f r o m  oxide .  A sma l l  d r o p  of 
th is  so lu t ion  is p l a c e d  on t ha t  p a r t  of the  b e v e l e d  
su r face  w h e r e  t he  j u n c t i o n  is b e l i e v e d  to be loca ted .  
This  is done  c a r e f u l l y  w i t h  a c a p i l l a r y  p ipe t t e ,  so 
t h a t  the  d r o p l e t  does  not  flow ove r  the  edges  of t he  
g e r m a n i u m  sample .  Two a d j u s t a b l e  m e t a l  p r o b e s  
a r e  then  b r o u g h t  in to  con tac t  w i t h  the  surface,  one 
on the  b e v e l e d  p - r e g i o n  a n d  the  o the r  on the  n o n -  
b e v e l e d  n - r e g i o n .  A sma l l  d - c  v o l t a g e  is a p p l i e d  b e -  
t w e e n  the  p robes ,  and  the  p - t y p e  r eg ion  se rves  as  
t he  ca thode.  D u r i n g  these  ope ra t ions ,  the  su r f ace  
of the  s a m p l e  m u s t  be  p r o t e c t e d  f rom s t rong  l i g h t  
in o r d e r  to avo id  a p h o t o v o l t a g e  across  the  j u n c t i o n  
and  consequen t  depos i t i on  of a th in  f i lm of copper  
on the  n - r e g i o n  of t he  wafe r .  The  c i rcu i t  s u p p l y i n g  
t h e  vo l t a ge  is c losed  at  20-sec i n t e r v a l s  for  p e r i o d s  
of on ly  abou t  1 sec. A f t e r  the  f irst  pulse ,  a depos i t  of 
coppe r  is u s u a l l y  v i s ib le  ove r  t h e  who le  a r ea  b e -  
t w e e n  po in t  A and  po in t  B in Fig .  1. This  l a y e r  of 
coppe r  a d h e r e s  f i rmly  to t he  g e r m a n i u m  surface.  

As  i n d i c a t e d  above ,  t he  v o l t a g e  is a pp l i e d  con-  
t i n u o u s l y  for  on ly  abou t  1 sec. L o n g e r  app l i ca t i ons  
y i e l d  anode  r eac t i ons  wh ich  r e s u l t  in an  e l ec t ro ly t i c  
e tch  of the  n - r e g i o n ,  du l l i ng  i ts  sur face ,  and  t hus  
i n t e r f e r i n g  w i t h  s u b s e q u e n t  j u n c t i o n  d e p t h  m e a s -  
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Fig. 2. Diffused pn-junctions in germanium. The lower 
thirds of the photographs show the copper-plated p-type re- 
gion of the bevel. Lapping angles and ]unction depths: (a) 
2 ~ 2~; (b) 3/~ ~ 2~; (c) 3/~ ~ 6.5~. Magnification 300X before 
reduction for publication. 

u r e m e n t s  made  wi th  an  in t e r f e r ence  microscope (4) .  
The va lue  of the  vol tage  is cr i t ical  and  depends  on 
the d imens ions  of the sample  as wel l  as on the  sheet  
resis t ivi ty .  On r e c t a n g u l a r  samples  of w id th  2 ram, 
l eng th  5-10 mm,  j u n c t i o n  dep th  1-2/~, and  sheet  r e -  
s is t iv i ty  abou t  150 ohm, a vol tage  of 15 to 20 v and  
a cu r r en t  of about  30 to 50 ma  adequa te ly  define the  
junc t ion .  Too high a vol tage  causes the  copper  to 
begin  to spread  over  the  n -  as wel l  as the  p - reg ion .  
A more  common fa i lu re  resul ts  f rom a vol tage  which  
is too low. In  this  case, copper tends  to deposi t  f rom 
the edge of the  drop nea res t  to the  nega t ive  p robe  
(i.e., poin t  B, Fig. 1) whi le  the  reg ion  n e a r  the  
j u n c t i o n  (i.e., po in t  A Fig. 1) r ema ins  uncovered .  

On samples  hav ing  the p rev ious ly  specified di -  
mens ions ,  bu t  sheet  res is t iv i t ies  of 30 ohm or less 
and  j u n c t i o n  depths  of 8 to 10p, condi t ions  are less 
cri t ical;  vol tages  as low a 5 v and  cu r ren t s  of abou t  
20 ma  have  p roved  effective. 

F igure  2 shows samples  of diffused g e r m a n i u m  
the lower  th i rds  of which  are the  coppe r -p l a t ed  p -  
type  regions and  the  uppe r  two th i rds  of which  are  
the  n - t y p e  regions.  In  Fig. 2a, the  uppe r  por t ion  of 
the  sample  is no t  beveled,  whi le  in  Fig. 2b a nd  2c 
the  beveled  n - r e g i o n  ex tends  all  the  way  to the  u p -  
per  edges of the  photographs .  Lapp ing  angles  and  
j u n c t i o n  depths  for these samples  are  as follows: 
(a)  2 ~ , 2~; (b)  3~o, 2~; (c) 3~o, 6.5~. As a conse-  
quence  of the  angle  l app ing  procedure ,  the  beve led  
surface areas are  scratched.  The  surface  damage  
accounts  for m i n o r  i r r egu la r i t i e s  in  the  j u n c t i o n  

de l inea t ion  as c lear ly  shown in  Fig. 2b. On samples  
h a v i n g  a j u n c t i o n  dep th  of on ly  1 or 2/~, i r r egu la r i t i e s  
in  the  coppe r -p l a t ed  edge la rger  t h a n  those shown 
in  Fig.  2b are  occas ional ly  observed,  a nd  these  i r -  
r egu la r i t i e s  fol low the  surface profile. For  example ,  
w h e n  a scratch 1/~ in  depth  was  p resen t  on the  
sample ' s  surface p r io r  to diffusion, the  j u n c t i o n  
depth  was  increased  in  this  p a r t i c u l a r  region.  

For  j u n c t i o n  depths  in  the  order  of on ly  1/~ it is 
advisable to use a lapping angle of 1 ~ or smaller. A 
steeper bevel tends to permit extension of the cop- 
per plated area beyond the junction line, as occurred 
in Fig. 2a where the lapping angle was 2 ~ The sur- 
face damage which is done in the angle lapping pro- 
cedure undoubtedly distorts the junction region and 
causes an apparent inaccuracy in its delineation. The 
larger the lapping angle the more serious this effect 
will be. 

Considering the fact that the plating voltage 
biases the junction in the reverse direction, the 
currents between the probes are surprisingly high. 
Even in the absence of copper sulfate solution, these 
currents are of the same order of magnitude. Conse- 
quently, there must be a high leakage current, either 
through or by-passing the junction, but not through 
the drop. By etching 1 to 2~ deep into the beveled part 
of the surface, the leakage current can be reduced 
greatly. This is another indication of the disturbing 
influence of a damaged surface layer and explains 
why the voltage is so critical for effective plating. 
The voltage has to be sufficiently high to force 
through the droplet and into the diffused n-layer 
that fraction of the total current which is required 
to produce a visible deposit of copper. The main 
fraction of the current, however, will go from the p- 
type to the n-type region through the damaged sur- 
face layer, which offers a path of lower resistance 
across the junction. 

Manuscript received Nov. 16, 1959. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1960 
J O U R N A L .  
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Magnetic Gradient at the Surface of Ferromagnetic Substances 
S. Yamaguchi 

The Institute of Physical & Chemical Research, Tokyo, Japan 

The gradient of the magnetic field found at the 
surface of a magnet body has been measured by 
means of electron diffraction. This magnetic gradi- 
ent was taken into consideration for elucidation of 
the Hedvall effect in catalysis and corrosion (i). 

Experimental.-- A flux of electrons spreads in 
passing through a magnetic field with a gradient. 

This  p h e n o m e n o n  is obse rvab le  in  a di f f ract ion p a t -  
t e r n  ob ta ined  f rom a f e r romagne t i c  subs tance  
(Fig. 1). 

A reduced  i ron ca ta lys t  1 for p rac t ica l  a m m o n i a  
syn thes i s  a nd  the  sha rp  edge of a razor  b]ade of 

1 This  ca t a ly s t  was  p r o d u c e d  b y  r e d u c i n g  b locks  of i r on  ox ide  
(Fe~OD w i t h  h y d r o g e n .  The  i r o n  ca t a lys t  t h u s  p r e p a r e d  k e p t  the  
i n i t i a l  f o r m  of t he  ox ide  b lock .  
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Fig. 1. Experimental arrangement 
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Fig. 2. Dif f ract ion pattern from the edge of an iron cata- 
lyst. Wave length: 0 .0308A ;  camera length: 495  turn; posi- 
t ive enlarged 2.3 times. 

h a r d  s tee l  w e r e  e m p l o y e d  as ob jec t s  for  t he  e x -  
p e r i m e n t .  The  r e m a n e n c e  of t he  f o r m e r  spec imen  
w a s  a b o u t  5000 gausses  and  t h a t  of t he  l a t t e r  w a s  
a b o u t  10000 gausses .  The  su r f ace  ( a r ea :  a b o u t  5 
m m  2) of t he  c a t a l y s t  was  s canned  w i t h  t he  e l ec t ron  
b e a m  ( d i a m e t e r :  a b o u t  0.05 m m )  in o r d e r  to loca te  
t h e  m a x i m u m  g r a d i e n t  of t he  m a g n e t i c  field found  
at  t he  c a t a l y s t  sur face .  The  e l e c t r o n  b e a m  g r a z e d  
t h e  s h a r p  edge  of t he  r a z o r  b lade .  Di f f rac t ion  p a t -  
t e rns  o b t a i n e d  f r o m  the  i ron  c a t a l y s t  (s ize:  5 x 5 
x 1 m m )  and  t h a t  f r o m  the  r a z o r  edge  (5 x 5 m m )  
a r e  s h o w n  in Fig .  2 and  3. In  t hese  f igures  i t  is 
n o t i c e a b l e  t h a t  t he  d i f f r ac t ion  r i ngs  show a p r e -  
f e r r e d  o r i e n t a t i o n  r e g a r d i n g  the  d i f f r ac t ion  w id th ,  
be ing  diffuse  in t h e  d i r ec t ion  of t he  m a g n e t i c  field, 
b u t  s h a r p  in t he  d i r ec t i on  p e r p e n d i c u l a r  to the  field. 
The  r e l a t i o n  b e t w e e n  the  f ield ( H , ) a n d  the  s p r e a d -  
ing  of t h e  d i f f r ac t ion  w i d t h  of t he  (110) r i ng  is i l -  
l u s t r a t e d  in  F ig .  4. 

The  c e n t r a l  spot  found  in the  d i f f rac t ion  p a t t e r n  
of Fig .  2 is e n l a r g e d  35 t imes  in Fig .  5 ( a ) .  I t  is 
n o t i c e a b l e  he r e  t h a t  t he  i n c i d e n t  b e a m  sp reads  a long  
t h e  d i r ec t ion  of t he  m a g n e t i c  field of t he  spec imen .  
The  cross  sec t ion  of t h e  u n d i s t o r t e d  i n c i d e n t  b e a m  is 
s h o w n  in Fig.  5 (b)  w i t h  t he  s ame  magn i f i ca t ion  as  
in Fig .  5 ( a ) .  The  a m o u n t  of t he  m a g n e t i c  s p r e a d i n g  
of t he  i n c i d e n t  b e a m  is m e a s u r a b l e  at  t he  d i f f r ac -  
t ion  r i n g  as w e l l  as a t  t he  c en t r a l  spot.  

Measurement  of the magnetic gradient . - -The 
s p r e a d i n g  • of t h e  i nc iden t  b e a m  r e s u l t i n g  f r o m  

Fig. 3. Di f f ract ion pattern from sharp edge of a razor 
blade. Wave length: 0 .0309A.  

< 
Hz 

Fig. 4. Oriented spreading of the (110) ring in Fig. 2 and 
3. H,: the direction of the field. 

Fig. 5(a) (left). shows the central spot in Fig. 1. enlarged 
35 times. It spreads along the ,direction of the field. Fig. 5(b) 
(right). shows the cross section of the undistorted incident 
beam; i t  is near ly circular. 

the  ac t ion  of t he  m a g n e t i c  g r a d i e n t  (OH~/OZ) in  
t he  p r e s e n t  cond i t ions  (Fig .  1) is g iven  b y  

AZ aH~ XLI 
- e [ 1 ]  

•  ~ h 

w h e r e  e is t he  e l ec t ron  c h a r g e  (1.6 x 10 -~~ e m u ) ,  AX 
is t he  d i a m e t e r  of t he  f lux of the  u n d i s t o r t e d  in -  
c iden t  beam,  X is the  w a v e  l e n g t h  of the  e lec t rons ,  h 
is P l a n c k ' s  c o n s t a n t  (6.6 x 10 -~ e rg  sec) ,  L is t he  
c a m e r a  l e n g t h  (495 m m ) ,  and  l is the  m a g n e t i c  p a t h  
t r a v e l e d  b y  the  e lec t rons .  In  Fig.  2 or  in Fig .  5 ( a )  
and  (b)  w e  m e a s u r e  AZ/AX  ~-- 2.3, and  k =0.0308A.  
If  the  m a g n e t i c  p a t h  l is a s s u m e d  t e n t a t i v e l y  to be  
1~ we  o b t a i n  
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aH;: 
----~ 6 x 10 ~ g a u s s / c m  

0Z 

as the m a x i m u m  grad ien t  according to Eq. [1]. This  
va lue  of the  magne t i c  g rad ien t  is not  abso lu te  be-  
cause of the  u n c e r t a i n t y  in  l. 

In  Fig. 3 we m e a s u r e  •  ~ 3,4, and  X 
0.0309A. Therefore ,  we ob ta in  

0H~ 
-~ 9 x 105 g a u s s / c m  

0Z 

as the  m a x i m u m  g rad i en t  on the  razor  edge. This 
va lue  is r a the r  absolute,  because  the / - va lu e  here  
assumed is a p p r o x i m a t e l y  equa l  to the  m i n i m u m  
th ickness  of the  t r u n c a t e d  wedge of the  razor  b lade  
(1~). 
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C o n c l u s i o n . - - T h e  m a x i m u m  magne t i c  g r ad i en t  is 
re la ted  to the la t t ice  d i s tor t ion  or the ma gne t o s t r i c -  
t ion  found  at the surface of the specimen.  I t  is 
k n o w n  tha t  catalysis  and  corrosion of meta l s  de-  
pend  f r e q u e n t l y  on this  la t t ice  dis tor t ion.  The m a g -  
net ic  Hedva l l  effect in  catalysis  and  corrosion should 
be s tudied  by  s cann ing  the  m a g n e t  surface  w i th  a 
fine e lec t ron b e a m  according to the  p resen t  process. 
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Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1960 
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Overtemperature in Metal Scaling 
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O v e r t e m p e r a t u r e  r e su l t ing  f rom the  hea t  of r e -  
act ion can affect the  reac t ion  k ine t ics  of gases wi th  
meta l  surfaces.  This  has been  discussed r ecen t ly  in  
the h i g h - t e m p e r a t u r e  ox ida t ion  of i ron  (1) ,  i r on -  
n icke l  (2) ,  u r a n i u m  (3),  and  m o l y b d e n u m  (4) ,  and  
by  the  w r i t e r  as a possible  e x p l a n a t i o n  for la rge  d i f -  
ferences  in  scal ing ra tes  of i r o n - c h r o m i u m  alloys 
wi th  di f ferent  surface  p r epa ra t i ons  (5) .  To inves t i -  
gate the l a t t e r  and  because  o ther  m e a s u r e m e n t s  of 
ove rhea t ing  had  been  indirect ,  i t  was  decided to 
d e t e r m i n e  the  o v e r t e m p e r a t u r e  d i rec t ly  w i th  a t h e r -  
mocouple  we lded  to the  surface  of the  specimen.  

The meta l s  tes ted were  h i g h - p u r i t y  v a c u u m  
mel ted  iron,  a p u r e  Fe-26  Cr alloy, and  a c o m m e r -  
cial Fe -30  Ni a l loy ( k i n d l y  suppl ied  by  R. T. Foley  
f rom m a t e r i a l  used in  re fe rence  2). Spec imens  in  
sheet  fo rm were  used to p rov ide  an  adequa te  su r -  
f ace /mass  ratio.  A c h r o m e l / a l u m e l  t he rmocoup le  
was spot we lded  to the  p r epa red  me ta l  surface.  The 
assembly  was  lowered  into the  open top of a ve r t i -  
cal tube  fu rnace  (on-off  control )  and  the  t h e r m o -  
couple ou tpu t  recorded on a s tr ip char t  po t en -  
t iomete r  (L&N Speedomax  G, fu l l  scale 50 m v  pen  
t r ave l  in  one second) .  R e l e v a n t  detai ls  of six runs  
are l is ted in  Tab le  I. 

The t e m p e r a t u r e / t i m e  curves  are r ep roduced  in 
Fig. 1. Runs  1 and  2 d e m o n s t r a t e  tha t  l a rge  over -  
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Fig. ] .  T e m p e r e t u r e  r eco rded  by t h e r m o c o u p l e  spo t  w e l d e d  
to surface of  specimen. 

t e m p e r a t u r e s  can develop w h e n  i ron is oxidized. 
A s imi la r  conclus ion  was  reached  by  Schmahl ,  et al. 
(1) ,  bu t  q u a n t i t a t i v e  compar i son  of the  resul ts  is 
not  possible because  of the  more  posi t ive  a t t ach-  
m e n t  of the  t he rmocoup le  a nd  differences in the  ex -  
p e r i m e n t a l  c o n d i t i o n s : o v e r h e a t i n g  wi l l  be  less if 
these condi t ions  are such as to decrease the  reac t ion  

Teblc I 

Over- 
temp, 

Run Alloy Size, cm Weight,  g Surface prep. Temp, ~ Atmosphere  ~ 

1 Fe 1 X 5 X 0.04 1.3 Electropolished 812 O~, 200 m l / m i n  27 
2 Fe 1 X 5 X 0.04 1.3 Electropo]ished 866 O2, 200 m ] / m i n  47 
3 Fe-30 Ni 2 X 3.8 X 0.06 3.4 Etched as in ref. (2) 1005 still air nil  
4 Fe-30 Ni 2 X 3.8 X 0.06 3.4 Etched as in ref. (2) 1005 05, 100 m l / m i n  nil  
5 Fe-30 Ni 2 X 3.8 X 0.06 3.4 Etched as in ref. (2) 1170 O~, 100 m l / m i n  29 
6 Fe-26 Cr 1 X 5 X 0.04 1.3 Electropolished 1165 O~, 200 m l / m i n  nil 
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aH;: 
----~ 6 x 10 ~ g a u s s / c m  

0Z 
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rate,  increase  the  hea t  capaci ty  of the  specimen,  or 
r emove  hea t  more  efficiently f rom it. 

The nega t i ve  resu l t  in  r u n s  3 and  4 w i th  Fe-30  Ni 
at  1000 ~ indica tes  t ha t  the  dev ia t ion  in  the  A r r h e n -  
ius  p lo t  observed b y  Fo ley  (2) was  no t  due  to ove r -  
hea t ing  bu t  r a t h e r  to his a l t e rna t i ve  suggest ion,  
tha t  of a change  in  scal ing mechan i sm.  At  1170 ~ the  
scal ing ra te  is la rge  enough  to give sens ible  over -  
hea t ing  ( r u n  5). 

No o v e r t e m p e r a t u r e  in  r u n  6 demons t r a t e s  tha t  
the  r e l a t i ve ly  rap id  in i t i a l  scal ing ob ta ined  wi th  
Fe-26  Cr al loys in  the  e lec t ropol ished condi t ion  (5) 
is due  to some cause o ther  .than overhea t ing .  

Manuscript  received Dec. 21, 1959. 

Any discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1960 
JOURNAL. 
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An Investigation of the Discharge Characteristics of 
Groups VI-VIII Oxides in an Alkaline Electrolyte 
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ABSTRACT 

Experimental half-cell potential discharge data are given for a number of 
Groups VI-VIII oxides in strongly alkaline NaOH solution, along with com- 
parisons between these data and their theoretical potentials. In general, the 
reduction of these oxides at a carbon electrode in alkaline electrolyte is irre- 
versible. 

M a n y  of t he  d e s i r a b l e  f e a t u r e s  of a b a t t e r y  c a t h -  
ode  m a t e r i a l ,  such as a h igh  r e v e r s i b l e  e l e c t r o d e  p o -  
t en t i a l  and  cou lombic  capac i ty ,  s t ab i l i t y ,  a n d  c o m -  
p a t i b i l i t y  w i t h  o t h e r  cel l  componen t s ,  a r e  f o u n d  
a m o n g  the  m e t a l l i c  oxides .  In  a p r e v i o u s  p a p e r  (1)  
e x p e r i m e n t a l  h a l f - c e l l  d i s c h a r g e  d a t a  w e r e  g i v e n  for  
a n u m b e r  of G r o u p s  I b - V b  ox ides  in  s t r o n g l y  a l k a -  
l ine  N a O H  so lu t ion  a long  w i t h  c o m p a r i s o n s  b e t w e e n  
these  d a t a  and  t h e i r  t h e o r e t i c a l  po ten t i a l s .  As  an  e x -  
t ens ion  of th i s  work ,  h a l f - c e l l  p o t e n t i a l  d i s c h a r g e  
d a t a  for  v a r i o u s  G r o u p  V I - V I I I  ox ides  in N a O H  
e l e c t r o l y t e  a r e  p r e s e n t e d  in th is  p a p e r .  

Experimental Procedure 
D i s c h a r g e  d a t a  on t h e  v a r i o u s  ox ides  w e r e  ob -  

t a i n e d  b y  use  of a t e c h n i q u e  p r e v i o u s l y  d e s c r i b e d  
b y  t h e  a u t h o r s  (2 ) .  I n  th i s  t echn ique ,  a 0.5 g s a m p l e  
of the  ca thode  m a t e r i a l  m i x e d  w i t h  10% S h a w i n i g a n  
a c e t y l e n e  b l a c k  was  d i s c h a r g e d  at  cons t an t  c u r r e n t  
in a l a r g e  v o l u m e  of e l ec t ro ly t e .  The  c h a n g e  in t he  
ca thode  p o t e n t i a l  w i t h  t i m e  was  m e a s u r e d  w i t h  a 
L&N T y p e  K p o t e n t i o m e t e r  us ing  a s a t u r a t e d  ca lo -  
me l  r e f e r e n c e  e lec t rode .  D i s c h a r g e  d a t a  w e r e  co r -  
r e c t e d  for  t h e  IR d r o p  a s soc ia t ed  w i t h  t h e  a p p a r a t u s  
and  e l e c t r o l y t e  b y  m e a n s  of an  o sc i l l og raph ic  t e c h -  
n ique .  

The  h a l f - c e i l  p o t e n t i a l s  a r e  a l l  r e f e r r e d  to t he  
n o r m a l  h y d r o g e n  e l ec t rode  and  r e p r e s e n t  t h e  a v e r -  
age of two  or  t h r e e  m e a s u r e m e n t s .  The  r e p r o d u c i -  
b i l i t y  of t h e  d a t a  is _+0.01-0.03 v. 

In  th i s  s tudy ,  a zinc a n o d e  was  u sed  w i t h  an  a l k a -  
l ine  e l e c t r o l y t e  of  30% b y  w e i g h t  N a O H  so lu t ion  
w h i c h  w a s  s a t u r a t e d  w i t h  ZnO.  The  so lu t ion  was  
10.7M p r i o r  to t he  a d d i t i o n  of  ZnO. The  p u r p o s e  of 
the  ZnO is to r e d u c e  the  co r ros ion  of t h e  Zn a n o d e  
in t he  s t r o n g l y  a l k a l i n e  e l ec t ro ly t e .  D u r i n g  t h e  d i s -  
charge ,  h y d r o x i d e  ions a r e  fo rmed ,  b u t  as t h e  so lu -  
t ion  is s t r o n g l y  a l k a l i n e  in i t i a l l y ,  t h e  c h a n g e  in  h y -  
d r o x i d e  ion a c t i v i t y  of t h e  so lu t ion  is neg l ig ib le .  

P o t e n t i a l  m e a s u r e m e n t s  of t he  HgO e l e c t r o d e  in 
th is  e l e c t r o l y t e  vs. a S.C.E. g ive  a v a l u e  of +0 .043  v 
for  t he  HgO h a l f - c e l l  r e f e r r e d  to t he  n o r m a l  h y d r o -  
gen e lec t rode .  The  d e v i a t i o n  f r o m  the  s t a n d a r d  p o -  
t e n t i a l  of t he  HgO e l e c t r o d e  (E ~ - -  E ---- +0 .055  v )  is 
due  to  t h e  g r e a t e r  h y d r o x i d e  ion a c t i v i t y  of t he  e l ec -  
t ro ly t e ,  as w e l l  as  to t he  ex i s t ence  of a l i qu id  j u n c -  
t ion p o t e n t i a l  a t  t he  a l k a l i n e - s a t u r a t e d  KC1 i n t e r -  

face.  As  these  f ac to r s  a r e  c o n s t a n t  for  a l l  m e a s u r e -  
m e n t s  of t he  h a l f - c e l l  po t en t i a l s ,  +0 .055 v can  be  
a d d e d  to t he  e x p e r i m e n t a l l y  d e t e r m i n e d  d i s c h a r g e  
p o t e n t i a l s  of t he  v a r i o u s  ox ides  in  o r d e r  to c o m p a r e  
t hese  v a l u e s  w i t h  t h e i r  s t a n d a r d  e l e c t r o d e  po ten t i a l s .  

Experimental Data and Discussion of Results 
Group VIb oxides.--Figure 1 shows  h a l f - c e l l  p o -  

t e n t i a l  d i s c h a r g e  cu rves  of CrO~, Cr~O~, MoO~, a n d  
WOe o b t a i n e d  w h e n  these  c o m p o u n d s  a r e  d i s c h a r g e d  
a t  a r a t e  of 0.005 a m p / g  in  t he  s t r o n g l y  a l k a l i n e  
N a O H  e l ec t ro ly t e .  As  w o u l d  be  e x p e c t e d  f r o m  
s t a n d a r d  p o t e n t i a l  d a t a  (3 ) ,  Cr~O,, MoO~, a n d  WOe 
a r e  r e d u c e d  w i t h  g r e a t  d i f f icu l ty  and  h a v e  d i s -  
cha rge  p o t e n t i a l s  of --1.10 v or  lower .  T h e  --1.10 v 
v a l u e  is t he  p o t e n t i a l  c h a r a c t e r i s t i c  of t he  d i s c h a r g e  
of h y d r o g e n  on t h e  c a r b o n  e l e c t r o d e  in th is  a l k a l i n e  
so lu t ion  a t  t h a t  c u r r e n t  dens i ty .  In  a g r e e m e n t  w i t h  
these  resu l t s ,  Von  S t a c k e l b e r g ,  et al. (4)  f o u n d  t h a t  
m o l y b d a t e  and  t u n g s t a t e  do no t  p r o d u c e  p o l a r o -  
g r a p h i c  w a v e s  in  n e u t r a l  or  a l k a l i n e  solu t ion .  

Chromic  t r i ox ide ,  w h i c h  is d i s c h a r g e d  as  a c h r o -  
m a t e  ion in a l k a l i n e  e l e c t ro ly t e ,  u n d e r g o e s  a one -  
s tep  r e d u c t i o n  a t  a p o t e n t i a l  f r o m  --0.35 to --0.40 v 
in th is  e l ec t ro ly t e .  Th is  v a l u e  is a b o u t  0.2 v m o r e  
n e g a t i v e  t h a n  i ts  r e v e r s i b l e  po t en t i a l .  Hence ,  t h e  
r e d u c t i o n  of c h r o m a t e  ion u n d e r  t hese  cond i t ions  of 
d i s c h a r g e  is i r r e v e r s i b l e .  Th i s  fac t  is  in  g e n e r a l  
a g r e e m e n t  w i t h  t h e  p o l a r o g r a p h i c  d a t a  of L i n g a n e  
and  Kol thof f  (5)  for  t h e  r e d u c t i o n  of c h r o m a t e  ion 
at  t h e  d r o p p i n g  m e r c u r y  e lec t rode .  H o w e v e r ,  t h e i r  
h a l f - w a v e  p o t e n t i a l  v a l u e s  a r e  f r o m  0.25 to 0.30 v 
m o r e  n e g a t i v e  t h a n  t h e  c a t h o d e  p o t e n t i a l  of CrO~ 
g iven  in Fig .  1. 

G 0 r  J"" J : : ~ - : : c a  O ~ 0  �9 �9 , ,w �9 , ,  
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Fig. 1. Cathode potential of various group Vlb oxides clis- 
charged in 30% NoOH-70% H20, soturatecl with ZnO 
electrolyte at o rate of 0.005 arnp/g. 
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Fig. 2. Cathode potentiol of various chromotes dischorged 
in 30% NaOH-70% H~O, saturated with ZnO electrolyte 
at o rote of 0.005 ornp/g. 

U n d e r  the  p r e sen t  condi t ions  of discharge,  the  r e -  
duc t ion  of CrOC does no t  proceed f a r the r  t h a n  the  
+ 3  ox ida t ion  s ta te  because  the  d ischarge  of h y d r o -  
gen ions at the ca rbon  cathode takes  place at  a less 
nega t i ve  po ten t i a l  t h a n  t ha t  r equ i r ed  for  the  r e d u c -  
t ion  of Cr(OH)~ or CrOC. Thus,  the r educ t ion  of 
C r O (  in  a lka l ine  so lu t ion  can be expressed by  the  
fo l lowing equa t ion  

CrOC+4H_oO+3e-=Cr  (OH)~+5  OH-, E~ = - - 0 . 1 3  v 
[1] 

If a 3 e lec t ron  change  and  a --0.60 v end  po ten t ia l  
are  assumed,  the CrO~ elect rode operates  at an  elec-  
t rode  efficiency of 73,5 %. 

F i g u r e  2 shows ha l f - ce l l  po t en t i a l  d ischarge  
curves  of BaCrO, and  the  me ta l  chromates ,  Ag~CrO~, 
Hg,CrO,, and  PbCrO, ,  all  of which  con ta in  a r educ -  
ible cation.  The  l a t t e r  th ree  compounds  exh ib i t  a 
two-s t ep  p o t e n t i a l - t i m e  discharge  curve  wi th  po-  
t en t i a l  steps charac ter i s t ic  of the i r  respect ive  ox-  
ides (1),  and  of the  ch romate  ion. For  PbCrO~, the  
ch romate  ion is d i scharged  first because  its cathode 
po ten t i a l  is less nega t i ve  t h a n  tha t  of the  p l u m b i t e  
ion. Wi th  a --0.60 v end  po ten t i a l  for Ag2CrO~ and  
Hg,CrO, and  an  --0.80 v end po ten t i a l  for PbCrO,,  
and  if a 5 e lec t ron  change  is assumed,  e lectrode effi- 
ciencies of 69, 74, and  73%, respect ively ,  are  ob-  
t a ined  f rom these compounds .  

The  rap id  decrease  in  ca thode po ten t i a l  of the  
h igh ly  inso lub le  BaCrO, compound  d u r i n g  discharge 
is be l ieved  due  to the  r e s u l t a n t  low concen t ra t ion  of 
ch romate  ion ava i l ab le  for the  e lec t rochemica l  reac-  
t ion. 

Group VIIb oxides.--Work by  W a l k l e y  (6-8)  on the  
M n - M n  § and  Mn+~-MnO~ couples has done  m u c h  to 
c lar i fy  the  t h e r m o d y n a m i c s  of the  var ious  ox ida t ion  
states of manganese .  Accord ing  to L a t i m e r  (3) ,  it 
now appears  definite t h a t  cell m e a s u r e m e n t s  on the  
Mn++-MnO~ and  M n O ~ - M n O j  couples are  re l i ab le  
and  r ep roduc ib le  w h e n  the  m a n g a n e s e  dioxide  is in  
the  fo rm of pyrolus i te ,  p r epa red  by  hea t ing  m a n -  
ganous  n i t ra te .  He  lists the  fo l lowing  a l k a l i n e  cell 
reac t ions  which  invo lve  m a n g a n e s e  dioxide,  m a n -  
ganate ,  and  p e r m a n g a n a t e  

M n O c  + 2H~O + 3e- = MnO~ (pyro lus i t e )  
+ 4 OH-, E~ ---- + 0 . 5 8 8  v [2]  

M n O c  + e- = M n O / ,  E ~ = +0.564 v [3] 

MnO,  = + 2H~O + 2e- = MnO~ 

+ 40H - , E ~  + 0 . 6 0  v [4]  

The M n O , - M n O 2  po ten t i a l  was  ob ta ined  f rom d i -  
rect  cell m e a s u r e m e n t s  (9) ,  and  va lues  for the  
M n O j - M n O C  a nd  MnO4--MnO~ couples were  oh-  
t a ined  by  reca lcu la t ions  of the  e q u i l i b r i u m  m e a s u r e -  
me n t s  of Sch les inger  a nd  Siems (10).  

The ha l f -ce l l  po ten t i a l  d ischarge  curves  p resen ted  
in  Fig. 3 show tha t  KMnO~ i n i t i a l l y  operates  a t  a 
po ten t i a l  f rom 0.06 to 0.08 v lower  t h a n  the  theo -  
re t ical  po ten t ia l s  of the M n O c - M n O C  and  M n O j -  
MnO~ couples, a f ter  correct ions  are  made  for the  pH 
of the so lu t ion  a nd  for the  l iqu id  j u n c t i o n  potent ia l .  
The two-s tep  p o t e n t i a l - t i m e  discharge  curve  of this  
compound  in  a lka l ine  e lec t ro ly te  can be i n t e r p r e t ed  
in  t e rms  of a 3 e lec t ron  r e duc t i on  to MnO~, wi th  
subsequen t  r e duc t i on  to the  + 3  and  + 2  ox ida t ion  
states of manganese .  No ana ly t i c a l  data,  however ,  
are ava i l ab le  to confirm this  reasoning .  

In  cont ras t  to KMnO~, BaMnO4 operates  at a ca th -  
ode po ten t ia l  0.9 v lower  t h a n  the  theoret ica l  po-  
t en t i a l  of the MnO~-MnO~ couple and  gives l i t t le  
capaci ty  in the a lka l ine  e lectrolyte .  

KReO~ also operates  at a cons ide rab ly  lower  
cathode po ten t i a l  t han  KMnO,  in  a lka l ine  electrolyte ,  
as would  be expected  f rom the  fo l lowing s t a n d a r d  
po ten t ia l  da ta  g iven  by  L a t i m e r  (3) : 

R e O / +  2H~O + 3e- - ReO~ 

+ 4 OH-, E~ = - -0 .594 v [5]  

R e O (  + 4H~O + 7e- ---- Re + 8 OH-, E~ = --0.584 v 
[6] 

KReO~ opera tes  at a po t en t i a l  of f rom 0.15 to 0.20 
v below its theore t ica l  value ,  a l t hough  it  is u n c e r -  
t a in  w he t he r  the  r educ t ion  of KReO,  proceeds by 
Eq. [5] or [6].  On the  basis of a 3 e lec t ron r educ t ion  
step (Eq. [ 5 ] ) ,  i t  is ca lcu la ted  tha t  this  e lectrode 
would  operate  at  an  efficiency of 95%, if a --1.0 v 
end  po ten t i a l  is assumed.  

It  is of i n t e re s t  to discuss the  m a n g a n e s e  dioxide  
electrode, which  has long b e e n  used as a ca thode 
ma te r i a l  in  p r i m a r y  cells because  of its h igh  theo -  
re t ica l  e lectrode po ten t i a l  a nd  coulombic  capaci ty .  
A l though  the  r educ t ion  of m a n g a n e s e  dioxide is 
of ten r ep re sen t ed  by  a s imple  equa t ion  such as the  
one ca lcula ted  b y  W a l k l e y  (11) f rom t h e r m a l  data,  

MnO~ + H~O + e- = MnO O H  

+ OH-,E~ --~ +0.17 v [7] 

the ha l f -ce l l  po ten t i a l  d ischarge  curve  of this  
cathode exhib i t s  a s loping charac ter i s t ic  as shown 
by the  data  in  F ig  3. This suggests  a complex  r eac -  
t ion mechan i sm.  

Recent  s tudies  of the  a lka l ine  r educ t ion  of m a n -  
ganese  dioxide  in  d ry  cells b y  Cahoon and  K o r v e r  
(12) showed bo th  d iva l en t  manganese ,  p r e s u m a b l y  
fo rmed  as Mn( O H ) ~  in  the  cathode,  and  an  i n so lub l e  
m a n g a n e s e  oxide res idue  as the  r educ t ion  products .  
Tha t  d iva l en t  m a n g a n e s e  is an  end  p roduc t  in  the  
a lka l ine  r educ t ion  of MnO~ is ev iden t  f rom the  h a l f -  
cell po ten t ia l  d ischarge  curves  in  Fig.  3 of e lec t ro-  
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Fig. 3. Cathode potential of various group Vl lb oxides dis- 
charged in 30% NaOH-70% H_oO, saturated with ZnO 
electrolyte at a rate of 0.005 amp/g. 

lyric MnO.,, (85% MnO, con ten t )  and  Mn,_,O~. For  ex -  
ample,  if end  po ten t ia l s  of --0.40 v and  --0.80 v are  
a s sumed  for a one and  two e lec t ron  reduct ion ,  r e -  
spect ively,  e lect rode efficiencies of 80 and  71% are  
ob ta ined  for MnO~. For  Mn,O~, an  electrode efficiency 
of 62% is ob ta ined  if an  0.80 v end  po ten t i a l  and  a 
one e lec t ron  change  are assumed.  However ,  the  r e -  
duc t ion  of Mn,,,O.~ m a y  also take  place according  to 
the  fo l lowing ideal ized equa t ions  of W a l k l e y  (11) : 

3Mn~O~ + H~O + 2e- = 2Mn~O~ 

+ 2 OH-, E~ = --0.18 v [8] 

2Mn~O~ + 2H~O + 4e- = 6MnO 

+ 4 OH-, E% = --0.39 v [9] 

Reduc t ion  ceases at  the  d iva l en t  m a n g a n e s e  state,  
as ev idenced  by  the  d ischarge  da ta  for MnO. This 
effect is to be expected  on the  basis  of the  h igh  n e g -  
a t ive  po ten t i a l  of the Mn (OH)~-Mn couple. 

The  s l ight ly  h igher  in i t i a l  ca thode  po ten t i a l  of 
e lec t rolyt ic  m a n g a n e s e  dioxide as compared  to the  
potential given in Eq. [7] is thought to be due to the 
difference in the thermodynamic properties of the 
various oxides which differ chiefly in their E ~ values 
(II). These values for ~, --MnO~ are about 150 mv 
higher than those for pyrolusite. 

Measurements conducted in acid solution (6) have 
shown that the E ~ values of the following reaction 

MnO~ + 4H + + 2 e - : M n  §247 + 2H~O,E~ + 1 . 2 3 v  [10] 

d e p e n d  on both  the  s t r u c t u r a l  type  of oxide and  the  
va lue  of n in  the f o r m u l a  MnO~. The  va r i a t i on  in  po-  
t en t i a l  of va r ious  m a n g a n e s e  dioxides  in  acid so lu-  
t ion  is i l lus t ra ted  b y  the  ha l f -ce l l  po ten t i a l  d ischarge  
data  in Fig. 4 for n a t u r a l l y  occur r ing  Af r i can  MnO.~ 
and  a synthe t ic  e lec t rolyt ic  MnO~. The  d ischarge  
curves  were  ob ta ined  by  d i scharg ing  these  com-  
pounds  at  a r a t e  of 0.005 a m p / g  in  480 g/1 
A1C13.6H~O electrolyte .  A s imi la r  r e l a t ionsh ip  be -  
tween  the  two dioxides also exists  in  s t rong ly  a l ka -  
l ine  so lu t ion  (13).  

The  discharge  curves  for the  two m a n g a n e s e  d i -  
oxides in  this  acidic e lec t ro ly te  are  cons ide rab ly  
f lat ter  t h a n  those ob ta ined  for these  compounds  in  
solut ions  of h ighe r  pH. I n  addi t ion ,  if an  end  po -  
t en t i a l  of zero vol t  is assumed,  bo th  these  compounds  
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Fig. 4. Cathode potential of synthetic and naturally oc- 
curring manganese dioxide discharged in 480 g/ I  AIC6.6H20 
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Fig. 5. Cathode potential of various group V l l l  oxides dis- 
charged in 30% NaOH-70% H=O, saturated with ZnO 
electrolyte at a rate of 0.005 amp/g. 

are r educed  to the  d i v a l e n t  m a n g a n e s e  s ta te  wi th  
electrode efficiencies of 94%. 

Group VIII oxides.--Figure 5 p resen t s  a compar i -  
son of the  ha l f - ce l l  po ten t i a l  d ischarge  curves  of the  
oxides of the  + 3  va lence  s tate  of cobalt ,  rhod ium,  
and i r id ium,  a long wi th  the  d ischarge  curves  of PtO~ 
and  PdO2 in  a lka l ine  e lectrolyte .  Co~O~, Ir~O~, and  
Rh~O~ are  r educed  wi th  difficulty in  this  e lect rolyte ,  
and  the  fiat p o t e n t i a l - t i m e  d ischarge  c u r ve  a r o u n d  
--0.90 v p r o b a b l y  r ep resen t s  the po ten t i a l  at which  
hyd rogen  ion is d ischarged.  The  discharge  of h y -  
drogen  ion at  the  ca rbon  e lect rode in  this  e lec t ro-  
ly te  occurs at a po ten t i a l  a p p r o x i m a t e l y  0.2 v less 
nega t ive  t h a n  usua l  (see Fig. 1), p r o b a b l y  because  
of the p resence  of smal l  a m o u n t s  of these low h y d r o -  
gen ove rpo ten t i a l  meta l s  i n  the  ca rbon  mix.  The  low 
cathode po ten t ia l s  of these  oxides wou ld  no t  be  ex -  
pected on the  basis  of L a t i m e r ' s  s t a n d a r d  po t en t i a l  
data.  

S imi la r ly ,  PtO.~ a nd  PdO opera te  at  po ten t i a l s  con-  
s ide rab ly  be low the  theore t ica l  va lues  g iven  by  
L a t i m e r  

P t (OH)~:  + 2e- = Pt (OH). .  + 4 0 H - , E %  = 

+ 0 . 1 t o  +0 .4  v [11] 

P t (OH)~  + 2e- = P t  + 2OH-,E~ ---- +0.15 v [12] 

P d ( O H ) ~ + 2 e - = P d + 2 O H - , E % =  + 0 . 0 7 v  [13] 

F igu re  5 indica tes  tha t  the  r educ t ion  of P r o ,  to P t  
appears  to take  place in  two steps, whe reas  PdO ex -  
h ib i t s  a flat p o t e n t i a l - t i m e  d ischarge  curve  in  the  a l -  
ka l ine  e lectrolyte .  For  these  oxides, e lec t rode  effl- 
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Fig. 6. Cathode potential of various group Via elements 
discharged in 30% NaOH-70% H20, saturated with ZnO 
electrolyte at a rate of 0.005 omp/g. 

c iencies  of 100% a re  o b t a i n e d  to a --0.90 v end  po -  
t en t ia l .  

Group Via ox ides . - -One of the  mos t  s t r i k i n g  
c h a r a c t e r i s t i c s  of the  G r o u p  V i a  po t en t i a l s  is t h e  d e -  
c rease  in ox id i z ing  p o w e r  of t he  f r ee  e l e m e n t s  w i t h  
i nc rea s ing  a tomic  weigh t ,  as i n d i c a t e d  b y  the  f o l l o w -  
ing s t a n d a r d  p o t e n t i a l  d a t a  (3)  

S 4- 2 e - =  S: ,E  ~ = - -0 .48  v [ 1 4 ]  

Se 4- 2 e - =  Se=,E ~ = --0.92 v [15] 

Te 4- 2e- = Te=,E ~ = --1.14 v [16] 

The  h a l f - c e l l  p o t e n t i a l  d i s c h a r g e  d a t a  of Fig .  6 show 
t h a t  Se and  Te in an  a l k a l i n e  e l e c t r o l y t e  o p e r a t e  at  
ca thode  p o t e n t i a l s  c o n s i d e r a b l y  m o r e  pos i t i ve  t h a n  
the  va lue s  g iven  b y  L a t i m e r .  The  l a t t e r  v a l u e s  a r e  
in  doubt ,  h o w e v e r ,  because  of t h e  di f f icul ty  e n c o u n -  
t e r e d  in o b t a i n i n g  a c c u r a t e  t h e r m o d y n a m i c  d a t a  w i t h  
w h i c h  to c a l c u l a t e  t hese  po ten t i a l s .  S and  Se, w h i c h  
h a v e  c o m p a r a b l e  s lop ing  h a l f - c e l l  p o t e n t i a l - t i m e  
d i s c h a r g e  curves ,  o p e r a t e  a t  a p p r o x i m a t e l y  t h e  s ame  
ca thode  p o t e n t i a l s  d u r i n g  t h e  course  of t he  d i s -  
charge .  This  is in d i s a g r e e m e n t  w i t h  t he  e x p e c t e d  
r e su l t s  b a s e d  on the  c h e m i c a l  r e a c t i v i t y  of S a n d  Se. 
I f  an  --0.80 v end  p o t e n t i a l  is a s sumed ,  e l e c t r o d e  effi- 
c iencies  of 82,100 and  100% a r e  o b t a i n e d  f rom S, Se, 
and  Te, r e spec t i ve ly .  

F i g u r e  7 g ives  h a l f - c e l l  p o t e n t i a l  d i s c h a r g e  d a t a  
for  va r i ous  ox ides  of t he  4.4 and  4-6 s ta tes  of t he se  
e lements .  T h e  ox ides  of Se  and  Te o p e r a t e  a t  c a thode  
po t en t i a l s  of f r o m  --0.50 to --0.60 v in th is  a l k a l i n e  
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Fig. 7. Ca thode  potent ia l  o f  var ious group V i a  oxides 
d ischarged in 3 0 %  N a O H - 7 0 %  H,~O, satura ted w i th  ZnO 
e lect ro ly te  at  a rate o f  0 . 0 0 5  a m p / g .  

e l ec t ro ly t e ,  a l t h o u g h  t h e  c o r r e s p o n d i n g  su l fu r  c o m -  
pounds ,  Na~SO~ a n d  Na~SO4, canno t  be  r e d u c e d  u n d e r  
the  p r e s e n t  cond i t ions  of d i scharge .  

I t  is a p p a r e n t  f r o m  t h e  d a t a  t h a t  b o t h  the  se l ena te  
and  t e l l u r a t e  c o m p o u n d s  a r e  r e d u c e d  w i t h  a c o r r e -  
spond ing  e igh t  e l e c t r o n  change  to t h e  se l en ide  a n d  
t e l l u r i d e  ion, r e spe c t i ve ly .  W i t h  an  --0.80 v e n d - p o -  
t en t i a l ,  e l e c t rode  efficiencies of 93% a n d  80% a r e  
o b t a i n e d  for  NaTeO,  and  NaSeO, .10H~O.  Recen t  
w o r k  (14) on the  c o n t r o l l e d  p o t e n t i a l  e l ec t ro ly s i s  of 
t e l l u r i c  ac id  a t  a m e r c u r y  ca thode  f u r t h e r  ind ica t e s  
t h a t  t h e  r e d u c t i o n  of 4.6 t e l l u r i u m  p roceeds  to - -2  
t e l l u r i u m .  

S i m i l a r l y  L i n g a n e  a n d  N i e d r a c h  (15) showed  b y  
a c o u l o m e t r i c  t e c h n i q u e  t ha t  t he  r e d u c t i o n  of 4.4 
t e l l u r i u m  in a l k a l i n e  m e d i u m  p r o c e e d s  to - -2  t e l -  
l u r i u m  acco rd ing  to t h e  fo l lowing  e q u a t i o n :  

TeO~=4. 3H~O 4- 6e- ---- Te = 4- 6 OH- [17] 

On the  bas is  of a s ix e l ec t ron  change ,  e l ec t rode  effi- 
c ienc ies  of 57% and  65% have  been  c a l c u l a t e d  f rom 
the  d a t a  in Fig .  7 for  SeO~ and  TeO.~. 

Group VIIa ox ides . - -The  f r ee  h a l o g e n s  as w e l l  as 
the  o x y g e n  ac ids  and  t h e i r  sa l t s  a r e  p o w e r f u l  ox i -  
d i z ing  agen t s  w i t h  r e spe c t  to t h e i r  r e d u c t i o n  to t h e  
ha l ide .  Ox ides  of t h e  4.5 and  4.7 o x i d a t i o n  s ta tes ,  
be c a use  of t h e i r  h i g h  t h e o r e t i c a l  capac i ty ,  a r e  of 
p r i n c i p a l  i n t e r e s t  for  use  as c a t h o d e  m a t e r i a l s  in 
p r i m a r y  cells.  

F i g u r e  8 p r e s e n t s  h a l f - c e l l  p o t e n t i a l  d i s cha rge  
cu rves  of KC10~, KBrOo, and  KIO~ o b t a i n e d  w h e n  
these  c o m p o u n d s  a r e  d i s c h a r g e d  at  a r a t e  of 0.005 
a m p / g  in s t r o n g l y  a l k a l i n e  N a O H  solut ion .  In  a g r e e -  
m e n t  w i t h  p o l a r o g r a p h i c  d a t a  (16) ,  t he  r e d u c t i o n  
of b r o m a t e  and  i o d a t e  ions to t he  c o r r e s p o n d i n g  h a -  
l ide  ions t a k e s  p l a c e  in  a s ingle  s tep.  I f  an --0.80 v 
end  p o t e n t i a l  and  a 6 e l ec t ron  c h a n g e  a re  a s sumed  
for  t h e  r e d u c t i o n  of KBrO.~ and  KIO~, these  c o m -  
p o u n d s  o p e r a t e  a t  eff iciencies of 92 and  91%, r e -  
spec t ive ly .  

The  d a t a  in Fig .  8 a n d  L a t i m e r ' s  s t a n d a r d  p o t e n -  
t i a l  d a t a  

IOn- 4- 3H.~O 4- 6 e - =  I- 4- 6 O H - , E %  ~ 4.0 .274v [18] 

BrO3- 4- 3H~O 4- 6e- = Br-  4- 

6 O H - , E %  = 4..0.61v [19] 

show c l e a r l y  t ha t  t h e  r e d u c t i o n  of b o t h  ions is i r r e -  
ve r s ib l e .  Desp i t e  t h e  m o r e  pos i t ive  s t a n d a r d  p o t e n -  
t i a l  of BrO:,- as c o m p a r e d  w i t h  IOn-, KIO,,  and  KBrO~ 
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Fig. 8. Cathode potential of various halate salts dis- 
charged in 30% NaOH-70% H20, saturated with ZnO 
electrolyte at o rate of 0.005 amp/g. 
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Fig. 9. Cathode potential of various perhalote compounds 
discharged in 30% NaOH-70% H20, saturated with ZnO 
electrolyte at o rate of 0.005 amp/g. 

t r o d e  efficiencies of 86%. F o r  r e d u c t i o n  to t he  h a -  
l ides ,  KIO ,  and  Na2H~IO~ g ive  e l e c t r o d e  eft iciencies of 
90 and  100%, r e s p e c t i v e l y ,  if  an  8 e l e c t r o n  c h a n g e  
and  an  end  p o t e n t i a l  of --0.80 v a r e  a s sumed .  S i m i -  
l a r l y ,  t he  e l e c t r o r e d u c t i o n  of p e r i o d a t e  a t  the  d r o p -  
p ing  m e r c u r y  e l e c t r o d e  in  ac id  so lu t ion  (17) shows  
t w o  g e n e r a l  w a v e s  c o r r e s p o n d i n g  to a r e d u c t i o n  to  
t he  i o d a t e  and  t hen  to t he  iodide .  

The  h igh  c a thode  p o t e n t i a l  of i od ine  s h o w n  in Fig .  
9 f u r t h e r  i nd i ca t e s  t h a t  r e d u c t i o n  of t h e  i o d a t e  p r o -  
ceeds  d i r e c t l y  to t he  h a l i d e  r a t h e r  t h a n  t h r o u g h  t h e  
ha loge n  s tage.  

Manuscr ip t  received Oct. 8, 1959. This paper  was 
p repa red  for de l ive ry  before  the  Ot tawa  Meeting, Sept.  
28-Oct. 2, 1958. 

o p e r a t e  at  c o m p a r a b l e  c a thode  p o t e n t i a l s  in  t he  a l -  
k a l i n e  e l ec t ro ly t e .  This  is a t t r i b u t e d  to a h i g h e r  
o v e r p o t e n t i a l  for  the  r e d u c t i o n  of BrO2- as c o m p a r e d  
w i t h  t he  r e d u c t i o n  of IOn-. F o r  e x a m p l e ,  a t  t h e  
d r o p p i n g  m e r c u r y  e l ec t rode  in ac id  m e d i u m ,  i t  has  
been  found  t h a t  t he  o v e r p o t e n t i a l  a m o u n t s  to a b o u t  
0.7 v for  i oda t e  and  a b o u t  1.3 v for  b r o m a t e  (16) .  

The  low ca thode  p o t e n t i a l  of KC10~, as c o m p a r e d  
w i t h  KBrO2 and  KIO~, is in a g r e e m e n t  w i t h  o b s e r v a -  
t ions  t ha t  c h l o r a t e  is no t  r e a d i l y  r e d u c e d  a t  a c a t h -  
ode  on e l ec t ro ly s i s  of a c h l o r a t e  solu t ion ,  no r  is 
ch lo ra t e  ion r e d u c e d  at  a d r o p p i n g  m e r c u r y  e lec -  
t rode .  

F i g u r e  9 c o m p a r e s  t he  h a l f - c e l l  p o t e n t i a l  d i s -  
cha rge  cu rves  of sod ium p a r a p e r i o d a t e  (Na~H2IO2) 
and  p o t a s s i u m  m e t a p e r i o d a t e  (KIO~) w i t h  t h a t  of 
p o t a s s i u m  p e r c h l o r a t e .  As  e x p e c t e d  f rom the  h i g h l y  
nega t ive  ca thode  p o t e n t i a l  of KC102 g iven  in Fig .  8 
and  f rom the  fac t  t h a t  t he  ox id i z ing  p o w e r  of t he  
oxy  acids  of ch lo r ine  ( a n d  t h e i r  sa l t s )  dec reases  
w i t h  i nc rea se  in o x i d a t i o n  n u m b e r  of ch lor ine ,  KC10,  
canno t  be  r e d u c e d  u n d e r  t h e  p r e s e n t  cond i t ions  of 
d i scharge .  The  r e d u c t i o n  of pe r ioda t e ,  h o w e v e r ,  a p -  
p e a r s  to t a k e  p l ace  w i t h  a two  e l e c t r o n  c h a n g e  to  
iodate ,  as fo l lows :  

HJO2 = -t- 2e- = IOn- -t- 3 OH-, E~ ~ ca. -t- 0.7 v [20] 

T h e  ioda te  ion s u b s e q u e n t l y  is r e d u c e d  to t h e  iod ide  
in acco rdance  w i t h  Eq. [18].  I f  a --0.60 v end  p o t e n -  
t i a l  and  a 2 e l ec t ron  c h a n g e  a re  a s sumed ,  bo th  KIO~ 
and  Na2HJOo a r e  r e d u c e d  to t h e  i oda t e  w i t h  e l ec -  

A n y  discussion of this  paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1960 
J O U R N A L .  
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Kinetics of the Dissolution of Copper in 
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ABSTRACT 

The recent work on the mechanisms of the dissolution of copper in aqueous 
solutions of amines has been extended to the diamines. The chelating agents 
used were ethylenediarnine, 1,3 propanediamine, and 1,4 butanediarnine. The 
dissolution reaction is shown to involve two distinct steps. The first step is 
found to be an adsorption pre-equilibrium. In the second step, two types of 
reaction compete: chelation and attack by a second ligand. Desorption of the 
complex follows these steps. In 1,4 butanediamine, the chelation step is not ob- 
servable, while in ethylenediamine the chelation appears to be so fast as to ob- 
scure the bimolecular reaction. In propanediamine, both are evident. The re- 
actions of the singly protonated species have been found to be solely by bi- 
molecular attack. 

Recen t  s tud ies  (1 -4 )  h a v e  done  m u c h  to e l u c i d a t e  
t he  m e c h a n i s m  of the  d i s s o l u t i o n  of m e t a l l i c  copper  
in o x y g e n - c o n t a i n i n g  so lu t ions  of v a r i o u s  c o m p l e x -  
ing  agents .  The  w o r k  of H a l p e r n  (1)  d e m o n s t r a t e d  
t h a t  i t  is n e c e s s a r y  to def ine two  k ine t i c  r eg ions :  t he  
" low o x y g e n  p r e s s u r e "  reg ion ,  in w h i c h  d i f fus ion  of 
r e a c t a n t s  l imi t s  t he  r a t e ,  and  the  " h i g h  p r e s s u r e  r e -  
g ion,"  in w h i c h  the  r e a c t i o n  r a t e  is c h e m i c a l l y  con-  
t r o l l e d  at  t he  sur face .  H a l p e r n  also s h o w e d  t h a t  t h e  
r a t e s  of d i s so lu t ion  b y  a m m o n i a  mo lecu l e s  and  b y  
a m m o n i u m  ions w e r e  e s s e n t i a l l y  i n d e p e n d e n t ,  a l -  
t h o u g h  some f ree  a m m o n i a  m u s t  be  p r e s e n t  for  a n y  
d i s so lu t ion  to occur.  

O u r  r e c e n t  s t u d y  (4) ,  i n v o l v i n g  d i s so lu t ion  of 
coppe r  in so lu t ions  of a m m o n i a ,  a n d  m e t h y l - ,  e t h y l - ,  
and  n - b u t y l a m i n e s ,  and  t h e i r  c o n j u g a t e  acids,  l ed  to  
a f a i r l y  c l ea r  p i c t u r e  of t he  r eac t i ons  invo lved .  I t  
was  conc luded  t h a t  t he  r e a c t i o n s  t a k e  p l a c e  in  t h e  
fo l lowing  s tages  ( w h e r e  A r e p r e s e n t s  t he  amine ,  and  
the  s u b s c r i p t  s de s igna t e s  spec ies  r e s i d i n g  in t he  
s u r f a c e ) .  

Cu~ + 1/2 O~ ~ Cu~--O fast ,  K l a r g e  

A 
/ 

Cu~- -O + A ~ Cu~- -O fast ,  K, 

A A 
/ / 

Cu~--O q- A--> C u , - - O  slow, k, 

A 

A 
. /  

Cu~--O + H~O~ Cu(A_~) § + 2OH- fast 

A 

Competitive with the attack by the second amine 
molecule is attack by a molecule of the conjugate 
acid, or "aminium" ion. Thus, the last two steps 
could occur in the following way: 

A A 
/ / 

Cu~--O + AH+~ Cu~--O slow, k3 

A _ H  + 

I Present address: Bakhrabad, Cuttack 2, Orissa, India. 
Present address: Department of Chemistry, Carleton IIniversity, 

Ottawa, Ont., Canada. 

A 
J 

C u ~ - - O - >  C u ( A ) = "  + OH- fas t  

A_H + 

The  p r e - e q u i l i b r i u m  a p p e a r e d  no t  to i nvo lv e  the  
a m i n i u m  ion, a fac t  w h i c h  accounts ,  a t  l eas t  in pa r t ,  
for  t he  o b s e r v e d  p a s s i v i t y  of coppe r  in a m m o n i a - f r e e  
so lu t ions  of a m m o n i u m  sa l t s  (2, 4) .  

The  r a t e  of a r eac t i on  w h i c h  p roceeds  accord ing  
to t he  a b o v e  m e c h a n i s m  can  be e x p r e s s e d  b y  the  
fo l lowing  equa t i on :  

d [ C u  § K I [ A ] S  
Ra te  = --  �9 {k~[A] + k3[AH~]} 

dt 1 + K I [ A ]  
[1]  

This  e q u a t i o n  was  found  to d e s c r i b e  t h e  o b s e r v e d  
ra t e s  v e r y  w e l l  for  a m m o n i a  and  the  a l i pha t i c  
amines  s tud ied .  S r e p r e s e n t s  t he  t o t a l  su r f ace  area .  

The  o b s e r v a t i o n  of t he  b i m o l e c u l a r  n a t u r e  of t he  
d i s so lu t ion  r e a c t i o n  l ed  to t h e  specu l a t i on  t h a t  e t h y -  
l e n e d i a m i n e  m a y  b e h a v e  s im i l a r l y .  In  th is  l a s t  case, 
however ,  t h e  r e a c t i o n  w o u l d  b e  m o n o m o l e c u l a r ,  b e -  
cause  bo th  a t t a c k i n g  g roups  a r e  a t t a c h e d  to  t he  s ame  
molecu le .  I t  s e e m e d  to be  of i n t e r e s t ,  in  v i e w  of th is ,  
to s t u d y  t h e  d i s so lu t ion  k ine t i c s  in  so lu t ions  of 
l onge r  c h a i n e d  d iamines .  In  such case, one w o u l d  
expec t  t he  c h e l a t i o n  s tep  to  b e c o m e  s lower  as t h e  
n u m b e r  of a t o m s  in t he  cha in  increases .  

I t  was  w i t h  th is  in v i e w  t h a t  t he  p r e s e n t  w o r k  was  
u n d e r t a k e n .  The  r e a g e n t s  used  w e r e  e t h y l e n e d i -  
a m i n e  ( e n ) ,  1,3 p r o p a n e d i a m i n e  ( p n ) ,  a n d  1,4 b u -  
t a n e d i a m i n e  ( b n ) ,  w h i c h  fo rm,  on che la t ion ,  r i ngs  
w i th  five, six,  and  seven  a toms,  r e spe c t i ve ly .  Da t a  
on t h e  a c i d - b a s e  e q u i l i b r i a  and  t h e  c o p p e r  c o m -  
p l e x i n g  e q u i l i b r i u m  for  t h e s e  d i a m i n e s  a r e  shown  
in T a b l e  I. 

Experimental 
The  e x p e r i m e n t a l  m e t h o d s  used  w e r e  t h e  s a m e  a s  

those  of t h e  p r e v i o u s  w o r k  (3, 4) .  T h e  e x p e r i m e n t s  
w e r e  p e r f o r m e d  in a 1 -ga l  s t a in less  s tee l  a u t o c l a v e  
f i t ted w i t h  a t i t a n i u m  l ine r .  The  o x y g e n  p r e s s u r e  

and  s t i r r i n g  r a t e  w e r e  m a i n t a i n e d  h igh  e n o u g h  to i n -  
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Table I. Some equilibrium data for the diamines used in 
this work (5) 

KINETICS OF THE DISSOLUTION OF COPPER 

E q u i l i b r i u m  Log  K 

10.73 
9.30 

10.58 
9.08 

No chelate* 

Ethylenediamine  (en) 
Cu +§ - k e n  ~ Cuen §247 
Cuen §247 - k e n  ~ Cuen~ +§ 

1, 3 Propanediamine  (pn) 
Cu ++ + pn ~-- Cupn +§ 
Cupn ++ /- pn ~- Cupn,? ~ 

I, 4 Butanediamine (bn) 
Cu +§ + bn 

* We h a v e  f o u n d  on ly  n e g a t i v e  r e fe rences  to che la t e s  i n v o l v i n g  
1, 4 b u t a n e d i a m i n e  (6, 7).  Pfei_ffer (8) has  m a d e  t he  Cu(1 ,  4 bn)~++ 
cnelaze, bu t  on ly  m a l coho l  a n d  e the r  so lu t ions .  

sure  tha t  the  t r an spo r t  of r eac tan t s  to the  sur face  
was no t  a factor  in  ra te  control .  Samples  w i t h d r a w n  
per iod ica l ly  f rom the  au toc lave  were  ana lyzed  spec-  
t ropho tome t r i ca l ly  for copper  by  the  c a r b a m a t e  
method  (9) .  As in  our  p rev ious  work,  so lut ions  were  
m a i n t a i n e d  at an  ionic s t r eng th  of 0.1 by  a d j u s t m e n t  
wi th  NaC10,. Al l  e x p e r i m e n t s  were  done  at  a t e m -  
p e r a t u r e  of 25.0 ~ _ 0.1~ and  at  an  oxygen  p ressure  
of 7.8 a tm.  

The 1,3 p r o p a n e d i a m i n e  and  1,4 b u t a n e d i a m i n e  
were  ob t a ined  f rom K a n d  K Chemica ls  Inc.,  and  
were  used w i thou t  f u r t h e r  puri f icat ion.  On long 
s t and ing  the stock so lu t ions  of these r eagen t s  t ended  
to become ye l lowish  and  were  replaced.  The  e thy l -  
e n e d i a m i n e  was ob ta ined  as 99 % p u r e  m a t e r i a l  f rom 
Carb ide  and  Ca rbon  Chemica ls  Corpora t ion  an d  was  
used w i t h o u t  f u r t h e r  purif icat ion.  I t  had been  found  
ear l ie r  (3) tha t  f r ac t iona l  d i s t i l l a t ion  of the  e t h y l -  
e n e d i a m i n e  had  no effect on the  ra t e  of dissolut ion.  

Acid effects were  s tud ied  af ter  add i t ion  of m e a s -  
u red  a m o u n t s  of r eagen t  grade  perchlor ic  acid to the  
d i amine  solut ion.  

Reproduc ib i l i ty  of ana lyses  and  of r a t e  m e a s u r e -  
men t s  was  ve ry  good, gene ra l l y  to w i t h i n  ___2%. At  
ve ry  h igh  rates,  the re  seemed to be g rea te r  scat ter  
in  the  resul ts .  I t  is no t  unde r s tood  w h y  this  is so, bu t  
it m a y  be tha t  t r a n s p o r t  control  is becoming  i m -  
por tan t .  

Results 

The e x p e r i m e n t a l  m e a s u r e m e n t s  m a d e  were  on 
the sys tems  u n d e r  th ree  di f ferent  sets of condi t ions  
involv ing ,  respect ively ,  the  free d iamines ,  the  m o n o -  

Table II. Rates of dissolution of copper in diamine solutions 

1, 3 P r o p a n e d i a m i n e  1, 4 B u t a n e d i a m i n e  E t h y l e n e d i a m i n e  

Ra t e  (rag Cu R a t e  ( m g  Cu R a t e  (rag Cu 
[en] e m  -e hr-D [pn]  cm-~ hr-1) [bn]  cm -2 hr-D 

0.047 11.7" 0.0215 3.4 0.052 0.60 
0.070 16.5 0.048 6.6 0.101 1.35 
0.071 17.2" 0.091 10.8 0.229 4.05 
0.095 22.8* 0.111 12.6 0.44 8.50 
0.104 22.8 0.123 12.8 0.502 9.70 
0.128 34.4 0.135 14.7 
0.143 31.3" 0.163 16.7 

0.183 18.9 
0.196 20.0 
0.215 21.6 

* From. Ref.  3. 
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p ro tona ted  species ( the  first con juga t e  ac ids) ,  and  
the free d i amines  w i th  excess acid added.  

Free diamines.--The resul ts  of ra te  m e a s u r e m e n t s  
on the free d i amines  are s u m m a r i z e d  in  Tab le  II  and  
shown  g raph ica l ly  in  Fig. 1, 2, a nd  3. 

The  forms of the  curves  for the  th ree  d i amines  are  
ve ry  di f ferent  f rom each other,  bu t  can  never the les s  
be descr ibed q u a n t i t a t i v e l y  in  t e rms  of a s ingle  set 
of compet ing  mechanisms ,  based on our  ear l ie r  con-  
c lus ion (4) tha t  two a m i n e  groups  coord ina te  wi th  a 
copper a tom before  it  en te rs  the  solut ion.  If one 
suppose a surface,  covered w i th  adsorbed  oxygen  
atoms, to engage  in  a fast  e q u i l i b r i u m  adsorp t ion  
(K~) of the  d i a m i n e  molecule ,  then  the  desorp t ion  
of the  complexed  copper a tom m a y  fol low af ter  
e i ther  che la t ion  (kl) by  the  d i a m i n e  molecu le  a l -  

i 

D 

30 63 0 

~2c 

"~ OFrom Ref. 3 a: 

I0 

0 
0,00 0105 0'.10 0.15 

[en] (M) 

Fig. 1. Rote of dissolution of copper in free ethylenedia- 
mine (en) solution as a function of concentration. 

2C 

-C 

~,o 

o/ 
oo oi, o12 o 2  

[1,3 pn] (M) 

Fig. 2. Rate of dissolution of copper in 1,3 propanediamine 
(pn) solutions as a funct ion of concentration. Solid line cal- 
culated using Eq. [ 2 ] .  



368 JOURNAL OF THE ELECTROCHEMICAL SOCIETY May 1960 

I O  

O i 
o .o  0 2  0.4 0.6 

[ i , 4  bn]  (M) 

Fig. 3. Rote of dissolution of copper in 1,4 butanediamine 
(bn) solutions as a function of concentration. Solid line com- 
puted using Eq. [ 3 ] .  

r eady  a t tached,  or a t t ack  (k~) by  a second molecule ,  
such tha t  each is coord ina ted  at on ly  one posit ion.  
The  o v e r - a l l  ra te  of d issolu t ion  is t h e n  g iven  by  
Eq. [2] 

d[Cu +*] K,[X]S 
Rate  -- -- (k, -k k8 [ X ] )  [2] 

dt 1 if- KI[X] 

I t  is seen tha t  whe re  k~ is ve ry  small ,  i.e., when  
che la t ion  does no t  occur measu rab ly ,  Eq. [2] r e -  
duces to: 

K~[X]S 
Rate  = �9 k.~[X] [3] 

1 -q- K~[X] 

E q u a t i o n  [3] is ana logous  to tha t  used (4) to de-  
scribe the  b imo lecu l a r  a t tack  of the  m o n a - a m i n e s  on 
copper. I t  is found  (Fig. 3) tha t  this  equa t ion  ve ry  
wel l  descr ibes  the observed  effect of 1,4 b u t a n e d i -  
amine  concen t r a t i on  on the  d issolu t ion  rate.  

If, on the  o ther  hand ,  k~ is v e r y  large,  (i.e., m u c h  
la rger  t h a n  k~[X]) for low va lues  of KI[X], Eq. [2] 
reduces  to 

Rate  = K~k~[X]S [4] 

This is e q u i v a l e n t  to the  express ion  used in  ear l ie r  
work  (3) to descr ibe  the  effect of e t h y l e n e d i a m i n e  
concen t r a t i on  on the ra te  of dissolut ion.  

In  the  even t  tha t  ne i t he r  the  che la t ion  reac t ion  
nor  the  b imo lecu l a r  a t tack  can be ignored,  t hen  Eq. 
[2] m u s t  be used in  full .  This  equa t ion  is seen in  
Fig. 2 to descr ibe  r a t h e r  wel l  the  observed  ra tes  of 
d issolu t ion  of copper in  1,3 p ropaned i amine .  

The  va lues  found  for the  cons tan ts  are  g iven  in  
Tab le  III.  The l imi ts  of e r ror  quoted  are  es t imated  
by  v a r y i n g  the  cons tan t  enough  to give a c lea r ly  bad  
fit of the  data.  I t  is these  va lues  for the  cons tan t s  
which  give the  curves  d r a w n  in  Fig. 1, 2, and  3. 

Pure acid species.--Dissolution ra tes  ob ta ined  in  
solut ions  of the  m o n o - p r o t o n a t e d  species, e t h y l e n e -  
d i a m i n i u m  and  1,3 p r o p a n e d i a m i n i u m ,  are  g iven  in  
Tab le  IV. 

The resu l t s  can be i n t e rp r e t ed  sa t i s fac tor i ly  by  
Eq. [5] 

K , [ X ] S  
Rate  -- (k~ + k , [ X ] )  [5] 

1 4- K~[X] 

where  k~ is found  to be zero. It  is ev iden t  f rom the  
form of Eq. [5] tha t  d isso lu t ion  in these  solut ions 

Table III. Values found for the constants in Eq. [2] 
for the pure diamines 

en  1, 3 p n  1, 4 b n  

K1  
k~ 
k~ 

K l k l z  2 4 0 _ 1 0  6 0 _ 5  2 2 + 2  
K~kl = 240 _ 10 5.0 _+ 0.5 <0.1 
< < k l  85 -+- 2 21 • 0.5 

Table IV. Rotes of dissolution of copper in aqueous solutions 
of ethylenediaminium (enH +) perchlorate and 1, 3 

propanediaminium (pnH*) perchlorate. These data are 
plotted in Fig. 4. 

Rate  (mg  Ra te  (mg 
[enH+] (M) c m  -~ hr-D [pnH+] (M) cm-e hr-])  

0.022 4.8 0.17 2.40 
0.039 8.6 0.040 6.40 
0.061 16.2 0.060 9.8 
0.071 19.6 
0.084 28.0 

occurs by  b imo lecu l a r  at tack.  The  che la t ion  step, 
cor responding  to the  cons tan t  k~, ev iden t ly  does not  
occur in  the  p u r e  acid systems.  The m e c h a n i s m  
proposed for this  d issolu t ion  is closely ana logous  to 
tha t  descr ibed for the  free amines .  

The  va lues  for the  cons tan ts  for the  above reac-  
t ions are g iven  in  Tab le  V. The curves  shown in  Fig. 
4 were  ca lcu la ted  us ing  these values .  

Mixed acid and basic species.--The "acid ef fec t"-  
the  change  in  r a t e  on add i t ion  of acid to an  excess 
of the  free d i a m i n e - w a s  s tud ied  only  for 1,3 p ro -  
paned iamine .  The  resul t s  are g iven  in  Table  VI. 

It  seems l ike ly  tha t  the  n a t u r e  of the processes 
occur r ing  in  this  m i xe d  sys tem are  the  same as those 
occur r ing  in  the  pu re  systems, w i th  two add i t iona l  
"c ross - reac t ions"  l ead ing  to the  same reac t ing  
species 

X 
/ 

Cu~--O 

XH § 

Since it is not  possible  k ine t i ca l ly  to d i s t ingu ish  be -  
t w e e n  the two pa ths  by  which  this  species can be 
formed,  the observed  c ross - reac t ion  ra te  wi l l  be best  
considered as the  l i nea r  sum of the  two i n d e p e n d e n t  

O 

~2o 

~Jo 

0 ~ i 1 i i i 1 i 
0,00 0,02 0.04 0,06 0108 

[x H+_l (M) 

Fig. 4. Rate of dissolution of copper in solutions of ethyl- 
enediaminium (enH +) and 1,3 propanediaminium (pnH +) per- 
chlorates. Solid lines calculated using Eq. [.5]. 
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Table V. Values for the constants in Eq. [5] for the 
pure mono-protonated diamines 

K I N E T I C S  O F  T H E  D I S S O L U T I O N  O F  C O P P E R  

enH+ pnH+ 

K~ 120___20 275___25 
k2 0 0 
k4 3 1 0 •  175___10 

Table VI. Rates of dissolution of copper in solutions containing 
both the acidic and basic forms of 1,3 propanediamine 

Rate  (mg 
[pn]  (M) [pnH+] (M) cm -2 h r  -1) 

0.025 0.005 4.7 
0.025 0.010 5.3 
0.025 0.020 6.5 

0.045 0.010 8.7 
0.045 0.020 10.5 
0.045 0.030 12.3 

0.10 0.020 18.0 
0.10 0.040 24.0 
0.10 0.060 28.0 

30 

0 , o  
_~ 0 

O.OO 0.02 0.04 0,06 
[I,3 pnH*] (MI 

rates.  Va lues  w e r e  d e t e r m i n e d  for  the  a p p a r e n t  r a t e  
cons tants  by cons ide r ing  each react ion ,  in turn ,  to 
account  for  the  w h o l e  of the  cross react ion .  Va lues  
a re  g iven  in Tab le  VII.  This  p r o c e d u r e  necessa r i ly  
wi l l  i n v o l v e  seve ra l  sources  of er ror .  It  is not  su r -  
pr is ing,  then ,  t ha t  t he  va lues  of the  cons tan t s  c o m -  
pu ted  f r o m  the  resu l t s  of i nd iv idua l  e x p e r i m e n t s  
showed  a t r e n d  r a t h e r  t han  a r a n d o m  scat ter .  The  
to ta l  r a n g e  of the  t r e n d  was  only  40%, for  r eac t ion  
ra tes  v a r y i n g  by as m u c h  as a fac to r  of six, so it 
seems jus t i f iab le  to g ive  a 20% "conf idence  l i m i t "  on 
the  m e a n  values .  The  to ta l  e x p e r i m e n t a l  r a tes  and 
compu ted  ra tes  are  c o m p a r e d  in Fig.  5. 

Summary and Discussion 

The dissolu t ion  of me ta l l i c  copper  in aqueous  so lu-  
t ions of a l ipha t ic  d i amines  has  been  found  to occur  
as the  sum of a c o m p l e x  a r r a y  of c o m p e t i n g  p roc -  
esses. These  processes  a l l  g ive  the  same final p roduct ,  
tha t  is, d i sso lved  cupr ic  ion, a p p r o p r i a t e l y  c o m -  
p lexed ,  and  the  c o m p e t i n g  s teps  can  be i so la ted  only  
by s tudy ing  e x t r e m e s  of pH, such tha t  a smal l  n u m -  
ber  of r eac t ions  are  o v e r w h e l m i n g l y  p r e d o m i n a n t .  

The  reac t ion  i nvo lves  an  o x y g e n - a d s o r p t i o n  p r e -  
e q u i l i b r i u m  step 

f a s t  

Cu~ + I/2 O= ~ Cu.~--O 

followed by one of two competing pre-equilibria: 

X 

C m - - O  + X .~ Cu~--O K, 

X H  + 

C u , - - O  + XH + ~ Cu~--O K., 

369 

Fig. 5. Rate of dissolution of copper in mixed solutions of 
ethylenediamine (en) and ethylenediaminium (enH § per- 
chlorate: Comparison of experimental and calculated values. 

The  first of  these  two  adsorbed  species can f o r m  a 
che la t e  com p lex  and desorb:  

X X / 
. . . .  1 1  k, 

X 
f a s t  

Cu~- -O + H=O -~ CuX'§ § 2 OH- 

The  c o m p e t i n g  s tep i n v o l v i n g  t h e  acid  species:  

XH + XH + 
/ / /  

C m - - O  ~ Cu~- -O k.~ 

XH 

u,--O-~ CuX ++ + OH- 

appears not to occur to a detectable extent. There is 

also a bimolecular attack, very much the same as 

that occurring with the mono-amines (4) : 

X X 
/ slow / 

C m - - O  + X ~ Cu~- -O k~ 

X 

XH + "XH ~ 
/ slow 

C m - - O  -k X H  +--> Cu~- -O k~ 

X H  + 

and the  co r re spond ing  cross reac t ions :  

X X 
/ slow . / .  

Cu~--O + XH + ~ Cm--O k~ 

XH + 

X 
slow 

Cm--O+ § X - ~  Cm--O k~ 

XH + XH + 

Table VII. Summary of the equilibrium and rate constants 

KI K~ kz ke ka k~ k~ k~ 

en (Klk,  = 240 -4- 10) 
pn 60 -+- 5 
bn 22 -4- 2 

120 _ 20 - -  0 <<k~ 310 • 10 - -  - -  
275 -4- 25 5.0 _4- 0.5 0 85 -4- 2 175 -4- I0 975 +__ 200 210 +_ 40 

- -  < 0 . i  - -  2 1  -4-  0 . 5  - -  - -  - -  



370 JOURNAL OF THE ELECTROCHEMICAL SOCIETY May 1960 

Each of these  last  steps is, of course, fo l lowed by  h y -  
d ra t ion  and  desorpt ion.  The  gene ra l  equa t i on  to de -  
scribe the ra te  gives the sum of all  the six compet ing  
react ions.  

Rate  
d [ C W  ~ ] S 

dt 1 + KI [X]  + K.~[XH +] 

{K~[X] (~1 + ks[X] + ck~[XH~]) 

Jr K._.[XH~](k~ ~- k~[XH']  § (1 --  c)k~[X])}  [6] 

where  c and  (1 --  c) are  n o r m a l i z i n g  constants .  The 
va lues  of the  cons tan ts  in  Eq. [6] are  s u m m a r i z e d  in  
Tab le  VII. 

A compar i son  of cons tan t s  is v e r y  i n s t ruc t i ve  in  
some respects,  a l though  it  m u s t  be emphas ized  tha t  
because  of the  complex  n a t u r e  of the  system,  q u a n -  
t i t a t ive  compar i son  of the  cons tan ts  m a y  not  be 
justif ied.  

Of foremost  i m p o r t a n c e  is the  r e l a t ion  b e t w e e n  
the  compet i t ive  reac t ions  of che la t ion  a n d  b imole -  
cu la r  at tack,  as shown by  the  cons tan ts  kj and  ks for 
the free d iamines  and  by  k~ and  ks for the  first con-  
j uga t e  acids. I t  is f ound  tha t  e t h y l e n e d i a m i n e  dis-  
solves copper  a lmos t  who l ly  by  chela t ion,  1,4 b u -  
t a n e d i a m i n e  a lmost  who l ly  by  means  of b imo lecu l a r  
at tack,  and  1,3 p r o p a n e d i a m i n e  by  a c o m b i n a t i o n  of 
both. This  t r e n d  is i n  a g r e e m e n t  w i th  w h a t  one 
would  expect  f rom a cons idera t ion  of the  l eng th  of 
the  ca rbon  chains  involved .  

The va lue  240 ob ta ined  for the  p roduc t  Klkl for 
e t h y l e n e d i a m i n e  is m u c h  smal le r  t h a n  one wou ld  
expect  f rom an  ex t r apo la t ion  of the va lues  of K~ and  
kl ob ta ined  for 1,3 p r o p a n e d i a m i n e  and  1,4 b u t a n e -  
d iamine .  I t  seems possible  tha t  the  che la t ion  m a y  
occur so r ap id ly  tha t  the  p r e l i m i n a r y  adsorp t ion  
canno t  a t t a i n  equ i l i b r i um,  t ha t  is, the  t e r m  K~[X]/ 
(1 A - K I [ X ] )  of Eq. [2] and  [6] does no t  give the  

en  

t rue  concen t r a t i on  of the  species Cu~--O. If this  is 
so, t h e n  this  sys tem should  p r o p e r l y  be s tud ied  by  
use of a s t eady- s t a t e  t r e a tmen t .  U n f o r t u n a t e l y  no t  
sufficient da ta  are ava i l ab le  to m a k e  this  d i s t inc t ion  
m e a n i n g f u l .  

In  the acid system,  it  is found  tha t  ne i t he r  e t h y l -  
e n e d i a m i n e  no r  1,3 p r o p a n e d i a m i n e  dissolves by  the 
che la t ion  mechan i sm.  This  is pe rhaps  su rp r i s ing  in  
v iew of the effect of acid on p r omo t i ng  the  b imo le -  
cu la r  d issolu t ion  of copper in  the  a l iphat ic  m o n o -  
amines .  

I t  seems s ignif icant  tha t  in  all  cases the  a t tack  of 
the surface by  a p ro tona t ed  species is more  rap id  
than  by  the  free amine .  This is t r u e  in  the  p r e - e q u i -  
l ibr ia ,  in  the  b imo lecu l a r  a t tack  and  in  the  cross r e -  
actions. This  gene ra l i za t ion  does not ,  however ,  hold 
for the  che la t ion  react ion,  which  does no t  occur in  
the  acid system.  

Kee l en  and  A n d e r s o n  (10),  s tudy ing  the  d issolu-  
t ion  of n icke l  in  d iamines ,  suggested tha t  t he re  is 
compet i t ive  adsorp t ion  i n v o l v i n g  the  d i a mi ne  and  
the  so lvent  w he r e  both  are necessa ry  in  the  d issolv-  
ing species. Thus,  they  concluded,  the  che la t ion  can 
have  an i n t e r f e r i ng  effect. This  s i tua t ion  is c lear ly  
di f ferent  f rom the  p r e se n t  one, in  which  contac t  at  
two points  seems to be r e q u i r e d  for dissolut ion.  
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Dissolution of Single Crystals of Copper 
in Aqueous Ethylenediamine 

Leslie H. Jenkins 
Solid State Division, Oak Ridge National Laboratory, ~ Oak Ridge, Tennessee 

ABSTRACT 

The kinetics of the dissolution of preferent ia l ly  oriented single crystal 
plates of 99.999% copper in  st irred aqueous solutions of 10-~M ethylenediamine  
containing oxygen have been studied. The dissolution rates, which were con- 
trolled by a t ranspor t  process in  solution, were a funct ion of the tempera ture  
and st i rr ing rate of the solution, but  were independent  of the crystallographic 
orientat ion of the exposed metal  surface. From the examinat ion  of the facets 
developed dur ing  the course of the reaction on crystals with low index faces, 
it  was concluded that  the order of s tabil i ty of the crystal faces was (100) 
( 1 1 0 ) )  (111) in  this par t icular  system. Other than  anomalous faceting ob- 
served in regions thought to correspond to grain boundaries,  no correlation be- 
tween chemical react ivi ty and crystal imperfections was observed. 

The k ine t ics  of the d issolu t ion  of po lyc rys ta l l ine  
copper in  aqueous  solut ions  which  con ta in  oxygen  
and  a r e agen t  capable  of d issolving copper oxides 
have  been  s tud ied  ex tens ive ly  (1 -3) .  These  and  
other  da ta  show tha t  by  su i t ab ly  v a r y i n g  the  condi-  
t ions u n d e r  which  the  reac t ion  is car r ied  out, the  
type  of k ine t i c  control  opera t ive  in  any  g iven  sys-  
t em m a y  be al tered.  

H a l p e r n  (1) r igorous ly  defined such condi t ions  
for the ox ida t ion  of copper  in  aqueous  a m m o n i a  
solut ions con t a in ing  oxygen.  More r ecen t ly  da ta  
have been  ob ta ined  on the  d issolu t ion  of copper in  
o x y g e n - c o n t a i n i n g  solut ions  by  severa l  complex ing  
agents,  i nc lud ing  e t h y l e n e d i a m i n e  (3) ;  however ,  
the  k ine t ic  da ta  repor ted  is res t r ic ted  to regions  of 
high oxygen  p ressures  whe re  the  r a t e  is ze ro -o rde r  
in  oxygen  and  f i r s t -order  in  the  complex ing  agent .  

If s ingle  crys ta ls  of copper are  exposed to e n -  
v i r o n m e n t s  such as these, facets a n d / o r  pi ts  are  
developed on the  surface  of the  metal .  The  geo-  
me t r i ca l  s y m m e t r y  of these facets or pits is a f u n c -  
t ion  of, among  other  things,  the  c rys ta l lograph ic  
o r i en ta t ion  of the  exposed face of the  me ta l  crystals .  
Also, it  is gene ra l l y  be l i eved  tha t  some of the  pi ts  
and  facets on the  surface should  bea r  a r e l a t ionsh ip  
to poin ts  whe re  dis locat ions in  the  s ingle  crys ta ls  
in te rsec t  the  surface,  since these are poin ts  at  which  
the  chemical  po ten t i a l  is g rea te r  t h a n  tha t  of an  
ideal ized a tomica l ly  smooth  surface.  Kinks ,  steps, 
and  other  poin ts  of d e p a r t u r e  f rom the  theore t i ca l ly  
ideal  surface  should also be more  f avorab le  e n e r -  
get ical ly  as sites where  reac t ions  are in i t i a t ed  (4) .  
Therefore ,  it appeared  w o r t h w h i l e  to observe  the  
changes in  surfaces of s ingle  crys ta ls  of copper  of 
var ious  c rys ta l lograph ic  o r i en ta t ions  u n d e r g o i n g  
dissolut ion whi le  ga the r ing  k ine t i c  data  on the  sys-  
tem. The  reac t ion  of copper  w i th  oxygen  in  d i lu t e  
aqueous  e t h y l e n e d i a m i n e  which  is descr ibed by  the  
fo l lowing equat ion ,  was  chosen for inves t iga t ion :  

Cu + 1 /20~  + H~O + 2 en ~ Cu(en)~  ++ + 2 OH- [1] 

1 Oak  R i d g e  N a t i o n a l  L a b o r a t o r y  is o p e r a t e d  b y  U n i o n  Ca rb ide  
C o rpo ra t i on  fo r  t he  U. S. A t o m i c  E n e r g y  Commis s ion .  

Condi t ions  were  such tha t  a t r anspo r t  process in  
so lu t ion  was ra te -con t ro l l ing .  F u t u r e  w o r k  wi l l  i n -  
c lude  observa t ions  on this  and  o ther  aqueous  sys-  
tems u n d e r  var ious  types  of k ine t ic  control.  

Experimental 
M a t e r i a l . - - A m e r i c a n  Smel t i ng  a nd  Refining Com-  

p a n y  99.999% m a t e r i a l  was used to grow copper 
s ingle  crys ta ls  of specific o r i en ta t ion  by  seeding 
f rom the mel t  in  g raph i t e  crucibles.  Spec imens  p ro -  
duced were  pa ra l l e lep ipeds  a p p r o x i m a t e l y  0.1 x 
1 x 7 cm hav ing  the  des i red sur face  o r i en ta t ion  on 
the  7 x 1 cm area. F r o m  these  slugs th ree  samples  
0.1 x 1 x 2 cm were  cut ca re fu l ly  wi th  a j ewe le r ' s  
saw. Each crys ta l  used was w i t h i n  th ree  degrees  of 
the  des i red  sur face  o r i en ta t ion ,  a nd  all  da ta  r e -  
por ted  he re  were  ga the red  on  s ingle  c rys ta l l ine  
mate r ia l .  A 1/16 in. d i ame te r  hole was dr i l l ed  at  
one end  of the c rys ta l  so tha t  it could be suspended  
in  the reac t ion  vessel.  The  large  sides of the  c rys ta l  
were  l igh t ly  pol ished on a po l i sh ing  whee l  w i th  10~ 
AI~O~ to r emove  gross surface  roughness .  The  sample  
was  t hen  c leaned by  wash ing  first in  acetone,  t h e n  
in  2:1 HNO~. A smooth,  m i r r o r - l i k e  surface  was 
p roduced  on the  crys ta l  by  e lect ropol ishing,  wash -  
ing, and  d ry ing  in  the  m a n n e r  r e c o m m e n d e d  by  
Young  and  G w a t h m e y  (5) .  I t  was  possible to use  
samples  for more  t h a n  one k ine t i c  de t e rmina t ion ,  if 
the  surface  was  e lec t ropol ished before  each use;  
spec imens  whose  surfaces  were  rep l ica ted  for elec-  
t ron -mic rc ,g raph  s tudies  were  d iscarded  af ter  r ep l i -  
cation.  I t  was fel t  t ha t  the process of s t r ipp ing  the  
repl ica  fi lm could i n t roduce  defects in  the  crysta ls  
by  u n k n o w i n g l y  b e n d i n g  or d a m a g i n g  in  some other  
way.  

Other  t h a n  the  except ions  no ted  below, all  solu- 
t ions  were  made  f rom e i ther  CP or r e a ge n t  g rade  
chemicals  a nd  w a t e r  which  had been  deminera l ized ,  
d is t i l led  t h r ough  a t in  l ined  still, and  s tored in  a 
seasoned p o l y e t h y l e n e  reservoir .  Copper  sul fa te  
solut ions  were  m a d e  by  d issolv ing a we ighed  s a m -  
ple of AS&R 99.999% copper  in  excess, r eagen t  grade  
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ni t r i c  acid. A 10% excess of s t a n d a r d  su l fur ic  acid 
so lu t ion  was  added,  and  the m i x t u r e  evapora ted  to 
d ryness  bu t  no t  to SO:, fumes.  The  res idue  was  dis-  
solved and  d i lu ted  to v o l u m e  in  a vo lume t r i c  flask. 
Por t ions  of this  so lu t ion  were  mixed  wi th  10% ex-  
cess e t h y l e n e d i a m i n e  to p repa re  solut ions  of b i s -  
e t h y l e n e d i a m i n e  copper  ( II)  sulfate.  Hydraz ine  
solut ions  were  p r e p a r e d  f rom technica l  grade  85% 
h y d r a z i n e  h y d r a t e  in  wa t e r  suppl ied  b y  The  Ma th i -  
son Company .  Since p r e l i m i n a r y  s tudies  showed 
tha t  iden t ica l  resu l t s  we re  obta ined ,  bo th  f rom the  
s t andpo in t  of k ine t ics  and  me ta l  surface  changes,  
w h e t h e r  solut ions  were  p r epa red  f rom t r ip ly  dis-  
t i l led  e t h y l e n e d i a m i n e  or the  95-100% m a t e r i a l  
suppl ied  by  E a s t m a n  Kodak  Company ,  the  l a t t e r  
m a t e r i a l  was  used. 

Hydrogen  was  pur i f ied  by  pass ing  commerc ia l  
g rade  t a n k  gas first over  hot  copper  and  then  th rough  
d r y i n g  towers  packed  wi th  m a g n e s i u m  perchtora te .  

O x y g e n - f r e e  solut ions  were  p r epa red  by  b u b b l i n g  
abou t  100 ft ' of pur i f ied h y d r o g e n  sa tu ra t ed  w i th  
wa t e r  vapor  t h rough  a fine f r i t t ed  disk in the  solu-  
t ion  rese rvo i r  shown  in  Fig. 1 at a ra te  of 10 ft ' pe r  
day. 

Apparatus.--The glass reac t ion  vessel  shown in  
Fig. 1 was  des igned  to be used w i th  solut ions  e i ther  
f ree of oxygen  or s a tu ra t ed  w i th  air. Af t e r  p lac ing  
a magne t i c  s t i r r ing  ba r  sealed in  glass in  the  bo t tom 
of the  chamber ,  the  pol ished copper c rys ta l  was  sus- 
pended  f rom the  glass hook in  the  b a r r e l  of the  
vessel.  The  s t a n d a r d  t ape r  jo in t  wi th  b r igh t  p l a t -  
i n u m  electrodes was  p laced  in  posi t ion and  the  
e n t i r e  a p p a r a t u s  a t t ached  to the fi l l ing rack.  

If so lut ions  free of oxygen  were  to be  used, the  
system, exc lus ive  of the  so lu t ion  reservoir ,  was  
a l t e r n a t e l y  evacua t ed  and  filled wi th  hydrogen .  
T w e n t y  cycles we re  sufficient to r emove  al l  de-  
t ec tab le  t races  of oxygen  f rom the  system. The  
vo lume t r i c  b u l b  was  t hen  filled wi th  abou t  82 ml  

of o x y g e n - f r e e  so lu t ion  u n d e r  its a tmosphere  of 
hyd rogen  f rom the  s torage reservoir ,  a nd  the  s top-  
cocks seal ing the bu lb  f rom the r e m a i n d e r  of the 
sys tem were  closed. The sys tem was aga in  a l t e r -  
n a t e l y  evacua t ed  and  filled w i th  h y d r o g e n  for a total  
of t en  cycles. At  the comple t ion  of these  opera t ions  
the  so lu t ion  and  the  sample  were  both  at a tmos-  
pher ic  p ressure  u n d e r  hydrogen .  A c lamshel l  hea te r  
was placed about  the  reac t ion  chamber ,  a nd  the 
copper sample  a n n e a l e d  at 450~ for 16 hr. The 
hea te r  was  t h e n  r e move d  and  the  appa ra tu s  cooled 
to room t empera tu r e ,  r e m o v e d  f rom the  rack,  and  
placed in  a w a t e r  ba th  con t ro l led  to --+ 0.02~ Af te r  
a l lowing  1 hr  for t e m p e r a t u r e  e q u i l i b r i u m  to be 
establ ished,  the  magne t i c  s t i r re r  was  engaged  and  
all  the  so lu t ion  a l lowed to flow f rom the  v o l u m e t r i c  
b u l b  into the  reac t ion  chamber .  The  stopcocks 
i sola t ing  the  reac t ion  c h a m b e r  were  t hen  closed. 

W h e n  solut ions  s a t u r a t e d  wi th  air  were  desired 
the  vo lume t r i c  bu lb  was filled wi th  82 ml  of solu-  
t ion  and  isolated f rom the  rest  of the system. The 
appa ra tus  was  a t tached  to the  rack and  flushed wi th  
hyd rogen  for 20 cycles. The  r e m a i n d e r  of the  pro-  
cedure  was repea ted  as on solut ions  con ta in ing  no 
oxygen.  By this  me thod  the  copper sample  did no t  
have  access to oxygen  u n t i l  contac ted  by  the  solu-  
t ion. 

Progress  of react ions  was  fol lowed by  observ ing  
conduc t iv i ty  changes  in  the  solut ions  w i th  t ime. 
Conduc t iv i ty  va lues  were  ob ta ined  wi th  a Whea t -  
s tone br idge  a r r a n g e m e n t  u s ing  an  oscilloscope as 
a n u l l  detector .  M a x i m u m  sens i t iv i ty  of the  system 
was such tha t  the  change  in  res i s tance  p roduced  by  
the d issolu t ion  of one a tom layer  of copper  could be 
observed;  however ,  in  most  cases the  da ta  were  
ga thered  u n d e r  condi t ions  in  which  the  dissolut ion 
of 3-5 a tom layers  were  r equ i r ed  to produce  an 
observab le  change  in  conduct iv i ty .  Measu remen t s  
were  t a ke n  wi th  the  sl ide wi re  posi t ion held  con-  
s tan t  d u r i n g  the  react ion.  The  n u l l  po in t  was  de te r -  
m i ne d  by  ad jus t i ng  a five decade s t anda rd  res is tance  
box. 

Surface replicas.--Samples whose surfaces were  
to be rep l ica ted  for obse rva t ion  w i th  the  e lec t ron  
microscope were  r emoved  f rom the  reac t ion  vessel  
a f ter  the  des i red  a m o u n t  of copper  had  been  re -  
moved.  They  were  washed  qu ick ly  in  a s t r eam of 
dis t i l led w a t e r  for 1 rain,  t hen  dr ied  in  a je t  of oxy-  
gen. Surfaces  were  p re shadowed  wi th  p l a t i n u m  at 
a 4:1 shadow angle  and  rep l ica ted  wi th  carbon.  

Treatment o~ data.--At t ime  t, the r e l a t ive  con-  
cen t r a t ion  of a c ompone n t  which  de t e rmines  the  
ex ten t  of a reac t ion  m a y  be expressed as a f unc t i on  
of the  observed  conduc t iv i ty  va lues  of the  solut ion:  

% m a t e r i a l  u n r e a c t e d  = ( 1 - - - ~ - - f / 1 0 0  [2] 

Fig. 1. Portion of f i l l ing rack with reaction chamber 

w he r e  Ar is conduc t iv i ty  change  f rom t ime  zero to 
t ime  t and  Ao- r is conduc t iv i ty  change  f rom t ime  zero 
to t ime  reac t ion  completed.  

The f i r s t -order  r a t e  equa t i on  expressed in  t e rms  
of conduc t iv i ty  is: 
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Ci 
log ~ kt /2 .303 [3]  

C_C,( ~'-~ ) 
cri--(r f 

w h e r e  C~ is in i t i a l  c o n c e n t r a t i o n  of r e a c t a n t  w h i c h  
con t ro l s  e x t e n t  of reac t ion ,  oF is t he  c o n d u c t i v i t y  of 
t h e  solut ion.  The  subsc r ip t s  i, t, and  3r r e f e r  to t he  
i n i t i a l  v a l u e  be fo re  r eac t i on  has  commence d ,  t he  
v a l u e  at  t i m e  t, and  the  f inal  v a l u e  a t  c o m p l e t i o n  of 
the  reac t ion ,  r e spec t i ve ly .  If  r e s i s t ance  va lue s  a r e  
s u b s t i t u t e d  for  c o n d u c t i v i t y  t e rms ,  t he  e q u a t i o n  
becomes  

Rt--R~ R, 
l o g -  + log -- kt/2.303 [4] 

R~ Rr--R, 

w h e r e  R is t he  r e s i s t ance  of the  solu t ions .  S u b s c r i p t s  
i n d i c a t e  v a l u e s  a t  t i m e s  as  above .  

A p lo t  of log R , / R f - - R ,  vs. t i m e  shou ld  g ive  a 
s t r a i g h t  l ine,  t he  s lope  of w h i c h  is equa l  to k/2.303,  
if f i r s t - o r d e r  k ine t i c s  a r e  o b e y e d  b y  the  r e a c t a n t  
con t ro l l i ng  t h e  e x t e n t  of t he  r eac t ion .  I t  m u s t  be  
e m p h a s i z e d  t ha t  Eq. [3]  and  [4]  a p p l y  on ly  to the  
c o m p o n e n t  w h i c h  gove rns  the  e x t e n t  of t he  reac t ion .  
The  d e n o m i n a t o r  of the  l o g a r i t h m i c  t e r m  in Eq. [3]  
e x p r e s s e s  t he  c o n c e n t r a t i o n  of such a c o m p o n e n t  a t  
t i m e  t. Obv ious ly ,  t he  exp re s s ion  is i nco r r ec t  for  a 
r e a c t a n t  p r e s e n t  in excess  of t h a t  d e m a n d e d  b y  the  
s t o i c h i o m e t r y  of the  c h e m i c a l  r e a c t i o n  invo lved .  

Experimental Results 
Analy t ica l  da ta . - - I t  is not  n e c e s s a r y  t h a t  t he  con-  

c e n t r a t i o n s  of t he  c o m p o n e n t s  be  k n o w n  for  a 
kinetic treatment based on conductivity data, but at 
the completion of the reactions the solutions were 
analyzed for copper with a Beckman Model DU 
spectrophotometer using both the ethylenediamine 
method of Jonassen and Dexter (6) and the neo- 
cuproine method of Smith .and McCurdy (7). The 

latter method is two orders of magnitude more sen- 
sitive. Data on the solubility of air in water (3) 
agreed with the copper analysis and showed that 
the extent of the reaction was limited by the amount 
of oxygen dissolved in the solutions when an excess 
of reagent capable of dissolving copper oxide was 

present. 
These two methods of analysis offer sensitive 

means for determining the concentration of mono- 
and divalent copper in solutions of ethylenediamine. 

Tests proved that the cuprous complex of ethylene- 
diamine does not adsorb light of 540 m~, the wave 
length for maximum adsorption by the cupric com- 
plex (6). Any significant difference in copper con- 
centration detected by the two methods can be at- 
tributed to the presence of monovalent copper in 
the ethylenediamine solution. No such differences 

were found. 
O x y g e n - F r e e  Solut ions  

A t  25~ the  f o l l o w i n g  solut ions ,  each  10--~M in 
t h e  r e a g e n t  l i s ted ,  w h i c h  had  been  d e a e r a t e d  in  t he  
m a n n e r  de sc r ibed ,  w e r e  exposed  to coppe r  s ing le  
c r y s t a l s  w h i c h  h a d  been  a n n e a l e d  a n d  m a i n t a i n e d  in  
an  a t m o s p h e r e  of h y d r o g e n :  e t h y l e n e d i a m i n e ;  
h y d r a z i n e  su l fa t e ;  h y d r o x y l a m i n e  su l fa t e ;  h y -  
d r o x y l a m i n e ;  p o t a s s i u m  c y a n i d e  ( a d j u s t e d  to p H  9 

w i t h  K O H ) ;  HC1; H~SO4. A l t h o u g h  it  has  been  re-  
p o r t e d  t h a t  in  c o n c e n t r a t e d  so lu t ions  K C N  (9) wi l l  
r eac t  w i t h  coppe r  and  w a t e r  to l i b e r a t e  h y d r o g e n ,  
no coppe r  was  found  in a n y  of the  so lu t ions  ( l im i t  
of d~ tec t ion  w a s  0..2 tzg to ta l  Cu ) ,  and  e x a m i n a t i o n  
of t he  m e t a l  su r f a c e  a lso  showed  no d e t e c t a b l e  
changes .  

The  c h e m i c a l  r e a c t i o n  of m a j o r  i n t e r e s t  in th is  
s t u d y  was  t h a t  shown  in Eq. [1] .  H o w e v e r ,  w h e n  
al l  d i s so lved  o x y g e n  in the  s y s t e m  h a d  reac ted ,  the  
so lu t ion  con t a ined  coppe r  ions in con tac t  w i t h  cop-  
pe r  me ta l .  S ince  i t  r e p r e s e n t e d  
f u r t h e r  r eac t ion ,  t h e  fo l l owing  
v e s t i g a t e d  

2Cu + ~ Cu ~+ + 

a p o t e n t i a l  source  of 
e q u i l i b r i u m  was  in -  

Cu ~ [5] 

To study this reaction, two solutions which had 
been freed of dissolved O_~ in the manner previously 
described were prepared; one 10-4M CuSO~ in 10~M 
H2SO~, the other 10-'M CuCl.. in 10-~iVi HCI. Each 

solution, under a 'H~ atmosphere in the solution 
reservoir, was introduced into the reaction vessel 
shown in Fig. 1 and exposed to a copper single 
crystal which had been annealed and maintained in 
a H.~ a t m o s p h e r e .  The  a p p a r a t u s  was  p l a c e d  in a con-  
s t an t  t e m p e r a t u r e  b a t h  at  25.00 ~ • 0.02~ W h i l e  
in t he  b a t h  t he  so lu t ions  w e r e  s t i r r e d  c o n t i n u o u s l y  
at  a s t i r r i n g  speed  of 500 rpm.  A f t e r  f ou r  d a y s  the  
so lu t ions  w e r e  a n a l y z e d  for  t o t a l  coppe r  b y  the  
m e t h o d  of  S m i t h  and  M c C u r d y  (7) ,  and  no change  
in coppe r  c o n c e n t r a t i o n  could  be  de tec t ed .  In  o r d e r  
to obse rve  effects of c o m p l e x  species,  an o x y g e n -  
f ree  I{F4M so lu t ion  of a Cu(en).~SO, in 10-~M e t h y -  
l e n e d i a m i n e  was  also e x p o s e d  to a coppe r  c r y s t a l  
u n d e r  t he  cond i t ions  d e s c r i b e d  above.  Aga in ,  a f t e r  
four  d a y s  no c h a n g e  in copper  c o n c e n t r a t i o n  could  
be  de tec t ed .  I f  t he  v a l u e  of 10 ~ (see  b e l o w )  for  t he  
e q u i l i b r i u m  c o n s t a n t  of r e a c t i o n  [5]  is correct ,  a 
change  ~ 5 x 10-~ in  coppe r  w o u l d  be  e x p e c t e d  in 
t he  su l f a t e  a n d  ch lo r ide  solut ions .  Such  a c oncen -  
t r a t i o n  c h a n g e  w o u l d  be  d e t e c t e d  eas i ly  b y  the  a n a -  
l y t i c a l  m e t h o d  used.  

B o d l a n d e r  a n d  S t o r b e c k  (10) d e r i v e d  a v a l u e  of 
104 for  t he  e q u i l i b r i u m  cons t an t  for  r e a c t i o n  [5]  
f r o m  d a t a  on the  so lub i l i t y  of copper  ( I )  h a l i d e s  in 
so lu t ions  of a l k a l i  ha l ides .  A l t h o u g h  t h e y  a t t e m p t e d  
to i n t e r p r e t  t h e  d a t a  to  accoun t  for  c o m p l e x  ion 
fo rma t ion ,  i t  can  be s h o w n  t h a t  in a 0.2M a l k a l i  
h a l i d e  so lu t ion  c on t a in ing  10~M coppe r  ( I I )  h a l i d e  
( t he se  c o n c e n t r a t i o n s  a r e  t y p i c a l  Of those  s t ud i ed  
b y  B o d l a n d e r  and  S t o r b e c k ) ,  t he  e q u i l i b r i u m  con-  
s t an t  c anno t  be  less t h a n  a b o u t  10 ~, if no c o m p l e x  
ions a r e  f o r m e d  a n d  the  s o l u b i l i t y  r e q u i r e m e n t s  of 
coppe r  ( I )  ha l i de s  a r e  sat isf ied.  The re fo re ,  t h e i r  in-  
t e r p r e t a t i o n  of the  d a t a  m u s t  no t  co r rec t  c o m p l e t e l y  
for  c o p p e r  ( I )  p r e s e n t  as a c o m p l e x  ion. 

F e n w i c k  (11) a v o i d e d  the  p r o b l e m  of c o m p l e x  
ions b y  d e t e r m i n i n g  the  coppe r  ( I )  p r e s e n t  in so lu -  
t ions  of Cu(C10~)~ and  HC10~ e x p o s e d  to m e t a l l i c  
copper .  The  e q u i l i b r i u m  c o n s t a n t  was  d e t e r m i n e d  
to be  a b o u t  106 . This  v a l u e  ag reed ,  w i t h i n  t he  l im i t s  
of e x p e r i m e n t a l  e r ro r ,  w i t h  t h a t  of L u t h e r  (12) 
w h i c h  h a d  b e e n  d e t e r m i n e d  f rom so lu t ions  of CuSO~ 
a n d  H_~SO, e x p o s e d  to m e t a l l i c  copper .  I t  shou ld  be  
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po in ted  out, however ,  tha t  sources of copper ( l )  
o ther  t h a n  t ha t  shown  by  Eq. [5] were  ava i l ab le  in  
these  systems. A i r - s a t u r a t e d  solut ions  such as were  
used in both e x p e r i m e n t s  con ta in  dissolved oxygen  
capable  of r eac t ing  w i th  meta l l i c  copper  to . f o r m  
Cu~O which  wou ld  dissolve in  the  concomi t an t  acids. 
Also, a film of Cu~O was sure ly  p resen t  on the  
meta l l i c  samples  before  exposure  to the  solut ions.  
A n d  finally, the w o r k  of K r u g e r  (13) and  Mil ler  a nd  
Lawless  (14) on oxide films fo rmed  on copper  in  
va r ious  solut ions  raises the  ques t ion  w h e t h e r  the 
solut ions  of F e n w i c k  and  L u t h e r  were  at equ i l i b -  
r i u m  wi th  the  me ta l  or an  oxide covered meta l .  

A l t h o u g h  the re  is no proof t ha t  the  resu l t s  r e -  
por ted  by  the  au thors  were  ob ta ined  on sys tems at 
equ i l i b r ium,  the  four  days a l lowed for e q u i l i b r i u m  
to be es tab l i shed  was  the  same as t h a t  a l lowed by  
Fenwick .  Also, it  would  appear  tha t  some doub t  of 
the  va l id i ty  of p r ev ious ly  repor ted  e q u i l i b r i u m  con-  
s tan ts  for the  reac t ion  in  ques t ion  is just i f iable .  It  
is c lear  tha t  at the concen t r a t ions  s tudied  e i ther  
e q u i l i b r i u m  is es tab l i shed  so s lowly or the e x t e n t  of 
reac t ion  is so smal l  tha t  r eac t ion  [5] can be d i s re -  
ga rded  as a m e a n s  of r e m o v i n g  copper f rom the  
me ta l  surface  in  a r easonab le  t ime.  

Solu t ion  Sa tura ted  w i t h  A i r  

W h e n  sa tu r a t ed  wi th  air  al l  the  solut ions  p r e -  
v ious ly  m e n t i o n e d  did reac t  w i th  copper. Since it 
afforded an  easy means  of ana lys i s  for copper  the 
e t h y l e n e d i a m i n e  sys tem was s tud ied  ex tens ive ly .  
Al l  da ta  we re  ga the red  on solut ions  in i t i a l ly  a i r -  
s a tu r a t ed  wh ich  were  10-'-M in  e t h y l e n e d i a m i n e .  
This  concen t r a t i on  of complex ing  agen t  r epresen t s  
a t enfo ld  excess over  tha t  necessa ry  to react  wi th  all 
the  copper oxide which  could be fo rmed  by  dis- 
solved oxygen  at  25~ 

Rate  data  were  ga the red  at th ree  di f ferent  s t i r r ing  
speeds--200,  500, and  650 rpm,  at  t e m p e r a t u r e s  of 
7.50 ~ 25.00 ~ 34.47 ~ 47.04 ~ and  56.57 ~ all  -- 0.02~ 
Since the  sample  was suspended  about  2 in. above 
the  impe l l e r  and  due to the  smal l  cross sect ion of 
the  reac t ion  chamber ,  the  s t i r r ing  efficiency was  
m u c h  less t h a n  tha t  in the  sys tem descr ibed by  Ha l -  
p e r n  (1) .  Disso lu t ion  ra tes  were  d e t e r m i n e d  for 
c rys ta ls  wi th  sur face  o r i en ta t ions  of (111),  (100),  
(110.), (611),  and  (210).  The  h igh  i ndex  faces gave 
k ine t i c  resul ts  iden t ica l  to those ob ta ined  f rom the 
th ree  c lose-packed  faces; therefore ,  on ly  resul t s  
f rom the l a t t e r  are repor ted  here.  

F igu re  2 shows the  pe rcen tage  of the  or ig ina l  oxy-  
gen  r e m a i n i n g  in  so lu t ion  as a f unc t i on  of t ime  at  a 
s t i r r ing  speed of 500 r p m  at  va r ious  t empera tu re s .  
I t  is obvious  tha t  the reac t ion  ra te  was no t  affected 
by  the  di f ferent  c rys ta l  faces exposed. This  was  t r u e  
at a l l  the  t e m p e r a t u r e s  wh ich  were  inves t iga ted .  
F i g u r e  3 demons t r a t e s  tha t  an  increased  s t i r r ing  ra te  
increased  the  ra t e  of d isso lu t ion  b u t  tha t  the  ra te  
was  no t  affected by  c rys ta l  o r ien ta t ion .  Aga in ,  this  
was  t rue  for  the  th ree  s t i r r i ng  ra tes  at  a l l  t e m p e r a -  
tures.  Typica l  r a t e  da ta  f rom conduc t iv i ty  va lues  
are  shown  in  Fig. 4. As p r ev ious ly  stated, ana lys i s  
for copper con t en t  at  the  comple t ion  of the  reac -  
t ions  showed tha t  the e x t e n t  of the  reac t ion  was  
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Fig. 5. Specific reaction rate as a function of stirring ve- 
locity and temperature in 10 -3 M ethylenediamine. 

d e t e r m i n e d  by  the  a m o u n t  of oxygen  dissolved in  
the  solutions.  Therefore ,  the  app l icab i l i ty  of con-  
duc t iv i ty  da ta  to Eq. [2] and  [4] demons t r a t e s  tha t  
the  process was k ine t i ca l ly  f i r s t -order  w i th  respect  
to oxygen  and  i n d e p e n d e n t  of the  e t h y l e n e d i a m i n e  
concen t r a t i on  in  these  systenis.  A plot  of log ra te  
cons tan ts  for the  th ree  s t i r r ing  speeds is shown  in  
Fig. 5 as a func t ion  of t e m p e r a t u r e .  F r o m  the  slopes 
of the l ines,  which  are iden t ica l  for  the  th ree  s t i r -  
r ing  speeds, the  a p p a r e n t  ac t iva t ion  ene rgy  for the 
process was  d e t e r m i n e d  to be abou t  5800 cal mole -1. 

If  a i r - s a tu ra t ed  so lu t ions  w e r e  no t  s t i r red  a nd  
t h e r m a l  f luc tuat ions  in  the  t e m p e r a t u r e  ba th  were  
ve ry  small ,  no reac t ion  occurred  at 25 ~ and  35~ 
A p p a r e n t l y  a pro tec t ive  l ayer  which  p r e v e n t s  f u r -  
ther  reac t ion  is fo rmed  over  the  r eac t ing  surface.  
Not on ly  was  no copper  detec ted  in the  so lu t ion  
af ter  24 hr, bu t  also the re  was no ev idence  of 
g rowth  of a v is ib le  oxide film on the  sample.  The  
pro tec t ive  fi lm is ve ry  uns tab le ,  for n o r m a l  t h e r m a l  
ag i ta t ion  of u n s t i r r e d  so lu t ions  on the  l a b o r a t o r y  
bench  at room t e m p e r a t u r e  is sufficient to cause 
reac t ion  at  a r ea sonab le  rate.  

E x p e r i m e n t s  in  which  the  s t i r red  solut ions  were  
open to the  a tmosphere  were  also conducted.  U n d e r  
these condit ions,  conduct iv i t i es  of the  solut ions  
in i t i a l ly  changed  l i n e a r l y  w i th  t ime.  This  is no t  
unexpec ted  if the  ra te  of adsorp t ion  of oxygen  f rom 
the  a i r  by  the  solut ion was  at  leas t  as g rea t  as the  
r a t e  at which  oxygen  reac ted  wi th  copper.  Af t e r  a 
per iod  of a few hours,  depend ing  on the  t e m p e r a -  
t u r e  and  the  s t i r r ing  rate ,  the  reac t ion  ra te  de-  
creased, p r o b a b l y  due to the  decrease  in  c o n c e n t r a -  
t ion  of f ree e thy l ened i amine .  This po in t  was  no t  
inves t iga ted  fu r the r .  

Oxide Film 

In  sys tems such as these  the  p resence  an d  pos-  
sible role of oxide films is a lways  open to quest ion.  
In  order  to compare  the  behav io r  of these  sys tems 
wi th  one con t a in ing  a film, a (110) c rys ta l  was 
oxidized in  p u r e  oxygen  at  250~ u n t i l  the  sample  

was  covered w i th  a s i ng l e - c ry s t a l l i ne  film of Cu~O 
700A thick.  The  crys ta l  was p laced  in the  reac t ion  
c h a m b e r  and  the  sys tem flushed r epea t ed ly  wi th  
hydrogen .  Obvious ly ,  i t  was  imposs ib le  to a n n e a l  
the  specimen.  The d isso lu t ion  ra te  of the  film in  
oxygen-free 10J-'M ethylenediamine, a.t a stirring 

speed of 500 rpm at 25~ was determined from 

conductivity changes in the solution. Initially, there 
was an induction period of 30 rain in which no con- 
ductivity change could be observed. (The reasons 

for the existence of an induction period in the dis- 
solution of oxide films are not well understood, but 

such an observation is not unusual.) Dissolution 
t h e n  s ta r ted  a nd  the  conduc t iv i t y  changes  were  a 
l i nea r  f unc t i on  of t ime  for a 2-hr  period, at which  
t ime  the  ra te  decreased rapidly .  A bou t  80 m i n  l a te r  
the  reac t ion  was  complete,  and  no f u r t h e r  change  
w i th  t ime  was  observed.  The so lu t ion  was  ana lyzed  
for copper  and  the  resu l t  was  in  exce l len t  agree -  
m e n t  wi th  the  a m o u n t  of copper in  an  oxide film of 
this  thickness.  The  decrease  in  ra te  at  the  end  of the  
reac t ion  could poss ib ly  be due to a s lower  d issolu-  
t ion  ra te  of t h i n n e r  oxide films which  lie n e a r  the  
me t a l  subs t ra te ;  however ,  it  seems more  r easonab le  
to assume tha t  o ther  factors,  wh ich  are no t  u n d e r -  
stood at this  t ime,  caused the  decreased rate.  

Conduc t iv i t y  da ta  ind ica ted  tha t  at the comple -  
t ion  of the  2 - h r  reac t ion  period, the  t ime  at which  
the  reac t ion  ra te  s ta r ted  to decrease,  abou t  630A 
had  been  dissolved f rom the  film. The copper r e -  
qu i r ed  to fo rm an  oxide fi lm of this th ickness  is 
e q u i v a l e n t  to a d issolu t ion  of 375-K of metal .  A i r -  
s a tu ra t ed  solut ions  of e t h y l e n e d i a m i n e  u n d e r  i den -  
t ical  s t i r r ing  a nd  t e m p e r a t u r e  condi t ions  r e m o v e  a 
co r re spond ing  a m o u n t  of copper  in abou t  15 min.  
Whi l e  it is ce r t a in  tha t  the  final r eac t ion  p roduc t  in  
the  a i r - s a t u r a t e d  solut ions  s tud ied  is d iva l en t  cop- 
per,  it  is p r ob l e ma t i c a l  w h e t h e r  the reac t ion  p ro -  
ceeds t h r ough  a Cu20 or CuO mechan i sm.  A l though  
i t  is pe rhaps  no t  pe rmiss ib le  to compare  the  d is -  
so lu t ion  of Cu~O films in  o x y g e n - f r e e  solut ions  w i th  
o ther  d i sso lu t ion  rates,  it  wou ld  appea r  that ,  if an  
oxide fi lm is p re sen t  on the  crys ta ls  s tud ied  in  a i r -  
s a tu ra t ed  solutions,  it m u s t  be  an  e x t r e m e l y  t h in  
one l ack ing  the  charac ter is t ics  u sua l l y  associated 
w i t h  a th ick  film. 

Surface Effects 
The (110) sur face  showed no s u b s t r u c t u r a l  ef-  

fects. At  the v e r y  ear l ies t  po in t  observed  in  the  r e -  
ac t ion  no etch pits or s u b g r a i n  b o u n d a r i e s  could be 
seen;  on ly  face t ing  was  observed.  F i g u r e  6 d e m o n -  
s t ra tes  the o rde r ly  progress ion  of facet  de ve l opmen t  
on this surface.  Af t e r  an  a m o u n t  of copper  cor re -  
spond ing  to an  ave rage  of 3000 a tomic layers  had  
been  removed,  the  surface  was  no  longer  (110) b u t  
r a t h e r  a series of facets though t  to be  (100) com-  
posed of long sharp- topped  r idges  separa ted  by  
r e l a t i ve ly  deep val leys .  I t  is difficult to ob ta in  
precise  da ta  abou t  the  dep th  of the  va l leys  or the  
ang le  at  which  the i r  sides in te r sec t  the base  (110) 
sur face  f rom e lec t ron  mic rog raph  s tudies ;  however ,  
it is ce r ta in  t h a t  the  facets lie in  the  (110 ) - (100 )  
zone, a nd  it is h igh ly  p robab l e  t ha t  the  surfaces of 
the  facets are (100) since the  " subface t ing"  on the  
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Fig. 6. Facet development 
on (110) surface. Average 
atomic layers of copper re- 
moved: A, 900; B, 1800; C, 
3000. Magnification before 
reduction for publication: A, 
50000X; B, 25000X; C, 
8500X. 

Fig. 7. Facet development 
on (111) surface. Average 
atomic layers of copper re- 
moved: A, 900; B, 1800; C, 
3000. Magnification of A, 
B, C 17000X before reduc- 
tion for publication. 

Fig. 8. Hillocks formed 
on (100) surface. Average 
atomic layers of copper re- 
moved: A, 900; B, 1800; C, 
3000. Magnification before 
reduction for publication: A, 
25000X; B, 12S00X; C, 
17000X. 

sides of the  va l leys  is iden t ica l  w i t h  tha t  of a (100) 
surface.  If the fu l ly  developed facets are  a s sumed  to 
be (100),  ca lcula t ions  of the  a m o u n t  of copper  re -  
moved  p rove  tha t  the tops of the  r idges ce r t a in ly  
lie be low the or ig ina l  (110) surface;  however ,  the 
facet ing process does s tar t  ve ry  early,  and  most  of 
the  m a t e r i a l  r emoved  came f rom the va l l ey  areas. 

P i t t i ng  is seen on the  (111) surface at  the ear l i -  
est obse rvab le  stages. F i g u r e  7 i l lus t ra tes  how these 
pits g row and  coalesce as the reac t ion  proceeds to 
produce  s tepped facets which  are o r ien ted  in  two 
p r inc ipa l  directions~ F r o m  the  o r i en ta t ion  of the 
crys ta l  and  the shadows produced  in the  rep l ica t ion  
process, it  is possible  to p rove  tha t  the facets are  
p r inc ipa l l y  (110) faces. F u r t h e r m o r e ,  these facets 
s tar t  deve lop ing  f rom pits ve ry  ear ly  in  the dis-  
so lut ion process. Again,  da ta  on the  tota l  copper  
r emoved  show that ,  at stages of the reac t ion  where  
the  facets are wel l  developed,  even  the  tops of the 
facets are  wel l  be low the  or ig ina l  surface.  Also, at 
ea r ly  stages of the reac t ion  pr ior  to ex tens ive  facet  
d e v e l o p m e n t  it is possible  to see pits which  m a y  
have  some re la t ionsh ip  to the  s u b s t r u c t u r e  of the  
crystal .  A few of the  pits are a r r a n g e d  in  l ines  
which  a p p a r e n t l y  have  some re la t ionsh ip  to sub -  
g ra in  bounda r i e s  in  the crystal .  

Ne i the r  p i t t i ng  n o r  o r i en ted  face t ing  is observed 
on the  (100) surface  even  af ter  the  r e m o v a l  of cop-  
per  co r respond ing  to an  average  of 3000 a tomic 
layers .  F r o m  the  b e g i n n i n g  of the  reac t ion  r o u n d e d  
hi l locks are  seen on the  surface.  The  d e v e l o p m e n t  
of these hi l locks as the  reac t ion  proceeds is shown 
in Fig. 8. A r r a n g e m e n t s  of some of the  hi l locks in  

l ines  which  m a y  have  some cor respondence  to sub-  
g ra in  bounda r i e s  are observed t h r o u g h o u t  the r e -  
action. 

Discussion 

Kinetic Results 

To p r e v e n t  the  fo rma t ion  of oxide films on a 
spec imen  before  contact  w i th  the  solut ions  it  was 
des i rab le  to a n n e a l  and  m a i n t a i n  the copper c rys ta l  
in  an  a tmosphe re  of hydrogen .  Therefore ,  it was 
not  possible to mask  the crys ta l  edges of u n d e s i r -  
able  o r i en ta t ion  f rom the solut ion.  These edges of 
var ious  o r i en ta t ions  cons t i tu ted  5-10% of the  to ta l  
exposed surface  area. Also, e lec t ropot ishing r ounded  
off the edges of the  crys ta l  to produce  o ther  de-  
pa r tu r e s  f rom the  desired or ien ta t ion .  I t  seems 
clear then  tha t  if condi t ions  had  been  such tha t  the 
ra te  of ox ida t ion  at  the c rys ta l  face was  r a t e - c o n -  
t rol l ing,  no ra te  difference due  to c rys ta l lographic  
o r i en ta t ion  w ou l d  have  been  observed  since such 
differences wou ld  no t  be  expected  to be v e r y  large.  
However ,  the  k ine t i c  data  at d i f ferent  s t i r r ing  ra tes  
and  t e m p e r a t u r e s  demons t r a t e  tha t  condi t ions  were  
such tha t  a t r a n s p o r t  process in  solut ion was r a t e -  
control l ing.  The  ac t iva t ion  ene rgy  d e t e r m i n e d  for 
the reac t ion  is of the  m a g n i t u d e  an t i c ipa ted  for a 
process u n d e r  t r a n spo r t  con t ro l  bu t  ce r t a in ly  lower  
t h a n  expec ted  for a sys tem in  which  the  r a t e -  
d e t e r m i n i n g  step is chemical  in  na tu re .  

D u r i n g  the  course  of the react ion,  the concen t r a -  
t ion  of h y d r o x y l  ion was cons t an t ly  inc reas ing  in  
accordance wi th  the  r e q u i r e m e n t s  of Eq. [1]. This  
resu l t ed  in  a co r re spond ing  decrease  in  the  concert-  
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t r a t ion  of the p ro tona t ed  form of e t h y l e n e d i a m i n e  
due  to the e q u i l i b r i u m  r e q u i r e m e n t s  of the  reac t ion  
of e t h y l e n e d i a m i n e  wi th  wa te r  

en + H20 ~ enH + + OH- [6] 

Over -a l l ,  the  concen t r a t i on  of h y d r o x y l  ion i n -  
creased about  10%whi le  tha t  of the e thy lened i -  
a m i n i u m  ion decreased the same amoun t .  No change  
in reac t ion  ra te  due to these concen t r a t i on  changes 
was observed.  Since in i t i a l ly  bo th  concen t ra t ions  
were  on ly  about  10% of tha t  of the  to ta l  e t h y l e ne -  
d i a m i n e  present ,  the  changes  in  concen t ra t ions  
p r o b a b l y  were  not  l a rge  enough  to p roduce  the  ef-  
fects observed in  sys tems more  concen t ra t ed  in  
oxygen,  e t h y l e n e d i a m i n e ,  and  e t h y l e n e d i a m i n i u m  
ion (3).  

E x p e r i m e n t a l  obse rva t ion  es tab l i shed  tha t  the r e -  
act ion ra te  was d i rec t ly  p ropor t iona l  to the  gross 
surface  area of the sample,  conf i rming the  repea ted  
observa t ions  of others;  however ,  it is i n t e res t ing  
tha t  as the  reac t ion  proceeded the re  was  no de-  
p a r t u r e  f rom f i r s t -order  kinetics.  F i g u r e  6C shows 
the (110) surface  at  a t ime  w h e n  the  reac t ion  was  
abou t  75% complete.  At  this t ime  the  surface  area  
was a p p r o x i m a t e l y  twice tha t  of the  or ig ina l  c rys-  
tal  before  reac t ion  s ta r ted  due  to the  t roughs  
fo rmed  by  r emova l  of copper. As p rev ious ly  stated, 
the  sides of the  va l leys  show s u b s t r u c t u r a l  deve lop-  
m e n t s  l ike the (100) and  ce r t a in ly  are no t  a tom- 
ical ly  smooth  and, therefore,  the  roughness  factors  
of this  and  the or ig ina l  surface can r ea sonab ly  be 
a s sumed  to be abou t  the same. Since  the  average  
d is tance  b e t w e e n  crests of the  t roughs  is abou t  
7000A these fea tures  cannot  be  cons idered  neg l ig -  
ible. Logical ly,  it wou ld  be r ea sonab le  to expect  
dev ia t ions  f rom f i r s t -order  k ine t ics  on all  ma j o r  
faces of the  crys ta ls  due  to the  increase  in  surface  
area, especia l ly  in  the  la t te r  stages of the  reac t ion  
w h e n  the change  in  surface area  has reached a 
m a x i m u m .  The observed  s t ruc tu r a l  effects wou ld  
lead one to expect  the  greates t  difference on the 
(110) and  the  least  on the  (111) in  this  pa r t i cu l a r  
system. These differences were,  of course, no t  ob-  
served.  

For  such a sys tem u n d e r  k ine t i c  cont ro l  by  a 
t r an spo r t  process, the  cr i t ical  area  m u s t  be approx i -  
m a t e l y  tha t  area of the  so lu t ion  wh ich  is c i r c um-  
scr ibed by  the  b o u n d a r i e s  of the  sample.  Only  
macroscopic  topographica l  dev ia t ions  f rom a flat 
surface  can  a l te r  this  b o u n d a r y  a rea  and,  conse-  
quen t ly ,  the r eac t ion  rates.  Changes  in  surface  area 
are  effective on ly  to the ex t en t  to which  they  con-  
t r i b u t e  to such macroscopic  f luctuat ions.  Since the  
facets deve loped  on the  (110) we re  a p p r o x i m a t e l y  
3500A high, this  suggests  tha t  the  t r a n s p o r t  de -  
p e n d e n c e  observed  is r e la ted  to v o l u m e  diffusion 
w i t h i n  the  so lu t ion  r a t h e r  t han  diffusion across an  
in t e r fac ia l  bar r ie r ,  for it  seems clear  tha t  the  area  
of such a ba r r i e r  should  be p ropor t iona l  to the  
microscopic  surface  a rea  of the  crystal .  

Surface Orientations 
In  the  sys tem s tudied  the  (100) sur face  appears  

to be  the  s table  o r ien ta t ion .  At  no t ime  d u r i n g  the  
n o r m a l  reac t ion  is o r ien ted  face t ing  observed  on 
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Fig. 9. Facets on (100) surface af ter  dissolution of  an 
average of 30 ,000 atomic layers. Magni f icat ion 6SOOX be- 
fore reduction for publication. 

surfaces of this type. However, if crystals of this 
orientation are reacted in systems with larger vol- 
umes so that more copper can be removed, faceting 
is observed as is demonstrated by the surface rep- 
lica shown in Fig. 9. These facets consist of pits of 
various sizes, some of which have grown into each 
other to form large facets of random orientation. 
Over-all, there is clearly a tendency to maintain 
the (i00) orientation. At higher magnifications the 
fiat areas of this surface were seen to have a struc- 
ture similar to that shown in Fig. 8A. It should be 
noted that casual observations would lead to the 
conclusion that the pits seen in Fig. 9 are associated 
with sites which are more reactive than the re- 
mainder of the surface. This cannot be the case, for 
Fig. 8 illustrates that the attack is a general one. 
The occurrence of pits under these conditions must 
be largely statistical and results from the propen- 
sity of the surface to maintain the more stable 
(i00) orientation. The rapid development of (i00) 
facets on the (II0) surface supports the argument 
that the (i00) is the stable orientation under these 
conditions. The development of facets, largely 
(Ii0), on the (Iii) surfaces may represent a meta- 
stable condition. Since the (i00) orientation is 
about 55 ~ from the (iii) and the (ii0) only 35 ~ , 
the faceting observed may represent a progression 
to a surface state of lower energy as quickly as 
possible. These observations are complicated by the 
fact that the original surfaces of these specimens 
were about 2 ~ removed from the (IIi). It is diffi- 
cult to understand why original faceting of three- 
fold symmetry illustrated in Fig. 7A should de- 
generate to twofold symmetry and why so much of 
the surface should maintain (iii) orientation. It 
is reasonable to assume that if the surface were 
permitted to react to the point that it was covered 
with (ii0) facets, then the development of (100) 
facets on (If0) facets would be observed; however, 

such arguments are questionable for the relation- 
ships between surface energies and surface area vs. 
total energy in systems of this type are not obvious. 
If no external forces are applied to the crystal, the 
r e l a t ive  s t ab i l i ty  of copper  faces is ( 1 1 1 ) > ( 1 0 0 ) >  
(110). S ince  this  r e l a t ionsh ip  was  no t  observed,  it 
is possible  t ha t  face t ing  is d e p e n d e n t  on bo th  the  
r eagen t s  in  so lu t ion  a nd  the i r  concen t ra t ion .  
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Fig. 10. Optical photograph of (100) surface shown in Fig. 
8B. Magnification 200X before reduction for publication. 

Only from replicas of the (Iii) surface in the 
early stages of reaction is it possible to obtain any 
information about the number of reaction sites. It 
is seen in Fig. 7A that the initial attack on the sur- 
face results in small triangular pits enclosed in 
larger ones. If each small pit is considered a nu- 
cleation poin t  for react ion,  t hen  there  are abou t  1011 
such poin ts  pe r  square  c e n t i m e t e r  of sur face  area. 
This n u m b e r  is much  too large  to be re la ted  solely 
to l ine  defects in  the crystal ,  and  it  is no t  ce r ta in  
tha t  the  n u m b e r  r ep resen t s  more  t h a n  a l imi t  to the 
means  of observa t ion .  

On all  (100) surfaces the re  are s t r uc tu r a l  detai ls  
l ike those shown in  Fig. 10 which  are t hough t  to be 
re la ted  to s u b g r a i n  b o u n d a r i e s  w i t h i n  the  crys ta l  
and  which  pers is t  t h r o u g h o u t  the  n o r m a l  react ion.  
S imi la r  pa t t e rn s  are  observed  on the (111) un t i l  
facet ing becomes so p r o n o u n c e d  tha t  they  no longer  
are  visible.  No s u b s t r u c t u r a l  effects of this type  are 
observed on the  (110).  On the  (100) these areas 
are hi l locks raised above the  rest  of the surface 
ind ica t ing  a decreased r eac t iv i ty  at  these  points ,  
whi le  on the  (111) the  l ines  are rows of pi ts  which  
lie be low the r e m a i n d e r  of the  surface, and  the re -  
ac t iv i ty  m u s t  be g rea te r  at such points.  Whe t he r  or 
no t  such areas  are r ep re sen t a t i ve  of subg ra in  
boundar ies ,  the i r  con t rad ic to ry  behav io r  is difficult 
to unde r s t and .  

Conclusions 
I. In the dilute, oxygen-free solutions studied, 

there is no measurable reaction between copper 
metal and divalent copper in solution. Either values 
quoted for the equilibrium constants are wrong or 
equilibrium is extremely slow in being established 
in these solutions. 

2. The rate of dissolution of single crystalline 
copper in a closed system of air-saturated, 10-~M 
solutions of ethylenediamine is controlled by a 
transport process in the solution. The rate is a func- 

tion of the temperature and rate of stirring of the 
solution but is independent of the crystallographic 
orientation of the exposed metal surface. The ac- 
tivation energy determined is of the magnitude 
expected for a process under transport control. 

3. While the dissolution rate appears to be di- 
rectly proportional to the gross surface area of the 
sample, it seems likely that this is an oversimpli- 
fication of a more complex relationship. 

4. The dissolution rate of a Cu.~O film of pre- 

determined thickness proved to be much slower 
than the removal of a corresponding amount of 

copper under similar conditions. If an oxide film 
was present on the crystals studied, it was an ex- 
tremely thin one lacking the usual properties of a 
true film several angstroms thick. 

5. The crystallographic orientation of facets 
developed on the metal surfaces during dissolution 
shows that the most stable face is not the close- 
packed (111). The relative stability of crystal faces 
in this particular system apparently is (i00)> (I I0) 

> ( 1 1 1 ) .  
6. Nuc lea t ion  of reac t ion  sites appears  to be a 

r a n d o m  process on all  surfaces,  a nd  the  n u m b e r  of 
such sites on the (111) face is m u c h  la rger  t h a n  
wou ld  be p e r m i t t e d  if reac t ion  sites were  l imi t ed  
to poin ts  where  dis locat ions in te r sec ted  the crys ta l  
surface.  

7. The difference in  r eac t iv i ty  of the areas  
t hough t  to be s u b g r a i n  bounda r i e s  on the  (100) and  
(111) does no t  suppor t  the a s sumpt ion  gene ra l ly  
m a d e  tha t  these are  regions of g rea te r  reac t iv i ty .  
At  this t ime, no e x p l a n a t i o n  of the  lack of cor re la -  
t ion  b e t w e e n  crys ta l  imper fec t ions  a nd  reac t iv i ty  
can be made.  
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Studies on Cathodic Protection Using the Hull Cell 

i. Action of Corrosion Inhibitors 

K. S. Rajagopalan and Y. V. P. Ramachandra Row 

Central Electrochemical Research Institute, Karaikudi, lndia 

ABSTRACT 

A new method of s tudying inhibi tor  action is proposed. It  is shown that  the 
action of acid inhibitors is changed profoundly under  impressed current  con- 
ditions. The study also reveals that  the potent ial  of the cathodically protected 
metal  is not a fixed value as is usual ly believed but  changes in the presence of 
inhibitor.  

Cathodic  pro tec t ion  is used in  c o m b i n a t i o n  wi th  
ano the r  w e l l - k n o w n  me thod  of corrosion p r e v e n -  
tion, viz., add i t ion  of corrosion inh ib i tor ,  in  e lec t ro-  
lyt ic  de rus t i ng  wi th  acid solut ions  to p r e v e n t  basis  
me ta l  at tack.  It  is, therefore ,  of cons iderab le  in -  
teres t  to k n o w  how the two methods  f u n c t i o n  in  
con junc t ion  w i th  each other,  in  par t i cu la r ,  how the 
cu r r en t  r e q u i r e m e n t  for cathodic p ro tec t ion  is i n -  
f luenced by  inh ib i to r  action.  This aspect  has ap-  
p a r e n t l y  no t  received adequa te  a t t en t i on  so far. 
P r e l i m i n a r y  expe r imen t s  (1) carr ied  out  in  this  
Ins t i t u t e  have  shown tha t  the  c u r r e n t  r e q u i r e m e n t  
for cathodic  p ro tec t ion  can  be c o n v e n i e n t l y  s tudied  
by  the  Hu l l  Cell  t e chn ique  (2, 3) which  is so w ide ly  
used in  the  s tudy  of e lec t rodeposi t ion  and  tha t  p r e -  
cise i n f o r m a t i o n  on inh ib i to r  act ion u n d e r  impressed  
c u r r e n t  condi t ions  can be ob ta ined  by  this  method.  
The app l ica t ion  of this  t e chn ique  to the  s tudy  of 
i nh ib i t o r  act ion in  su l fur ic  acid m e d i u m  is con-  
s idered here  w i t h  re fe rence  to four  c o m m o n l y  used  
acid inhib i tors .  

Experimental 
Metal.--Mild steel hav ing  the  fo l lowing composi t ion  
was used: C - - 0 . 1  to 0.2%, M n - - 0 . 4  to 0.5%, P - -  
0.07 to 0.08%, S -  0.02 to 0.03%. Spec imens  of 18 
gauge sheet  steel cut  to the  size of Hu l l  ca thode and  
prov ided  wi th  a h a n d l e  at  the  cen te r  w e r e  used  in  
the  Hul l  Cell  exper imen t s .  Spec imens  of the  same 
mi ld  steel sheet  3 x 1 in. were  used in  i n d e p e n d e n t  
e x p e r i m e n t s  to d e t e r m i n e  we igh t  loss a t  p ro tec t ion  
cur ren t .  The  spec imens  were  in i t i a l ly  f reed  of rus t  
and  scale, ab raded  wi th  120 emery ,  and  degreased 
wi th  me thano l ,  hot  benzene  and  hot  acetone.  
Se t -up . - -The  Hul l  Cell used here  (Fig. 1) is a smal l  
box of t rapezoida l  p l a n  in  which  the  cathode is 
placed at a fixed angle  wi th  respect  to the  anode  (3) .  
Both electrodes  occupy the  fu l l  cross sect ion of 
the cell and  the  d i s t r i bu t ion  of c u r r e n t  dens i ty  
on the cathode for a 267 ml  cell is g iven  b y  the  
equa t ion  C. D. a t  any  point .  A m p / d i n  ~ ~ I (2.98- 
5.24 log L /2 .54) ,  where  1 is cell c u r r e n t  in amperes  
and  L is d i s tance  in  cen t ime te r s  of the  po in t  f rom 
the h igh c u r r e n t  dens i ty  end  of the cell. The e qua -  
t ion  appl ies  b e t w e e n  the  l imi t s  1.3 and  6.4 cm. The 
d imens ions  of the  Hul l  Cell  are  g iven  in  Fig. 1. 

The cell was  fabr ica ted  f rom 1/4 in. th ick  perspex  
( t rade  p roduc t  m a d e  f rom acryl ic  r e s in ) .  To fac i l -  

~f 

Fig. 1. Hull Cell 

i ta te  e x p e r i m e n t a t i o n  at e leva ted  t empera tu re s ,  the  
cell was placed ins ide  a l e a d - l i n e d  brass  ba th  of 
s l igh t ly  g rea te r  he ight  t h a n  the  Hu l l  Cell  and  both  
brass  ba th  and  the  perspex  Hul l  Cell  filled w i th  
acid so lu t ion  t i l l  acid leve l  was n e a r l y  flush w i th  
the top of the  cell. A lead anode  was used. 

Procedure.--Experiments  were  m a d e  at  va r ious  
cell cur rents .  The  spec imen was  in t roduced  into the  
cell a f ter  a d j u s t i ng  the  c u r r e n t  us ing  a d u m m y  spec-  
i m e n  so tha t  c u r r e n t  s ta r ted  f lowing to the  spec imen  
s i m u l t a n e o u s l y  w i th  the  i mme r s i on  of the  specimen.  
I m m e d i a t e l y  af ter  test ,  the  spec imen  was  taker~ out  
and  qu ick ly  r e i m m e r s e d  in a 0.5% NaOH solu t ion  
fol lowed by  r i n s i ng  w i th  cold w a t e r  and  d r y i n g  
to p r e v e n t  a t t ack  by  the  acid af ter  it  was  d i scon-  
nec ted  f rom the  cell. The dr ied  spec imen  was  com-  
p le te ly  etched w h e n  the  m a x i m u m  c u r r e n t  dens i ty  
ob ta ined  on the spec imen  was insufficient  to give 
protect ion.  A n  etched as wel l  as a br ight ,  u n a t t a c k e d  
reg ion  was observed  w h e n  c u r r e n t  densi t ies  r e -  
qu i red  for comple te  cathodic p ro tec t ion  w e r e  ob-  
t a ined  in  the Hu l l  Cell. The l ine  d iv id ing  these  two 
regions  were  u s u a l l y  qu i te  sharp  and  r ep roduc ib le  
to the  ex ten t  of less t h a n  3 mm.  Al l  the  resu l t s  
r epor ted  in  the  pape r  we re  ob ta ined  u n d e r  cond i -  
t ions  of u n i f o r m  s t i r r ing  wi th  a m e c h a n i c a l l y  d r iven  
glass s t i r re r  ro t a t ing  at an  a p p r o x i m a t e  speed of 
750 rpm.  

Results 
E~ects oS temperature and acid concentration on 

the protection currenW--The  effects of ba th  t e m p e r -  

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

379 
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Table I. Effects of some experimental variables on 
protection current. 

Duration of test ~ 30 min 

P r o t e c t i o n  C o n c e n t r a t i o n  of a c i d  
l ine,** c m  so lu t ion ,  moles /1  T e m p ,  ~ 

0.5 60 
0.5 60 

6.1 0.5 60 
6.1 0.5 60 
6.1 0.5 60 
5.8 0.5 60 
5.8 0.5 60 
NE 0.5 30 
NE 0.5 40 
NE 0.5 50 
4.8 0.5 70 
NE 0.05 60 
E 21 60 

** D i s t a n c e  of  d i v i d i n g  l ine  f r o m  h i g h  c u r r e n t  d e n s i t y  end .  
NE,  no  p a r t  of  t h e  s u r f a c e  g o t  e t ched .  E, c o m p l e t e l y  e tched .  

a tu re  and  acid concen t r a t i on  on the  c u r r e n t  r e -  
qu i r ed  for  ca thodic  p ro tec t ion  in 0.5 mole /1  H~SO~ 
so lu t ion  w e r e  s tud ied  in the  first  ins tance .  The  r e -  
sul ts  ob ta ined  in r e p l i c a t e  e x p e r i m e n t s  for  a cell  
c u r r e n t  of 1.5 amp  are  g iven  in Tab le  I. 

The  m e t a l  r e m a i n e d  p rac t i ca l ly  u n a t t a c k e d  at  
l ower  t e m p e r a t u r e s  t h a n  60~ as shown  in Tab le  I. 
As the  t e m p e r a t u r e  was  inc reased  beyond  50~ 
e tched  and u n a t t a c k e d  reg ions  appeared .  The  d i v i d -  
ing l ine  sh i f ted  to h i g h e r  c u r r e n t  dens i ty  va lues  at 
70~ as c o m p a r e d  to 60~ A p p a r e n t l y ,  at t e m p e r -  
a tu res  l o w e r  t h a n  60~ the  r a t e  of cor ros ion  is so 
low and the  effect of e v e n  the  lowes t  ca thodic  c u r -  
r en t  ob t a inab l e  on the  p l a t e  a re  suff ic ient ly  m a r k e d  
to m a k e  the  e tch ing  of t he  m e t a l  su r face  insignif i -  
cant ;  w h i l e  at  60~ and 70~ the  corros ion  r a t e  is 
suff ic ient ly h igh  for  e t ch ing  to appea r  on u n p r o t e c t e d  
reg ions  w i t h i n  the  du ra t i on  of the  tes t  (30 rain)  
for  a cel l  c u r r e n t  of 1.5 amp. At  2 M acid concen-  
t r a t i on  the  m e t a l  was  p r ac t i c a l l y  c o m p l e t e l y  e tched  
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Table II. Protection currents obtained for different cell currents. 
Duration of test ~ 30 min 

No. E l e c t r o l y t e  

C u r r e n t  c o r r e s p o n d -  
P r o -  i ng  to p r o t e c t i o n  

Cel l  t e c t i on  l ine  ( c a l c u l a t e d  
c u r r e n t ,  l ine ,  f r o m  Eq.  [1]) 

a m p  c m  m a / d m e  

1 5% H~SO~ 1.5 6.1 1500 
0.75 3.8 1400 

2 5% H2SO, + 0.01% 0.75 NE 
Thiourea 0.5 6.4 450 

0.25 3.8 550 
3 5% H~SO~ + 0.01% 0.75 4.6 1300 

Gelatine 0.5 2.8 1400 

and at 0.5 m o l e / l i t e r  the  e t ched  sur face  was  not  
seen at all. The  two  reg ions  b e c a m e  v is ib le  on the  
p l a t e  on ly  at the  i n t e r m e d i a t e  concen t r a t ions  of 0.5 
m o l e / l i t e r .  The  va lues  ob ta ined  in 0.5 M acid solu-  
t ion at 60~ (see Tab le  I) show tha t  the  posi t ion of 
the  d iv id ing  l ine  b e t w e e n  the  e t ched  and the  u n a t -  
t a cked  reg ions  is qu i te  r ep roduc ib le .  Al l  the  subse-  
q u e n t  e x p e r i m e n t s  w e r e  ca r r i ed  out  at  this  t e m p e r -  
a t u r e  (60~176 

A p p l i c a b i l i t y  o f  t h e  H u l l  C e l l  e q u a t i o n . - - T h e  ap-  
p l i cab i l i ty  of the  equa t ion  g iven  ear l ier ,  wh ich  gives  
the  d i s t r ibu t ion  of c u r r e n t  dens i ty  on the  cathode,  
has been  s tud ied  in seve ra l  ways .  Firs t ,  the  c u r r e n t  
densi t ies  for  ca thodic  p ro t ec t i on  w h e n  d i f ferent  cell  
cu r ren t s  a re  e m p l o y e d  h a v e  been  compared .  Resul t s  
a re  g iven  in Tab le  II. 

I t  is seen f r o m  Tab le  II  t h a t  a f a i r ly  good cor-  
r e spondence  is obse rved  b e t w e e n  the  p ro tec t ion  
cu r ren t s  ob ta ined  at d i f fe ren t  cel l  cur rents .  

Losses in w e i g h t  at  t he  p ro t ec t i on  cu r r en t s  de -  
t e r m i n e d  by means  of i n d e p e n d e n t  e x p e r i m e n t s  at 
s imi la r  c u r r e n t  densi t ies  a re  g i v e n  in Tab le  III.  It  
is seen tha t  the  cor ros ion  r a t e  is qu i te  h igh  in the  
absence  of c u r r e n t  and becomes  neg l ig ib le  at  the  
p ro tec t ion  cur ren t .  The  p ro t ec t i on  cu r ren t s  t h e m -  
selves  w e r e  ca lcu la ted  on the  basis of the  H u l l  Cel l  

Table I I I .  Weight losses in the presence and absence of protection current, electrode potentials, 
and inhibiter efficieneies of four inhibiters 

Duration of test = 30 min 

W h e n  p r o t e c t i o n  c u r r e n t  is no t  a p p l i e d  When protection current is applied 

E l e c t r o d e  P r o t e c t i o n  
C o n c e n t r a t i o n  W e i g h t  loss,  I n h i b i t i o n *  p o t e n t i a l  c u r r e n t ,  W e i g h t  loss,  

No. I n h i b i t o r  of  i n h i b i t o r ,  % g / d i n  e e f f ic iency ,  % vs .  SCE,  v m a / d m 2  g/dm'- '  P o t e n t i a l  

1 Nil - -  2.8 - -  --0.520 1500 0.017 --0.740 
2 Quinoline 0.01 2.6 7 --0.500 800 0.011 --0.500 
3 Quinoline 0.05 2.4 14 --0.490 700 - -  --0.560 
4 Quinoline 0.1 2.2 21 --0.480 500 - -  --0.560 
5 B-naphthol  0.01 2.6 7 --0.480 1100 0.014 --0.740 
6 B-naphthol  0.025 2.3 18 --0.470 700 - -  --0.740 
7 B-naphthol  0.05 2.5 11 --0.460 500 - -  --0.740 
8 B-naphthol  0.1 2.3 18 --0.450 400 - -  --0.740 
9 Thiourea 0.01 0.15 95 --0.500 500 0.020 --0.720 

I0 Thiourea 0.025 0.07 98 --0.480 500 - -  --0.720 
11 Thiourea 0.05 0.05 98 --0.460 500 - -  --0.720 
12 Thiourea 0.1 0.05 98 --0.450 500 - -  --0.720 
13 Gelat ine 0.01 1.2 57 --0.460 1400 0.007 --0.680 
14 Gelat ine 0.025 0.4 86 --0.440 1300 - -  --0.680 
15 Gelat ine 0.05 0.3 89 --0.430 1000 - -  --0.680 
16 Gelat ine 0.1 0.15 95 --0.430 800 - -  --0.680 

* I n h i b i t i o n  e f f i c iency  is  c a l c u l a t e d  b y  t h e  f o r m u l a :  ~ g t  loss in  t h e  a b s e n c e  of  i n h i b i t o r - - W t  loss in  t h e  p r e s e n c e  of i n h i b i t o r ~  • 100 

W t  loss in  t h e  a b s e n c e  of  i n h i b i t o r  3 



Vol. 107, No. 5 C A T H O D I C  P R O T E C T I O N  

equat ion .  The resul ts ,  therefore ,  suggest  t ha t  the  
p ro tec t ion  cu r r en t  can be pred ic ted  on the  basis  of 
the  equa t ion  wi th  a fa ir  a m o u n t  of accuracy.  It  may ,  
however ,  be a rgued  tha t  a we igh t  loss of 0.007 to 
0.02 g / d m ' / 3 0  rain canno t  be s t r ic t ly  cons idered  as 
r ep re sen t i ng  comple te  cathodic protect ion.  I t  is to 
be noted,  however ,  tha t  the  p re sen t  w o r k  re la tes  to 
condi t ions  which  a re  connec ted  w i th  processes such 
as p ick l ing  opera t ions  wh ich  n o r m a l l y  do not  e x -  
t e n d  beyond  30 rain. For  this dura t ion ,  the  ra te  of 
loss as ob ta ined  should  be cons idered  v e r y  sa t is fac-  
tory.  It  m a y  be po in ted  out in this  connec t ion  t ha t  
the  m a x i m u m  inh ib i t i on  by  the  most  efficient in= 
h ib i to r  used cor responds  to a we igh t  loss of 0.05 
g / d m ' / 3 0  rain wi th  an  i nh ib i t i on  efficiency of 95%. 
The  combined  effect of the  two methods  is appro -  
p r i a t e l y  s tud ied  keep ing  in  v iew the  h ighes t  o rder  
of p ro tec t ion  ob t a inab l e  wi th  e i ther  method.  

The  Hu l l  equa t i on  was  der ived  f rom we igh t  of 
me t a l  deposi ted in  di f ferent  regions  in  va r ious  plat= 
ing ba ths  as wel l  as by  the  di rect  d e t e r m i n a t i o n  of 
c u r r e n t  d i s t r i bu t i on  on the  Hu l l  plate.  M e a s u r e m e n t  
of c u r r e n t  d i s t r i bu t ion  on the  cathode in  Hul l  Cell  
u n d e r  the  condi t ions  employed  in  the  p re sen t  s tudy  
is of in teres t .  This  has been  car r ied  out  us ing  the  
strip method described by Hull (2). In this method 
a i/4 in. steel strip with a perspex back and edges 
painted with several coats of an acid resistant 
bituminous paint was used as the auxiliary elec- 
trode. It has been observed that current densities 
obtained by this method show fairly good corres- 
pondence with those calculated from the equa- 
tion mentioned earlier in the region 1.3 to 6.4 cm 
from the high current density end of the cathode. 
At greater distances the measured values fall much 
more slowly than the equation would give. It may 
be noted in this connection that most of the meas- 
urements reported are confined to the region of 
6.4 cm. 

Protection current in relation to concentration o~ 
inhibitor.--The pro tec t ion  c u r r e n t  at  four  concen-  
t r a t ions  of each of the four  inh ib i to r s  considered,  
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Fig. 2. Protection current vs. concentrat ion of inhibitor. 
[ ]  quinol ine; A B-napthol; �9 thiourea; o gelatine. 
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viz., B-napthol, quinoline, gelatine, and thiourea, 
are plotted against concentration in Fig. 2. It is 
seen from the figure that valuable information re- 
garding the behavior of the inhibitors is given by 
this method. The effect of gelatine increases with 
concentration and does not reach a maximum value 
even at 0.1%. As compared to this, quinoline and 
th iourea  m a k e  themse lves  more  or less comple te ly  
felt at the  lowest  concen t ra t ion  (0 .01%),  and  f u r -  
ther  changes  in  concen t r a t i on  do not  increase  the i r  
effectiveness.  These are also more  effective t h a n  
ge la t ine  at al l  concent ra t ions .  In  the case of B - n a p h -  
thol, increase  in concen t ra t ion  of i nh i b i t o r  has a 
p ro found  effect on the r e q u i r e m e n t  of c u r r e n t  and  it 
reduces  the c u r r e n t  r e q u i r e m e n t  more  t h a n  q u i n o -  
l ine and  th iourea  at 0.1%, a l though  it  is less effec- 
t ive  than quinoline or thiourea at 0.01%. 

Inhibition efficiences of the 4 inhibitors.--The i n -  
h ib i t ion  efficiency of the  four  inh ib i to r s  are  g iven  
in  Tab le  III  in  t e rms  of we igh t  loss da ta  w i th  and  
wi thou t  i nh ib i t o r  w h e n  no cathodic c u r r e n t  is ap -  
plied. I t  is seen f rom Tab le  I I I  tha t  the  efficiency 
of i nh ib i t i on  of the  d i f ferent  inh ib i to rs  is in  the  
order  t h iou rea  > ge la t ine  > B- na ph t ho l ,  qu ino l ine .  
The i n h i b i t i o n  efficiency of ge la t ine  increases  w i t h  
concen t ra t ion ,  and  it  becomes n e a r l y  as efficient 
as th iourea  at  0.1%. Both B - n a p h t h o l  and  qu ino l ine  
inh ib i t  poor ly  at  al l  concent ra t ions .  As compared  
to this, the  effectiveness of the  d i f ferent  i nh ib i to r s  
in  r educ ing  the  c u r r e n t  r equ i r ed  for  cathodic p r o -  
tec t ion  is in  the  o r d e r  t h iou rea  > qu i no l i ne  > B -  
n a p h t h o l  > ge la t ine  at 0.01%. It  m a y  be m e n t i o n e d  
in  this connec t ion  that ,  a l though  qu ino l ine  and  B-  
n a p h t h o l  i nh ib i t  poor ly  at  60~ ( the  t e m p e r a t u r e  
at which  all  the  p re sen t  e x p e r i m e n t s  have  b e e n  
car r ied  ou t ) ,  t hey  inh ib i t  to a g rea te r  e x t e n t  of 
25~ ~ The  loss in  the  i nh ib i t i ve  act ion of qu ino l ine  
at e leva ted  t e m p e r a t u r e s  has been  not iced  by  o ther  
workers  also (4) .  

Electrode potentials at currents corresponding to 
protection currents . - -The poten t ia l s  were  m e a s u r e d  
us ing  an  e lect ronic  m i l l i v o l t m e t e r  a nd  sa tu ra t ed  
ca lomel  e lect rode as the  re fe rence  electrode.  Al l  
the  po t en t i a l  m e a s u r e m e n t s  were  made  in  i nde -  
p e n d e n t  e x p e r i m e n t s  at the  p ro tec t ion  c u r r e n t  d e n -  
sities found  by  Hu l l  Cell  exper imen t s .  P o t e n t i a l  da ta  
are g iven  in  Tab le  III. I t  is seen t ha t  the  po ten t i a l  
co r respond ing  to the  pro tec t ion  c u r r e n t  is no t  a 
cons tan t  va l ue  and  var ies  w i th  each system,  b u t  
it r e m a i n s  the  same for the  same sys tem at  al l  con-  
cen t ra t ions  though  the  pro tec t ion  c u r r e n t  varies .  
The  po ten t i a l s  before  c u r r e n t  is appl ied,  however ,  
v a r y  wi th  concen t r a t i on  of inh ib i tor .  

The m e c h a n i s m  of cathodic  p ro tec t ion  as we l l  as 
inh ib i to r  act ion has been  v e r y  sa t i s fac tor i ly  i n t e r -  
p re ted  in  t e rms  of t h e  E v a n s  d i a g r a m (5, 6).  In  
the  fo rmer  case, cathodic pro tec t ion  is be l i eved  to 
have  been  a t t a ined  w h e n  the  me t a l  is ca thodica l ly  
polar ized to the  open -c i r cu i t  po ten t i a l  of the  IocaI 
anodes. In  the  l a t t e r  case, the  inh ib i to r  increases  
e i ther  the  anodic  or cathodic  po la r i za t ion  b e h a v i o r  

I t  is neces sa ry  to d r a w  the  r e a d e r ' s  a t t e n t i o n  he re  to t he  i n h i b i -  
t ion  eff ic iency v a l u e  g i v e n  in  ref .  ( I ) .  T h i s  was  o b t a i n e d  in  e x p e r i -  
m e n t  a t  r o o m  t e m p e r a t u r e  as i t  was  n o t  expec t ed  t h a t  t h e  e x t e n t  of 
~nhib~tion w o u l d  c h a n g e  m a r k e d l y  w i t h  t e m p e r a t u r e .  Our  m a i n  in -  
t e res t  a t  t h a t  s tage  was  to  b r i n g  ou t  t h e  r e v e r s a l  of t he  o rde r  u n d e r  
i m p r e s s e d  c u r r e n t  condi t ions .  
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of t he  local  ce l ls  and  b r i n g s  a b o u t  r e d u c t i o n  in  t he  
cor ros ion  ra te .  Bo th  anodic  and  ca thod ic  p o l a r i z a t i o n  
b e h a v i o r  can  also be  in f luenced  s i m u l t a n e o u s l y .  
The  d i r ec t i on  in w h i c h  t h e  o v e r - a l l  p o t e n t i a l  w i l l  
sh i f t  as a r e s u l t  of i n h i b i t o r  ac t ion  has  been  suc -  
c inc t ly  d e a l t  w i t h  b y  M e a r s  (7)  as  w e l l  as H o a r  (8 ) .  
In  the  p r e s e n t  case, w h e n  no c u r r e n t  is app l i ed ,  t h e  
p o t e n t i a l  sh i f t  in a l l  cases  is in t h e  n o b l e r  d i rec t ion .  
M a x i m u m  sh i f t  is g iven  b y  g e l a t i n e  a t  0.1% w h e n  
the  m e t a l  is 90 m v  m o r e  pos i t i ve  t h a n  in  u n i n -  
h i b i t e d  solut ion .  This  shou ld  i n d i c a t e  t h a t  a l l  t h e  
i n h i b i t o r s  po l a r i ze  t he  m e t a l  su r f ace  a n o d i c a l l y  and  
t h a t  th is  effect  i nc reases  w i t h  c o n c e n t r a t i o n  of i n -  
h ib i to r .  On t h e  o t h e r  hand ,  t h e  fac t  t h a t  a l l  t he  
i nh ib i t o r s  c o n s i d e r e d  h e r e  r e d u c e  the  c u r r e n t  r e -  
q u i r e d  for  ca thod ic  p r o t e c t i o n  sugges t s  t h a t  in  t h e  
p r e s e n c e  of i n h i b i t o r  t h e  m e t a l  is m o r e  c a t h o d i c a l l y  
po la r i zed .  I t  is f u r t h e r  no t i c ed  t h a t  in t h e  case  of 
ge l a t i ne  and  q u i n o l i n e  t he  p o t e n t i a l  a t  w h i c h  c o m -  
p l e t e  ca thod ic  p r o t e c t i o n  is o b t a i n e d  differs  f r o m  
t h a t  of u n i n h i b i t e d  ac id  so lu t ion .  I t  is r e d u c e d  b y  
180 m v  in t h e  case  of q u i n o l i n e  and  60 m v  in t h e  
case  of ge la t ine .  Thus,  i t  w o u l d  a p p e a r  t h a t  t he  
ac t ion  of co r ros ion  i n h i b i t o r s  is a c o m p l e x  p h e -  
n o m e n o n  in w h i c h  no t  o n l y  i n c r e a s e d  anod ic  a n d  
ca thod ic  p o l a r i z a t i o n  a r e  i n v o l v e d  b u t  a lso  a r e -  
duc t i on  in t h e  p o t e n t i a l  r e q u i r e m e n t .  L e t  us  n o w  
cons ide r  t h e  i n h i b i t i o n  eff iciencies of t h e  d i f f e r en t  
i nh ib i t o r s  g iven  in T a b l e  III .  T h i o u r e a  shows  v e r y  
h igh  i n h i b i t i o n  eff iciency in  t h e  absence  of  cu r r en t .  
Th is  is o b s e r v e d  even  a t  t h e  l owes t  c o n c e n t r a t i o n  
of t he  i n h i b i t o r  e m p l o y e d .  

The  p r o t e c t i o n  c u r r e n t  is m i n i m u m  in th i s  case  
a t  0.01% and  t h e r e  is no  c h a n g e  of t he  p r o t e c t i o n  
c u r r e n t  w i t h  c o n c e n t r a t i o n  of  inh ib i to r .  The  p o t e n -  
t i a l  c o r r e s p o n d i n g  to s a t i s f a c t o r y  ca thod ic  p r o t e c -  
t ion  is t h e  s a m e  as t h a t  of  ac id  so lu t ion  w i t h o u t  
inh ib i to r .  I t  wou ld ,  t he r e fo r e ,  a p p e a r  t h a t  t h i o u r e a  
i nc r ea se s  t h e  anod ic  and  ca thod ic  p o l a r i z a t i o n  c h a r -  
ac te r i s t i c s  of t h e  m e t a l  su r f ace  c o n s i d e r a b l y  on a d -  
d i t i on  a n d  t h a t  th i s  b r i n g s  a b o u t  t he  h igh  i n h i b i t i o n  
eff iciency in t h e  absence  of c u r r e n t  as w e l l  as  t h e  
l o w e r i n g  of t h e  p r o t e c t i o n  c u r r e n t  in t h e  e x p e r i -  
m e n t s  on ca thod ic  p ro tec t ion .  I n  t h e  case  of  g e l -  
a t ine ,  t he  i nh ib i t i on  eff iciency inc reases  w i t h  con -  
c e n t r a t i o n ;  so also t h e  l o w e r i n g  of t h e  p r o t e c t i o n  
c u r r e n t  i nc reases  w i t h  concen t r a t i on .  The  p o t e n t i a l  
d a t a  i nd i ca t e  t h a t  t h e  p o t e n t i a l  a t  w h i c h  ca thod ic  
p r o t e c t i o n  is o b t a i n e d  is l o w e r e d .  So ge Ia t i ne  m a y  
b e  sa id  to g ive  ca thod ic  p r o t e c t i o n  a n d  i nh ib i t i on  
b y  l o w e r i n g  t h e  p o t e n t i a l  r e q u i r e m e n t  a n d  b y  i n -  
c r ea s ing  the  anod ic  and  ca thod ic  p o l a r i z a t i o n  c h a r -  
ac te r i s t i c s  of t h e  m e t a l  su r f ace  and  t h a t  t he se  a r e  
a func t ion  of  i n h i b i t o r  concen t r a t i on .  B - n a p h t h o l  
and  qu ino l i ne  cause  c o n s i d e r a b l e  l o w e r i n g  of t h e  
p r o t e c t i o n  c u r r e n t  a t  a l l  c o n c e n t r a t i o n s  a l t h o u g h  
t h e y  g ive  v e r y  poo r  i nh ib i t i on  in  t h e  absenc e  of 
cu r r en t .  This  sugges t s  t h a t  t h e s e  i nh ib i t o r s  b e c o m e  
effec t ive  o n l y  in  t h e  p r e s e n c e  of  ca thod ic  cu r r en t .  
The  conclus ions  d r a w n  b y  M a n n  (9)  and  o the r s  (10)  
b a s e d  on ove r  v o l t a g e  m e a s u r e m e n t s  and  t h e  t h e o r y  
p u t  f o r w a r d  b y  W a r n e r  (11) t h a t  N - t y p e  i n h i b i t o r s  
w h i c h  can  f o r m  q u a t e r n a r y  a m m o n i u m  ions  can  
be  a d s o r b e d  a t  ca thod ic  a r eas  w h e n  t h e  m e t a l  is 
o p e r a t i n g  as c a thode  a p p e a r s  to h a v e  some v a l i d i t y  

in  t h e  l i g h t  of t he  r e s u l t s  o b t a i n e d  w i t h  qu ino l i ne  
and  B - n a p h t h o l .  The  ac t ion  of t h e  i n h i b i t o r s  is seen  
on ly  w h e n  ca thod ic  c u r r e n t  is app l i ed .  This  shou ld  
m e a n  t h a t  these  two  i nh ib i t o r s  a r e  a d s o r b e d  on t h e  
m e t a l  su r f a c e  on ly  a t  m o r e  n e g a t i v e  p o t e n t i a l s  t h a n  
the  co r ros ion  p o t e n t i a l  of  s tee l  in  su l fu r i c  ac id  
[cf. ( 1 3 ) ] .  Qu ino l ine  a p p a r e n t l y  r e duc e s  the  c u r -  
r e n t  r e q u i r e m e n t  b y  l o w e r i n g  t h e  p o t e n t i a l  r e q u i r e -  
m e n t  a n d  B - n a p h t h o l  b y  i nc rea s ing  ca thodic  p o l a r -  
iza t ion .  

The  fac to rs  d e t e r m i n i n g  the  c u r r e n t  r e q u i r e d  for  
c o m p l e t e  ca thod ic  p r o t e c t i o n  h a v e  b e e n  the  s ub j ec t  
of a n u m b e r  of i m p o r t a n t  s tudies .  On  the  bas is  of 
p r a c t i c a l  e x p e r i e n c e  i t  is b e l i e v e d  tha t ,  if a s tee l  
s t r u c t u r e  is m a i n t a i n e d  at  a p o t e n t i a l  of --0.77 v 
vs. s a t u r a t e d  ca lome l  e lec t rode ,  i t  w i l l  be com-  
p l e t e l y  p ro t e c t e d .  Th is  c r i t e r i on  has  been  w i d e l y  
used.  O u r  s t u d y  shows  t h a t  even  in t h e  same  e lec -  
t r o l y t e  t h e  p re sence  of sma l l  q u a n t i t i e s  of i nh ib i t o r s  
can b r i n g  abou t  v e r y  s u b s t a n t i a l  changes  in the  p o -  
t e n t i a l  a t  w h i c h  p r o t e c t i o n  is o b t a i n e d  a n d  t ha t  th i s  
change  t a k e s  p l a c e  to d i f fe ren t  e x t e n t s  in  the  case 
of t he  d i f fe ren t  inh ib i to r s .  I t  is, h o w e v e r ,  a cons t an t  
v a l u e  fo r  each sys tem.  The  t h e o r e t i c a l  s tud ies  of 
W a g n e r  (12) a p p e a r  to  show t h a t  u n d e r  c e r t a i n  
cond i t ions  a s s u m e d  b y  h i m  t h e  c r i t e r i o n  for  ca thod ic  
p r o t e c t i o n  can be  s t a t ed  w i t h o u t  r e c o u r s e  to Evans '  
d i a g r a m  and  t ha t  t he  c u r r e n t  r e q u i r e d  for  ca thod ic  
p r o t e c t i o n  can be w o r k e d  out  on the  bas i s  of l o w e r -  
ing the  m e t a l  p o t e n t i a l  to a v a l u e  0.2 v more  n e g a -  
t ive  t h a n  the  s t a n d a r d  s ingle  e l e c t r o d e  p o t e n t i a l  of 
the  me ta l .  The  p r e s e n t  w o r k  ind i ca t e s  t ha t  f r o m  a 
p r a c t i c a l  po in t  of v i e w  m u c h  g r e a t e r  cau t ion  has  to 
be e x e r c i s e d  in us ing  p a r t i c u l a r  p o t e n t i a l  va lues  as 
c r i t e r i a  for  ca thodic  p ro tec t ion .  
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Particle Separations by Nonuniform Electric Fields 
in Liquid Dielectrics, Batch Methods 

H e r b e r t  A .  Pohl and  James  P. Schwar  1 

Plastics Laboratory, Princeton University, Princeton, New Jersey 

ABSTRACT 

The motion of suspended solids in nonuniform electric fields in liquid di- 
electrics is called dielectrophoresis. Some of the quantitative aspects of di- 
electrophoretic behavior of solids is reported herein. The yield of precipitated 
solids is seen to rise with applied voltage in cells of cylindrical geometry, until 
a critical or "sluff-off" voltage is reached. The yield is seen to decrease with 
increase of volume fraction of suspended solids in the range of 1 to 50% v/v. 
The yield depends on voltage gradient, applied potential, cell dimensions, and 
relative dielectric constants of solid and liquid. In particles of given size, yield 
is observed to be directly dependent on the dielectric constant. Moisture is 
shown to have a small but demonstrable effect. As expected, the amount and 
character of dielectrophoretie behavior is observed to be independent of the 
direction of the field applied. 

Current flow during the process was observed to range up to about 20 ~a, 
and to indicate that a new method of conduction takes place with the particles 
present. It is suggested that this is due to ionic charging of the particles by 
usual current flow in the liquid dielectric, with the particles then aiding cur- 
rent flow and energy consumption (dielectric loss) by rotating. 

The motion of suspended solids caused by non- 
uniform electric fields is called "dielectrophoresis" 
(1-3). The most polar material moves toward the 
place of greatest field intensity. Unlike electro- 
phoresis, this does not require charged particles. 
Instead, it depends on the force felt by all polar 
material when in a nonuniform field. It may be de- 
scribed as arising from the unequal pulls exerted 
by the forward and backward direction of the elec- 
tric field on the dipole produced in the particle by 
the field. Reversal of the field produces no change 
in the direction of the pull on isotropically polariz- 
able particles. 

Prior work on the more quantitative experi- 
mental aspects has shown that the field strength, 
electrode size, cell size, and particle size are im- 
portant parameters affecting the yield of material 
held by the central electrode in a cell of cylindrical 
geometry. Field strength, electrode size, and parti- 
cle size show criticality. At certain upper limiting 
voltages, small central electrode diameters, and 
small particle sizes, all precipitation appears to be 
prohibited. The work described here is a continued 
study of other such factors. The effects of varied 
dielectric constant of the powder, of the dryness of 
the system, of the polarity, and of the powder con- 

centration are reported. 
The apparatus and handling methods used in this 

study are essentially those as reported earlier. 

Ef fec t  of  D ie lect r ic  C o n s t a n t  of  the  Powder  

As shown  in  the  simplif ied theory  ( 1 , 2 ) ,  the  
effect should  be p ropor t iona l  to the  difference in  the  
dielectr ic  cons tan t s  of the  l iqu id  dielectr ic  and  the  

solid. 

1 Present address: Divisio~ of Engineering, Texas College of Arts 
and Industries, Kingsvi]Ie, Texas. 

The fo l lowing e x p e r i m e n t  was  done in  the ap-  
pa ra tus  p rev ious ly  descr ibed (3) w i th  th ree  p o w -  
dered  subs tances  of differ ing polar izabi l i t ies .  The  
dielectr ic  cons tan t s  of solid a m m o n i u m  chloride,  
p o l y v i n y l  ch lo r ide  (PVC) ,  and  su l fu r  are:  7.0, 4.6, 
and 3.67. The dielectric constant of the liquid di- 
electric, composed of carbon tetrachloride-benzene 
mixtures chosen to be equal in density to the solid 
in use, is approximately 2.26. In agreement with 
expectation, the amount of ammonium chloride 
precipitated in a given time at voltages below the 
critical voltage is found to well exceed that of the 
polyvinyl chloride or the sulfur. The amount of 
PVC pulled out in turn exceeds that of the sulfur. 
Data were obtained on particles of the same aver- 
age particle size, namely, 163 ~ (see Fig. i for de- 

tails). 
The critical voltage, i.e., the voltage at which the 

particles appeared to be no longer held by the cen- 
tral electrode, was observed to increase with in- 
creasing dielectric constant of the powder. That for 
NH,CI was 7.6 kv, that for PVC was 7.0 kv, that 
for sulfur was 5.2 kv under the following ex~eri- 

_ NH4CL 

~ 4 o  

o _ . k _ J t I 
o 5 IO 

KILOVOLTS 

Fig. 1. Effect of varied dielectric constant of the solid 
powder on the precipitation yield during dieleetrophoresis. 
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m e n t a l  condi t ions:  powder  suspended  in  CCI~- 
benzene  mix tu r e s ;  a l t e r n a t i n g  vol tage  used, r e -  
por ted  as RMS: 60 cps; cen t ra l  wi re  d iameter ,  0.794 
ram, Teflon coated to a th ickness  of 5 mils ;  test  
dura t ion ,  180 sec of flow at  12.5 m l / s e c  of feed 
l iqu id  suspens ion:  ou te r  cell e lec t rode  d iameter ,  
9.8 ram, ID. 

Effect of Electrode Polarity 
Data were  ob ta ined  for the y ie ld  of PVC p re -  

c ip i ta ted  vs. the  appl ied  vol tage  in  stat ic fields, in  
which  the  po la r i ty  of the  electrodes were  reversed.  
The da ta  of Tab le  I show tha t  whi le  the  cen t ra l  
e lec t rode  is pos i t ive  and  the  ou te r  e lect rode n e g a -  
t ive  the  p rec ip i t a t ion  y ie ld  is iden t ica l  to w i t h i n  
e x p e r i m e n t a l  e r ror  w i th  the condi t ion  of hav ing  the 
same bu t  inve r se  vo l tage  on the  electrodes.  This is 
in  con fo rmi ty  w i th  the  v iew tha t  the p h e n o m e n o n  
is no t  e lectrophoresis ,  bu t  is dielectrophoresis .  
Corona  effects abou t  the  cen t ra l  e lectrode are t hough t  
to be  present ,  especia l ly  at  h igher  appl ied  vol tages,  
for w h e n  the  field is s u d d e n l y  reve r sed  at ve ry  h igh 
voltages,  the  par t ic les  c l ing ing  to the cen t ra l  e lec-  
t rode  s u d d e n l y  are  r ap id ly  repel led  to the cell wall .  
They  wi l l  r e m a i n  the re  for a t ime  u n t i l  the  charge 
accumula t ed  on the  par t ic les  by  the i r  i m b e d m e n t  in  
the  "corona  reg ion"  abou t  the cen t ra l  e lectrode 
leaks  away.  The  par t ic les  t h e n  e v e n t u a l l y  mig ra t e  
back  toward  the cen t ra l  e lect rode if the  reverse  
vol tage  is ma in t a ined .  

Effects of the Presence of Moisture 
In  an  effort to find a factor  effective in the  be-  

hav ior  of the  d ie lec t rophore t ic  precipi ta t ions ,  the 
effect of ca re fu l  d r y i n g  was  studied.  The  powdered  
mater ia l ,  in  this  case, p o l y v i n y l  chlor ide  seived to 
pass 100 mesh,  and  stop on 140 U.S. mesh  screen 
( n o m i n a l  127 tL ave rage  par t ic le  d i a m e t e r ) ,  was  

Table I. Effect of field direction on the yield 
during dielectrophoresis 

D a t a  on  p a r t i c l e s  of  p o l y v i n y l  c h l o r i d e  of  126t~ a v e r a g e  p a r t i c l e  
d i a m e t e r ,  s u s p e n d e d  i n  CC14:C~H~ m i x t u r e  of  c lose ly  e q u i v a l e n t  
d e n s i t y  b e t w e e n  c y l i n d r i c a l  e l ec t rodes ,  o u t e r  e l ec t rode ,  i n n e r  e l ec -  
t rode ,  l i q u i d  v e l o c i t y  a n d  t e s t  d u r a t i o n  w e r e  as  in t h e  p r e v i o u s  
e x p e r i m e n t .  

% Y i e l d  ( c e n t r a l  
V o l t a g e  e l e c t r o d e  p o s i t i v e )  

500 20.4 
1100 64.5 
1900 70.1 
2700 75.2 
3400 78.6 
3900 80.6 
4600 82.6 
5500 83.8 
6400 83.8 
6900 85.0 
7800 24.7 

% Y i e l d  ( c e n t r a l  
V o l t a g e  e l e c t r o d e  n e g a t i v e )  

500 19.6 
1150 62.8 
1900 69.4 
2800 73.8 
3600 77.2 
4600 82.2 
5500 83.5 
6600 83.5 
7800 23.9 

used "as is" after long storage at room humidity, 
and after drying 24 hr at I05~ The liquid dielec- 
tric, a mixture of CCL and benzene, both of reagent 
grade, having the same density as the freshly wet 
powder, was used as received from the supplier, 
and also after drying over anhydrous CaCl.~ for one 
week. The precipitation yield was observed to be 
slightly higher (about 2 % change in relative values) 
for the less dry materials. Perhaps this can be at- 
tributed to the slight changes in the dielectric con- 
stant of the liquid due to the water (see Fig. 2 for 
details). The critical cut-off voltage for the pre- 
cipitation was rather higher in the case of the dry 
materials. This is probably due in part at least to 
the decreased conductivity of the liquid dielectric. 
Increased conductivity permits a higher rate of 
conductive counter-polarization of the particles, 
thus accelerating sluff-off. Numerically the critical 
voltages observed were: dry-8.6 kv; wet-7.9 kv. 

Effects of Varied Particle Concentration 
It is observed that, as the concentration o f  the 

solid suspended in the liquid dielectric increased, 
the yield of solid precipitated in a given time de- 
creases. The experiments showing this were car- 
ried out in a cylindrical electrode cell of 9.8 mm 
ID, using a central wire electrode of 0.794 mm wire 
that was coated with 5 rail thick layer of Teflon. 
Polyvinyl chloride powder of spherical shapes, of 
nominal 127 /~ average diameter, as in the above 
experiment, was used, at various concentrations in 
mixtures of CCL and benzene adjusted to have sim- 
ilar density. The liquid velocity during the flow 
period of filling and draining was 12.5 ml/sec; the 
potential across the cell fixed at 2000 v. The test 
duration was 180 sec. The yield of powder collected 
at very low volume fraction (0.047) was 79% and 
fell smoothly with increase of volume fraction of 
powder to zero % yield at an extrapolated 51% 
volume fraction of powder, as the data in Fig. 3 

show. 

Current Flow during Dielectrophoresis 
Preliminary measurements of the current flow 

taking place during the dielectrophoresis showed 
that breaks in the current vs. voltage curve oc- 
curred at points corresponding to obvious changes 
in the yield per cent vs. voltage curve. The current 
flow was observed to be greater with increased con- 
centrations of powder, and to be greater with in- 
crease of particle size. Typical results obtained are 
shown in Table II and in Fig. 4. The data selected 
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Fig. 2. Effects of  moisture on the precipi tat ion vield of 
polyvinyl chloride spheres during electrophoresis. 
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Fig. 3. Effects of powder concentrations on precipi tat ion 
yield during dielectrophoresis. 

Table II. Preliminary data on current flow as affected by 
concentration and particle size during dielectrophoresis 

V o l u m e  
N o m i n a l  f r ac t i on  
a v e r a g e  P r e c i p i t a t e  of p o w d e r  

P a r t i c l e  size pa r t i c l e  Cur r en t ,  col lec ted,  as in  o r i g i n a l  
Mesh  r ange  d i ame te r ,  ~ #/~a % of t o t a l  s u s p e n s i o n  

--60, -~80 213 2.0 60 0.091 
--100, ~-140 127 1.06 81 0.091 
--100, -~ 140 127 2.7 68 0.250 

for 2000-v po ten t i a l  across the cell in  Tab le  II  do 
no t  show the b r eak  in  the  c u r r e n t - v o l t a g e  curves  
observed bu t  ind ica te  the  m a g n i t u d e s  of the  cu r -  
r~nts  and  the  re l a t ive  changes  observed on chang-  
ing the  par t ic le  size or concen t ra t ion .  

The  da ta  in  Tab le  I I  was  ob ta ined  us ing  a K ie th -  
ley e lec t romete r  across a h igh res i s tance  in  series 
wi th  the  cell and  vol tage  supp ly  circuit .  

The g rea te r  conduc t iv i ty  of powder  suspens ions  
of l a rger  par t ic le  size coincides w i th  the  observed  
lower  cr i t ical  vol tage  for sluff-off of the  p rec ip i -  
t a t ed  powder  in  those cases. The  l a t t e r  p h e n o m e -  
non  is be l i eved  to be  r e l a t ed  to the  c u r r e n t  flow 
d u r i n g  dielectrophoresis ,  t ha t  c u r r e n t  v i ewed  as 
p roduc ing  c o u n t e r - p o l a r i z a t i o n  on the  par t ic les  op-  
posing the  d ie lec t rophore t ic  action.  This  e f fec t - -of  
cu r r en t  inc reas ing  w i th  the  pa r t i c l e  s i z e - - a n d  the  
observed d i rec t  dependence  of the  c u r r e n t  on the  

1 /o 
2O I00  
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F!g. 4. Deposition and electric current characteristics during 
dielectrophoresis. Curve A: precipi tat ion yield for PVC of  213 
/~ average part icle diameter at  0.091 volume fract ion in l iquid 
dielectric. Curve B: precipi tat ion yield for PVC of 127 /~ 
average part icle diameter at  0.091 volume fraction in l iquid 
dielectric. Curve C: current f low during dielectrophoresis of 
127 /~ average particle diameter PVC at  0.25 volume frac- 
t ion in l iquid dielectric. Curve D: current f low during dielec- 
trophoresis of 213 /~ average part icle diameter PVC at  0.091 
volume fract ion in l iquid dielectric. Curve E: current f low 
during dielectrophoresis of 127 /~ average particle diameter 
PVC at 0.091 volume fraction in l iquid dielectric. Conditions: 
PVC powder suspended in CCh-benzene mixture of closely 
similar density; l iquid veloci ty 12.5 m l /m in ;  cell ID, 9.8 
ram; wire electrode 0.794 mm and coated with 5 mils of 
Tef lon; static f ield. 

par t ic le  concen t r a t i on  lend  suppor t  to the  v i ew  tha t  
a ne w  method  of c u r r e n t  c a r ry ing  is t ak ing  place. 
As suggested in  an  ear l ie r  paper  (3) ,  c u r r e n t  flow 
t h r ough  the  l iqu id  dielectr ic  deposits  ions on the  
suspended  part icles .  A ro ta t ion  of the  part ic les ,  
s tar ted,  say, by  B r o w n i a n  motion,  now acts to ca r ry  
c u r r e n t  across the  v o l u m e  occupied by  the  part ic les .  
This  add i t i ona l  c u r r e n t  c a r ry ing  ab i l i ty  of the  sus-  
pens ion  is be l ieved  to be c o n t r i b u t i n g  here.  

Manuscript  received Sept. 23, 1959. This paper was 
prepared for del ivery before the Phi ladelphia  Meeting, 
May 3-7, 1959. A portion of the research reported in 
this paper was sponsored jo int ly  by the Army Signal 
Corps and Office of Naval Research under  Signal Corps 
Contract No. DA-039 sc-70154 and O.N.R. 356-375. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1960 
JOURNAL. 
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ABSTRACT 

A simplified theory of the behavior of suspended polymer  particles in a real 
l iquid dielectric is presented. It is becoming well known  that  nonuni form fields 
exert  an attractive force of interest ing magni tude  on particles of high dielec- 
tric constant  suspended in a l iquid medium of lower dielectric constant. In  a 
real dielectric there is an appreciable effect due to the very small currents  
(10 -~ amp at kilovolts applied) which even good l iquid insulators support. 

It  is shown that, in  a real  dielectric, the ini t ia l  at t ract ion to the central  
electrode felt by all particles due to the nonuni form field and its polarizing in-  
duction is gradual ly  overcome by the repulsive effects of charge accumulated 
on the particles due to ionic condllction in the liquid. The "reversal t ime" for 
the particle motion is calculated and shown to be reasonable.  

The  ab i l i ty  of n o n u n i f o r m  electr ic  fields to p ro -  
duce des i rab le  separa t ions  of ma te r i a l s  of differ ing 
dielectr ic  cons tan t  is now wel l  recognized.  I t  is the  
purpose  of this pape r  to help es tab l i sh  some of the  
more  q u a n t i t a t i v e  fea tu res  of the  phenome non .  
Mue l l e r  (1) ,  Poh l  (2 -4) ,  and  Loesche and  Hul t sch ig  
(5) i n d e p e n d e n t l y  e x a m i n e d  the  t heo ry  of the  size 
and  d i rec t ion  of the  ac t ion  of n o n u n i f o r m  fields on 
mixed  dielectrics.  Mue l l e r  conc luded  f rom his ex -  
ce l len t  ana lys i s  tha t  the  effects wou ld  no t  be  ap -  
p rec iab le  for par t ic les  of molecu la r  size. Loesche 
and  Hul t sch ig  also conc luded  this  f rom the i r  theo-  
re t ica l  and  e x p e r i m e n t a l  s tudy.  However ,  it has 
been  shown  (2-4)  tha t  the  ac t ion  of n o n u n i f o r m  
fields on macroscopic  par t ic les  is i ndeed  apprec iab le  
and  can be used for ce r ta in  separat ions .  Debye  (6-  
9) conc luded  f rom theore t ica l  cons idera t ions  t ha t  
g rad ing  of macromolecules ,  such as h igh polymers ,  
should  be possible  by  this  technique .  

As defined ear l ie r  (2) "d ie lec t rophores is"  is the  
mo t ion  of m a t t e r  caused by  po la r i za t ion  effects in  a 
n o n u n i f o r m  electr ic  field. Other  effects in te r fere ,  
such as conduct ion ,  t h e r m a l  convect ion,  diffusion, 
and  the  ove r - a l l  effect of the  sequence:  charg ing  
( w h e t h e r  by  electrode,  par t ic le ,  or ion contac t )  a n d  
fol lowed by  electrosta t ic  repuls ion.  As expected,  in 
d ie lec t rophores is  the  most  polar  m a t e r i a l  moves  
t oward  the  region  of grea tes t  field in tens i ty .  H o w -  
ever,  al l  ma te r i a l s  conduct .  In  this  sense a theo ry  
developed on the a s sumpt ion  of no c u r r e n t  flow in  
the  e lect r ical  system, a l though  helpful ,  is too s im-  
ple. As a first step in  cons ider ing  the  effects of con-  
duct ion,  the  fo l lowing r a the r  e l e m e n t a r y  cons ide ra -  
t ions  a re  p r e sen t ed  w i t h  no g u a r a n t e e  of h a v i n g  
more  t h a n  sugges t ive  mer i t .  

We m a y  assume the par t ic le  to be in  e q u i l i b r i u m  
wi th  the  var ious  forces on it in  a rea l  die lectr ic  

F~+Fj+F~+ F,=O 

where F. is the dielectrophoretic force, F~ the force 
due to conduction-produced charge, F~ diffusiona] 
or osmotic force, and F, = viscous drag force. 
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D i e l e c t r o p h o r e t i c  force ,  F , . - - A s  shown  in  a pr ior  
paper  (3) ,  the  d ie lec t rophore t ic  force on a spher ical  
par t ic le  in  an  electric field w i th  u n i f o r m  proper t ies  
(i.e., "corona"  effects absen t )  and  cy l indr ica l  s y m -  
m e t r y  is 

(K~'--K1 ') V2 
Fo : --  4~a%oKl' " �9 r ~ 

( .~+2K1) \ r., 

a%oKl' (K.:--KI ' )  
= - -  4~ �9 E ~ r / r  f' 

r ~ (K,. '+ 2K~') 

where  Co is p e r m i t i v i t y  of free space, r~ the rad ius  of 
outer,  g rounded  cyl inder ,  r~ the  r ad ius  of i nne r  
cy l inder  at po ten t i a l  V~, r the  dis tance of par t ic le  
center  f rom the  axis, a the rad ius  of part icle ,  K /  
the re la t ive  diMectric cons tan t  of l iqu id  med ium,  
K~' the  r e l a t ive  dielectr ic  cons t an t  of part icles ,  r ~ 
the u n i t  r ad ius  vector,  V, V1 the  po ten t i a l  at r and  
r ,  respect ively ,  and  E, E, the  field at r and  r~, r e -  
spectively.  

The nega t ive  sign indicates  tha t  the mot ion  due to 
this force wi l l  be toward  the  axis. The mot ion  wi l l  
be s t r ic t ly  radial .  

For  p resen t  purposes  we m a y  gather  all  t e rms  ex-  
cept those of i mme d i a t e  i n t e re s t  into a s ingle  con-  
stant ,  k~, 

--kea~V2 
F .  -- r ~ 

where  
(K.:--K/)  

k o == 4VeoK~' 
K~' + 2K( 

E l e c t r o s t a t i c  force ,  F~, on  c u r r e n t - i n d u c e d  di-  
p o l e s . - - T h e  force on a par t ic le  c a r ry ing  free electric 
charges in an  electric field, E, is 

Fj ---- Q ' E  

where  Q is the  free charge.  
In  a field of cy l indr ica l  s y m m e t r y  it m a y  be 

shown tha t  



V o I .  1 0 7 ,  N o .  5 

V : V l l n ( r @ )  / I n ( - ~  1 )  

and  

E = - - V V = - - r ~  / l n  ( r_~)  .__lr = E ~ r @  

T h e  cha rge  Q, a c c u m u l a t e d  b y  the  p a r t i c l e s  d u r -  
ing t h e i r  l i fe  in t h e  l i qu id  and  b e t w e e n  d i s c h a r g i n g  
con tac t s  w i t h  t he  o u t e r  e l e c t r o d e  wi l l  be  a s s u m e d  to 
be  p r o p o r t i o n a l  to t h e i r  c r o s s - s e c t i o n a l  a r e a  and  to 
the  c u r r e n t  dens i ty .  The  c u r r e n t  in t he  r ea l  d i e l ec t r i c  
wi l l  be  a s s u m e d  due  to ionic conduc t i on  in t he  l i q -  
u id  and  to c h a r g e  t r a n s f e r  b e t w e e n  pa r t i c l e s .  I t  is 
a s s u m e d  t h a t  v o l t a g e  g r a d i e n t s  suff icient  to s t r ip  
off e l ec t rons  f rom the  p a r t i c l e s  b y  f ield effects do 
not  act  here .  

Cons ide r  t h e  forces  w h i c h  a r i se  on a p a r t i c l e  
s i t t i ng  at  r e s t  in a f ield in w h i c h  an  ionic c u r r e n t  
flows. Le t  the  p a r t i c l e  be  an  i n s u l a t o r  s im i l a r  ( b u t  
not  n e c e s s a r i l y  i d e n t i c a l )  in d i e l ec t r i c  cons t an t  and  
c o n d u c t i v i t y  to t h e  l i q u i d  m e d i u m .  The  mot ions  of 
t he  ions in so lu t ion  due  to t h e r m a l  mo t ion  a n d  
e l ec t r i c a l  forces  cause  t h e m  to dif fuse  t h r o u g h  the  
l iqu id  and,  in p a r t i c u l a r ,  to co l l ide  w i t h  t he  p a r t i -  
cles of i n t e r e s t  here .  These  ions g e n e r a l l y  a d h e r e  to 
the  p a r t i c l e s  because  of a t t r a c t i v e  e l ec t r i ca l  i m a g e  
forces.  These  forces  a r i se  as soon as t he  ion comes  
r a t h e r  c lose  to t h e  pa r t i c l e .  W e  m a y  e x p e c t  a h igh  
f r ac t i on  of a p p r o a c h i n g  ions to a d h e r e  un t i l  such 
t ime  as t he  a c c u m u l a t e d  e lec t r i c  c h a r g e  on the  
p a r t i c l e  g ives  r i se  to a r e p e l l i n g  field. The  p re sence  
of t he  i n i t i a l  p o l a r i z a t i o n  on the  p a r t i c l e  g ives  r i se  
to an  i n i t i a l l y  a t t r a c t i v e  field for  t he  a p p r o a c h i n g  
ions. This  i n d u c e d  " s u r f a c e "  cha rge  w i l l  m a k e  the  
s u r f a c e  field on the  p a r t i c l e  a t t r a c t i v e  to the  ions  
un t i l  n eu t r a l i z ed .  O n l y  t h e n  wi l l  t h e  su r f ace  cha rge  
beg in  to be r e p e l l e n t  to t h e  oncoming  ions. Our  ca l -  
cu la t ions  f rom th is  p o i n t  on l a r g e l y  conce rn  t h e m -  
se lves  on ly  w i t h  t he  p e r i o d  of i o n - c a r r i e d  su r f ace  
c h a r g i n g  of t he  p a r t i c l e  up  to t h e  po in t  of n e u t r a l i z -  
ing the  i n d u c e d  su r f ace  charge ,  i.e., w h e r e  no r e -  
pu l s ion  exis ts .  Hence ,  w e  m a y  a s s u m e  for  the  p r e s -  
en t  t h a t  a l l  oncoming  ions a re  p i c k e d  up  and  he ld  
by  the  pa r t i c l e .  Ionic  c u r r e n t  w i l l  t hen  depos i t  e q u a l  
n u m b e r s  of pos i t i ve  and  n e g a t i v e  c h a r g e  on op -  
pos i t e  faces  of t he  pa r t i c l e .  

The  cha rge  dens i ty ,  q, w i l l  be  p r o p o r t i o n a l  to t he  
c u r r e n t  dens i ty ,  j ,  to t he  t ime ,  t, of depos i t ion ;  and  
to t he  p r o j e c t e d  area ,  do", of the  a r e a  s e g m e n t  d A  
u n d e r  c o n s i d e r a t i o n  at  P.  

< 
< 
< 

do" 
= j t  

d A  

N O N U N I F O R M  F I E L D  E F F E C T S  387 

the  c u r r e n t  in the  p a r t i c l e  i t se l f ;  t he re fo re ,  q,et = 
( j 1 - s  t c o s  ~.  

t he  m o m e n t ,  d/~, of t h a t  c h a r g e  at  P is 

d~ = 1 �9 q �9 d A  

w h e r e  1 = a cos a = l e v e r  a r m  of m o m e n t .  The  
to t a l  m o m e n t  of t he  c h a r g e d  s p h e r e  is 

= f~ l q d A  

= f~ (a  cos a)  ( i t  cos a )  (2~a ~ sin a d a )  

47r 
- -  a~ j t  = j t  �9 ( v o l u m e )  

3 

Note  t h a t  the  m o m e n t  t u r n s  out  to be  t he  v o l u m e  
of t he  p a r t i c l e  t imes  the  t o t a l  pos i t i ve  cha rge  d e -  
pos i ted .  

This  is also t r u e  for  p a r t i c l e s  of o the r  shapes .  F o r  
e x a m p l e ,  cons ide r  a p a r t i c l e  of n e a r l y  cubic  shape ,  
a c t u a l l y  a p a r t i c l e  of t he  s h a p e  of a sec tor  of a 
c y l i n d r i c a l  a n n u l u s  s i t t i ng  at  an  a v e r a g e  d i s tance ,  
r, f r om the  axis  of the  c y l i n d r i c a l  e l ec t rode  sys tem.  
L e t  i t  h a v e  a l e n g t h  of s ide  2a in t he  r a d i a l  d i r e c -  
t ion,  a l e n g t h  2a in t h e  c y l i n d r i c a l  ax i s  d i rec t ion ,  
and  a m e d i a n  arc  l e n g t h  also of 2a a long  the  c i r -  
c u m f e r e n c e  of the  i m a g i n a r y  c y l i n d e r  a x i a l  to t h e  
e l ec t rode  ax i s  and  pas s ing  t h r o u g h  r. I t  m a y  be  
s h o w n  t h a t  t h e  m o m e n t  is 

= 8 a " j t  = j t  �9 ( v o l u m e )  

w h e r e  8a" is t he  v o l u m e  of t h e  n e a r l y  cub ica l  p a r t i -  
cle i f a < < r .  

The  t r a n s l a t i o n a l  force  on a d ipo le  in a n o n u n i -  
f o rm  field is 

F~ = ~ c o s O  �9 V I E t  

w h e r e  0 is t he  ang le  the  d ipo l e  m a k e s  w i t h  t he  i m -  
p r e s s e d  field. Here ,  0 = ~ cos 0 = --1. 

] Elrl  1 v I E [  = v  - -  ?- 

i n  a field of r a d i a l  s y m m e t r y  for  

E~rl  
E - -  

r 

w h e r e  E1 is t he  field i n t e n s i t y  a t  a d i s t ance  rl  h e n c e  

0 Elr l  - -E~r~ 

V I E I  = O r  r v ~ 

< 

a n d  

do" 
N o w - -  ~ c o s t a  

d A  
t h e r e f o r e  

q = j , t  c o s  a - -  j~t  c o s  a 

w h e r e  j, is the  c u r r e n t  in  t h e  l i qu id  d ie lec t r i c ,  j2 is 

Elr l  
F~ = l ~ - -  

r ~ 

F o r  a s p h e r i c a l  p a r t i c l e  l a d e n  w i t h  c h a r g e  clue to 
t h e  c u r r e n t  flow 

4~r E1r l  
F~ = a~ j t  - -  

3 r 2 

As the  c u r r e n t  dens i ty ,  jo, in an ohmic  c y l i n d r i -  
ca l l y  s y m m e t r i c a l  f ield is 

Eo Eo E l r ,  p2- -p l  
( j l - j . ~ )  . . . .  = j o  = - - -  

pl p2 ro pl" p2 

w h e r e  pl a n d  p~ a re  t he  specific r e s i s t iv i t i e s  of t he  
l i qu id  a n d  t h e  pa r t i c l e ,  r e spe c t i ve ly .  
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At  the  sur face  of a spher ica l  pa r t i c l e  of d i e l ec -  
t r ic  cons tan t  K~' in a m e d i u m  of d ie lec t r ic  cons tan t  
K~' the  field E,~, is 

3K1' 
E~ = - • Eo 

K ;  + 2K~' 

w h e r e  Eo is the  field s t r e n g t h  in the  l iquid,  f a r  f r o m  
the  par t ic le .  

The  above  re la t ion ,  s t r i c t ly  speaking,  appl ies  only  
at the  onset  of c u r r e n t  a r r iva l .  As the  ne t  p o l a r i z a -  
t ion of the  sur face  drops to zero ( the  conduc tance  
d e l i v e r e d  c h a r g e  equa ls  the  field induced  p o l a r i z a -  
t ion cha rge )  

E,~ = Eo 

H o w e v e r  for  K ;  = 5, K~' ~ 2, as for  r e p r e s e n t a t i v e  
pai rs  of ma te r i a l s ,  

3K~' 2 

K; -k  2K~' -- 3 

hence  the  v a r i a t i o n  of field at  the  sur face  du r ing  
cha rg ing  is not  g rea t  in such cases. Fo r  l a t e r  m a t h e -  
ma t i ca l  s impl i c i ty  w e  choose to set 

E,~ 3K~' Eo 

p K..,' + 2K/  p 

w h e r e  p is the  specific res i s t iv i ty .  Hence  

E~r~ "" K~' . ( po.--pl ) 
F ~ = 47ra~t • r-- 7 -  K . : + 2 K /  p~o._, - 

D i f ] u s i o n a l  o r  o s m o t i c  f o r c e ,  F~ . - -The  osmot ic  
pressure ,  1I, due  to a set of suspended  par t i c les  of 
concen t ra t ion ,  n, pe r  cc is 

II  = n k T  [Van ' t  Hoff equa t i on  (10) ]  

w h e r e  k is B o l t z m a n n  cons tan t  and T is abso lu te  

t e m p e r a t u r e .  
The  p r e s su re  g r ad i en t  a long  the  r d i r ec t i on  among  

the  par t ic les  of v a r i e d  concen t r a t i on  is 
aH On 

- -  k T  -- force  per  un i t  v o l u m e  of par t ic les .  
Or Or 

This p r e s su re  g rad ien t  or d i r ec ted  force  pe r  p a r -  
t ic le  due  to concen t r a t i on  g r a d i e n t  is t hen  F,,, w h e r e  

1 OH k T  an  

n Or n Or 

We m a y  c o m p a r e  the  m a g n i t u d e s  of the  two  

forces as fo l lows:  
Fd = k T  ± n / n  - 1 / A r  

N o w  ± n / n  is the  f r ac t iona l  change  in c o n c e n t r a -  
t ion  a long r for  any v o l u m e  u n d e r  cons idera t ion .  
The  m a x i m u m  r e l a t i v e  change  possible  is un i t y  
(p resence  vs. absence  of pa r t i c l e s ) .  The  m i n i m u m  
change  in r ad ia l  d i s tance  h a v i n g  m e a n i n g  can be 
cons idered  to be equa l  to the  d iamete r ,  2a, of the  
par t ic le .  T h e n  

k T  
r a (max)  - -  

2a 

For  a --~ 1 ~, T = 300°K, k ~-- 1.38 x 10 -~ 

erg  

(deg.)  (molec . )  

F~(,,,,~) = 2.07 x 10 -~° dynes  per  pa r t i c l e  

I0 4 

I0 0 

ILl 
--I 

0 
~, t0-4 
0 

ILl 
Z 

~. i0 "8 
0 

L 

Q 
o ,¢,t  

" I | I I 

I0 "4 iO 0 i0 4 

LOG RADIUS, MICRON8 

M a y  1 9 6 0  

For  
r 

?'1 

Values  for  o the r  rad i i  can be a sce r t a ined  f r o m  
Fig. 1. 

An  e x a m p l e  of the  m a g n i t u d e  of the  force  on a 
pa r t i c l e  due to a c y l i n d r i c a l l y  s y m m e t r i c a l  e lec t r ic  
field fol lows:  

--47ra~eoK~ ' (K,.,'--K{) E(-'rf- 

r ' ~ ( K / + 2 K / )  

z 1 m m =  10"m = d is tance  f rom axis  
= 0.5 m m  = 5 x 10 ~m = rad ius  of c en t r a l  

e l ec t rode  
r.., z 5 m m  = 5 x 10-:'m = rad ius  of ou te r  

e l ec t rode  
V~ ~ 3000 v (ou t e r  e l ec t rode  g rounded )  

- - V l  
]E! -- 1.30 x 106 v / m e t e r  

r l n ( r l / r ~ )  

e,, = 8.85 x 10 12 c o u l / ( v o l t )  ( m e t e r )  = p e r -  
m i t t i v i t y  of space 

a = 1/z = 10-~m 
K~' = 5 
KI' = 2 

r~ = 3.15 x 10-1~[ cou lomb v o l t s =  n e w t o n s ]  
m e t e r  

= 3 . 1 5 x  10 .7 dynes  

wh ich  is m u c h  l a r g e r  than  the  m a x i m u m  osmotic  
force  on this pa r t i c l e  (2.07 x 10 -~° dynes ) .  

Values  for  o the r  pa r t i c l e  radi i  u n d e r  these  e lec -  
t r i ca l  condi t ions  can  be a sce r t a ined  f r o m  Fig. 1. 

Fo r  par t ic les  of o v e r  1~ d i a m e t e r  this  force  m a y  
be  shown to be  neg l ig ib l e  in compar i son  w i t h  the  
e lec t r i ca l  ones. 

V i s c o u s  d r a g . - - F o r  spher ica l  pa r t i c les  one m a y  
use Stokes '  l aw  to find the  force,  Fn, r e q u i r e d  to 
keep  spher ica l  pa r t i c les  m o v i n g  at a veloci ty ,  v, in 
a m e d i u m  of viscosi ty ,  n. 

Fig. 1. Comparison of diffusionol (asmotic) and dielectro- 
phoretic forces for particles of various radii. 
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Fv = 6~ravv = 6~rav d r / d t  

Part icle  pa th  in n o n u n i f o r m  fields in real dielec-  
t r i cs . - - I t  is reasonable ,  as said ear l ier ,  to assume 
tha t  the pa r t i c le  is in  effective e q u i l i b r i u m  wi th  the 
var ious  forces on it, i.e. 

F ~ + F j  + F ~ + F , = 0  

Combin ing  equa t ions  for these va lues  as g iven  
ear l ier ,  we  find 

--k,a~V2r ~ --V~r ~ j~a"r~ f *  dt  
r *~" r ( t )  

r ~ ( l n r l  y 

k T  On dr 
+ - -  - t -6~a~  = 0  

n Or dt  
Deposi t ion and dispersion of spherical  part icles  

in a cyl indrical  e lectrode cell in w h i c h  ionic curren t  
f l ows . - -For  purpose  of the p re sen t  simplif ied ca lcu-  
la t ions  we neglec t  osmotic forces for par t ic les  of 
over 1 ~ size. We r e t u r n  t hen  to our  a s sumpt ion  of 
e q u i l i b r i u m  among  the  die lect rophoret ic ,  e lec t ro-  
static, and  viscous drag  forces. 

o r  

F~ + Fj : F ,  = 6~a~v 

6 : avv  = --4~e0Kl' 

4~a~t(E~r~):(K1 ") 

r~ (K;+2K1  ') 

dr  
solving for v -- 

dt  

( K / - - K I ' ) a  "~ (Elr~) ~ + 

(K. :+2KI ' )  ff 

p~--p~  

p~P~ 

dr  (Elr~):a~ '. 2 
- - V  ~ 

dt 3v (K..,'+ 2K1') r ~ 

t (p~-pl)  ] 
- -  E0 (K, ' - -KI ' )  -~ 

p~pa 

collect ing t e rms  in  r and  t and  i n t eg ra t i ng  gives 

--a~A a~Bt p2--pl 
v - - - - ~ - -  

r a r 3 p~p,_, 

2a:Bt ~ 
r ~ _ ro ~ = --4a~At -~- _ _  (p~--p~) 

p~p.., 

where  ro is in i t i a l  r ad ia l  d is tance  of pa r t i c le  f rom 
axis of cy l indr i ca l  electrodes,  r the  "final" rad ia l  
d i s tance  af ter  t ime,  t, 

2 (Elrl) :K~'eo (K.:--K1 ' ) 
A =  

3 v ( K ~ ' T 2 K ( )  

2 (E~r~)~K~ ' 
S = - -  

3 n (K~'+ 2K~') 

The va r i a t i on  of r '  --  r0', a measu re  of the  pa r t i -  
cle excurs ion,  is seen to be parabol ic  w i th  t ime.  The  
fu r thes t  i n w a r d  excurs ion  for a par t ic le  is ro --  r~, 
which  occurs, say, at t = t~. 

At  t = t~ ---- 2 t .  the  par t ic le  o r ig ina l ly  at ro wi l l  
have  dr i f ted  out  aga in  to ro. This  is because  of the  
even tua l  overcoming  of the  a t t r ac t ive  d ie lec t ro-  
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phoret ic  force, F,, by the g rowing  repu l s ive  force 
Fj due  to ionic charg ing  of the  par t ic le .  

Af te r  t = t~, the par t ic les  wi l l  be f u r t he r  out  t h a n  
at  the  s tar t  of the  expe r imen t .  

A t  t ~- t ,  the  ve loc i ty  of the par t ic les  due to all  
forces is zero. We m a y  t e r m  this  "Muff-off t ime."  

A p~P2 p~p2 
tl - ~ o -  (K~'--KI')  

B ( p 2 - - p l )  p~- -p~  

( therefore  the sluff-off t ime,  tl, is i n d e p e n d e n t  of 
vol tage  bu t  is d i rec t ly  d e p e n d e n t  on the  res i s tance  
of so lu t ion)  

2App' 

B (p'--p) 
a nd  

ro' ..... = r l" + T p ' z - -p I  

good up  to r ..... = r~ for conduc t ing  par t ic les  
In  the absence  of c o r o n a - t y p e  effects, the  sluff-  

off t ime, tl is of course expected  to be i n d e p e n d e n t  
of the  appl ied  vo l tage  for the d ie lec t rophore t ic  for -  
ces due  to in i t i a l  po la r i za t ion  and  c u r r e n t - i n d u c e d  
po la r i za t ion  depend  in  the  same w a y  on the  voltage.  

The  m a x i m u m  "yie ld"  or f rac t ion  of the  t ube  
conten ts  swept  out  is 

v o l u m e  swept  out  

Y .... = t o t a l v o l u m e  ava i l ab le  

a m o u n t  of powder  deposi ted 

to ta l  a m o u n t  of powder  ava i l ab le  

. ( ro :~ .  - r(O)L 

~r (r.J--rl~) L 

and  if 

2aO.A,.,p~p., )1/,~ --rl  ~ 
( rl~ ~- B(p,~--pl) 

~ r  ~ r  = for r~ = o =  
r e 2 - - r l  ~ 

At  a ny  t ime,  

y 

and  for 

rl < ~ r~ 

( 2p~~ ~1/2 aA  (p~-- ) r2 Y ..... ~ B-Z-----p1:~ 

( r~ -t-4a~At.-- 2a'~ ~ p~--pl ),/3 --rl ~ 
p~p~ 

2 2 
r2 ~ r l  

rx ~ r~ 

y ~  ( 4 A t  2Bt2(p~--Pl) )1/2 
,. p:p~ 

~ cons t .  ~ cons t ,  x t  - -  cons t ,  x t  ~ 
2 p2pl 

The above equat ions ,  then,  suggest  (a) tha t  the 
sluff-off t ime, tl, is r e l a t i ve ly  i n d e p e n d e n t  of vo l t -  
age, (b)  the  Muff-off t ime,  tl, is d i rec t ly  propor-  
t iona l  to the  res i s t iv i ty  factor  (plpJp,-  p2), (C) the  
deposi t  wi l l  first form, t hen  s u d d e n l y  un fo rm,  (d) 
the  a m o u n t  of deposi t ion  should  be p ropor t iona l  to 
(i) pa r t i c le  size, ( i i)  vol tage,  ( i i i )  inverse  a rea  of 
cell, ( iv)  t ime  at  short  t imes,  and  (v)  should be of 
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short  l ife if the sys tem res i s t iv i ty  is low and  the  
res is t iv i t ies  are r a the r  dif ferent ;  or long, if the con-  
duc t iv i ty  of the  par t ic les  matches  or is g rea te r  t h a n  
tha t  of the  l iquid.  

It  need  h a r d l y  be said tha t  the s imple  theory  
m e n t i o n e d  can be expected to app ly  on ly  rough ly  to 
sys tems in  which  the re  is supe r imposed  a n n u l a r  
fluid flow. U n f o r t u n a t e l y ,  for e x p e r i m e n t a l  con-  
venience ,  the  e x p e r i m e n t a l  da ta  ava i l ab le  are on 
sys tems wi th  apprec iab le  a n n u l a r  flow. Only  rough  
ana logy  m a y  be made  wi th  the  theory  which  is for 
a sys tem wi th  no l iqu id  flow. E x p e r i m e n t s  des igned 
to test  the hypotheses  above are u n d e r  way.  

As one check of the  theory  we can ca lcula te  a 
sluff-off t ime,  tl, u s ing  r easonab le  va lues  for the  
ind ica ted  cons tan ts  

Let  

tl : 8.85 x 10 -~ 

A 
t~ = ~ - p  = ~op (K,.,'--K/) 

p = 1.3 x 1015 ohm mete r  

~o = 8.85 x 10 -1~ f a r a d / m e t e r  

K . : - - K l ' = 5 - - 2 = 3  

~coul 

(vol t )  (m)  

x 1.3 x 10 TM (vol t )  (sec) (me te r )  
coul 

x 3  

---- 1.15 x 10 ' sec, or abou t  3 hr. 

This  v a l u e - o f  10' sec for an  assumed specific re -  
s is tance of 1.3 x 10 ~5 ohm mete rs  based on that  
measu red  for h e x a n e  in a s imi la r  sys tem (11) t u rn s  
out  to be an  en t i r e ly  r ea sonab le  one and  lends  a 
me a su r e  of confidence to the  theore t ica l  resul ts .  

Manuscript  received Sept. 23, 1959. This paper was 
prepared for del ivery before the Philadelphia Meeting, 
May 3-7, 1960. A portion of the research reported in 
this paper was sponsored jo int ly  by the Army Signal 
Corps and Office of Naval Research under  Signal Corps 
Contract No. DA-36-039 sc-70154 and O.N.R. 356-375. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1960 
JOURNAL. 
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Continuous Separations of Suspensions by Nonuniform 
Electric Fields in Liquid Dielectrics 

Herbert A. Pohl and Charles E. Plymale 
Plastics Laboratory, Princeton University, Princeton, New Jersey 

ABSTRACT 

Suspensions of various solids in organic dielectric liquids can be separated 
cont inuously into their  components by pulsat ing direct or a l ternat ing current  
electric fields of modest strength. The method and its impor tant  variables are 
described, together with the results observed for several systems. It is found, 
for example, that  there exists a critical lower voltage and a critical upper 
voltage between which the operation must  take place if appreciable separation 
is to take place. Best results are obtained if the dielectric constant  exceeds that 
of the liquid. Among other separations possible, it is shown that  z i rcon-rut i le  
particle mixtures  readily separate under  conditions of dielectrophoresis. These 
materials  cannot be separated by density or magnetic methods. A simple theory 
for the forces exerted on the particles sit t ing in combined gravitat ional  and 
nonuni form electric fields is given. 

Suspens ions  of va r ious  solids in  organic  dielectr ic  
l iquids  can be t r ea ted  con t inuous ly  by  pu l sa t ing  
direct  or a l t e r n a t i n g  cu r r en t  n o n u n i f o r m  electr ic  
fields of modes t  s t r eng th  to c lar i fy  or enr ich  the  
suspensions .  Mater ia l s  of differ ing po la r izab i l i ty  
can be separated.  The methods  and  some of the im-  
p o r t a n t  va r i ab les  are descr ibed in this  paper .  It  is 
found,  for example ,  t ha t  t he re  exists  a cr i t ical  
lower  vo l tage  and  a cr i t ical  uppe r  vo l tage  b e t w e e n  
which  opera t ions  mus t  t ake  p lace  if apprec iab le  
sepa ra t ion  is to occur. Best  resul t s  are  ob ta ined  if 

the  dielectr ic  cons tan t  of the  suspended  solids ex-  
ceeds tha t  of the  l iqu id  dielectric.  A n  increase  in  
conduc t iv i ty  of both  l iqu id  dielectr ic  a nd  of sus-  
pens ion  is observed  to occur in  the vol tage  range  
where  d ie lec t rophores is  changes.  The resul t s  are 
ana logous  in  m a n y  respects  to those ob ta ined  in  
ear l ie r  ba tch  s tudies  (1-4) .  

E x p e r i m e n t s  were,  speak ing  broadly ,  car r ied  out 
u n d e r  two types  of condi t ions.  In  one set, c y l i nd r i -  
cal ly  s y m m e t r i c a l  electrodes were  used whi le  close 
match  of dens i t ies  of powder  and  l iqu id  was m a i n -  
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t a ined .  In  such an  e l e c t r o d e  sys tem,  t he  fo rce  e x -  
e r t e d  on the  p a r t i c l e s  d e p e n d s  s t r o n g l y  ( 1 / r  ~) on 
the  d i s t a n c e  f rom the  c e n t r a l  e l e c t r o d e  axis .  In  the  
o the r  set  of e x p e r i m e n t s ,  an a t t e m p t  was  m a d e  to 
o p e r a t e  b e t w e e n  e l ec t rodes  of such des ign  t ha t  t he  
fo rce  on the  p a r t i c l e s  d id  no t  d e p e n d  on g e o m e t r i c a l  
pos i t ion  in the  channe l  in w h i c h  t h e y  m o v e d  
( " i s o m o t i v e "  ce l l ) ,  w h i l e  the  p a r t i c l e s  fe l l  f r e e l y  
t h r o u g h  a l i qu id  of r a t h e r  l o w e r  d e n s i t y  t h a n  t h e m -  
selves.  

Experiments in the Cylindrical Electrode Geometry 
As o u t l i n e d  above ,  p a r t i c l e s  of v a r i o u s  m a t e r i a l s  

w e r e  s u s p e n d e d  in l i qu id  d i e l ec t r i c s  of c lose ly  
m a t c h i n g  dens i ty .  These  suspens ions  w e r e  then  
s u b j e c t e d  to t he  ac t ion  of the  n o n u n i f o r m  field e x -  
i s t ing  b e t w e e n  c y l i n d r i c a l l y  s y m m e t r i c a l  e lec t rodes .  
F l o w  was  con t inuous  and  a x i a l  in t he  cell .  The  
feed  was  at  the  top. The  l iqu id  was  w i t h d r a w n  
s i m u l t a n e o u s l y  at  the  b o t t o m  f r o m  two out le t s ,  one 
d r a w i n g  m a t e r i a l  f r o m  the  r eg ion  close to t he  cen-  
t r a l  e l e c t r o d e  and  the  o t h e r  d r a w i n g  m a t e r i a l  f r om 
the  p e r i p h e r y  (see  Fig .  1).  The  c o n c e n t r a t i o n  of 
s u s p e n d e d  sol ids  in the  two  ex i s t i ng  s t r e a m s  was  
c o m p a r e d  o p t i c a l l y  us ing  an  e l e c t r o p h o t o m e t e r .  A 
p lo t  of t h e  o b s e r v e d  c o n c e n t r a t i o n  r a t io s  showed  
t h a t  l i t t l e  effect was  to be  no ted  u n t i l  a t  l eas t  a 
s o m e w h a t  c r i t i ca l  v a l u e  of v o l t a g e  was  a p p l i e d  
across  t he  e lec t rodes .  B e y o n d  th is  r eg ion ,  a s h a r p  
i nc rea se  in p u l l o u t  of m a t e r i a l  was  n o t e d  at  the  
a x i a l  r eg ion  of the  cel l  as the  a p p l i e d  v o l t a g e  was  
inc reased .  This  i nc rea se  c o n t i n u e d  w i t h  i nc rea se  of 
vo l t age  u n t i l  a r a t h e r  s h a r p  m a x i m u m  was  ob -  

A 

c 
_L. 

E 

G 

Fig. 1. Schematic diagram of cell used for continuous 
dielectrophoresis (cylindrical geometry). A, high potential 
(central) electrode; B, feed inlet; C, grounded outer electrode, 
consisting of bare wire wrapped onto glass tube; D, central 
takeoff tube; E, insulating (Teflon) central electrode support, 
perforated to pass suspension of particles; F, peripheral prod- 
uct vent; G, central product vent. 
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se rved ,  fo l lowing  w h i c h  a r a p i d  dec rease  in p u l l o u t  
was  d i s p l a y e d  unt i l ,  a t  a h igh  and  r a t h e r  c r i t i c a l  
vo l tage ,  a r e t u r n  to e q u a l i t y  of concen t r a t i ons  of t he  
two  exc i t i ng  s t r e a m s  was  obse rved .  

The  suspens ions  e x a m i n e d  w e r e  (a)  s p h e r i c a l  
p a r t i c l e s  of s e l ec t ed  size ranges ,  e.g., 100-140 U.S. 
mesh ,  of p o l y v i n y l  ch lo r ide  s u s p e n d e d  in CC1,- 
b e n z e n e  m i x t u r e  (see  Fig .  2),  and  (b)  p o w d e r e d  
a m m o n i u m  c h l o r i d e  p a r t i c l e s  of s e l ec t ed  size r a n g e  
s u s p e n d e d  in CC1, -benzene  m i x t u r e  of s i m i l a r  d e n -  
s i ty  ( see  Fig.  3) .  

C u r r e n t  m e a s u r e m e n t s  m a d e  on the  a b o v e  sys -  
t ems  showed  the  d - c  c u r r e n t  to be  v e r y  smal l ,  a b o u t  
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Fig. :2. Deposit ion and direct  current  f low during cont inuous 
dielectrophoresis o f  polyvinyl  chlor ide. Curve A,  Concentra-  
t ion rat io, central  to peripheral,  o f  ex i t ing streams versus 60 
cps, o-c rms vol tage. Determined wi th  swollen PVC; 90 /~ 
average part ic le size; suspended in 1:1 v / v  CCI4-benzene 
mixture; space velocity of liquid, 10.5 cm/min: Teflon- 
coated central wire electrode, wire 0.74 mm diameter, 0.3 
mm coating: Cell ID, 11 ram, powder concentration, 6% as 
volume fraction of suspension. Curve B, current vs. voltage 
for above system, but using static voltage. 
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Fig. 3. Deposition and direct current flow during contin- 
uous dielectrophoresis of ammonium chloride. Curve A, con- 
centration ratio, central to peripheral, of exiting streams vs, 
60 cps, a-c rms voltage. Determined with NH4CI; 90 /~ aver- 
age particle size; suspended in 94:6 v /v  CCh-benzene mix- 
ture; space velocity of liquid, 10.5 cm/min: Teflon coated 
central wire electrode, wire 0.74 mm diameter, 0.3 coating; 
cell ID, 11 ram; powder concentration, 2% as volume frac- 
tion of suspension. Curve B, current vs. voltage for above 
system, but using static voltage. Curve C, current vs. voltage 
in above geometry, using static voltage, end only flowing 
CCI~ liquid in cell. 
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Fig. 4. Direct current f low in the l iquid dielectric, 1:1 v / v  
CC6-benzene. Cylindrical cell geometry; l iquid having space 
veloci ty of 10.5 cm/min ,  cell inside diameter, 11 ram. Curve 
A, data for bare 1.630 mm diameter  wire. Curve B, data for 
bare 0.645 mm diameter wire. 
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Fig. ,5. Total  current in electrode systems of cyl indrical 
geometry containing a l iquid dielectric. Al ternat ing voltage 
applied; l iquid having space veloci ty of 10.5 cm/mm,  cell 
inside diameter, 11 ram, l iquid dielectric, 1:1 v / v  CCh-ben- 
zene; total current includes charging and loss currents. Curve 
A, data for bare 1.630 mm diameter wire. Curve B, data for 
bare 0.64S mm diameter wire, Curve C, data for bare 0.202 
mm diameter wire. Curve D, data for Teflon covered wire; 
wire diameter, 0.74 ram, coating 0.3 mm thick. 

1.0 to 100 /~/~a or s l igh t ly  higher .  The d-c  c u r r e n t  
was m e a s u r e d  us ing  a K ie th l ey  e lec t romete r  a nd  
appropr i a t e  shunts .  The c u r r e n t  was observed  to be 
ohmic up to about  the vol tage  at which  the par t ic les  
began  to respond  v igorous ly  to the field. At  this 
po in t  a m a r k e d  rise in  c u r r e n t  flow was observed,  
i nd ica t ing  a second m e c h a n i s m  of conduc t ion  had 
appeared  (see Fig. 2-4).  The da ta  of Fig. 4 were  
m a d e  for compar i son  and  were  ob ta ined  on the pure  
l iqu id  dielectric.  The  observed  sl ight  d i s con t inu i ty  
in  the c u r r e n t  vs. vo l tage  curves  in  the case of the  
p u r e  l iqu id  has not  been  elucidated.  The d iscon-  
t inu i t i es  for the cases of solids p resen t  are r a the r  
larger .  A l t e r n a t i n g  c u r r e n t  m e a s u r e m e n t s  made  on 
the  above sys tems showed, as expected,  t h a t  the di-  
electric loss cu r r en t  (10-' amp)  was  too smal l  to be 
detec ted  easi ly in  the presence  of the  r e l a t i ve ly  
la rge  charg ing  cu r r en t  due  to capac i tance  and  s t ray  
induc tances  in  the sys tem (about  10-~). F igu re  5 
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Fig. 6. Schematic diagram, isomotive cell for continuous 
dielectrophoretic separations. A, glass outer cell wall; B, di- 
electric l iquid; C, curved upper brass electrode; D, solid par- 
ticles lying in f lat  groove of Teflon insulator plate; E, Teflon 
plate, grooved; F, lower f lat  brass electrode; G, Neoprene 
stopper; H, Feed inlet, copper; I, lower exit tube, copper; 
J, upper exit tube, copper; K, exit holes; L, groove divider 
cut in Teflon. 

~ 4  
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Fig. 7. Schematic diagram of isomotive cell operation. A, 
high voltage source; B, isomotive cell; C, vibrator;  D, powder 
collectors; E, supply hopper for powder mixture; F, pump. 

shows this for 60 cps c u r r e n t  vs. vol tage for severa l  
i n n e r  e lectrode sizes. 

Experiments in "lsomotive" Cell Geometry 
In  these exper iments ,  an  a t t e m p t  was made  to 

have  the solid par t ic les  pass t h r o u g h  the n o n u n i -  
fo rm field cell in  a long n a r r o w  t ray  in b e t w e e n  
electrodes of such a shape as to produce  a force 
which  was cons tan t  e lec t r ica l ly  and  directed in  op-  
pos i t ion  to tha t  of gravi ty .  Mater ia l s  in powder  
fo rm were  t hen  shaken  down  along this long n a r -  
row t ray .  The  t r a y  was g iven  a s l ight  t i l t  across its 
n a r r o w  d i me ns i on  and  a la rge  inc l ina t ion  a long its 
l eng th  (see Fig. 6 and  7). The  d ie lec t rophore t ic  
force t ended  to hold par t ic les  up  aga ins t  the s l ight  
g r a v i t y  pu l l  exe r t ed  due to the  tilt .  Those par t ic les  
most  s t rong ly  pu l l ed  e lec t r ica l ly  wou ld  exit  f rom 
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t he  l o w e r  end  of the  t r a y  at  one ( u p p e r m o s t )  edge  
of the  channe l ;  those  p u l l e d  l eas t  by  the  e l ec t r i ca l  
fo rce  w o u l d  t e n d  to e x i t  f r om the  l o w e r  end  of t he  
t r a y  at  the  o t h e r  s l i gh t ly  l o w e r  edge  of t he  channe l .  
The  a n g l e  of t i l t  was  r o u g h l y  e s t i m a t e d  as 3 ~ in 
e x p e r i m e n t s  A,  B, and  C be low.  In  e x p e r i m e n t s  
D-H, t he  t i l t  a n g l e  was  m o r e  c a r e f u l l y  m e a s u r e d  b y  
p r o t r a c t i n g .  

The  w h o l e  t r a y  a n d  e l e c t r o d e  s y s t e m  was  k e p t  
i m m e r s e d  in a l ow  v i scos i ty  l i q u i d  d i e l ec t r i c  ( b e n -  
zene  or  c y c l o h e x a n e  for  e x p e r i m e n t s  A,  B, C; c a r -  
bon  t e t r a c h l o r i d e  for  e x p e r i m e n t s  D-H). P o w d e r s  
w e r e  fed  in at  the  u p p e r  end  and  r e m o v e d  con-  
t i n u a l l y  b y  s a m p l i n g  tubes  at  t he  l o w e r  end.  A f t e r  
t e s t i ng  a n u m b e r  of cel l  des igns  to a t  l eas t  p a r t i a l l y  
op t imize  p e r f o r m a n c e ,  the  fo l l owing  r e su l t s  on p o w -  
de r s  w e r e  ob ta ined .  

(A)  P o l y v i n y l  ch lo r ide  p o w d e r  was  o b s e r v e d  to 
be  col lec{able  at  w i l l  in e i t he r  of the  ex i t s  f r o m  the  
cell ,  d e p e n d i n g  on the  v o l t a g e  app l i ed .  A t  v e r y  low 
or  n i l  vo l tages ,  a l l  of t he  p o w d e r  co l lec ted  in the  
l o w e r  exit .  A t  m e d i u m  vo l t ages  h i g h e r  and  h i g h e r  
f r ac t ions  of t he  p o w d e r  cou ld  be  co l lec ted  in the  
u p p e r  ex i t  unt i l ,  a t  a b o u t  1300 v, a b o u t  90% of the  
ex i s t i ng  p o w d e r  was  o b s e r v e d  to pass  out  t he  u p p e r  
exi t .  As  the  v o l t a g e  was  i n c r e a s e d  b e y o n d  this  
r ange ,  t he  p rocess  was  o b s e r v e d  to b e c o m e  less  
se lec t ive ,  t he  p o w d e r  b e h a v i o r  m o r e  e r ra t ic ,  and  the  
p r o p o r t i o n  co l l ec ted  in the  l o w e r  ex i t  i nc r ea sed  
un t i l  t he  cel l  a c t ed  w i t h  v e r y  low s e l e c t i v i t y  (see  
Fig .  8) .  

(B)  A p o w d e r e d  m i x t u r e  of Na~Cr~OT'2H20 
a n d  TiO~, bo th  of mesh  size less t h a n  80 was  fed  
into  the  h o p p e r  and  cell .  A t  n i l  v o l t a g e  v e r y  l i t t l e  
of e i the r  k i n d  of p a r t i c l e  was  o b s e r v e d  to pass  in to  
t he  u p p e r  exi t .  As  the  v o l t a g e  was  i n c r e a s e d  a 
l a r g e r  and  l a r g e r  f r ac t i on  of TiO~ was  co l lec ted  at  
t h e  u p p e r  exi t ,  u n t i l  a t  a b o u t  300 v a m a x i m u m  
was  obse rved .  The  p r o p o r t i o n  of the  d i c h r o m a t e  
pas s ing  into  t he  u p p e r  ex i t  r e m a i n e d  low u n t i l  
a b o u t  1000 v. A t  vo l t ages  h i g h e r  t h a n  th is  (up  to 
2000 v a.c. r m s )  a l a ck  of s e l e c t i v i t y  of t he  cel l  was  
obse rved ,  and  a m i x t u r e  of bo th  sol ids  was  o b -  
s e r v e d  to go into  t he  l o w e r  and  u p p e r  ex i t s  ( see  
Fig .  9) .  

(C)  A m i x t u r e  of 60-100 mesh  r u t i l e  m i n e r a l  
( g r a y - b l a c k  fo rm of TiO~) w i t h  60-80 mesh  p o l y -  
v i n y l  ch lo r ide  was  pa s sed  t h r o u g h  t h e  cell .  A t  n i l  
vo l t age ,  n e i t h e r  t y p e  of p a r t i c l e  p a s s e d  ou t  t he  u p -  
p e r  exi t .  As  t h e  v o l t a g e  was  inc reased ,  a g r e a t e r  
a n d  g r e a t e r  f r a c t i o n  of t he  r u t i l e  p a s s e d  in to  t he  
u p p e r  exi t ,  u n t i l  a t  a v o l t a g e  of abou t  750 v a.c., 
rms ,  s l i gh t  q u a n t i t i e s  of PVC p o w d e r  w e r e  ob -  
s e r v e d  to a c c o m p a n y  it  out  t he  u p p e r  e lec t rode .  A t  
h i g h e r  vo l tage ,  as before ,  less s e l e c t i v i t y  in the  s e p a -  
r a t i o n  was  o b s e r v e d  (see  Fig.  10).  

(D)  The  " o p e r a t i n g  cu rves"  for  the  p u r e  s ingle  
c o m p o n e n t s  w e r e  d e t e r m i n e d  b y  m e a s u r i n g  the  
v o l u m e  f r a c t i o n  of f eed  m a t e r i a l  w h i c h  le f t  b y  the  
h igh  ex i t  a t  v a r i o u s  a p p l i e d  vo l tages .  S a m p l e s  of 
p o w d e r s  pas s ing  100 U. S. mesh  and  r e s t i ng  on 140 
U. S. mesh  ( n o m i n a l  127 /~ a v e r a g e  p a r t i c l e  d i a m -  
e t e r )  w e r e  used  t h r o u g h o u t  t he  fo l lowing  e x p e r i -  
m e n t s  ( see  Fig .  11-14, e .g . ) .  F o l l o w i n g  these  d e -  
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t e r m i n a t i o n s  of the  b e h a v i o r s  of the  s ingle  c o m -  
ponen t s ,  the  a b i l i t y  of the  i somot ive  cel l  to s e p a r a t e  
1:1 v / v  m i x t u r e s  of these  p o w d e r s  w a s  t hen  d e t e r -  
mined .  Compos i t i ons  of t he  m a t e r i a l s  ex i t i ng  f r o m  
the  low and  h igh  ex i t s  w e r e  d e t e r m i n e d  b y  c o u n t -  
ing  u n d e r  a mic roscope .  The  fo l l owing  r e su l t s  ( E -  
H)  w e r e  ob ta ined .  

(E) Silicon carbide-aluminum oxide: A l u m i n a  
and  carborundum obtained from the Bay State 
Abrasives Company was screened and graded. 
Separation by dielectrophoresis of the carborundum 
from the alumina was found to be relatively easy. 
Figure 15 shows the percentage composition of the 
streams of powder coming from the high and low 
exits as a function of applied voltage. It may be 
seen that the carbide is readily pulled over to the 
high exit in preference to the alumina. At very 
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Fig. 8. Behavior of polyvinyl chloride spheres in isomotive 
cell. 
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Fig. 9. Behavior of sodium dichromate-t i tanium dioxide 
particle mixtures in isomotive cell. Curve A, per cent of ruffle 
in powder coming out high exit. Curve B, per cent of total 
powder coming out high exit. 
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Fig. ]0.  Behavior of polyvinyl chloride-rutile mixtures in 
isomotive cell. Curve A, per cent of total rutile coming out 
high e x i t .  Curve B, Per cent of total polyvinyl chloride coming 
out high exit. 
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Fig. 1 ]. Behavior of silicon carbide particles in isomotive 
cell. Curve A, 0 ~ tilt. Curve B, 3 ~ tilt. Curve C. 6 ~ tilt. 
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Fig. ] 2. Behavior of aluminum oxide particles in isomotive 
cell. Curve A, 0 ~ tilt. Curve B, 3 ~ tilt. 
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Fig. ] 3. Behavior of calcium fluoride (fluorite) and SiO2 
particles in isomotive cell. Circles, SiO2; squares, CaF~. 
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Fig. 14. Behavior of ruffle (TiO~) particles in Jsomotive 
cell. Curve A, 0 ~ ti lt. Curve B, 3 ~ ti lt. Curve C, 6 ~ t i l t .  

low voltages,  ne i t he r  k ind  of par t ic le  succeeds in  
r each ing  the high exit.  A t  low vol tage  the carb ide  
in  p u r e  fo rm succeeds in  coming  out  the  h igh exit.  
As the  vol tage  increases  b e y o n d  this  point ,  a l a rger  
and  l a rger  f rac t ion  of it goes out  the  h igh exit,  u n -  
t i l  as the  lower  cr i t ical  vol tage  for the  a l u m i n a  is 
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Fig. 15. Behavior of silicon carbide-aluminum oxide parti- 
cle mixtures in isomotive cell. Composition at (A) high exit, 
6 ~ t i l t ;  at (B) high exit, 3 ~ t i l t ;  at (C) low exit, 3 ~ ti lt; and 
at (D) low exit, 6 ~ t i l t .  
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Fig. 16. Behavior of silicon carbide-silica mixtures is iso- 
motive cell, cell at 3 ~ t i l t .  Curve A, composition out high 
exit. Curve B, composition out low exit. Curve C, composition 
calculated from operating curves of pure components. 

reached,  a t race  of a l u m i n a  appears  in it. As the 
vol tage  appl ied  is inc reased  still  f u r t h e r  a lmost  all  
of the  ca rb ide  and  more  and  more  of the  a l u m i n a  
goes out the  high exit,  m a k i n g  the high exi t  s t r eam 
s teadi ly  r i cher  in  a lumina .  The lower  exit  now 
del ivers  n e a r l y  pu re  a lumina .  

(F) Silicon carbide-silicon dioxide: Sil icon car -  
bide, as above,  and  pur i f ied  "glass grade"  sand, 
"Berke ley  F i n e  Dry  Special"  f rom the  P e n n s y l v a n i a  
Glass S a n d  Corpora t ion ,  seived a nd  graded  to pass 
100 U. S. mesh  and  res t  on 140 mesh  ( n o m i n a l  127 

average  par t ic le  d i a me t e r )  were  found  to be easi ly 
separab le  by  dielectrophoresis .  D e t e r m i n a t i o n  of 
the  "ope ra t ing  curve"  for the pu re  SiO~ showed 
tha t  in  the  p resen t  des ign of i somotive  cell it would  
not  come out  of the h igh exi t  at a n y  vol tage  appl ied 
if the t i l t  angle  was as la rge  as 3 ~ . The  curve  for 
pu re  SiC is shown in  Fig. 11. Sepa ra t ion  curves  are 
shown in  Fig. 16. The  behav io r  ove r - a l l  r e sembled  
tha t  for the  A120~-SiC m i x t u r e s  except  for the  
n e a r l y  comple te  absence  of SiO~ in  the  uppe r  exit. 
Some c a r r y - o v e r  was exper ienced  at the  h igher  
voltages,  however .  E x p e r i m e n t s  showed that  SiO_~ 
par t ic les  a lone  did no t  move  out  the  h igher  exi t  
u n d e r  a n y  condi t ions  of vo l tage  appl ied  at 3 ~ t i l t  
or greater .  

(G) Silicon carbide-calcium fluoride: This m i x -  
tu re  was s tud ied  because  it  fo rmed  an  in te res t ing  
example  of an  o therwise  difficult separat ion.  The 
closeness of the  densi t ies  (SIC) d~0 = 3.17; CaF~, d~o 
= 3.18) a nd  the absence of p a r t i c u l a r l y  ou t s t and -  
ing magne t i c  proper t ies  prec ludes  dens i ty  or m a g -  
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Fig. 17. Behavior of calcium fluoride (fluorite)-silicon car- 
bide particle mixtures in isomotive cell. Curve A, high exit  
3 ~ tilt. Curve B, low exit 6 ~ t i l t .  
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Fig. 18. Behavior of zircon-ruffle particle mixtures in iso- 
motive cell. Curve A, product in lower exit. Curve B, product 
in high exit, 3 ~ ti lt. 

arise f rom other  causes such as contact  or nea r  con-  
tact  wi th  electrodes or o ther  par t ic les  be a r i ng  an  
u n b a l a n c e  of charges.  St i l l  o ther  m e c h a n i s m s  are  
possible. The  n a t u r e  of conduc t ion  in these  organic  
l iqu id  dielectr ics  is not  comple te ly  clear, a l t hough  
ionic m e c h a n i s m s  appear  to be p r o m i n e n t  (6) .  The  
appea rance  of a b r e a k  in  the  c u r r e n t - v o l t a g e  curve  
of the  l iqu id  dielectr ic  a lone  (Fig. 2-4) indica tes  
tha t  the re  m a y  be some change  in  type  of conduc-  
t ion  even  in  the  l iqu id  w i t h o u t  la rge  a m o u n t s  of 
suspended  part icles .  This  opens the  ques t ion  as to 
the  cause of the  severa l  b reaks  observed  in  the  
curves  for suspensions.  It  m a y  be tha t  in  the  p res -  
en t  e xpe r i me n t s  tha t  t races  of powder  i m p u r i t y  
we re  p resen t  in  the l iqu id  die lect r ic  s tudied.  I t  m a y  
also be tha t  the  effect observed is due en t i r e ly  to 
p h e n o m e n a  charac ter i s t ic  of pa r t i c l e - f r ee  l iquid.  
F u r t h e r  s tudies  of this  i n t r i g u i n g  p r o b l e m  are u n d e r  
way.  

A simplif ied theory  of the  ne t  force at a ny  t ime  
af ter  a r r iva l  in  the  field is g iven  be low for spher ica l  
part icles ,  exc lud ing  the  more  difficult ca lcu lab le  
e lec t rophore t ic  forces ar i s ing  f rom more  or less r a n -  
dom charging,  and  also exc lud ing  osmotic or con-  
cen t r a t i on  g rad ien t  forces which  are  gene ra l l y  
negligible for particles above about 0.2 ~ diameter. 

The gravitational force, Fg, effective along the 
bottom of the tilted tray is 

net ic  separat ions .  As can be seen f rom Fig. 17, these 
two solids are  r ead i ly  separab le  by  die lec t rophores is  
in  the  i somot ive  cell. CaF~ l ike SiO~ does no t  move  
out  the  high exit  if a lone  at  t i l ts  of 3~ or more.  

(H)  Z ircon-ru t i le :  This m i x t u r e  of m i n e r a l s  
which  canno t  be  separa ted  by  dens i ty  or magne t i c  
methods  proved  r ead i ly  separab le  by  d ie lec t ro-  
phoresis  in  the  i somot ive  cell. Resul ts  are shown on 
Fig. 18. The separa t ions  were  done on zircon sand  
f rom Y a m b a  Beach, Aus t ra l i a .  As received,  it con-  
t a ined  abou t  21% ru t i l e  f rom Which it was  r ead i ly  
separa ted  by  a p r e p a r a t o r y  c l eanup  run .  Rut i le ,  
minera l ,  c rushed  and  graded  was  used in  m a k i n g  
1:1 v / v  m i x t u r e s  for this  s tudy.  Zircon,  l ike SiOf, 
does no t  move  out  the  h igh  exi t  if a lone  in  the  cell  
at t i l ts  of 3~ or more.  

Discussion of Results 
It  m a y  be cons idered  tha t  forces on the par t ic les  

in  the  t r a y  come f rom at least  five causes:  
1. Osmotic.  
2. G r a v i t a t i o n a l  (correc ted  for b o u y a n c y ) .  
3. Dielect rophoret ic ,  a r i s ing  f rom the  effect of 

the  n o n u n i f o r m  electr ic  field on the  field polar ized  
n e u t r a l  part icles .  

4. Dielect rophoret ic ,  a r i s ing  f rom the  effect of 
the  n o n u n i f o r m  electr ic  field on the  c u r r e n t - i n d u c e d  
(or p roduced)  dipoles on the  par t ic le  surface.  

5. Elect rophoret ic ,  a r i s ing  f rom the  effect of the  
electric field on excess charges  on the  part icles .  Ex -  
cess charges,  m a y  arise f rom severa l  possible  causes. 
A charge u n b a l a n c e  m a y  arise f rom c u r r e n t - i n -  
duced cha rg ing  a c c u m u l a t i n g  in i t i a l ly  by  image  
force adsorp t ion  in equa l  n u m b e r s ,  fol lowed by  
local d ischarge  due to "corona"  effects at sharp  
edges on the  par t ic le .  A charge u n b a l a n c e  m a y  also 

4 
F~ = --  i - -  (d~.-dl) a~g sin a [1] 

3 

w he r e  a is the  pa r t i c le  radius ,  do, d, the  densi t ies  of 
par t ic le  and  l iqu id  dielectric,  respect ively ,  g the  
g rav i t a t i ona l  cons tant ,  a nd  a the  ang le  of t i l t  f rom 
horizontal .  

As shown  in  ear l ie r  w o r k  (2) the  d ie lec t ro-  
phoret ic  force, Fo, a r i s ing  f rom induc t ion  in  a n o n -  
u n i f o r m  field on n e u t r a l  par t ic les  is 

Fo : 2 a"K,'eo ( K, ' - -KI '  ~ ViEI ~ [2] 
\ K , ' §  2 K / /  

w he r e  K~', K_J are  the  r e l a t ive  dielectr ic  cons tan t s  
of the l iqu id  and  solid, eo is the  p e r m i t t i v i t y  of f ree 
space, and  E the  electr ic  field at  the  par t ic le .  

In  accord w i th  resu l t s  descr ibed  e l sewhere  (5) it 
can be shown tha t  the  d ie lec t rophore t ic  force, Fj,  
a r i s ing  f rom the  effect of a n o n u n i f o r m  field on cu r -  
r e n t - i n d u c e d  dipoles on the  surface  of spher ica l  

par t ic les  is 

F, = i ( , - v l E ] )  [3] 
w he r e  

t~ = 4~r/3 a~j t [4] 

is electr ic  m o m e n t  due to c u r r e n t - p r o d u c e d  charge  
accumula t ion ,  and  j is the  ne t  c u r r e n t  a r r i v i n g  at  
surface  of par t ic le .  

j = s --  j~ [5] 

jl, j~ is the  c u r r e n t  in  m e d i u m  and  par t ic le ,  r e spec t -  
ively,  ~ the  u n i t  vector  in  hor izon ta l  d i rec t ion  ( u n i t y  
if VIE I coincides w i th  t r a y  bo t tom d i rec t ion) ,  and  
t the  t ime  of flow of cu r ren t .  
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j: : E~,/p: [6]  

j2 = E,,/p, [7]  

w h e r e  E,~ is the  e l ec t r i c  f ield a t  p a r t i c l e - l i q u i d  
i n t e r f a c e  

E i ~ - - E (  3K:'  ) [8]  
K~' + 2K:'  

d u r i n g  mos t  of t h e  c h a r g i n g  p e r i o d  and  p:, p~ a re  
t he  specific r e s i s t i v i t i e s  of t he  l i qu id  a n d  pa r t i c l e s ,  
r e spec t i ve ly .  
C o m b i n i n g  equa t i ons  

F j = 2 ~ r a ~ t (  K: '  ~ ( P~--O: ) 
K ~ ' ~ K : ' /  - p : p ~  - VIEI" [9]  

The  ne t  fo rce  on t h e  p a r t i c l e  in t he  d i r ec t i on  
a long  the  t r a y  b o t t o m  is then ,  F , ~  

F.o~ = Fe 4- Fj + F~ [i0] 

F =2~ra'~VlEl~( .... K:'  > [ ~ 0 ( K ~ ' - - K : ' )  + 
K~' + 2K:'  

t (P~--P:)  I [ii] 
p2p: ..I 

41r 
-- i -- a~g (d~--d:) sin a 

3 

As a test of the above equations, we may examine 
a comparison of the calculated and observed forces. 

The electrical and gravitational forces are observed 

to be in balance, for example, when the voltage is 

just large enough to cause the particles to begin to 

go out the upper exit at a given tilt. Table I con- 

Table I. Comparison of the calculated electrical (dielectrophoretic) 
force and gravitional force on particles in a tilted tray (3 ~ tilt) 

in a nonuniform electrical field due to combined flat and 
cylindrical plates 

Re, Fg, 
D i e l e c -  n e w t o n s /  n e w t o n /  

S u b -  D e n s i t y ,  t r i c  Vcr  I t l  ca1, v / m  3 m S / u n i t  m 3 / u n i t  
s t a n c e  g / c c  c o n s t a n t  v ( r m s )  • 10 -12 vo l .  vol .  

SiC 3.17 (10) 500 2.40 (38.2) 810 
A120~ 4.0 8.6 800 6.12 87.6 1230 
TiO~ 4.26 70 150 0.216 5.8 1370 
ZrSiO4 4.7 12.5 600 3.44 61.8 1590 

t a in s  d a t a  r e l e v a n t  to th is  compar i son .  The  v o l t a g e  
va lues ,  l i s ted  as "V c r i t i ca l "  w e r e  f o u n d  f rom use  of 
d a t a  in Fig.  11, 12, 14, and  18, a n d  w e r e  chosen  a t  
t he  po in t  w h e r e  t he  f irst  p a r t i c l e s  could  be  d e t e c t e d  
in t h e  h i g h e r  ex i t  d u r i n g  a 3 ~ t i l t .  The  v a l u e  for  t he  
d i e l ec t r i c  cons t an t  of s i l icon c a r b i d e  is e s t i m a t e d  
f r o m  its behav io r .  The  va lues  of ViE1 ~, ..... a r e  those :  
c a l c u l a t e d  for  a c y l i n d r i c a l  e l e c t r o d e  of r a d i u s  0.60 
cm spaced  0.241 c m  f r o m  a flat  p la te .  The  va lue s  of 
t he  c a l c u l a t e d  e l e c t r i c a l  and  g r a v i t a t i o n a l  forces,  
Fo and  F~, w e r e  o b t a i n e d  us ing  the  g iven  equat ions .  

T h a t  t he  c a l c u l a t e d  va lue s  for  t h e  e l ec t r i ca l  fo rce  
a r e  less  t h a n  those  c a l c u l a t e d  for  t h e  g r a v i t a t i o n a l  a t  
b a l a n c e  is b e l i e v e d  to be  due  to w h a t  m a y  be  t e r m e d  
t h e  " b u n c h i n g  effect ."  The  e l ec t r i ca l  fo rce  is t h a t  c a l -  
c u l a t e d  for  lone  s p h e r i c a l  p a r t i c l e s  w h i c h  a re  so s m a l l  
as to l e a v e - t h e  ac t ing  e l ec t r i ca l  f ield unaffec ted .  T h e  
e x p e r i m e n t a l  o b s e r v a t i o n s  of t he  c r i t i ca l  v o l t a g e s  
w e r e  o b t a i n e d  i n s t e a d  us ing  r a t h e r  c o n c e n t r a t e d  
s t r e a m s  of pa r t i c l e s .  I t  is b e l i e v e d  t h a t  c o n s i d e r a b l e  
p a r t i c l e - p a r t i c l e  a n d  p a r t i c l e - f i e l d  i n t e r ac t i ons  ex i s t  
in such c i r c u m s t a n c e s  w h i c h  g r e a t l y  a c c e n tua t e  t h e  
n o n u n i f o r m  field fo rce  on the  aggrega te s .  This  is 
ev idenced ,  for  e x a m p l e ,  b y  the  b r i d g i n g  effects a l -  
r e a d y  noted .  This  p r o b l e m  is u n d e r  f u r t h e r  s t u d y  
a n d  i t  is h o p e d  t h a t  f u r t h e r  l i gh t  can  be  shed  on 
th is  p h e n o m e n o n .  
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25 _ V e 
VIE[ ~ ........ V5 

54 [ y]--Yo ]2 
y,.~ lln1--: 

L y:+Yo j 

w h e r e  V is t h e  v o l t a g e  b e t w e e n  e l e c t r o d e s ,  Yo t h e  l e a s t  d i s t a n c e  b e -  
t w e e n  c y l i n d e r  a n d  f la t  e l e c t r o d e s ,  yl = ~/(Yo + R) -~ -- R ~, a n d  R is 
t h e  r a d i u s  of c u r v a t u r e  of t h e  c y l i n d r i c a l  e l e c t r o d e ,  a n d  t h e  f ie ld  
q u a n t i t y  is m e a s u r e d  a t  t h e  s u r f a c e  of t h e  f la t  p l a t e .  
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ABSTRACT 

Investigation of the variables affecting the laboratory scale deposition of 
chromium from chromic acid electrolytes containing fluoride or fluosilicate has 
enabled the optimum conditions for the production of high-purity chromium 
(0.03-0.04 wt % oxygen, 0.0008-0.002 wt % nitrogen) at the highest current 
efficiency (38-45%) to be determined. This current efficiency is much higher 
than the 8-I0% in the chromic acid-sulfate electrolyte in which chromium of a 
similar grade can be produced. 

Continuous electrodeposition in a larger cell showed that the current effi- 
ciency in fluoride-containing electrolytes decreased progressively with time 
to a steady 25-30%. No explanation has been found for this decrease. After 
steady conditions have been achieved, the advantages in current efficiency of 
the fluoride over the sulfate bath remains substantial. 

I t  has  been  k n o w n  for  s e v e r a l  y e a r s  t h a t  f luor ides  
and  f luosi l ica tes  a r e  ef fec t ive  ca t a ly s t s  in c h r o m i u m  
p l a t i n g  solut ions .  E l e c t r o l y t e s  con ta in ing  t h e s e  
an ions  have  been  used  c o m m e r c i a l l y ,  p a r t i c u l a r l y  in  
G e r m a n y ,  b u t  t h e y  h a v e  no t  y e t  been  used  for  t he  
p u r p o s e  of p r o d u c i n g  h i g h - p u r i t y  c h r o m i u m .  

In  these  l a b o r a t o r i e s  t he  p u r e  c h r o m i u m  (0.02 
w t  % O~, 0.002 w t  % N3, 0.001 w t  % max .  m e t a l l i c  
e l e m e n t s  i nc lud ing  C, S, St) r e q u i r e d  for  e x p e r i -  
m e n t a l  w o r k  on the  d e v e l o p m e n t  of c h r o m i u m - b a s e  
a l loys  is p r o d u c e d  f r o m  ch romic  ac id  e l e c t r o l y t e s  
con ta in ing  su l fa t e  (1)  a t  c u r r e n t  eff iciencies of 8-  
10%. I t  is k n o w n  t h a t  i m p r o v e d  c u r r e n t  efficiencies 
a r e  o b t a i n e d  w h e n  us ing  e l e c t r o l y t e s  con ta in ing  
e i t h e r  f luor ide  or  f luosi l icate ,  and  i t  w a s  t h e r e f o r e  
dec ided  to i n v e s t i g a t e  so lu t ions  con ta in ing  these  
an ions  to d e t e r m i n e  w h e t h e r  or  no t  t h e y  could  be  
used  to p r o d u c e  a h i g h - g r a d e  c h r o m i u m  deposi t .  

W o r k  b y  Bi l f inger  (2)  ( r e v i e w e d  b y  Hood)  (3)  
on b a t h s  con ta in ing  f luor ide  and  f luos i l ica te  r e s u l t e d  
in a ser ies  of cu rves  and  t ab l e s  w h i c h  r e v e a l e d  the  
o p t i m u m  depos i t i on  cond i t ions  n e c e s s a r y  to m a i n -  
t a in  t he  h ighes t  c u r r e n t  efficiencies at  55~ In  t he  
p r e s e n t  s tudy ,  an  e l e c t r o l y t e  t e m p e r a t u r e  of 100~ 
was  chosen  for  t he  p r e l i m i n a r y  inves t iga t ions ,  a f t e r  
a cons ide r a t i on  of t he  r e su l t s  of w o r k  c a r r i e d  out  
b y  B r e n n e r ,  et al (4) .  These  w o r k e r s  showed  t h a t  
t he  r e l a t i o n s h i p  b e t w e e n  e l e c t r o l y t e  t e m p e r a t u r e  
a n d  o x y g e n  con ten t  of c h r o m i u m  d e p o s i t e d  f r o m  
ch romic  ac id  so lu t ions  con ta in ing  f luor ide  was  s i m -  
i l a r  to t ha t  a s soc ia t ed  w i t h  t he  ch romic  a c i d - s u l f a t e  
e l ec t ro ly t e s ,  i.e., i n c r ea s ing  e l e c t r o l y t e  t e m p e r a t u r e  
r e s u l t e d  in a d e c r e a s e  in t he  o x y g e n  con t en t  of t h e  
c h r o m i u m  depos i t .  The  e x p e r i m e n t a l  p r o g r a m  was  
t h e r e f o r e  des igned  to y ie ld ,  for  a b a t h  t e m p e r a t u r e  
of 100~ i n f o r m a t i o n  of a s im i l a r  c h a r a c t e r  to t h a t  
p r e v i o u s l y  o b t a i n e d  b y  Bi l f inger  a t  55~ This  was  
done  b y  s t u d y i n g  i n d e p e n d e n t l y  each  v a r i a b l e  a f -  
f ec t ing  the  eff iciency of depos i t i on  and  p u r i t y  of 
t he  p roduc t .  

For ease of reading and brevity in this report the 
expressions "fluoride-containing electrolyte" and 
"chromium deposited from an electrolyte contain- 
ing fluoride" will in general be replaced by the 
terms "fluoride electrolyte" and "fluoride chro- 
mium," respectively. The terms "fluosilicate electro- 
lyte," "sulfate electrolyte," "fluosilicate chromium," 
and "sulfate chromium" have corresponding mean- 
ings. 

Apparatus 

The  a p p a r a t u s ,  ho ld ing  250-300 ml  of solut ion,  
cons i s ted  of a g lass  vesse l  w i t h  in le t  and  ou t l e t  
a rms  w h i c h  w e r e  used  for  t he  e l ec t rode  connec t ions  
and for the introduction of the electrolyte. Gases 
e vo lve d  d u r i n g  e l e c t ro ly s i s  e scaped  v i a  a re f lux  
condense r ,  w h i c h  ass i s t ed  in  m a i n t a i n i n g  a s t ab le  
e l e c t r o l y t e  c o n c e n t r a t i o n  b y  e l i m i n a t i n g  f u m e  and  
e v a p o r a t i o n  losses.  S ince  f r e s h  e l e c t r o l y t e  was  used  
for  each  e x p e r i m e n t  a n d  depos i t i on  runs  w e r e  
l i m i t e d  to 1 hr ,  no p r e c a u t i o n s  w e r e  n e c e s s a r y  to 
coun te r  f luos i l ica te  c o n t a m i n a t i o n  a r i s ing  f rom the  
glass  con ta ine r .  C h e m i c a l  a n a l y s i s  of t he  depos i t ed  
c h r o m i u m  conf i rmed  the  a bse nc e  of s i l icon.  The  
use of f r e s h  e l e c t r o l y t e  also h e l p e d  to  r e d u c e  t h e  
b u i l d - u p  of t r i v a l e n t  c h r o m i u m ,  w h i c h  w o u l d  h a v e  
i n t r o d u c e d  a f u r t h e r  s ign i f ican t  va r i ab l e .  

The  e l e c t r o l y t e s  w e r e  p r e p a r e d  f r o m  h i g h - g r a d e  
c h romic  ac id  c on t a in ing  the  fo l lowing  n o m i n a l  i m -  
p u r i t i e s :  0.02% SO~, 0.004% NO3, 0.01% Fe,  a n d  
0.1% Na. F l u o r i d e  was  a d d e d  as hyd ro f luo r i c  ac id  
and  f luos i l ica te  as t he  p o t a s s i u m  sal t .  

C h r o m i u m  was  depos i t ed  on 1/2 in. d i a m e t e r  cop-  
p e r  t u b e s  w h i c h  w e r e  s u b s e q u e n t l y  d i s so lved  b y  
d iges t ion  in  n i t r i c  acid.  H i g h - p u r i t y  l e a d  was  first  
used  as t he  a n o d e  m a t e r i a l ,  b u t  th is  was  f o u n d  to 
b e c o m e  inac t i ve  w i t h i n  a v e r y  shor t  pe r iod .  I t  was  
t h e r e f o r e  r e p l a c e d  b y  a 7% t i n - l e a d  anode ,  as used  
in some c o m m e r c i a l  f luor ide  ba ths .  A h e a v y  scale  
f o r m e d  on th is  anode,  and  in t h e  e a r l y  t es t  r uns  th is  
was  r e m o v e d .  H o w e v e r  th is  p r a c t i c e  was  f o u n d  to 
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Table I. Variables affecting the deposition of chromium in fluoride electrolytes 

Electrolyte composition 
Run F/CrOs, 
No. CrOa, g/1 F ,g /1  % T e m p , ~  

Current  Curren t  Nitro- 
density, efficiency, Oxygen,  gen, w t  
amp/f t s  % wt  % % 

F1 315 3.0 0.96 101 
F2 310 10.0 3.20 102 
F3 300 5.65 1.81 102 
F4 295 4.4 1.50 100 
F5 300 16.0 5.35 102 
F6 200 2.5 1.25 102 
F7 300 7.46 2.5 101 
C1 100 1.75 1.75 101 
C2 200 3.5 1.75 102 
C3 300 5.25 1.75 
C4 400 7.00 1.75 
T1 300 5.14 1.71 55 
T2 300 5.14 1.71 70 
T3 300 5.14 1.71 82 
T4 300 5.14 1.71 92 
T5 300 5.14 1.71 30 

CD1 300 5.25 1.75 101 
CD2 300 5.25 1.75 102 
CD3 300 5.25 1.75 t02 
CD4 300 5.25 1.75 102 

1100 8 0.4 0.002 
1050 15 0.35 0.003 
1150 39 0.04 0.0012 
1150 40 0.04 0.003 
ii00 No deposit -- -- 
1000 19.5 0.068 0.0016 

964 32.3 0.14 0.002 
950 33 0.037 0.005 
910 38.5 0.04 0.005 
910 45 0.04 0.005 
910 35 0.044 0.003 

1010 28.5 0.4 0.008 
1010 23.5 0.15 - -  
1010 24 0.09 0 . 0 0 7  
1010 38 0.08 0.006 
1010 B lack  p o w -  - -  - -  

d e r y  depos i t  
1360 44 0.028 0.003 
1125 48.5 0.035 0.003 
670 39 0.035 0.003 

1200 48 0.033 0.003 

be  u n n e c e s s a r y  as t h e  sca le  d id  n o t  in  a n y  w a y  a f fec t  
t h e  a c t i v i t y  of  t h e  a n o d e .  

F o r  a p r e l i m i n a r y  s t u d y  of  l a r g e r  sca l e  p r o d u c -  
t ion ,  a p l a t i n g  ce l l  c o n s i s t i n g  b a s i c a l l y  of  a n  8 in.  
d i a m e t e r  r o u n d  b o t t o m e d  " H y s i l "  g lass  v e s s e l  h o l d -  
i n g  u p  to 10 1 w a s  c o n s t r u c t e d .  A l id  of  l a m i n a t e d  
f ibe r  b o a r d ,  c o a t e d  w i t h  a h e a v y  l a y e r  of  p o l y v i n y l  
c h l o r i d e ,  s e r v e d  as a c o v e r i n g  f o r  t h e  ce l l  a n d  h e l d  
f o u r  12 in. d o u b l e - s u r f a c e  r e f l u x  c o n d e n s e r s ,  t h e  
c o p p e r  c a t h o d e  (1 in.  t u b e )  a n d  e l e c t r i c a l  c o n n e c -  
t i ons  to  t h e  a n n u l a r  a n o d e  m a d e  f r o m  a 7 %  t i n - l e a d  
a l l o y  (6 in. d i a m e t e r ,  3/s in.  t h i c k ) .  T h e  v o l u m e  of 
e l e c t r o l y t e  n o r m a l l y  u s e d  w a s  8 l, a n d  as in  t h e  
case  of  t h e  s m a l l  ce l l  no  p r e c a u t i o n s  w e r e  t a k e n  to  
p r o t e c t  t h e  g lass  f r o m  t h e  a c t i o n  of  t h e  f luor ide .  

P o w e r  to  th i s  ce l l  w a s  s u p p l i e d  b y  a 250 a m p  
c a p a c i t y  s e l e n i u m  rec t i f i e r .  No  h e a t i n g  of  t h e  e l e c -  
t r o l y t e  w a s  n e c e s s a r y ,  o t h e r  t h a n  b r i n g i n g  u p  to  

t e m p e r a t u r e  p r i o r  to t h e  c o m m e n c e m e n t  of  a r u n ,  
as t h e  p o w e r  i n p u t  (200 a m p  at  5 -6  v )  w a s  suf f ic ien t  
to m a i n t a i n  a b o i l i n g  so lu t ion .  A r r a n g e m e n t s  fo r  
c o n t i n u o u s  o p e r a t i o n  w e r e  n o t  d e v e l o p e d  a n d  p l a t -  
i ng  t i m e s  w e r e  l i m i t e d  to  6-7 h r  runs .  

Analysis 
O x y g e n  a n a l y s i s  of  t h e  d e p o s i t e d  c h r o m i u m  w a s  

c a r r i e d  ou t  b y  t h e  A d c o c k  m e t h o d  a n d  n i t r o g e n  
w a s  d e t e r m i n e d  u s i n g  t h e  s e m i - m i c r o  K j e l d a h l  
m e t h o d .  F l u o r i d e  a n d  f l uos i l i c a t e  c o n c e n t r a t i o n s  in  
t h e  b a t h  w e r e  d e t e r m i n e d  b y  a m o d i f i c a t i o n  of  t h e  
s t e a m  d i s t i l l a t i o n  p r o c e s s  u s e d  b y  R e y n o l d s  a n d  
H i l l  ( 5 ) .  

Conditions of Operation 
T h e  c u r r e n t  e f f i c i e n c y - c a t a l y s t  a c i d  c u r v e s  o b -  

t a i n e d  b y  B i l f i n g e r  (2)  a t  5 5 ~  g a v e  s t r o n g  i n d i -  
c a t i ons  of  t h e  s e n s i t i v i t y  of c u r r e n t  e f f i c iency  to 

Table II. Variables affecting the deposition of chromium in fluosilicate electrolytes 

Electrolyte composition 
Run 
No. CrO3, g/1 SiF6, g/1 SiF6/CrOa, % Temp, ~ 

Current  Cur ren t  Oxygen,  Nitrogen, 
density,  amp/ft~ efficiency, % wt  % w t  % 

$1 300 3.4 1.14 101 
$2 300 6 2.00 101 
$3 300 4.50 1.50 101 
$4 300 7.50 2.50 101 
$5 300 5.25 1.75 101 
$6 300 6.75 2.25 101 
$7 300 5.62 1.87 101 
CS1 500 10 2 101 
CS2 400 8 2 101 
CS3 200 4 2 100 
CS4 100 2 2 100 
CS5 350 7 2 101 
TS1 300 6 2 70 
TS2 300 6 2 85 
TS3 300 6 2 63 
TS4  300 6 2 92 
DS1 300 6 2 102 
DS2 300 6 2 101 
DS3 300 6 2 101 
DS4 300 6 2 101 

900 26.5 0.12 0.0008 
900 39 0.04 0.0008 
870 35 0.06 0.0008 
730 22 0.12 0.0008 
915 36 0.054 0.0014 
900 33 0.10 0.0014 
880 38.5 0.04 0.0012 
900 29.5 0.05 0.0008 
875 35 0.06 0.0012 
910 32 0.06 0.0016 
906 19 0.04 0.0008 
920 36.5 0.04 0.0008 
900 26.5 0.2 0.004 
940 37.0 0.08 0.0012 
924 15" 0.25 - -  
885 38.5 0.06 0.001 

1300 39.5 0.06 0.0008 
610 28.4 0.084 0.001 

1606 36.8 0.09 0.0012 
1160 40.0 0.036 0.0008 

* Powdery  deposit, cur ren t  efficiency value  doubtful.  
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Fig. 1. Effect of catalyst-chromic acid ratio on current 
efficiency, e, Fluoride electrolyte; & ,  fluosilicate electrolyte; 
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Fig. 2. Effect of chromic acid concentration on current 
efficiency, e, Fluoride electrolyte; A,  fluosilicate electrolyte. 

both  f luor ide  and  f luos i l ica te  c o n c e n t r a t i o n  in c h r o -  
mic  ac id  e l ec t ro ly t e s .  F o r  t es t s  a t  100~ a ch romic  
ac id  c o n c e n t r a t i o n  of  300 g/1 was  se lec ted ,  th is  
be ing  the  s t a n d a r d  c o n c e n t r a t i o n  used  in t he  p r o -  
duc t ion  of su l f a t e  c h r o m i u m .  Resu l t s  a r e  r e c o r d e d  
in Tab les  I and  II.  The  efficiency v a l u e s  a r e  p l o t t e d  
a ga in s t  c a t a l y s t  c o n c e n t r a t i o n  in Fig.  1. The  c u r v e  
for  su l f a t e  e l e c t r o l y t e s  at  82~ is i n c o r p o r a t e d  in  
Fig.  1 for  compar i son .  

The  re su l t s  of t he  a b o v e  tes t  r u n s  e s t a b l i s h e d  the  
c a t a l y s t - c h r o m i c  ac id  r a t i o  at  1.75% for  t he  f luor ide  
e l e c t r o l y t e  and  2% for  t h e  f luos i l ica te  e l ec t ro ly t e .  
S e v e r a l  ch romic  ac id  so lu t ions  w e r e  p r e p a r e d  a t  
concen t r a t i ons  r a n g i n g  b e t w e e n  100 and  500 g/1 
CrO3 each  con ta in ing  the  r e q u i r e d  c a t a l y s t  a d d i t i o n  
at  t he  r a t io  c i ted  above .  These  so lu t ions  w e r e  t h e n  
e l e c t r o l y z e d  at  c u r r e n t  dens i t i e s  of 880-950 a m p / f t  2. 
The  e l e c t r o l y t e  t e m p e r a t u r e  was  m a i n t a i n e d  a t  100 ~ 
102~ The  c u r r e n t  eff iciency d a t a  o b t a i n e d  a re  r e -  
co rded  in Tab les  I and  II  and  i l l u s t r a t e d  g r a p h i c a l l y  
in Fig .  2. 

F r o m  a s t u d y  of t he  r e su l t s  o b t a i n e d  d u r i n g  th i s  
t e s t  series,  ch romic  ac id  so lu t ions  of t he  fo l l owing  
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Fig. 3. Influence of current density on current efficiency. 
e, Fluoride electrolyte; &, fluosilicate electrolyte. 
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Fig. 4. Change in current efficiency with electrolyte tem- 
perature, e, Fluoride electrolyte; & ,  fluosilicote electrolyte; 
. . . .  , sulfate electrolyte. 

compos i t ion  w e r e  p r e p a r e d :  ( a )  300 g/1 CrO,, 5.25 
g/1 F;  and  (b)  300 g/1 CrO3, 6 g/1 SiFt.  These  so lu-  
t ions  w e r e  e l e c t r o l y z e d  a t  100~176 us ing  c u r -  
r en t  dens i t i e s  r a n g i n g  f r o m  600 to 1600 amp/ f f f .  
Resu l t s  a r e  r e c o r d e d  in Tab les  I and  I I  and  shown  
in Fig .  3. 

A l l  of t he  a b o v e  e x p e r i m e n t s  w e r e  c a r r i e d  out  in  
bo i l ing  e l e c t r o l y t e s  and  t h e  h igh  c u r r e n t  efficiencies 
o b t a i n e d  w e r e  p a r t i c u l a r l y  in t e re s t ing .  The  asso -  
c ia t ion  of h igh  c u r r e n t  eff iciency w i t h  h igh  t e m p e r -  
a t u r e  d i f fe red  m a r k e d l y  f r o m  the  b e h a v i o r  of su l -  
f a t e  e l ec t ro ly t e s ,  i.e., d e c r e a s i n g  efficiency w i t h  i n -  
c r eas ing  t e m p e r a t u r e ,  a n d  w a r r a n t e d  f u r t h e r  i n -  
ves t iga t ion .  H e n c e  e l e c t r o l y t e s  w e r e  p r e p a r e d  f r o m  
300 g/1 so lu t ions  of c h romic  ac id  con ta in ing  e i t he r  
5 g/1 f luor ide  or  6 g/1 f luosi l icate ,  and  these  w e r e  
e l e c t r o l y z e d  at  v a r i o u s  t e m p e r a t u r e s  us ing  c u r r e n t  
dens i t i e s  b e t w e e n  850 a n d  1010 a m p / f t  2, as d e t a i l e d  
in Tab les  I and  II. The  t e m p e r a t u r e s  g iven  in Tab l e s  
I and  II  w e r e  m e a s u r e d  b y  a t h e r m o m e t e r  a t t a c h e d  
to t he  ca thode .  I t  is poss ib l e  h o w e v e r  t h a t  t he  ac -  
t ua l  t e m p e r a t u r e  at  t he  c a thode  su r f ace  was  s l i g h t l y  
h i g h e r  t h a n  those  r e g i s t e r e d .  The  r e su l t s  of these  
e x p e r i m e n t s  a r e  g iven  in  Fig .  4, t o g e t h e r  w i t h  su l -  
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f a t e -e l ec t ro ly te  data  (6) .  In  the fluosil icate e lec-  
t rolyte ,  deposi ts  at  t e m p e r a t u r e s  be low 65~ were  
powdery ,  and  the  ca lcu la ted  c u r r e n t  efficiency was 
thus  doubt fu l .  This  m a y  have  been  due to too h igh  
a c u r r e n t  dens i t y  which  could resu l t  in  some h y d r o -  
lysis  at the  e lec t rode  surface.  

The  i n f o r m a t i o n  ob ta ined  f rom these  tests  was  
both u n e x p e c t e d  and  in t e r e s t i ng  in  tha t  for both  
the  f luoride and  fluosil icate e lec t rolytes  c u r r e n t  
efficiency increased  to a m a x i m u m  va lue  t oward  
I O 0 ~  

Gas Content oS Electrodeposits 
(Oxygen and Nitrogen) 

Oxygen.--Analysis of c h r o m i u m  deposi ted f rom 
the  f luoride and  fluosil icate ba ths  at  va r ious  t e m -  
pe r a tu r e s  showed  tha t  the  oxygen  con ten t  va r i ed  
wi th  t e m p e r a t u r e  in  m u c h  the  same w a y  as for 
sul fa te  ch romium,  i.e., as the  e lec t ro ly te  t e m p e r -  
a tu re  was  increased  the  oxygen  con ten t  decreased 
rap id ly  b e t w e e n  50 ~ and  80~ and  then  more  g rad -  
ua l l y  t oward  100~ 

Resul ts  are recorded in  Tables  I and  II and  
p lo t ted  in  Fig. 5 toge ther  w i t h  the co r respond ing  
o x y g e n - t e m p e r a t u r e  curve  for a sul fa te  e lect rolyte .  
F r o m  these curves  it is seen t ha t  whi le  f luoride and  
fluosilicate c h r o m i u m  can be deposi ted w i th  low 
oxygen  con ten t  (0.03-0.05 wt  %)  they  are u n l i k e l y  
to have  as low an  oxygen  con ten t  as su l fa te  chro-  
m i u m  p roduced  u n d e r  the  o p t i m u m  condit ions.  
Aga ins t  this, however ,  are  the  r e m a r k a b ] y  h igh  cu r -  
r e n t  efficiencies of the f luoride and  fluosil icate baths .  
At  100~ the  efficiency of the  sul fa te  e lec t ro ly te  is 
3% as compared  wi th  40-45% for the f luoride and  
fluosil icate e lectrolytes .  
Nitrogen.--The resul ts  suggest  tha t  the n i t r ogen  
con ten t  tends  to decrease wi th  increas ing  e lec t ro ly te  
t empera tu re .  However ,  this  effect is doubt fu l ,  and  
other  work  (7) has shown tha t  w h e n  h igher  n i t r a t e  
i m p u r i t y  (0 .1%) is p resen t  in  the bath,  the  n i t r ogen  
con ten t  of the  c h r o m i u m  is unaffec ted  by  e lec t ro ly te  
t empera tu re .  

Ana lys i s  of the c h r o m i u m  deposits f rom elec-  
t ro ly tes  of v a r y i n g  ca ta lys t  concen t ra t ions  showed 
tha t  the  oxide i m p u r i t y  was p a r t i c u l a r l y  suscep-  
t ib le  to changes  in  f luoride and  fluosil icate con-  
cent ra t ions .  Low oxygen  va lues  occurred w i t h i n  
the same ca ta lys t  concen t ra t ion  ranges  wh ich  gave 
h ighes t  c u r r e n t  efficiency. These va lues  are recorded 
in  Tables  I and  II  and  p lo t ted  aga ins t  c a t a l y s t - c h r o -  
mic acid ra t io  in  Fig. 6. S imi l a r  effects have  been  
noted  for the oxygen  con ten t  of su l fa te  ch romium,  as 
is also ind ica ted  in  Fig. 6. The n i t r ogen  con ten t  was 
not  affected. 

Resul ts  recorded  in Tables  I and  II show tha t  
va r i a t i on  in  chromic  acid concen t r a t i on  and  c u r r e n t  
dens i ty  have  l i t t le  or no inf luence  on e i ther  the  oxy-  
gen or n i t r ogen  con ten t  in  f luoride or f luosil icate 
ch romium.  

Electrodeposi t ion f rom Fluor ide Electrolytes 
in a 10-1 Glass Ce l l  

Using the  i n f o r m a t i o n  ob ta ined  f rom the  p reced ing  
pa r t  of this  i nves t iga t ion  it was  decided to ca r ry  
out  some p r e l i m i n a r y  tests in a l a rger  scale a p p a r a -  
tus  as a step t oward  r egu l a r  c h r o m i u m  p roduc t ion  

I 
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Fig. 5. Decrease in oxygen content with increasing elec- 
trolyte temperature, e, Fluoride chromium; A ,  fLuosilicote 
chromium; . . . . .  , sulfate chromium. 

0 ' 3  

o o.2 

o 

0.3 t 

�9 \ X  , ' /  
o \ I / 

0.I 

! I 
I 2 

CATALYST// CrO 3 PER CENT 

Fig. 6. Changes in oxygen content with various catalyst- 
chromic acid ratios, o, Fluoride chromium; A ,  f luosil icate 
chromium; . . . . .  , sulfate chromium. 

f rom fluoride c o n t a i n i n g  electrolytes .  Table  III  which 
lists detai ls  of some of these p r e l i m i n a r y  runs  shows 
tha t  the  c u r r e n t  efficiency fal ls  success ively  as the  
ba th  ages. 

Fac tors  which  could have  some inf luence on this  
c u r r e n t  efficiency decrease  are:  

1. T r i v a l e n t  c h r o m i u m  concen t r a t i on  which  
showed inc reas ing  va lues  cor responding  to the de-  
creas ing c u r r e n t  efficiency resul ts  (see Table  I I I ) .  

2. The cons iderab le  b u i l d - u p  of nodules  and  the 
t r ee ing  of the  deposi ts  which  upsets  the effective 
c u r r e n t  dens i ty  by  inc reas ing  the  ove r - a l l  cathode 
surface  area and  wh ich  produces  a n o n u n i f o r m  dis-  
t r i b u t i o n  of c u r r e n t  dens i ty  over the  cathode surface.  
In  add i t ion  some loss of c h r o m i u m  resul t s  f rom the  
d e t a c h m e n t  of nodules  f rom the cathode. 

3. The possible  fo rma t ion  of fluosilicate con-  
t a m i n a t i o n  by  the  chemica l  act ion of the  fluoride 
e lec t ro ly te  on the  glass vessel. 

Influence of trivalent chromium concentration.- 
In  order  to s tudy  the  effect of this  va r i ab le  on the  
c u r r e n t  efficiency a so lu t ion  of k n o w n  t r i va l e n t  chro-  



Vol. 107, No. 5 401 E L E C T R O D E P O S I T I O N  O F  H I G H - P U R I T Y  Cr  

Table Ill. Electrodeposition in the 10-1 glass cell 

Run No. L1 L2 L4 L6 L7 

Electrolyte composition 
CrO~ g/1 290 309 300 300 310 
F g/l, start 4.5 5 5 5.6 5.4 
F g/l, finish 4 5 5 5.25 
Cr, g/1 1.2 1.32 2.32 5.14 5.2 

Active age of bath, hr  7 11 25 40 47 
Temperature,  ~ C 102 102 102 102 102 
Curren t  density, amp/ f t  ~ 1150 1150 1150 1100 1150 
Current  efficiency, % 40 35 32 25 24 
Oxygen, wt  % 0.04 0.04 0.04 0.035 0.03 
Nitrogen, wt % 0.0028 0.003 0.003 0.002 0.0012 

m i u m  concen t r a t i on  was  p r epa red  by  add ing  a 
k n o w n  a m o u n t  of Cr.~O,. This so lu t ion  was e lec t ro-  
lyzed in  the  smal l  e x p e r i m e n t a l  cell. As ind ica ted  in  
Tab le  IV, a c u r r e n t  efficiency of 42% was recorded,  
which  a p p a r e n t l y  ind ica ted  tha t  the  t r i v a l e n t  ch ro-  
m i u m  concen t r a t i on  did not  inf luence  the  c u r r e n t  
efficiency. However ,  r econs ider ing  this  factor  it  was  
though t  possible tha t  by i n t roduc ing  t r i v a l e n t  chro-  
m i u m  into so lu t ion  as Cr~O~, the  t r i v a l e n t  c h r o m i u m  
complex  fo rmed  migh t  not  be the  same  as tha t  which  
exists  in  the e lec t ro ly te  as a resu l t  of n a t u r a l  aging.  
Hence  a f u r t h e r  so lu t ion  was  p r epa red  in  which  the  
t r i v a l e n t  c h r o m i u m  was increased  by  ar t i f ic ial ly  ag-  
ing the e lec t ro ly te  us ing  a la rge  cathode surface a rea  
separa ted  f rom a smal l  anode surface  by  means  of a 
porous  porce la in  pot. In  this w a y  solut ions  con t a in -  
ing 15 and  27 g/1 t r i v a l e n t  Cr were  p repa red  for 
electrolysis  in  the  smal l  ceil. The  resul ts ,  recorded 
in  Tab le  IV aga in  show tha t  t r i v a l e n t  c h r o m i u m  
added  to the  ba th  does not  affect the  cu r r en t  effi- 
c iency s ignif icant ly.  

Current density and nodule formation.--The 
above tests suggested  the  poss ib i l i ty  tha t  in the  
la rge  cell m u c h  more  c h r o m i u m  was be ing  lost as 
nodules  t han  had  been  expected.  Work  wi th  su l fa te  
e lect rolytes  (1,6) has shown tha t  nodu le  fo rma t ion  is 
inf luenced  by  c u r r e n t  densi ty ,  lower  densi t ies  y i e ld -  
ing smoother  deposits.  Tests were  therefore  car r ied  
out  wi th  the  f luoride e lec t ro ly te  at lower  c u r r e n t  
densi t ies  in  the  la rge  cell for 6- and  7 -h r  runs .  I t  
was  not iced tha t  t r ee ing  and  nodu le  fo rma t ion  were  

Table IV. Effect of trivalent chromium concentration 

Electrolyte composition T i m e  
of elec- Curren t  

CrO~, F, trolysis, efficiency, 
g / l  g/1 Cr, g/1 hr  Temp,  ~ % 

295 4.74 1.45 as Cr~O.~ 1 102 42 
Artificially aged 
S t a r t  Finish 

292 5.2 15 3 1 102 42 
280 5.0 27 2.94 1 102 39.5 

Table V. Effect of reduced current density on chromium recovery 

Electrolyte composition Curren t  Curren t  
density,  efficiency, 

CrO.~, g/1 F, g/1 a m p / f t  'z % 

300 5.24 1000 32 
310 5.46 910 34.5 
305 5.62 800 33.5 
306 5.60 660 34.8 

reduced.  In  this  w a y  the effective c u r r e n t  efficiency 
was  increased  to some ex t en t  as shown in  Table  V, 
bu t  it did no t  r e t u r n  to the  h igh va lues  ob ta ined  
(40-45 % ) in  the su rvey  inves t iga t ion .  

Fluosilicate contamination in fluoride electrolyte. 
- - A s  s ta ted p rev ious ly  no p recau t ions  were  t aken  
to protect  the  g lassware  f rom etching by  the f luoride 
in  the e lect rolytes  used. In  the  1-hr  e x p e r i m e n t a l  
r u n s  this  factor  was cons idered  neg l ig ib le  since the  
t ime  was  short  a nd  f resh e lec t ro ly te  was  used for 
each test. A n  ana lys i s  of the e lec t ro ly te  which  had 
been  in  the  l a rger  10 1 glass cell for a per iod  of ap-  
p r o x i m a t e l y  3 m o n t h s  showed a fluosil icate con ten t  
of the  order  0.6-0.7 g/1 SiFt. This  r epresen t s  a t i e - u p  
of 0.5 g/1 f luoride which  wou ld  upset  the  effective 
f luor ide-chromic  acid ratio.  This  fluosil icate con-  
t a m i n a t i o n  m a y  have  c on t r i bu t e d  to the  con t inua l  
decrease in c u r r e n t  efficiency bu t  on ly  to a m ino r  
ex ten t ,  by  p roduc ing  a s l ight  va r i a t i on  in  the  chro-  
mic acid ca ta lys t  ra t io  which  could be e l imina t ed  by 
us ing an  ine r t  cell l in ing .  

Effects of Impurities in the Electrolyte 

Sulfate.--Since h i g h - p u r i t y  chromic  acid wou ld  
be uneconomica l  for fu l l - sca l e  c h r o m i u m  product ion ,  
some tests were  car r ied  out  us ing  a commerc ia l  
grade  of chromic  acid h a v i n g  the  fo l lowing i m p u r i t y  
levels:  0.5-0.8% SO4, 0.003% NO~, and  less t h a n  
0.5% metal l ics .  This  was  found  to p roduce  chro-  
m i u m  at m u c h  lower  c u r r e n t  efficiencies t h a n  those 
ob ta ined  w h e n  pu re  chromic  acid was  used. I t  has 
been repor ted  (2,8) tha t  su l fa te  addi t ions  in  f luoride 
and  fluosil icate e lec t rolytes  are associated wi th  a 
decrease in  c u r r e n t  efficiency. This led to a series of 
e xpe r i me n t s  in  which  sul fa te  was (a) purpose ly  
added to a pu re  chromic  acid e lec t ro ly te  and  (b)  
comple te ly  r emoved  f rom a commerc ia l  chromic  acid 
e lec t ro ly te  by  p rec ip i t a t ion  w i th  b a r i u m  hydroxide ,  
bu t  w i t hou t  i n t r oduc i ng  excess b a r i u m  as a f u r t h e r  
var iab le .  Resul ts  are g iven  in  Tab le  VI and  show 
tha t  the  su l fa te  i m p u r i t y  in  commerc ia l  chromic  
acid apprec i ab ly  reduces  the c u r r e n t  efficiency of 
the  f luoride e lectrolyte .  

Tin.--The use of a 7% t i n - l e a d  a l loy as an  anode 
in the  e lec t rodeposi t ion  of f luoride c h r o m i u m  in t ro -  
duced the  poss ib i l i ty  of t i n  t races  be ing  e n t r a p p e d  in  
the ch romium.  Using spect rographic  and  po la ro-  
graphic  analysis ,  0.005 wt  % t in  was  de tec ted  in  the  
ch romium.  This was  no t  cons idered  of a sufficiently 
high va lue  to inf luence the  proper t ies  of the  metal .  
F u r t h e r  tests were  car r ied  out  us ing  a p u r e  t in  
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Table VI. Influence of electrolyte sulfate impurity 

Nominal  composition Curren t  
efficiency, 

Electrolyte CrO~, g/1 F, g/1 SO4, g/1 % 

Commercial CrO3 300 5 0.65 26 
300 5 0.24 31 

Commercial CrO~ 
SO, pptd. with 300 5 Trace 42 
Ba(OH)2 

Pure CrO~ with 300 5 0.56 29 
added SO, 

anode,  bu t  even  in th is  e x t r e m e  case t he  d e p o s i t e d  
c h r o m i u m  s h o w e d  on ly  0.08% t in.  These  r e su l t s  a r e  
given in Table VII, which also shows that plating 
ceased during the run with the tin anode. This sug- 
gested that while tin might not cause serious con- 
tamination of the electrodeposit, it could have a 
deleterious effect on the performance of the elec- 
trolyte. This was confirmed by tests in electrolytes 
deliberately contaminated with tin, where the cur- 
rent efficiency decreased with increasing tin content, 
as indicated in Table VII. This factor is discussed 
further in the following section. 

Alternative Anode Materials 
As d e m o n s t r a t e d  above  t in  c o n t a m i n a t i o n  of t he  

e l e c t r o l y t e  r e s u l t e d  in an  efficiency d e c r e a s e  and  
m a y  a r i se  w h e n  us ing  7% t i n - l e a d  anodes  con-  
t i nuous ly .  T h e r e f o r e  s e v e r a l  a l t e r n a t i v e  anode  m a -  
t e r i a l s  w e r e  s tud ied ,  t he  p r i m a r y  r e q u i r e m e n t s  b e i n g  
an  a l l oy  w h i c h  w o u l d  r e m a i n  ac t ive  and  no t  con-  
t a m i n a t e  e i t he r  t he  e l e c t r o l y t e  or  the  deposi t .  A l l o y s  
e x a m i n e d  w e r e  P b - 7 %  Sn, - 4 %  Sn, -1% Sn, and  
0.5% Sn; P b - 2 %  Ag;  P b - 2 %  Zn; P b - 2 %  A g  - 2 %  
Zn;  P b - l %  Na,  and  P b - 0 . 5 %  Te. The  a l loys  w h i c h  
p r o v e d  to be  mos t  r e s i s t a n t  to t he  f luor ide  so lu t ions  
w e r e  the  P b - S n  a l loys  (0 .5 -4% S n ) ,  P b - T e ,  P b - A g ,  
P b - N a .  The  P b - N a  a l loy  was  p a r t i c u l a r l y  b r i t t l e  and  
for  th is  r eason  was  not  se lec ted .  Us ing  the  P b - 2 %  
A g  anode ,  s i l ve r  was  d e t e c t e d  in  t h e  c h r o m i u m .  I t  
was  found  t ha t  t he  c o n c e n t r a t i o n  of t in  in t he  l e ad  
a n o d e  could  be  r e d u c e d  to 0.5% a n d  s t i l l  m a i n t a i n  an  

ac t ive  anode.  The  p r o b a b l e  l eve l  of c o n t a m i n a t i o n  
us ing  th i s  anode  compos i t i on  was  cons ide red  neg l i -  
gible ,  and  i t  was  used  in a l l  f u r t h e r  tes ts .  

Chromium Deposition in a Polyethylene Lined 
Plating Cell 

Be c a use  of t he  d a n g e r  of f luos i l ica te  c o n t a m i n a -  
t ion,  i n e r t  l in ing  m a t e r i a l s  w e r e  i nves t iga t ed .  P o l y -  
e t h y l e n e  was  f o u n d  to be  r e s i s t an t  to t he  h i g h l y  
ac t ive  so lu t ion  b u t  i t  so f t ened  at  t he  h igh  t e m p e r a -  
tures .  H o w e v e r ,  p r o v i d i n g  the  l in ing  was  we l l  s u p -  
p o r t e d  th is  was  not  a m a j o r  p r o b l e m .  

A p o l y e t h y l e n e - l i n e d  vesse l  was  des igned  w h i c h  
cons i s ted  e s sen t i a l l y  of a s tee l  t a n k  (10-12 1 ca -  
p a c i t y )  l ined  f irst  w i t h  l e a d  and  t h e n  w i t h  p o l y -  
e thy lene .  To a l id,  w h i c h  was  s i m i l a r l y  l ined,  w e r e  
a t t a c h e d  the  e l ec t rode  in le t s  and  the  ou t le t  for  
w a s t e  gases  w h i c h  i n c l u d e d  a p o l y e t h y l e n e - t u b e  
sp i r a l  condenser .  D u r i n g  e l ec t ro lys i s  t he  l id  was  
sea l ed  to the  cel l  w i t h  a p o l y e t h y l e n e  gaske t .  

The  e l ec t ro ly t e ,  c on t a in ing  300 g/1 CrO3-5.4 g/1 F, 
was  p r e p a r e d  f rom c o m m e r c i a l  g r a d e  ch romic  acid,  
t he  su l f a t e  i m p u r i t y  b e i n g  p r e c i p i t a t e d  w i t h  b a r i u m  
h y d r o x i d e .  The  r e su l t s  of depos i t ion  in th is  ba th  a re  
l i s t ed  in Tab le  VII I ;  a l l  r uns  a r e  of 6-7 h r  du ra t ion .  
S i m u l t a n e o u s  tests ,  u s ing  s a m p l e  e l e c t ro ly t e s  f rom 
the  l a r g e  ba th ,  w e r e  c a r r i e d  out  in t he  smal l  e x -  
p e r i m e n t a l  cell  and  s h o w e d  h i g h e r  efficiency va lues  
(see  T a b l e  V I I I ) .  These  t e n d  to show t h a t  the  t ime  
for  depos i t i on  or  t h i cknes s  of depos i t  is the  m a i n  
fac to r  in  t he  l ow efficiencies r e c o r d e d  in the  l a r g e r  
scale  cells.  The  c h r o m i u m  p r o d u c e d  in the  l a r g e  
cel l  was  of a h igh  o r d e r  of p u r i t y  a n d  the  c u r r e n t  
efficiency, a l t h o u g h  l o w e r  t h a n  an t i c ipa t ed ,  r e m a i n e d  
r e l a t i v e l y  cons t an t  d u r i n g  the  tests .  

Properties of "Fluoride" Chromium 
C h r o m i u m  depos i t ed  f r o m  t h e  f luor ide  e l e c t r o l y t e  

has  been  a rc -cas t ,  e x t r u d e d ,  swaged ,  a n d  ro l l ed  u s -  
ing p r o c e d u r e s  s i m i l a r  to t ha t  a l r e a d y  r e p o r t e d  
(9,10) for  c h r o m i u m  depos i t ed  f rom the  ch romic  
a c i d - s u l f a t e  e l ec t ro ly t e .  Thus  i t  was  poss ib le  to 
c o m p a r e  the  p r o p e r t i e s  of c o l d - w o r k e d  and  r e c r y s -  

Table VII. Effect of tin contamination in the electrolyte 

Electrolyte composition 
CrO~ F, g/1 Sn, g/ l  Anode mater ia l  

Tin in 
chromium,  w t %  

Current  
efficiency, % 

300 5.4 - - *  
300 5.4 - - *  

300 5.32 0.0 
300 5.32 4.6 
300 5.32 7.4 

Pb -- 7% Sn 
Pure Sn 

Pb -- 0.5% Te 
Pb -- 0.5% Te 
Pb -- 0.5% Te 

0.005 
0.08 

Tin detected spec-  
t rog raph ica l ly  

42 
Pla t ing  ceased 

dur ing run  
38 
15.0 
9.6 

* Not determined.  

Table VIII. Deposition of chromium in polyethylene-lined cell 

Electrolyte composition 

CrOs, g/1 F, g/1 Temp,  ~ 

Current  Current  
density,  Current  efficiency in 
a m p / f t  2 efficiency, % test cell, % Oxygen,  wt  % Nitrogen, w t  % 

310 5.4 
306 5.32 
300 5.36 
300 5.2 
300 5.3 

100-102 880 34 38 
100-102 800 26 34 
100-102 640 25 36 
100-102 880 24.5 32 
100-102 760 25 34 

0.008 
Not detected 
Not detected 
Not detected 
Not detected 

0.001 
Not detected 
Not detected 
Not detected 

0.0005 
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Table IX. Transition temperatures of rolled "sulfate" and 
"fluoride" chromium 

Ductile/brittle 
Composition, transition Hardness 

wt % in bending ~ (V.P.N.) 
As Recrys- As Recrys- 

Material O~ N~ rolled tallized rolled tallized 

Sulfate - -  0.002 --60 380 - -  - -  
Chromium 0.012 0.001 195 185 130 
Fluoride 0.025 0.002 --87 121 219 115 
Chromium 

Table X. Room-temperature tensile properties of rolled "sulfate" 
and "fluoride" chromium 

Tensile E l o n g a t i o n  Reduction 
Material strength, psi on 4~/area, % in area, % 

Sulfate 100,000 40 50 
Chromium 
Fluoride 88,000 57 55 
Chromium 

tal l ized fluoride c h r o m i u m  wi th  those of the su l fa te  
mater ia l .  The d u c t i l e - b r i t t l e  t r ans i t i on  t e m p e r a t u r e s  
and  tens i le  p roper t ies  of these ma te r i a l s  in  the fo rm 
rol led s tr ip are l is ted in  Tables  IX and  X, and  show 
tha t  the  f luoride c h r o m i u m  can be f ab r i ca t ed  equa l ly  
as wel l  as c h r o m i u m  deposi ted f rom the  chromic  
ac id - su l fa t e  e lec t ro ly te  and  has super ior  duc t i l i ty  
values .  

Discussion 

The most  puzz l ing  fea tu re  of this i nves t iga t ion  is 
the decrease  in  c u r r e n t  efficiency on chang ing  f rom 
the smal l  test  cell e x p e r i m e n t s  to the  pi lot  p l a n t  
stage. At  first s ight  it would  appear  tha t  this cu r -  
r en t  efficiency decrease was excessive and  tha t  some 
s imple  exp lana t ion  migh t  be found  in  tha t  va r i ab les  
such as t r i va l en t  c h r o m i u m  concen t ra t ion ,  f luosil i-  
cate con tamina t ion ,  or t i n  i m p u r i t y  could have  a 
de le te r ious  influence.  However  as has been  shown  
above none  of these  factors  had  any  apprec iab le  
inf luence on the c u r r e n t  efficiency. I t  was d e m o n -  
s t ra ted  tha t  the t r i v a l e n t  ion concen t r a t i on  did no t  
have  any  influence.  The  source of the  fluosilicate 
c o n t a m i n a t i o n  was  r emoved  by  us ing  a po lye thy-  
lene  l ined  vessel, and  t in  c o n t a m i n a t i o n  was g rea t ly  
reduced  by  rep lac ing  the 7% t i n - l e a d  anode by  one 
c o n t a i n i n g  0.5% tin.  

In  v iew of the  above it was cons idered  tha t  the  
ma jo r  effect migh t  be due to the nodu le  growth,  
t reeing,  and  the  genera l  roughness  associated w i th  
the deposi t ion  of th icker  coat ings t h a n  those ob-  
t a ined  in  the  smal l  cell. By compar i son  wi th  the 
sul fa te  ba th  (1, 6) w h e r e  efficiencies of the  order  
14% are  ob ta ined  for runs  of 1 hr  bu t  drops to 6- 
7% for per iods up to 72 hr, it  m a y  wel l  be an t i c i -  
pa ted  tha t  a c u r r e n t  efficiency of 42% in the  smal l  
f luoride b a t h  for h o u r l y  r u n s  could drop to 20% for 
p la t ing  t imes  of say 20 hr  g iv ing  an  e q u i v a l e n t  
th ickness  of c h r o m i u m  to tha t  ob ta ined  in  the su l -  
fa te  bath .  This  c u r r e n t  efficiency is in  fact ve ry  
close to the  one ob ta ined  in  this  i nves t iga t ion  which  
was 25% for 8 -h r  r u n s  in  the  pi lot  p l an t  equ ipmen t .  
By ana logy  wi th  the  opera t ion  of the  sul fa te  b a t h  
where  it is possible,  by  improved  control  of the  
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opera t ing  va r i ab les  (10) a nd  also con t inua l  pur i f i -  
cat ion of the  e lec t ro ly te  by  ion exchange,  to ob t a in  
c u r r e n t  efficiencies of 9-10% it should be poss ib le  
to achieve  c u r r e n t  efficiencies of 27-30% in the 
f luoride bath.  

I t  is t rue  tha t  this compar i son  does no t  in  any  
w a y  explair~ w hy  t ree ing  a nd  genera l  surface  r o u g h -  
ness occurs in  aged baths,  bu t  it does help to pu t  the  
drop in  efficiency found  in  the  f luoride ba th  in  pe r -  
spective. A n  e x p l a n a t i o n  of the  p h e n o m e n o n  mus t  
wai t  on a more  f u n d a m e n t a l  a t tack  on the more  
basic factors  ope ra t ing  in  the  e lec t rodepos i t ion  of 
c h r o m i u m  for cons iderab le  per iods of t ime. 

In  the f luoride e lec t ro ly te  a m i n i m u m  c u r r e n t  
efficiency at e lec t ro ly te  t e m p e r a t u r e s  b e t w e e n  70 ~ 
and  80~ was noted.  The  l a t t e r  t e m p e r a t u r e  is the  
m a x i m u m  at which  p rev ious  inves t iga tors  had  
worked  w h e n  e x a m i n i n g  p l a t i ng  condi t ions  for 
f luoride electrolytes .  Because up  to this  t e m p e r a t u r e  
the c u r r e n t  efficiency in f luoride e lect rolytes  shows 
the  same d o w n w a r d  t r e n d  as in  su l fa te  e lec t rolytes  
it  has p r e s u m a b l y  been  conc luded  tha t  the  cu r r en t  
efficiency in  the  fo rmer  w o u l d  con t inue  to decrease 
as the t e m p e r a t u r e  is raised.  No e x p l a n a t i o n  for the  
m i n i m u m  in the c u r r e n t  e f f i c i ency- tempera tu re  
curve  can be g iven  on the  basis  of the p resen t  
resul ts .  

Conclusions 

1. The  o p t i m u m  condi t ions  for the  deposi t ion  of 
h i g h - p u r i t y  c h r o m i u m  were  (a)  for the  chromic  
ac id- f luor ide  e lect rolyte :  e lec t ro ly te  composi t ion,  
300 g/1 CrO~, 5.25 g/1 F; c u r r e n t  densi ty ,  1150 a m p /  
ft2; e lec t ro ly te  t e m p e r a t u r e ,  100~176 g iv ing  a 
c u r r e n t  efficiency of 40-45% in 1-hr  runs .  (b)  for 
the  chromic  acid-f luosi l ica te  e lec t rolyte :  e lec t ro ly te  
composi t ion,  300 g/1 CrO~, 6 g/1 SiF6; c u r r e n t  densi ty ,  
1150 a m p / f t ' ;  e lec t ro ly te  t empe ra tu r e ,  100~176 
g iv ing  a c u r r e n t  efficiency of 38-40% in 1-hr  runs .  
These condi t ions  y ie lded  c h r o m i u m  con t a in ing  0.03- 
0.04 wt  % oxygen  and  0.0008-0.002 wt  % n i t rogen .  

2. The oxygen  con ten t  of the  c h r o m i u m  was 
sens i t ive  to changes  in  ca ta lys t  concent ra t ion .  The 
ca ta lys t  concen t r a t i on  w h i c h  gave the  m a x i m u m  
c u r r e n t  efficiency also gave  the  m i n i m u m  oxygen  
concen t ra t ion .  This i m p u r i t y  concen t r a t i on  decreas-  
ed wi th  increas ing  e lec t ro ly te  t e m p e r a t u r e  in  the  
same m a n n e r  as f ound  in  the  su l fa te  e lectrolytes ,  
b u t  the  average  m i n i m u m  v a l u e  was  h igher  (0.03 wt  
%)  t h a n  for the  su l fa te  p roduc t  (0.01 wt  %) .  This 
m i n i m u m  va l ue  was not  in f luenced  by  changes  in  
c u r r e n t  dens i ty  or chromic  acid concen t ra t ion .  

3. The n i t r ogen  i m p u r i t y  level  was no t  changed  
in  any  cons is ten t  m a n n e r  b y  a ny  of the  va r i ab l e s  
inves t iga ted .  

4. Depos i t ion  of c h r o m i u m  f rom the chromic  acid-  
f luoride e lec t ro ly te  u n d e r  s e m i - p r o d u c t i o n  condi -  
t ions  was  accompanied  b y  a progress ive  decrease  in  
c u r r e n t  efficiency wi th  t ime  to a s teady va lue  of 
25-30%. The fo l lowing are  the  conclus ions  f rom the  
inves t iga t ion  of some of the  var iab les  which  could 
effect c u r r e n t  efficiency: (A)  The t r i v a l e n t  ch ro-  
m i u m  concen t r a t i on  did no t  inf luence c u r r e n t  effi- 
ciency. (B) A decrease in  the  c u r r e n t  dens i ty  for 
l a rge -sca le  tests p roduced  a s l ight  increase  in  cu r -  
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r en t  efficiency due  a p p a r e n t l y  to a decrease in  nod -  
u le  f o rma t ion  (C) T in  was  detec ted  in bo th  the  
c h r o m i u m  deposi t  and  the  e lectrolyte ,  and  it  was  
shown tha t  t i n  c o n t a m i n a t i o n  could reduce  the  cu r -  
r en t  efficiency. (D) A n y  sul fa te  i m p u r i t y  in  the 
chromic  acid used m u s t  first be  r emoved  since su l -  
fa te  c o n t a m i n a t i o n  was  shown  to be associated w i th  
a r educ t ion  in  c u r r e n t  efficiency. However ,  the  de-  
crease in  c u r r e n t  efficiency wi th  t ime  was  g rea te r  
t h a n  could be exp la ined  by  a n y  c o m b i n a t i o n  of these 
factors. 

5. "F luo r ide"  c h r o m i u m  fabr ica ted  by  a r c - ca s t -  
ing, ex t rus ion ,  swaging,  and  ro l l ing  at 700~ 
possessed mechan i ca l  p roper t ies  wh ich  compared  
f avo rab ly  w i th  those of "su l fa te"  c h r o m i u m  p re -  
pa red  by  s imi la r  means .  
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Polarization of Luminescence in ZnS and CdS Single Crystals 
A. Lempicki 

General Telephone and Electronics Laboratories Inc., Bayside, New York 

ABSTRACT 

The fluorescent emission from hexagonal  ZnS and CdS single crystals is 
found to be polarized preferent ia l ly  perpendicular  to the c axis for both polarized 
and unpolarized excitation. Cubic ZnS crystals emit unpolarized radiation. The 
results are analyzed in terms of a simple dipole theory which is shown to be 
inadequate  for the description of luminescent  centers in these materials. Pre-  
l iminary  observations on the polarization of fluorescence of ZnO crystals are 
reported. 

The so-cal led  Weiger t  effect (1) or po la r iza t ion  
of f luorescence has been  k n o w n  for m a n y  years.  A 
large  a m o u n t  of work  has been  done on the  p rop-  
ert ies of o rganic  molecules  in  var ious  media  (1, 2). 
The  me thod  has not  been  appl ied  ex tens ive ly  to the  
inorgan ic  l u m i n e s c e n t  mater ia l s .  A no tab le  excep-  
t ion  is found  in  the work  of Lambe ,  Compton,  West,  
and  Kl iek  (4-7)  in  this c o u n t r y  and  Feofi lof  (3) in  
Russia.  The  subs tances  inves t iga ted  by  these au thors  
were  mos t ly  hatides.  

Recent  successes in  the  g rowth  of s ingle  crys ta ls  
of the  sulfides (8, 9) made  it possible to app ly  the 
po la r i za t ion  t echn iques  to the  s tudy  of the l u m i n e s -  
cent  centers  in  these mater ia l s .  

The s imples t  phys ica l  model  of a l u m i n e s c e n t  
cen te r  can be conceived as an  atomic or molecu la r  
aggregate  g iv ing  rise to a classical  electric oscillator.  
If this  is the  case, the po la r iza t ion  studies  should 
enab le  us to d e t e r m i n e  the componen t s  of the  po la r -  
izabi l i ty  tensor  and  the o r i en ta t ion  of the  osci l lator  
in  the latt ice.  

Usua l ly  the  m e a s u r e m e n t  of po la r iza t ion  is made  
in the l o n g i t u d i n a l  d i rec t ion  as i l lus t ra ted  on Fig. 1. 
The f luorescent  m e d i u m  is at  the  or ig in  of the  

z E 

Ill ~ y 

X 

Fig. I. Meosurement of polarization-longitudinal experi- 
ments. 

coordinates  O and  is exci ted by an  e lec t romagne t ic  
wave  p ropaga ted  a long the - -x  axis. The electr ic  
vec tor  E is pa ra l l e l  to z. Observa t ions  are m a d e  

th rough  an  ana lyze r  A which  can be ro ta ted  e i ther  
pa ra l l e l  or p e r p e n d i c u l a r  to E. One in t roduces  a 

q u a n t i t y  p: 

I l l - - I  2 
p - -  ; l ~ p - - ~ l  [1] 

Iii + I L  
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where  Ij] and  I •  are  the observed  in tens i t i es  of fluo- 

rescence for the two direct ions.  The  theor ies  of the  
effect a im at  ca lcu la t ing  p f rom a su i tab le  model  of 
the f luorescent  center .  There  are va r ious  degrees 
of sophis t ica t ion in  these theor ies  which  are  briefly 
described.  

The Rayleigh-TyndaIL modeL--For  m o n o c h r o -  
mat ic  exc i ta t ion  one assumes  tha t  the f luorescence 
is essen t ia l ly  a sca t te r ing  process w i thou t  change  
of wave  length.  As in  Ray le igh  sca t te r ing  the i n -  
t ens i ty  in  a n y  g iven  d i rec t ion  is p ropor t iona l  to 
the square  of the dipole m o m e n t  /~. This m o m e n t  
is d e t e r m i n e d  by  the po la r i zab i l i ty  tensor  a t h rough  
the equa t ion  

~ = a E  

In  crysta ls  it  is a ssumed  n o r m a l l y  tha t  the  p r inc ipa l  
axes of this t ensor  are o r ien ted  a long m a i n  c rys ta l -  
lographic  direct ions.  In  spite of the u sua l l y  la rge  
Stokes shift  (Xabsorptiou < Xemission)- This  s imple  model  
has been  used  successful ly  in  d e t e r m i n i n g  the  
symmet r i e s  of some l u m i n e s c e n t  centers  in  hal ides  
(4) and  in  d i a m o n d  (10).  

Separate absorption and emission oscillators.--It 
has been  first po in ted  out  by  P e r r i n  (11) in  con-  
nec t ion  wi th  work  on f luorescent  solut ions  tha t  
somet imes  it m a y  be necessa ry  to pos tu la te  two 
different  k inds  of oscillators.  The exci t ing  energy  
is first absorbed  by  an  absorp t ion  osci l lator  an d  then  
t r an s f e r r ed  to an  emiss ion oscillator.  This  fo rma l ly  
al lows for a shift  in  ene rgy  b e t w e e n  absorp t ion  and  
emiss ion and  accounts  for nega t i ve  va lues  of p some-  
t imes  observed in  solutions.  Feofi lof  has used es- 
sen t ia l ly  the  same mode l  in  d e t e r m i n i n g  the  s y m m e -  
t r y  of l u m i n e s c e n t  centers  in  CaF_~ and  NaF  (3) .  In  
this case the  s ign and  m a g n i t u d e  of p change  wi th  
the  exci t ing  wave  length,  and  it is necessary  to in -  
t roduce  two separa te  oscillators.  

The  models  (a)  and  (b)  are  essen t ia l ly  classical  
a l though  J ab lonsk i  (12) and  Lafi t te  (13) have  used 
q u a n t u m  mechan ica l  methods  in  descr ib ing  the  e n -  
ergy t r ans fe r  b e t w e e n  the  two sets of oscillators.  

Quantum mechanical t reatment . - - I f  the s y m m e t r y  
of the  crys ta l  and  l u m i n e s c e n t  cen te r  are known ,  it 
is possible to wr i t e  down  select ion ru les  for dipole 
t r ans i t i on  (14).  In  a sti l l  more  ref ined t r e a t m e n t  the 
m a t r i x  e l ements  could be computed,  and  f rom these 
one should be able  to es t imate  p. 

Experimental Methods 
The e x p e r i m e n t a l  a r r a n g e m e n t  is r ep re sen t ed  

schemat ica l ly  in  Fig. 2. A m e r c u r y  arc source is 
p laced at S. The  3650A rad i a t i on  is isolated by 
means  of filter 1 and  passes t h rough  a G l e n - T h o m p -  
son polar izer  which  can be ro ta ted  about  the  x axis 
(8). The f luorescence gene ra t ed  in  spec imen C 
passes t h rough  a polaro id  ana lyze r  and  is detected 
by  a pho tomul t i p l i e r  Ph. F i l t e r  2 has a sharp  cu t -  
off for the exci t ing  rad ia t ion .  The  optical  sys tem of a 
Zeiss po la r iz ing  microscope was  adap ted  for the 
measu remen t s .  

There  are  severa l  i m p o r t a n t  p recau t ions  which  
m u s t  be t a k e n  in  order  to ob ta in  re l i ab le  resul ts .  
Most i m p o r t a n t  is t ha t  no polar ized  exc i ta t ion  
reaches the detector.  This  is achieved by  su i tab le  

P O L A R I Z A T I O N  O F  L U M I N E S C E N C E  IN Z n S  

z (c) l # fl; ~ r  ~ s 
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Fig. 2. Experimental arrangement for the measurement 
of polar izat ion. S, radiat ion source; F1, f i l ter;  Pal, polarizer; 
C, crystal; Re, f i l ter;  An, analyzer; Ph, photomult ip l ier .  
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Fig. 3. Polarizat ion factor p vs. the ozymuth 0 for a CdS 
and ZnS:Cu crystal. For 0 ~ 0 the excit ing electric vector 
is paral lel to the c axis. 

combina t ions  of filters 1 and  2. The specimens  in  
fo rm of pla tes  are m o u n t e d  over  a d i aphragm.  The  
exci t ing  b e a m  is m a d e  n e a r l y  pa ra l l e l  by  r e m o v i n g  
the microscope condenser  and  us ing  su i tab le  stops. 
It  is i m p o r t a n t  tha t  the  n u m e r i c a l  ape r tu r e  of the  
objec t ive  ga the r ing  the  f luorescence be as smal l  as 
possible. The  reason  for this  is g iven  in  the  appendix .  

S ince  the angles  0 and  ~I, can be set i n d e p e n d e n t l y  
we can genera l ize  Eq. [1] and  define p as 

( I ( ~ F =  O ) - - I  ~ g = 0 +  

p(0)  ---= [2] ( ~ I(,I, = 0) + I  , I t = 0  + ~ -  

In  our  m e a s u r e m e n t s  we  have  chosen the  z axis  to 
coincide w i th  the  c axis of the  crystals .  In  case of 
exc i ta t ion  wi th  n a t u r a l  (unpo la r i zed )  l ight  the  angle  
0 is, of course, not  specified. We define t hen  for this  
case 

I(,1, = 0 )  - I ,r = -ff 
p, = [3] 

1 ( 9 =  0)  + I  ,t, = ~ -  

It should be no ted  tha t  m e a s u r e m e n t s  w i th  n a t u r a l  
l ight  are  m u c h  more  sens i t ive  t h a n  wi th  polar ized 
light. The  reason for this is that ,  if the  filter sys tem 
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Table I. Polarization data 

I m p u r i t y ,  F l u o r e s c e n c e  
Type  m o l e  % peak ,  A S t r u c t u r e  1o (0 ~ !o (90 ~ Pn 

1. ZnS Cu 2x10-' Hex. --0.24 
2. ZnS Cu 2.10 -~ Hex. --0.24 
3. ZnS: Cu 0.02 4500 Hex. --0.03 0.20 --0.12 
4. ZnS: Cu 0.02 4500 Hex. --0.11 0.20 --0.16 
5. ZnS :Cu  0.02 4500 Hex. (cub) --0.07 0.16 --0.09 
6. ZnS Cu 2x10 -~ Hex. (cub) --0.08 0.12 --0.11 
7. ZnS Cu 0.01 4500 Cub. 0.00 0.00 0.00 
8. ZnS: Mn 0.1 5750 Cub. 0.00 0.00 0.00 
9. Z n S : M n  1.0 5750 Cub. (hex) --0.03 0.07 --0.05 

10. Z n S : M n  1.0 5750 Cub. (hex) --0.06 0.02 --0.02 
11. CdS 6800 Hex. --0.52 0.51 --0.50 
12. ZnO Clear 5180 Hex. 0.00 0.00 0.00 
13. ZnO Clear 5180 Hex. 0.00 0.00 0.00 
14. ZnO Red 5130 Hex. 0.27 --0.25 0.28 
15. ZnO Red 5130 Hex. 0.48 --0.48 0.45 

(1 and  2) is no t  ideal  and  the  f luorescence weak,  
t hen  an  apprec iab le  f r ac t ion  of the  exc i ta t ion  can  
reach the  pho tomul t ip l e r .  If it  is polarized,  it  wi l l  
affect the  va lue  of p. Wi th  n a t u r a l  l ight  this  l eak ing  
exc i ta t ion  can produce  only  a cons t an t  b a c k g r o u n d  
i n d e p e n d e n t  of the se t t ing  of the  ana lyzer .  

Results 
The ZnS  crysta ls  (Tab le  I) used in  this  i nves t iga -  

t ion  were  g rown  by  a vapor  phase  me thod  by  
K r e m h e l l e r  and  Samelson  of our  Labora tor ies .  Some 
of t h e m  were  de l ibe ra t e ly  ac t iva ted  (by  doping the 
s t a r t ing  powder )  w i th  Cu and  Mn. Others  were  
used as grown.  The  i m p u r i t y  concen t r a t i on  is g iven  
in  the  second co lumn  of Table  I. 

Spec imens  des igna ted  by  Z n S : C u  and  Z n S : M n  
were  doped i n t e n t i o n a l l y  d u r i n g  growth.  Those 
des igna ted  by ZnS  had  only  acc identa l  impur i t ies .  
The concen t ra t ion  of impur i t i e s  was d e t e r m i n e d  on 
a r a n d o m  select ion of crysta ls  f rom the  same growth  
batch.  

The  r e q u i r e m e n t s  of b r igh t  f luorescence and  p l a t e -  
l ike geomet ry  w i th  the  c axis  in  the  p l ane  of the  
p la te  ser ious ly  l imi t  the  n u m b e r  of su i tab le  speci-  
mens.  A f luorescent  spec t rum ( u n d e r  3650A exc i ta -  
t ion)  was  ob ta ined  on crysta ls  which  were  suffi- 
c ien t ly  b r igh t  and  the  peak is g iven  in  the th i rd  
column.  X - r a y  ana lys i s  was ob ta ined  for all  speci-  
mens.  Crys ta ls  1 and  2 are essen t ia l ly  free of s tack-  
ing disorder  and  b i r e f r i ngence  band ing .  Al l  o ther  
ZnS  spec imens  show v a r y i n g  a m o u n t s  of both. 
Some, l ike 5, 6, 9 and  10, show, besides  the m a i n  
s t ruc ture ,  diffract ion spots due  to the  other  phase.  
This is ind ica ted  in  brackets .  The  r e m a i n i n g  three  
co lumns  of Tab le  I give the va lues  of p for exc i ta -  
t ion  polar ized pa ra l l e l  to c, p e r p e n d i c u l a r  to c and  
n a t u r a l  l ight.  

Al l  the  ZnS  and  CdS crystals ,  except  7 and  8, 
which  are cubic, show a f luorescence p r e f e r e n t i a l l y  
polar ized pe rpend i cu l a r  to the  c axis. The i n t ens i t y  
was too weak  for crys ta ls  1 and  2 to measu re  p (0  ~ 
and  p (90~  b u t  these  crys ta ls  have  the  h ighes t  
va lues  of p~ observed  on any  spec imen  of ZnS.  The  
presence  of d isorder  which  is e q u i v a l e n t  to the  i n -  
t roduc t ion  of the  cubic phase is seen to decrease 
the m a g n i t u d e  of p. Tab le  I does no t  inc lude  n u m e r -  
ous resul t s  ob ta ined  on cubic crysta ls  m a n y  of which  
were  e lec t ro luminescen t .  No po la r iza t ion  of f luor-  

escence or e l ec t ro luminescence  was f ound  in  these. 
U n f o r t u n a t e l y ,  no hexagona l  ZnS:  Mn crys ta ls  com-  
pa rab le  in  per fec t ion  w i th  specimens  1 and  2 were  
avai lable .  This  makes  it  difficult to d i s t ingu i sh  be -  
t w e e n  the  p r o p e r t y  of the  l u m i n e s c e n t  centers  (Mn 
and  Cu) and  the  latt ice.  I t  is impossible  to compare  
Z n S : C u  an  Z n S : M n  crys ta ls  which  show different  
amoun t s  of disorder.  

Spec imen  11 is a he xa gona l  CdS crys ta l  wi th  an 
emiss ion peak  nea r  6800A. l I ts  f luorescence is also 
polar ized p e r p e n d i c u l a r  to c wi th  a va l ue  of IP! 

0.5 cons ide rab ly  h igher  t h a n  in  ZnS  crystals.  
F igure  2 gives the va r i a t i on  of p (0) as a func t ion  

of the  a z y m u t h  0 for crys ta ls  4 and  11. The CdS 
curve  is s y m m e t r i c a l  abou t  the  x axis  and  can be 
r ep resen ted  by  ~n  equa t ion  of the fo rm p (0) = --  1/z 
cos 2 0. If we  make  m e a s u r e m e n t s  wi th  n a t u r a l  
l ight  exc i ta t ion  and  plot  p.  as a func t ion  of the angle  
~, we ob ta in  a s imi lar  r e su l t  pn = -  1/2 COS 2 ~I'. 
This me a ns  tha t  the po la r iza t ion  is qui te  i n d e p e n d e n t  
of the mode  of exci ta t ion.  For  ZnS  the resul t s  are  
somewha t  different .  As seen f rom Tab le  I and  Fig. 
2 we have  in  genera l  

IPl (0~ ] <  IPnl < IP ( 90o ) 

It  should be stressed tha t  q u a n t i t a t i v e  measure -  
ments  of po la r iza t ion  r e qu i r e  a r a the r  high degree 
of e x t e r n a l  c rys ta l  perfect ion.  This is demons t r a t ed  
by the  fo l lowing  observat ions .  One spec imen  of CdS 
consisted of a ve ry  clear p la te  jo ined  to a th icker  
heavi ly  s t r ia ted  part .  M e a s u r e m e n t s  of polar iza t ion  
were  made  in  the  two regions.  In  the  c lear  por t ion  
pn was abou t  --0.3, whereas  it  decreased to a lmost  
zero in  the  less perfect  part .  To f u r t he r  check the 
effect of surface  we have  etched crys ta l  11 in  ttNO~. 
The p r ev ious ly  sh iny  surface  t u r n e d  rough  and  the  
polar iza t ion  decreased f rom pn = 0.5 to p, = - - 0 . 1 8 7  
We bel ieve  tha t  in  spec imens  1, 2, and  11 no surface 
depolar iza t ion  effects were  present .  

Miscellaneous Observations 

We have  observed  a po la r i za t ion  of the  green  
e lec t ro tuminescence  in  p u r e  ( n o n p h o t o l u m i n e s c e n t )  

1 The  c rys t a l  was  o b t a i n e d  ~rom Dr. I. Brose r  of  t he  F r i t z  Habe r  
I n s t i t u t  de r  Max  P l a n c k  Gese l l s cha f t ,  Ber l in .  B e y o n d  t he  presence  
of s i l v e r  i t s  exac t  i m p u r i t y  c o n t e n t  is u n k n o w n .  

e T h a t  a r o u g h  sur face  p roduces  d e p o l a r i z a t i o n  can be d e m o n -  
s t r a t ed  by  p l a c i n g  a g r o u n d  g lass  p l a t e  b e t w e e n  t he  c r o s s e d  
pola r ize r s  of a mic roscope .  The  f ie ld  of v i e w  w i l l  n o t  e x t i n g u i s h .  
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CdS. The crys ta ls  had  Ga electrodes which  had  to 
be " fo rmed"  (15).  These m e a s u r e m e n t s  were  r a the r  
difficult because  of the  i n s t ab i l i t y  of emission.  Values  
of p up to --0.3 were  observed.  The  e l ec t ro lumines -  
cence is thus  also p r e f e r e n t i a l l y  polar ized p e r p e n -  
d icu la r  to c. 

Some m e a s u r e m e n t s  were  also made  on ZnO 
crysta ls  of two d is t inc t  types. Clear  and  t r a n s p a r e n t  
crysta ls  (12, 13) ob ta ined  f rom vapor  phase  reac t ion  
show a weak  body pho to luminescence  peak i ng  at 
5180A. No po la r i za t ion  effects were  observed  on 
these. The second category (14, 15) ob ta ined  f rom 
zinc ref iner ies  have  a deep red  color and  an  in t ense  
fluorescence confined to a surface layer .  The  peak  
of the f luorescence confined to the  surface  l aye r  
is only  s l ight ly  lower  (5130A) t h a n  tha t  of the  clear  
crystals.  However ,  po la r iza t ion  is qu i te  m a r k e d  and  
in  this case polar ized p r e f e r en t i a l l y  pa ra l l e l  to c. A 
t en ta t ive  e x p l a n a t i o n  of this  effect in  t e rms  of s u r -  
face and v o l u m e  proper t ies  has been  proposed by  
B i r m a n  (16).  

Discussion 
One i m p o r t a n t  ques t ion  which  m u s t  be se t t led  

before we d r a w  conclusions  f rom our  resul t s  is the  
possible effect of dichroism. In  ZnS, according to 
da ta  of Piper ,  et al. (17) and  Ba lkansk i  and  W a l d r o n  
(18),  a ( I ] c )  < a (_Lc), whe re  a ( l i e )  and  
( • c) are the  absorp t ion  cons tan ts  for l ight  polar ized 
para l l e l  and  p e r p e n d i c u l a r  to c. Hence,  if f luores-  
cence emiss ion was  in i t i a l ly  unpolar ized ,  it wou ld  
become p r e f e r e n t i a l l y  polar ized para l l e l  to c as it 
t ravels  f rom the  l u m i n e s c e n t  cen te r  to the  surface  
of the  crystal .  This  is c o n t r a r y  to our  obse rva t ions  
and  thus  d ichro i sm cannot  be respons ib le  for the  
results.  The s i tua t ion  is more  compl ica ted  in  the  
case of CdS for which  a (11 c) becomes l a rger  t h a n  

(•  c) at wave  lengths  l a rger  t h a n  5350A (12).  
Here  d iehro ism could in  p r inc ip le  p roduce  the  ob-  
served po la r iza t ion  at 6800A. This  po in t  was  checked 
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for the  l u m i n e s c e n t  centers .  Let  us assume tha t  there  
are n of t h e m  in  the  v o l u m e  of the  crys ta l  u n d e r  
observa t ion .  Each cen te r  wi l l  be charac ter ized  by  
a ce r t a in  po la r i zab i l i ty  tensor  ~ , j .  The  x, y, z co- 
o rd ina t e  sys tem of Fig.  2 m a y  or m a y  not  coincide 
w i th  the  p r inc ipa l  axes sys tem of some centers.  The 
po la r izab i l i ty  tensors  of some centers  m a y  be iden-  
tical. 

The  exci t ing  r ad ia t ion  produces  a dipole  m o m e n t  
/n in  each center .  The  d i rec t ion  of this  m o m e n t  is 
d e t e r m i n e d  by  the . a~ , j -  s and  the  exci t ing  electr ic  
field i n t e ns i t y  E. Since observa t ions  are made  along 
the  x axis, on ly  the  componen t s  ~"~ a nd  /~'~ wi l l  
con t r ibu t e  to the  observed  in tens i ty .  These  are  
g iven  by  

]ny = O nyy E sin 0 + an~ E COS ,0 

~ =a~y~ E s i n 0 + c z " ~ E c o s  0 
[4] 

W he r e  0 is the  angle  b e t w e e n  E and  the  z axis (Fig. 
2). Since the  po la r i zab i l i ty  tensor  is s y m m e t r i c a l  
(19) on ly  th ree  componen t s  for each cen te r  (a'~.,,, a%~, 
a"~) d e t e r m i n e  the  in tens i ty .  

The m a g n i t u d e  of the  scat tered ( p h o t o l u m i n e s -  
cent )  i n t e ns i t y  depends  on the  coherency  of sca t te r -  
ing f rom the  var ious  dipoles. In  the  absence  of de-  
finite i n f o r ma t i on  abou t  this we compute  the  i n t e n -  
s i ty for bo th  comple te  coherency  (L)  and  com-  
ple te  incoherency  ( I , ) .  We have  

I~ (0 ,~)  ~ ~ (/Fy sin �9 + / ~  cos ~)~ 
n 

Ij(0,,I,) ~ [(~/~"~) s i n ' t  t + (~ tF~) cos ~I'] ~ [5] 
n n 

F r o m  Eqs. [5], [4],  and  [2] we can compute  the  
po la r iza t ion  factors for bo th  cases (Eq. [6] and  [7 ] ) .  
The  cor respond ing  equa t ions  for n a t u r a l  l ight  exc i ta -  
t ion  a re  ob ta ined  by  ave rag ing  Eq. [5] over  0 and  
subs t i t u t i ng  in Eq. [3] (Eq. [8] and  [9 ] ) .  

and  

po(O) 
[2C (B '~ cos ~ 0 + A ~ sin ~ 0) + AB sin 20] s in 20 + [ (B '~ cos ~ 0-A: s in ~ 0) --  

(B ~cos ~ 0 + A  ~sin ~0) + 2 C  ( Bc os  ~ 0 + A s i n  ~0) sin 2 0 +  

- -  ( A  - -  B)  s in  20 - -  C ~ cos 2,0] cos 20 

+ [ ( A - - B )  sin 2 ,0+  C ~ c o s 2 0 ]  

(A' cos" 0 - -  B' sin ~ 0) cos 20 - -  C' + (2C' + F ' )  s in ~ 20 + 2(D '  sin~0 + 
pi(O) = 

(A ' cos  ~ 0 + B ' s i n  20) + C ' + 2 ( D ' s i n  20 + E ' c o s  ~0) s in 20 + 

1 
+ E' cos ~ 0) sin 20 + -~- (E' --  D') sin 40 

1 
+ - ~  (D' -- E')  s in 40 

[6] 

[7] 

direc t ly  by  i l l u m i n a t i n g  the c rys ta l  wi th  u n p o l a r -  
ized r ad ia t ion  a p p r o x i m a t i n g  in  wave  l eng th  the  
f luorescent  emission.  The a m o u n t  of po la r iza t ion  
in t roduced  by  d ichro i sm in  bo th  CdS and  ZnS  c rys -  
tals  was found  to be below the  e x p e r i m e n t a l  e r ror  
and  thus  of no impor t ance  for our  m e a s u r e m e n t s .  

In  order  to see w h e t h e r  the  R a y l e i g h - T y n d a l l  
theory  of sca t te r ing  can account  for the  observed 
polar iza t ion  we  shal l  consider  a v e r y  genera l  mode l  

p r o  ( ~ ' )  

p. ,  ( ~ )  = 

B ~ _ A ~ 

A ~ + B ~ + 2C ~ 

B' - -  A '  

A ' + B +  2C' 

cos 2~' + 

2 ( A  + B)C 

A ~ + B ~ + 2C ~ 

cos 2~I ' + 

2 (D' + E')  

A '  + B'  + 2'C 

sin 2q, 

sin 2,1, 

[8] 

[9] 
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The constants are 

n 

n 

C = ~ ,~"~ 
n 
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A' = :~ (a"~,) ~ 
n 

B ' =  :~ (~%)" 
n 

c ' =  ~ (~%)'-' 
n 

D' ---- ~ oLnyros z 
a 

n 

F '  ~ ~ ~ y ~  

n 

[10] 

A l t h o u g h  the  fo rmu la s  are r a the r  complicated,  we  
can d r a w  f rom t h e m  ce r t a in  genera l  conclusions,  at 
least  in  the case of CdS. First ,  let  us r e m a r k  tha t  for 
n a t u r a l  l ight  exc i ta t ion  the po la r iza t ion  factors have  
the  fo rm p,, ~ R cos (28 + ~) ,  where  R is an  a m p l i t u d e  
and  ~b a phase. A n y  pa r t i a l l y  polar ized r ad ia t ion  m u s t  
give r ise  to such a dependence .  The  i m p o r t a n t  fact  is 
tha t  e x p e r i m e n t a l l y  we find R ~- -1 /2  and  r : 0 
(for  CdS) .  This e l imina te s  the  s in 2~I, t e r m  in  Eq. [8] 
or [9]. Thus  we m u s t  have  C = D' = E' = 0. We now  
have  to consider  the  coheren t  and  incoheren t  case 
separa te ly .  

For  the  coheren t  case, the  r e q u i r e m e n t  R ~----1/2 
yields  A "~ : 3B 2. If we subs t i tu t e  this  into Eq. [6] we 
see tha t  there  is no way  of r educ ing  it to --1/2 cos 28, 
which  the e x p e r i m e n t  indicates .  

For  the  i ncohe ren t  case. we have  f rom Eq. [9] :  

B ' - - A '  1 

A'  + B ' +  2C' 2 

Again ,  Eq. [7] canno t  be reduced  to the  form --1/2 
cos 28 wi th  the  th ree  a r b i t r a r y  cons tan ts  A', B', C' 
and  the condi t ion  A" ~ B'. 

Before  we form our  conclusions,  let  us dispose of 
a cer ta in  a p p r o x i m a t i o n  which  we have  not  m e n -  
t ioned  explici t ly .  We have  assumed tha t  the exci t -  
ing electr ic  field componen t s  are E sin 8 and  E cos 
8 (see Eq. [4 ] ) .  In  fact, for ZnS  at the exc i ta t ion  w a v e  
l eng th  of 3650A the  absorp t ion  cons tan t  a ( / c )  is 
l a rger  t h a n  a ( l lc)  �9 For  CdS no m e a s u r e m e n t s  are  
avai lable .  If the same is t r ue  for CdS as for ZnS, we 
should use for the y componen t  E r s in 8 where  r r e -  
p resen ts  an  a t t e n u a t i o n  factor  (r < l )  as compared  
wi th  the  z component .  If we  reca lcu la te  the  po la r i za -  
t ion  factors  Eqs. [6],  [7],  [8],  and  [9] in  t e rms  of 
we sti l l  cannot  reduce  s i m u l t a n e o u s l y  [6] and  [8] or 
[7] and  [9] to the  e x p e r i m e n t a l l y  observed  fo rm of 
--1/2 cos 2 ( ang le ) .  

Thus,  in  the  case of CdS, and  in  con t ras t  to d ia -  
m o n d  and  the hal ides,  a model  i nvo lv ing  a r b i t r a r i l y  
o r ien ted  anisot ropic  dipoles canno t  account  for the  
resul ts .  

The  case of ZnS  is more  compl ica ted  because  the  
p (8) curves  show an  a s y m m e t r y  (Fig. 2) and, t he re -  
fore, a dependence  of po la r iza t ion  of emiss ion  on 
the  mode  of exci ta t ion.  I t  should be stressed tha t  it  is 
ve ry  i m p o r t a n t  to ob ta in  m e a s u r e m e n t s  of p as a 
func t ion  of 8 over  a whole  per iod and  not  on ly  at 
isolated points.  On ly  t hen  can one d r a w  m e a n i n g f u l  
conclus ions  as to the  adequacy  of the  dipole  model  of 
a l u m i n e s c e n t  center .  

F ina l ly ,  even  in  the  case of CdS, it  m a y  be possible  
to cons t ruc t  a model  i n v o l v i n g  two oscil lators per  
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center  and  account  for the  observat ions .  In  such a 
cen te r  an  ene rgy  t r ans f e r  wou ld  take  place. This 
poss ibi l i ty  has been  discussed by  Dexte r  (22) and  
la te ly  by  Malemed  (23).  On the other  hand,  it is 
possible to account  for the  po la r iza t ion  measure -  
men t s  qua l i t a t i ve ly  in  t e r ms  of the  s y m m e t r y  of 
the va lence  bands  in  these  ma te r i a l s  r a the r  t h a n  
the  cen te r  itself. A fu l l e r  discussion of the  var ious  
possibi l i t ies  is g iven  in  the  accompany ing  paper  by  
B i r m a n  (16).  
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APPENDIX 
Imagine the dipole moment  ~ (Fig. 2) of an oscillator 

to be decomposed into three components ~x, ~y, ~ .  By 
making  r : 0 ~ or 90 ~ we would like to obtain a signal 
due only to the components ~, or ~ ,  respectively. The 
intensi ty  of radiat ion is zero along the axis of a dipole 
bu t  increases as the square of the sine of the colatitude 
angle away from the axis. Thus, if the aperture is 
large, part  of the radiat ion due to ~x will  also be in ter-  
cepted by the objective. The ratio of the intensit ies due 
to the components ~,  ~y, ~z is given by 
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I (/~.) /~.~ I(/~) 
_ _ _ f ( , y )  - - ; - -  

I (,~) ~. I (p.~) 

P O L A R I Z A T I O N  O F  L U M I N E S C E N C E  I N  Z n S  

f (7) ~"? Table II. Effect of numerical aperture 
~ S in  ~/ ~ (5') %I (/e~) 

0.08 332 0.30 
0.22 48.4 2.06 
0.45 11.2 8.92 

where sin 7 is the numerica l  aperture of the objective. 
f (7) can be obtained by computing the ratio of the 
fluxes through the objective from the dipole radiat ion 
intensi ty  formula I ~s in"0~ / r  ~. In  Table II we give a 
few values of f (7) for different objectives. If all the 
components  of ~ are equal the last column gives the 
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percentage admixture  of the unwan ted  I(~x) com- 
ponent.  In  most of our work we used the first ob-  
jective. 

Polarization of Fluorescence in CdS and ZnS Single Crystals 
Joseph L. Birman 

General Telephone and Electronics Research Laboratories Inc., Bayside, New York 

ABSTRACT 

The polarization of fluorescence in hexagonal  (wurtzi te)  crystals of CdS 
and ZnS gives a clue to the symmetry  of the states between which the lumines-  
cent t ransi t ion occurred. Unfor tunate ly  this clue is at present  equivocal; there 
are many  models for the center which would be consistent with the observed 
polarization. 

Various symmetry  properties of the wurtzi te  s t ructure  are discussed; the 
band structure of CdS and ZnS at k = 000 is discussed. These symmetry  and 
band s t ructure  considerations are used to set up and consider various models, 
Lambe-Klick,  Schoen-Klasens,  etc., which would be in  accord with observa-  
tion of polarization. I t  is concluded that  the Lambe-Kl ick  model is the simplest 
which is in "accord with the present ly available observations. Some experi-  
menta l  tests are proposed which should help the descision among the various 
models. In conjunct ion with other single crystal optical, electrical, and mag- 
netic measurements,  polarization studies may prove decisive in obtaining 
quant i ta t ive knowledge about the centers in sulfides. 

A l t h o u g h  the sulfide phosphors  have  been  s tudied  
for m a n y  years  and  a grea t  deal  of progress  has 
been  m a d e  in  r a t iona l i z ing  the i r  l uminescen t ,  pho to-  
conduct ive ,  and  e l ec t ro luminescen t  p roper t ies  by  
m e a n s  of pa r t i cu l a r  theore t ica l  models ,  basic u n -  
c e r t a i n ty  r e m a i n s  conce rn ing  the chemica l  n a t u r e  
and  ene rgy  level  s t r uc tu r e  of the  l u m i n e s c e n t  cen te r  
in  these  mater ia ls .  I t  was  wi th  the  hope of con-  
t r i b u t i n g  to the  clar if icat ion of the  ene rgy  level  
s t ruc tu re  of ce r ta in  i m p o r t a n t  phosphors  tha t  the  
work  repor ted  by  Lempick i  (1) was  u n d e r t a k e n .  
The p r o b l e m  of the  chemical  n a t u r e  of the  cen te r  
( the  local a tomic cons t i tuen t s  and  conf igura t ions)  
is no t  discussed in  th is  paper :  r a t h e r  we  shal l  
focus on the  ene rgy  level  s t ruc tu re  of centers,  in  
the s imples t  phosphors ,  which  would  be cons is ten t  
wi th  the  po la r iza t ion  observat ions .  Because  of its 
s impl ic i ty  we  shal l  emphas ize  the  L a m b e - K l i c k  
model ,  w i t h o u t  losing sight  of the  fact  tha t  a t  t he  
p re sen t  t ime  no def ini t ive  choice of model  can be 
made.  Cer t a in  e x p e r i m e n t s  wi l l  be  suggested on the  
basis of which  a decision m a y  be made  be twe e n  the 
d i f ferent  models.  

In  Tab le  I a s u m m a r y  is g iven  of the  m a j o r  
aspects of the  e x p e r i m e n t a l  s i tua t ion  p resen ted  in  
Lempick i ' s  paper .  We note  tha t  the  po la r iza t ion  of 
l uminescence  at room t e m p e r a t u r e  (3650A exci ted)  
in hexagona l  C d S : A g  and  Z n S : C u  is cons iderab le  
bu t  no t  complete.  For  C d S : A g  the  degree  of po la r -  
izat ion of f luorescence is cons tan t  and  i n d e p e n d e n t  
of po la r i za t ion  of the  exc i t ing  rad ia t ion .  For  ZnS:  Cu 
we no te  s t ruc tu re  sens i t iv i ty ,  as wel l  as a s l ight  

Table I. Summary of polarization experiments 

Rad i -  
M a t e r i a l  a t i on  T e m p  I [ J I  I I 

CdS: EL ~300~ 1.5 
edges liq N.~ 6.3 

CdS: Ag 6200 RT** 3 

ZnS: Cu 
(hex) 4300 RT ~1.25 
(cubic) 4500 RT 1" 

ZnO 
(surface) 5130 RT 0.33t 
(volume) 5180 RT I* 

* U n p o l a r i z e d  emis s ion .  
P r e f e r e n t i a l l y  p o l a r i z e d  II to  c rys t a l  c axis,  

$ D. D u t t o n ,  J. Phys.  Chem.  Solids, 6, 101 (1958) �9 
~* R T  s ign i f ies  r o o m  t e m p e r a t u r e  m e a s u r e m e n t .  

dependence  on  the  po la r iza t ion  of the  exc i t ing  r a d i -  
a t ion  (1) .  Some p rob lems  which  the mode l  should  
answer  are:  (a)  or ig in  of po la r iza t ion ;  (b)  the  fact 
tha t  po la r iza t ion  is no t  100% at room t e m p e r a t u r e ;  
(c) po la r iza t ion  of f luorescence is ( in  C d S : A g )  in -  
de pe nde n t  of po la r i za t ion  of exci t ing  r ad ia t ion ;  and  
(d) the  sens i t iv i ty  of the  ZnS  po la r iza t ion  resul t s  
on the  u n d e r l y i n g  crys ta l  s t ruc ture .  

No discussion of the  Z n S : M n  resul t s  is given.  
Some possible  models  for the ZnO resul t s  are  pu t  
fo rward  in  the  Append ix .  

Band Models for the Sulfide Centers 
One c o m m o n  model  which  was in t roduced  for 

the centers  in  the  sulfides was  the  so-cal led Schoen-  
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(i) 

Fig. 1. Schoen-l<lasens model for luminescent cycle in the 
sulfides. 

Klasens  b a n d  model  (2) .  This  model  is i l l u s t r a t ed  in  
Fig. 1. Accord ing  to the  S c h o e n - K l a s e n s  model ,  the  
process of l uminescence  occurs as follows: If an in -  
c ident  pho ton  is absorbed,  w i t h  ene rgy  w i t h i n  the  
f u n d a m e n t a l  absorp t ion  edge, a free e lec t ron  and  
a hole are created.  The  hole  is cap tu red  by  the 
center ,  which  thus  loses its e lectron.  S ince  the  e n -  
ergy level  of the  g r o u n d  state  of the cen te r  is as-  
sumed  close to the  va lence  b a n d  of the  crystal ,  l i t t le  
ene rgy  is re leased w h e n  the  hole is captured .  (This  
ene rgy  is degraded  in  the  fo rm of i n f r a r ed  emiss ion 
or t h e r m a l  ene rgy  g iven  up  to the  la t t ice . )  The 
center ,  w i th  a hole localized in  it, at an  ene rgy  
level  close to the  va lence  band ,  is now in  posi t ion 
to pa r t i c ipa te  in  the process of luminescence .  L u m i -  
nescence  occurs w h e n  a free electron,  which  has 
been  crea ted  by  an  inc iden t  photon,  is cap tu red  by  
the  hole localized a t  the  center .  

More recent ly ,  L a m b e  and  Kl ick  (3) h a v e  p ro -  
posed an  a l t e rna t e  model ,  which  is shown in  Fig. 2. 
In  this  model ,  the  g round  s ta te  of the cen te r  consists 
of an  e lec t ron  b o u n d  in  an  ene rgy  level  close to 
the conduc t ion  band.  As before,  the  process of l u m i -  
nescence m a y  occur w h e n  an  inc iden t  pho ton  creates  
an  e lec t ron  and  a hole in  the  crystal .  However ,  if 
the cen te r  is filled in i t ia l ly ,  the  first step, i.e., cap-  
tu re  of a hole  b y  the  center ,  is the  l u m i n e s c e n t  
process. S u b s e q u e n t  cap tu re  of an e lec t ron  by  the 
emp ty  cen te r  serves on ly  to p repa re  the  cen te r  
aga in  for l a te r  pa r t i c ipa t ion  in  f u r t h e r  l u m i n e s c e n t  
cycles. In  this  model,  we  see tha t  in  a ce r ta in  sense 

| 
| 

(D | 

Fig. 2. Lombe-Klick model for luminescent cycle in the 
sulfides. 
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it  is the  free hole  which  domi na t e s  the  process of 
luminescence .  

In  both the S c h o e n - K l a s e n s  and  L a m b e - K l i c k  
models,  l uminescence  and  pho toconduc t iv i ty  are i n -  
t i m a t e l y  connected  by  me a ns  of the  ene rgy  bands  
in  the  p h o s p h o r - - t h e  l u m i n e s c e n t  process i nvo lv ing  
the  t r ans i t i on  of a "free"  car r ie r  in  an  ene rgy  b a n d  
to a b o u n d  state  (4) .  If this  type  of model  is cor -  
rect,  i t  is u n d e r s t a n d a b l e  tha t  the  po la r iza t ion  r e -  
sul ts  (1) could no t  fit into a s imple  classical oscil-  
l a tor  p ic ture :  the  b a n d  scheme is q u a n t u m  m e c h a n -  
ical, w i th  no str ict  classical analogue.  However ,  
w i t h o u t  f u r t h e r  modif icat ion ne i t he r  S c h o e n - K l a s e n s  
nor  L a m b e - K l i c k  models  ind ica te  how polar iza t ion  
m a y  arise. Whi le  the  weigh t  of e x p e r i m e n t a l  ev i -  
dence  in  the sulfides seems to favor  e i ther  Schoen-  
Klasens  or L a m b e - K l i c k  " b a n d "  models  for the  
centers  (5) ,  o ther  possible models  canno t  be ru l ed  
out. In  par t i cu la r ,  a "two osci l la tor"  m o d e l - - s e p -  
a ra te  absorp t ion  and  emiss ion o s c i l l a t o r s - - m a y  be 
at least  men t ioned .  For  example ,  in  ZnS  the ab -  
sorbed 3650A rad ia t ion  m a y  create  exci tons which  
t h e n  decompose at  the  center ,  emi t t i ng  the cha r -  
acter is t ic  fluorescence. (Even  more  genera l  k inds  
of mechan i sms  migh t  be env i s ioned  for separa te  ab -  
sorpt ion  and  emiss ion processes.)  Such processes, 
w i t h i n  the  two osci l lator  f r a m e w o r k ,  would  focus 
a t t e n t i on  on the details" of the  r e c ombi na t i on  proc-  
esses w i t h i n  a more  or less isola ted center ,  r a t h e r  
t h a n  u p o n  b a n d - c e n t e r  processes ( w i t h i n  the  con-  
t ex t  of such models  the a p p a r e n t  connect ion  be -  
t w e e n  pho toconduc t iv i ty  and  l uminescence  wou ld  
be more  complex to exp la in  t h a n  for the b a n d  
mode ls ) .  

In  a n y  even t  to k n o w  how to get the  necessa ry  
an i so t ropy  to y ie ld  po la r iza t ion  requ i res  s tudy  of 
the  s y m m e t r y  of the  wur t z i t e  latt ice,  both  for ex -  
a m i n a t i o n  of b a n d - c e n t e r  processes and  r e c o m b i n a -  
t ion  processes w i t h i n  a center  located at a pa r t i cu l a r  
site. In  the nex t  section, ce r ta in  resu l t s  p e r t a i n i n g  to 
the  effect of the s y m m e t r y  of hexagona l  (wur tz i t e )  
la t t ice  on optical  select ion ru les  are summar ized .  
A n  u n d e r s t a n d i n g  of the effects associated wi th  the  
s y m m e t r y  of the  he xa gona l  s t r uc t u r e  is necessary  
for us to proceed wi th  f u r t h e r  cons idera t ion  of 
models .  

Symmetry of Wurtzite and Zinc Blende Structures 
All  of the descr ip t ive  i n f o r m a t i o n  about  wur t z i t e  

or zinc b lende  s t ruc tu res  is con ta ined  in  the i r  space 
group  des ignat ions :  C%v for wur tz i te ,  T~{~ for zinc 
b l ende  (6) .  Ac tua l  e x p e r i m e n t a l  CdS crystals  seem 
a lmos t  i n v a r i a b l y  to be of p u r e  w u r t z i t e  s t ruc tu re ;  
the ZnS  crystals  a lmost  i n v a r i a b l y  are mixed  s t ruc -  
tures ,  w he t he r  or no t  p r e d o m i n a n t l y  wur t z i t e  or zinc 
b lende .  The  s y m m e t r y  groups of in te res t  to us in  
each s t ruc tu re  are :  the  po in t  g roup  of the space 
group,  var ious  site groups.  

For  zinc blende,  the  point  g roup  of the  space group  
is Td, for wur tz i t e  it is C~v. Now, in  zinc b l ende  the re  
are sites w i th  fu l l  s y m m e t r y  T~, whi le  in  wur t z i t e  
no site (occupied)  has  s y m m e t r y  C~. Major  in te res t  
in  these  pa r t i cu l a r  s y m m e t r y  groups  arises f rom the  
e n e r g y  b a n d  pic ture ,  since at  k = 000 in the zone, 
the  wave  func t ions  of the  c rys ta l  m u s t  be long to 
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an  i r r educ ib le  r ep re sen t a t i on  of the po in t  group of 
the space group (7) .  (If  a func t ion  be longs  to a 
pa r t i cu l a r  i r r educ ib le  r ep re sen t a t i on  of a group, its 
s y m m e t r y  proper t ies  are  specified w h e n  the  opera -  
t ions [ rota t ions ,  reflections, etc.] of the  group  are  
appl ied  to it. Converse ly ,  k n o w i n g  the  i r r educ ib l e  
r ep re sen ta t ions  of a g roup  it is possible to ind ica te  
the  type  of func t ions  wh ich  m a y  be long  to it, t ha t  
is 's', 'p~', 'p/, 'p j ,  etc. In  w h a t  fol lows we find 
both  approaches  he lpfu l . )  We also need  to con-  
sider the  spin orbi t  effect, p a r t i c u l a r l y  in  sulfides, 
s ince this  in t roduces  ce r ta in  effects of in te res t  in  the  
analysis .  Fo rma l ly ,  the p rocedure  invo lved  is a con-  
s idera t ion  of the irreducible representations of the 
"double group" of the particular group (7). The 
relationship between single and double group rep- 
resentations is easily obtained from the theory and 
physically corresponds to "turning on" (considera- 
tion of) the spin-orbit effect. After wave functions 
have been classified into symmetry types, the analy- 
sis m a y  be ca r r i ed  one step f u r t h e r  to a d iscus-  
sion of the  a l lowed optical  (e lectr ic  dipole)  select ion 
rules.  These ru les  te l l  us the  states which  m a y  be 
connec ted  by  an  a l lowed optical  t r ans i t ion ,  and  we 
shal l  ind ica te  tha t  a t r ans i t i on  b e t w e e n  states r ,  
and  Fj is a l lowed opt ica l ly  by  wr i t i ng  F, <--> rj .  If 
a l im i t a t i on  occurs, insofar  as the  optical  t r a n s i -  
t ion  is on ly  a l lowed for pa r t i cu l a r  po la r iza t ion  of 
the  electric vector  of the exci t ing  r ad ia t ion  wi th  re -  
spect to a c rys ta l  axis (e.g., the u n i q u e  [c] or [00.1] 
of the wur t z i t e  s t ruc tu re )  it wi l l  be so ind ica ted  in  
the  tables.  If wave  func t ions  and  select ion ru les  
were  known ,  m a t r i x  e l ements  and  osci l lator  
s t reng ths  of va r ious  opt ical ly  a l lowed t r ans i t ions  
could be computed.  This degree of r e f inemen t  does 
no t  seem w a r r a n t e d  at the  momen t .  

Since the  cubic zinc b l ende  does no t  possess a 
u n i q u e  axis, no po la r iza t ion  effects arise;  those 
states b e t w e e n  which  optical  t r ans i t ions  can occur 
for po in t  group T~ are  so connec ted  w i thou t  a n y  re -  
gard  to po la r iza t ion  of exc i ta t ion  or emission.  Re-  
sults  are  g iven  in  Tab le  II. For  wur tz i te ,  the re  
exists  a u n i q u e  axis  so t ha t  po la r i za t ion  effects m a y  
arise in  add i t ion  to s t r a igh t fo rward  select ion rules.  
Resul ts  are g iven  in  Tab le  III  for group C~. Whi le  
at  this t ime  we p re sen t  on ly  the  fo rma l  resul t s  of 
the  group  theory  analysis ,  r e s t r i c t ing  ourse lves  to 
l abe l ing  the  states by  means  of the i r  s y m m e t r y  des-  
ignat ions ,  we shal l  l a te r  give a more  phys ica l  p ic-  
tu re  of the  states ( in  the  b a n d  s t ruc tu re  sec t ion) .  
In  any  event ,  if we are g iven  the  i n f o r m a t i o n  tha t  
r ad ia t ion  (absorbed  or emi t t ed ) . i s ,  or is not ,  po l a r -  

Table II. Symmetry group Td*~ 

Single group representat ions:  F~, r~, r~, r~, 15 
Double group representat ions:  re, r~, r~ 
Optically allowed transit ions:  

F1 <---> F4 r s  <---> 1"7 
r 2  o r 5  F6 <---> Ys 
r s  o r4  F 7 0  r a  

F~ <---> F4 Fs  <--> Fs 

r 5  4-> r 5  

F3 <--> F5 

* See G. D r e s s e l h a u s ,  Phys. Rev.,  ]00,  581 (1955).  
? I n  t h e  t e x t  of  t h e  p r e s e n t  p a p e r ,  a n d  i n  F i g .  4, F~ is  r e f e r r e d  

to as ~4'. 

Table III Symmetry group Cov*t 

411 

Single group representat ion:  r,, r..,, r~, F~, rs, r~ 
Double group representat ion:  r~, rs, r~ 
Optically allowed transit ions:  

r ~ r ~ l l e  
r l  ~-> r~ j_c 
r~ <--> r~ I Ic 
r 2  <--> r s  •  
r~ <--> r~ IIc 
Fs <---> 1~6 J .C  

r ,  <--> r ,  I Ic 
F~ ~ r~  .k C 

r 0 o r 5  [tc 
r ~  <--> :F~ • 

r0~ro]Ic 

r ~ r ~  • and lie 
r ~ o r ~  l and IIc 
F7 ~"~ F~ .LC 
Fs  ~ F~ J_ C 
r ~ o  r~ I[c 

* T h e  u n i q u e  a x i s  of  t h i s  g r o u p  is t a k e n  I I to  c. 
? See J .  B i r m a n ,  Phys. Rev.,  114, 1490 (1959).  

ized, and  tha t  the  "cen te r "  which  ( a b s o r b s / e m i t s )  
has effective ne t  s y m m e t r y  Td, or C~ in  zinc b l ende  
or wur tz i te ,  respect ively ,  we may,  by  us ing  Tables  
II and  III,  d e t e r m i n e  all  the possible  states for 
these  symmet r i e s  b e t w e e n  which  optical  t r ans i t i ons  
are  al lowed, and  t h e n  f u r t h e r  which  states can 
give rise to po la r iza t ion  effects. 

In  Tab le  IV s imi la r  i n f o r m a t i o n  is g iven  for the 
group  C~v, a subgroup  of bo th  T~ and  C~v. No poin t  
in  c rys ta l  space in a wur t z i t e  s t r uc t u r e  has this  
s y m m e t r y .  In  zinc b lende ,  this  g roup  is a si te group 
(see be low) .  

The  site symmet r i e s  (8) in  zinc b l ende  or w u r t -  
zite ( tha t  is, the po in t  s y m m e t r y  of the  pa r t i cu l a r  
subs t i t u t i ona l  or in t e r s t i t i a l  si te) are the  fo l lowing:  
in  zinc b lende ,  T~, C~., C~,., C~; in wur tz i te ,  C~, C~. 
The m a i n  in te res t  f rom the  po in t  of v iew of po l a r -  
izat ion effects would  be in the  site g roup  C~ in  
wur t z i t e  s t ruc ture ,  as this  is the  site for bo th  sub -  
s t i tu t iona l  and  in te r s t i t i a l  impur i t i es .  In  addi t ion,  
C~ is the  effective site s y m m e t r y  in  f au l t ed  zinc 
b l ende  s t ruc tures .  In  Table  V select ion ru les  are 
given.  

Clearly,  we are  faced wi th  fo rmidab l e  difficulties 
in  a t t e m p t i n g  to i n t e r p r e t  the  observed  po la r i za -  
t ion  resul t s  in  t e rms  of the  states b e t w e e n  which  
optical  t r ans i t ions  have  occurred.  The re  is a m a n y -  
t o -one  cor respondence  b e t w e e n  the  obse rva t ion  of 
po la r i za t ion  and  the  pairs  of states which  migh t  be 
involved ,  if these are the  states of va r ious  " n a t u r a l "  
groups  in  wur tz i te .  In  zinc b l e n d e  we expect  no 
polar iza t ion,  except  pe rhaps  in  the  case of f au l t ed  

Table IV. Symmetry group C,~v* 

Single group representat ions:  rl, r.~, r~, r ,  
Double group representat ions:  F5 
Optically allowed transit ions:  

r l  <--> r l  [ix r~ <--> I'~ •  [ix 
1"1 <---~ r~ .LX 
F1 ~ F4 I X  

r 2 o r ~ l l x  
F2 4-~ r ~  J . X  

r~<-~ r~ ]ix 

* T h e  u n i q u e  a x i s  of  th i s  g r o u p  is t a k e n  ][ to x.  
G.  D r e s s e l h a u s ,  Phys. Rev. ,  100, 581 (1955).  
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Table V. Symmetry group C~v* 

Single group representations:  r~, r~, I'~ 

Double group representations:  F~, Fs, F, 

n o r ,  l[c 
F4 <----> F~ _[C 

n ~ r 0 1 1 c  
I's <--'-> ZFs _l.c 
r 0 o  r .  Irc, •  

Optically allowed transit ions:  

r~(--> n ilc 
Y~ <---> F3 .I.C 
r . ~ r .  [Ic 
Pz ~ Y~ • C 

r ~ r .  lJc, l c  

* T he  u n i q u e  axis  of th i s  g r o u p  is t a k e n  I] to c. 

zinc b l ende  crys ta l  s t r uc tu r e  w h e n  the  ne t  site s y m -  
m e t r y  is reduced  f rom T~ to effectively C,,, and  a 
u n i q u e  axis  has been  i n t roduced  in to  the  c rys ta l  
s t ruc ture .  Whi le  po la r iza t ion  m a y  arise in  e i ther  
wur t z i t e  or fau l t ed  zinc b l ende  s t ruc tures ,  the  va lues  
of the  po la r iza t ion  m u s t  depend  on the  de ta i led  e n -  
ergy level  scheme. For  example ,  it  m a y  be no t  ob-  
se rvab le  if a c lus ter  of closely ly ing  states wi th  d i f -  
f e ren t  select ion ru les  is opt ica l ly  accessible f rom 
a g iven  in i t i a l  state. In  par t i cu la r ,  whi le  f au l t i ng  
fo rma l ly  reduces  the site s y m m e t r y  of a zinc b l ende  
s t ruc tu re  to tha t  of the  wur t z i t e  s t ruc tu re :  e.g., 
f rom T~ to C~v, the states split  off by  the  lower  
s y m m e t r y  m a y  r e m a i n  sufficiently close (if  the  
p e r t u r b a t i o n  is smal l )  to be opt ical ly  accessible, so 
tha t  no obse rvab le  po la r iza t ion  m a y  resul t .  

Conver se ly  even  though  a p a r t i c u l a r  optical  
t r ans i t i on  m a y  be a l lowed for both  po la r iza t ions  
( l  and  ]1), the m a t r i x  e l ements  whose va lues  r e -  
la te  to the  osci l lator  s t r eng th  of the  t r ans i t i ons  for 
the two polar iza t ions  m a y  be sufficiently different  
in m a g n i t u d e  so as to give an  a p p a r e n t  po la r iza t ion  
effect. These r e m a r k s  are i n t e n d e d  to emphas ize  
the  lack of u n i q u e n e s s  which  obta ins  in  ass ign ing  
p a r t i c u l a r  t r ans i t ions  as those invo lved  in  an ob-  
se rva t ion  of polar iza t ion.  

We n e x t  discuss b a n d  s t ruc tu re  of CdS and  ZnS. 

Energy Bands in the Sulfides 
The complex i ty  of the  ene rgy  bands  in  some 

m o n a t o m i c  semiconduc tors  (9) is ind ica t ive  of w h a t  
m a y  be t r u e  also in the  sulfides. On the o ther  hand,  
we have  not  yet  been  d r i v e n  by  the  we igh t  of ex-  
p e r i m e n t a l  ev idence  in  the  sulfides into the need  
for  cons idera t ion  of comparab le  complexi ty .  In  fact 
the  s imples t  p ic ture :  t ight  b ind ing  (LCAO) ,  ex-  
t r e m a  at  k = 000, seems for the  m o m e n t  adequate ,  
as wel l  as simple,  and  we res t r ic t  our  a t t en t i on  to 
this pic ture .  

Since the  ou te r  va lence  e lect rons  of both  Zn  (or 
Cd) and  S are 's '  and  'p' the  states in  the  crys ta l  are  
cons idered  at  k ~ 000 which  can ar ise f rom these 
a tomic orbi tals .  This  m e a n s  tha t  we  need  to de-  
t e r m i n e  the  crys ta l  s tates ( i r r educ ib le  r e p r e s e n t a -  
t ions of T~ in zinc b l ende  or C,v in wur t z i t e )  at k = 
000 which  can be ob ta ined  by  combin ing  's '  and  'p' 
orbi tals .  The states which  are i m p o r t a n t  f rom this  
po in t  of v i ew  are  i l l u s t r a t ed  in  Fig. 3. The  left  side 
of the  figure refers  to zinc b lende ,  the  r igh t  to w u r t -  
zite. In  Tab le  VI the w a v e  func t ions  which  are ap-  
p ropr ia t e  to the  d i f fe ren t ly  labe led  states are in -  

May 1960 
Table VI. Wave function at a site 

s and p functions 

sift> r = y]fl> 

x r ~ >  r176 = z [ ~ >  

Basic set of 

~bol 

Group Td* : 

r~: r 4o,. 
r ' . :  r @.; r r  r  r 
r~: r 4o~. 

rT: f (1 /~/3) [ - - i (~11-  ~18 ~-- (~16] : 
( 

r~: f" ( i /Vg)  [r --  ir ; } 
(i /~/~) Ei(r --  i4,,) + 2~b,,] ; 

Group C~,t: 

[ar -4- b4x,. 

r~: 4,~; 4,,; r r 
P,: (a(bo. + b~b,, + c/2 (r -t- i~,,) ; } 

ka~bo, q- b4,, + c/2 (--  ~b,.~ + i~blJ. 

ro: f (l~/2)(r162 } 
~ ( - -  1N/2) (6,: + i~b,). 

* F o r  Ta, x ,  y,  z are  a long  the  u s u a l  cartes ian  c o o r d i n a t e  axes.  
? Fo r  Cev, x, y are  p e r p e n d i c u l a r  to z, a n d  z is t a k e n  p a r a l l e l  to 

" C " ,  the  u n i q u e  axis .  

dicated. F r o m  the  figure we see a cor re la t ion  be -  
t w e e n  zinc b l ende  states and  the  cor responding  
wur tz i t e  states. In  par t icu la r ,  we note  the  effect of 
the  different  wur t z i t e  c rys ta l  symme t r y ,  in caus ing  
a sp l i t t ing  of p rev ious ly  degene ra t e  zinc b l ende  
states. The add i t iona l  sp l i t t ing  due  to spin orbi t  ef-  
fect is also ind ica ted  for wur tz i te .  

Table VII. Crystal wave functions 

Zinc blende states at P(k = 000) ; group T,: 

States with symmet ry  properties r~ - -  rs may be formed 
(see Tables II and VI) by adding a funct ion centered 
on one base site to that centered on the other, for ex- 
ample, for r~ crystal function: 

r~:~a~o~(Zn) + b~o,(S) } 

[ar -4- b~bo~(S) 

see Table VI for definition of (~. 

Wurtzite states at r ( k  = 000) --  group C~v: 

States with symmetry  rm, r~, P~, G may be simply formed 
by adding functions centered at the site: Znl ,  Zn2, $1, 
$2, where Znl ,  etc., indicates the type of, and number  
of, the part icular  sit& For a F, funct ion 

F~: [ar (Znl)  + br (Znl )  ] + [a~bo, (Zn2) + b~b~ (Zn2) ] 

+[a'~0~(S1) + b'~bl~(S1)]+[a'~b0,(S2) + b ' (~ (S2) ]  

Wurtzite states at I"(k = 0, 0, (2~)/c) -- group C~v: 

Although P' ~ r in the reduced zone, it is helpful  to 
consider it as distinct in the Jones or Energy zone. 
States G, r6, r~, at k = 0, 0 (2n) /c  are simply related 
to P1, G, PT, at k = 0, 0, 0 respectively. For example: 

r~: [a~ol (Znl )  + b~l~ (Zn l )  ] - -  [ a ~  (Zn2) + br (Zn2) ] 

q-[a'(bo~(S1) + b'~(S1)]--[a '~bo~(S2) + b ' ~ ( S 2 ) ]  

(cf. r~ preceding.) 

a, b, c, d are constants. 
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Physica l ly ,  as ear l ie r  wr i t e r s  have  indicated,  the  
va lence  b a n d  consists m a i n l y  of e lect ronic  states 
localized about S while the conduction band has 
the states about Zn; this is, of course, an over- 
simplified picture. Table VI may be helpful in ob- 
taining a physical picture of different wave functions 
associated with various states. In particular, we 
note that the zinc blende p-like (x, y, z) valence 
state r', is split by the lower wurtzite potential into 
F~ -I- rl which are, respectively, (x,y) and (s -k z) 
orbital types. The spin-orbit effect in wurtzite 
causes F~ -~ r~ -kF7 and  it  can be seen tha t  
r~ r ema ins  (x,y)  in  orb i ta l  character ,  whi le  1~7 con-  
ta ins  a m i x t u r e  of (x, y, s -t- z) states. Other  changes 
caused by  s y m m e t r y  and  sp in -o rb i t  effects can be 
easi ly  ob ta ined  f rom Fig. 3 and  Table  VI. 

The  order  of states, and  separat ions ,  shown in  
Fig. 4 seem to be in  accord wi th  a va r i e ty  of ex -  
p e r i m e n t s  in  hexagona l  CdS, inc lud ing ,  absorp t ion  
and  reflect ion spectra,  exc i ta t ion  spec t rum of edge 
emiss ion and  of photoconduc t iv i ty ,  and  the  exci ton 
absorp t ion  spec t rum (10).  (On the other  hand,  p r e -  
l i m i n a r y  cyclot ron resonance  resul t s  seems to i nd i -  
cate a more  complex  b a n d  s t ruc tu re  for CdS, w i t h -  
out agree ing  or d i sagree ing  wi th  the separa t ions  
shown in  Fig. 4.) Again ,  the m a n y - o n e  cor respond-  
ence be tween  these expe r imen t s  and  b a n d  models  
needs  emphasis ,  as some other  b a n d  level  schemes 
also cons is tent  wi th  the  data  could be proposed. 

F igu re  3 also rev iews  the  po la r iza t ion  select ion 
rules  b e t w e e n  ce r ta in  states, which  were  a l r eady  
g iven  in  the var ious  tables,  and  are now to be u n -  
derstood as res t r i c t ing  b a n d - b a n d  optical  t rans i t ions .  

The  b a n d  s t r uc tu r e  and  order  of s tates shown  in  
Fig. 3 m a y  be assumed also to apply  to ZnS  a l though  
there  is at this  t ime  no comparab ly  complete  expe r i -  
m e n t a l  ev idence  for ZnS.  Numer i ca l  ca lcula t ion,  by  
the ce l lu la r  method,  of the b a n d  s t ruc tu re  of ZnS  in  
zinc b l ende  and  wur t z i t e  s t ruc tures  (neg lec t ing  sp in -  
orbi t  effect) gives an  order  of states in  a g r e e m e n t  
wi th  tha t  i l lus t ra ted  in  Fig. 3. In  addi t ion,  the  p r o b -  
lem of c rys ta l  f au l t i ng  is ve ry  s ignif icant  in ac tua l  
ZnS crystals ,  the  fau l t s  caus ing  ba r r i e r s  (11) ,  

[] 
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Fig. 3. Band structure, at k ~ 000 in zinc-blende and 
wurtzi te structures showing the correlat ion between corre- 
sponding states. (This applies to the sulfides.) 

changes  in effective b a n d  gap (11) and, perhaps ,  
changes in  the order  of s tates in  the ba r r i e r  ( this  
seems u n l i k e l y  a l though  possible!) .  Hence,  our  m a -  
jor concern  is wi th  CdS center  ene rgy  levels,  even  
though ac tua l  ma jo r  in te res t  is in the ZnS  l u m i n e s -  
cent  systems. 

It  is now  ev iden t  tha t  the  b a n d  models  of Fig. 1 
and  Fig. 2 mus t  be modified to take  account  of the  
ac tua l  b a n d  s t ruc tu res  in  the  sulfides and  that ,  in  
addi t ion,  if a s y m m e t r y  des igna t ion  is appl ied  to 
the l u m i n e s c e n t  cen te r  state, po la r iza t ion  effects 
m a y  be expected.  Whi le  we work  w i t h i n  the  f r a m e -  
work  of the  b a n d  scheme of Fig. 3 and  4 for the 
sulfides it is necessary  to emphas ize  tha t  the order  
of states and  separa t ions  which  have  been  ass igned 
are p rov is iona l  ( a l though  suppor ted  by  the p resen t  
weight  of ev idence) .  

Modified Band Models for Sulfide Centers 
With  the  p reced ing  de ve l opme n t  in mind ,  we  are 

now in a posi t ion to f o r mu l a t e  b a n d  models  which,  
a l though  sti l l  quas i -desc r ip t ive ,  are more  ref ined 
t h a n  the s imple  S - K  and  L - K  models.  It  wi l l  be 
possible t hen  to eva lua t e  a l t e r na t e  models  and  for-  
m u l a t e  (a lbe i t  t e n t a t i v e l y )  some opin ion  as to which  
model  more  s imply  accounts  for po la r iza t ion  data.  

It  is ev iden t  f rom Fig. 4 tha t  the va lence  and  
conduc t ion  b a n d  ene rgy  levels  for a sulfide ( pa r t i cu -  
l a r ly  CdS) in hexagona l  c rys ta l  s t ruc ture ,  have  p a r -  
t i cu la r  s y m m e t r y  proper t ies  (be long  to pa r t i cu l a r  
i r r educ ib le  r e p r e se n t a t i ons ) .  S imi la r ly ,  the  "cente r"  
s tate  wave  func t ion  mus t  be long  to some s y m m e t r y  
type. The s imples t  a s sumpt ion  one m a y  m a k e  wou ld  
seem to be: the center has the m a x i m u m  symmetry  
allowed 5or the crystal. This  wou ld  call for a cen te r  
wi th  1"7 symmet ry ,  if we inc lude  the s p i n - o r b i t  ef-  
fect. Since the  s y m m e t r y  of the bands  has been  
fixed ( t e n t a t i ve l y )  by  p rev ious  a r g u m e n t s  we m a y  
ru le  out  an S - K  model  for  the momen t ,  as the  
FT--1"7 t r ans i t i on  is a l lowed for bo th  J_ and  I] po l a r -  
izations. ( S - K  models  are discussed below.)  We are 
thus  led to the L - K  mode l  modified for complex  
b a n d  s t ruc tu re :  Fig. 5 in which  a cen te r  wi th  F: 
s y m m e t r y  is placed nea r  the  conduc t ion  band.  The 
process of l uminescence  tlzen involves :  (a) c rea t ion  
of free e lect rons  and  holes, by  absorp t ion  of r a d i a -  
t ion  whose ene rgy  is w i t h i n  the  f u n d a m e n t a l  ab -  
sorpt ion edge, (b)  a t t a i n m e n t  of t h e r m a l  equ i l i b -  
r i u m  b y  the  holes, which  popula te  the  severa l  

Cd$ k= (0,0,0} 

t P~2.5 e.v. 

I"9 ~ E~O.OI6 e,v 

T7 I E~.058 e.v 

r7 

Fig. 4. Separations, in CdS, between states at k ~ 000. 
(Not to scale.) 
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Fig. 5. Modif ied Lambe-Klick model for luminescent center  
and cycle. The 3 ~ infrared luminescence quench, as well as 
the 17.7 ~ absorption which should quench polarizotion are 
shown. Polarization of transitions can be obtained from 
Table Il l. The dotted l ine near the conduction bond indicates 
the level  from which edge emission is believed to occur. 

va lence  bands  as g iven  by  a B o l t z m a n n  factor,  (c) 
r e c o m b i n a t i o n  of the e lec t ron  in  F7 cen te r  w i th  a 
hole, and  emiss ion of charac ter i s t ic  r ad ia t ion  (v8 -t- 
v~-t-v~) depend ing  on the  s tate  of the hole at the  
m o m e n t  of r ecombina t ion ,  and  finally,  (d)  cap tu re  
of ano the r  e lec t ron  by  the  cen te r  which  is t hen  
r e t u r n e d  to its in i t ia l  state. If these are  the  steps 
invo lved  in  the  p roduc t ion  of p r e f e r e n t i a l l y  po la r -  
ized luminescence ,  t hen  the L - K  model  leads to the  
fo l lowing predic t ions  for the l uminescence  (neg lec t -  
ing the  lowest  r7 va lence  b a n d )  : 

(I)  Both CdS edge emiss ion  ( f rom a s ta te  closer 
to the b a n d )  and  the 6200A (CdS) emiss ion should 
be polarized,  and  both should  obey the  law for the 
t e m p e r a t u r e  dependence  of po la r iza t ion  

1• = a exp (A~.o./kT) -t- b [1] 

where  A .... : 0.016 ev for CdS if the p rev ious  as-  
s i gnmen t s  are  correct.  Note t ha t  the  s ignif icant  fea-  
tu re  is no t  tha t  a and  b (or ,I• ) be ident ica l  for 

the edge and  6200A emission,  bu t  tha t  A .... be the  
same. Cons tan t s  a and  b depend  on detai ls  of edge-  
center  ( t r ap )  and  l u m i n e s c e n t  cen te r  wave  f u n c -  
t ions and  wou ld  be on ly  acc iden ta l ly  the  same for 
the  di f ferent  emissions,  as would  the ac tua l  n u -  
mer ica l  va lues  of po la r iza t ion  at any  t empe ra tu r e .  
However ,  A which  arises f rom the hole d i s t r i bu t ion  
be tween  va lence  bands ,  mus t  be the  same if the 
L - K  model  of l uminescence  as we have  p re sen t ed  it, 
and  the  accepted model  of edge emiss ion (12) are  
both  correct  in  the  a p p r o x i m a t i o n  used. 

( I I )  The exc i ta t ion  spec t rum of l uminescence  
and  edge emiss ion  should be ident ical ,  s ince all t ha t  
is invo lved  in  exc i ta t ion  is the  c rea t ion  of f ree elec-  
t rons  and  holes ( the l a t t e r  be ing  t h e r m a l l y  dis-  
t r i b u t e d  among  the  va lence  bands )  and  this  is an  
in t r ins ic  (host)  proper ty .  

( I I I )  The  luminescence  should  be reso lvab le  into 
severa l  bands  (cen te red  on ~, v~, v~) of wh i c h  v8 

r z  LUM. CENTER 

r, 
,r, 

May 1960 

r, 

r,  

Fig. 6. Schoen-Klosens model with F7 symmetry luminescent 
center. 

would  be to ta l ly  polar ized • to c, as g iven  by selec- 
t ion  rules.  

( IV) The 6200A emiss ion  should  be polar ized 
i n d e p e n d e n t l y  of the  po la r iza t ion  of exci t ing  r ad i a -  
t ion  since exc i ta t ion  on ly  creates free carriers.  

(V) Polar ized  i n f r a r ed  r ad ia t ion  (17.7/~) should  
quench  the po la r i za t ion  of f luorescence by  p romot -  
ing the  holes in  the  F9 va lence  s tate  to the lowest  
F7 va lence  band :  a hole  in  the  l a t t e r  does not  give 
rise to polar ized rad ia t ion .  

(VI)  The 3/~ IR quench  band,  which  promotes  
e lect rons  f rom the  "cen te r "  level  to the conduc t ion  
b a n d  should be opera t ive  for bo th  polar izat ions.  

As wi l l  be seen, these pred ic t ions  should  be he lp -  
ful  indeed  to the decis ion among  compet ing  models.  

While  the po la r i za t ion  of the 4500A ZnS emission 
wou ld  be gene ra l l y  u n d e r s t a n d a b l e  in the ident ica l  
type  of L - K  f r amework ,  the en t i r e  ZnS  p rob lem is 
compl ica ted  by  the  s t ruc tu re  f au l t i ng  which  exists, 
and  which  con t r ibu tes  cons iderab le  complexi ty  to 
the  " b a n d "  s t r uc t u r e  of an ac tua l  spec imen (11).  A 
t rue  test  of ( I ) - ( V I )  above for ZnS  should be made  

J.C 

F I LUM CENTER 

r, 

r, 

Fig. 7.  Schoen-Klasens model with F9 symmetry luminescent 
center. 
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on perfect  hexagona l  crystals ,  [cubic  ZnS  (zinc 
b lende)  shows no po la r iza t ion  (Tab le  I ) ] .  The 
s t r uc tu r e  sens i t iv i ty  of the  ZnS  results ,  then,  resides 
in  the  lack of po la r iza t ion  of emiss ion  in  the  "cubic"  
regions of a m ixed  crystal ,  as wel l  as in  the  u n -  
k n o w n  effect which  occurs for an  ac t iva tor  w i t h i n  
a fau l t  p lane  region.  

We now t u r n  to some a l t e rna t e  models  which  would  
be cons is ten t  wi th  po la r iza t ion  findings.  The  first 
class of a l t e rna t e  models  we  consider  are S - K  
" b a n d "  models.  I m m e d i a t e l y  we are  led to severa l  
S - K  models:  one wi th  g r o u n d  state  rT, Fig. 6, one 
w i th  g round  s ta te  1%, Fig. 7, and  f inal ly  types  whose  
g round  "s ta te"  is ac tua l ly  a complex  of severa l  
states, Fig. 8a, b. We shall,  in  the  in te res t  of 
b rev i ty ,  on ly  focus on sa l ien t  fea tures  of each of 
these  models,  in  pa r t i cu l a r  emphas iz ing  i m p o r t a n t  
differences which  m a y  be observed  b e t w e e n  each 
of these models  and  the  L - K  model  which  was  dis-  
cussed in some detail .  

P O L A R I Z A T I O N  O F  F L U O R E S C E N C E  I N  CdS  

r,  

Z~S.~ LUM. CENTER 

SURFACE VOLUME 

�9 CON, BAND >' ~ / 

I l l  s 

~ CENTER - ~ rl 

/'g 

F 7 

r, 

Fig. 8a. Schoen-Klasens model with three ground states. 
One electron is assumed in the center, normally, and the 
polarization should not be temperature dependent. 

. r ,  

+ v~ 

r,-' -- 4' ~ /'7 S.O LUM. CENTER 

r, 

Fig. 8b. Schoen-Klosens model with three ground states. 
Six electrons are assumed in the "unexci ted" ground state. 
Polarization may then be temperature dependent, if a single 
hole is captured by the center and reaches equilibrium among 
the three states. 
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Fig. 9. Possible model for the ZnO polarization results. 
Assuming greater ionicity on the surface, we may classify 
states neglecting spin-orbit effect, while in volume the spin- 
orbit splitting is assumed necessary. This yields different 
selection rules on surface and volume. 

The model  in Fig. 6 requ i res  tha t  the  t r ans i t i on  
r~ --  F~, a l lowed for both  po la r iza t ions  by  select ion 
rules,  shal l  have  di f ferent  s t r eng th  for �9 t h a n  for 
]]. ( In  pa r t i cu l a r  I L ~ Ill).  This  mode l  would  p re -  

dict a t e m p e r a t u r e  i n d e p e n d e n t  po la r i za t ion  of 
luminescence .  

The model  of Fig. 7 wou ld  p roduce  pola r iza t ion  
(r7 --  F~ t r ans i t i on )  p e r p e n d i c u l a r  to c, bu t  to ex-  
p l a in  the lack of complete  po la r iza t ion  some a l -  
t e r na t e  mode  of r e c o m b i n a t i o n  w i th  the  cen te r  m u s t  
be provided.  As in  the  prev ious  case, the  po la r iza -  
t ion  should be t e m p e r a t u r e  i ndependen t .  

A model  more  in  the  ac tua l  S - K  spir i t  is tha t  of 
Fig. 8a, b in  which  the g r o u n d  "s ta te"  of the  cen te r  
consists of severa l  levels,  dup l i ca t ing  the  va lence  
b a n d  s t ruc tu re  at k = 000, so a g round  state  t r io of 
states is shown for the center .  Now we m a y  assume 
e i ther  tha t  one, or six, e lect rons  n o r m a l l y  popu la te  
the  g r o u n d  states of the  center .  In  the  one e lec t ron  
in  cen te r  case, Fig. 8a, according to the  sequence  
which  is a ssumed  to app ly  for a S - K  type  model ,  
at the  i n s t a n t  of r ecombina t ion ,  the  free e lec t ron  
which  wi l l  r ecombine  to y ie ld  l ight  sees the  e m p t y  
tr io and  recombines  wi th  a ny  of the  th ree  ava i l -  
able  levels  w i th  some p r oba b i l i t y  which  is a priori 
fixed. If the cen te r  has on ly  one e lec t ron  in  its n o r -  
ma l  g round  state, it is c lear  tha t  the re  wi l l  no t  be  
a t e m p e r a t u r e  dependence  for the  polar iza t ion ,  s ince 
at the  i n s t a n t  of r e c o m b i n a t i o n  the  en t i r e  g r o u n d  
state  t r io is empty .  T e m p e r a t u r e  can on ly  affect the  
s tate  which  the  e lec t ron  occupies af ter  r e c o m b i n a -  
t ion, or before  the  va lence  b a n d  hole cap tures  this  
e lec t ron  to p repa re  the  cen te r  for r ecombina t ion .  
Ne i the r  of these wi l l  affect the  po la r iza t ion  of 
emi t t ed  fluorescence. If in  the  une xc i t e d  state, the  
cen te r  is filled (13),  i.e., consists of six electrons,  
Fig. 8b, ( two in  each doub ly  degene ra t e  s tate  of the  
t r io)  we have  the  poss ibi l i ty  of t e m p e r a t u r e  de-  
pendence  of the polar izat ion.  This fol lows f rom the  
fact tha t  the  cen te r  wil l  c ap tu re  one hole, if the  
i r r ad i a t i on  produces  free holes a nd  electrons,  and  
this  hole wi l l  reach t h e r m a l  e q u i l i b r i u m  b e t w e e n  
the  var ious  g round  levels  of the  center .  The p a r t i c u -  
lar  state wi th  the  hole in  it  is the on ly  s tate  ava i l ab le  
for r ecombina t i on ;  hence,  the  poss ib i l i ty  of a te rn-  
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perature dependence. If there is a temperature de- 
pendence, it should follow an equation formally 
identical to Eq. [i] as would the L-K model since 
the controlling factor is the'Boltzmann distribution 
of hole occupancy of the center ground states. In 
fact, if the ground states of the center are replicas 
of the valence band k ~ 000 states, the only pos- 
sibility for distinguishing this Schoen-Klasens 
model and the Lambe-Klick model would be in the 
numerical  values  of the cons tan t  A' a r i s ing  in  Eq. 
[1] for edge and  6200A emission,  and  in  the  IR 
q u e n c h  f requency .  I t  is u n l i k e l y  tha t  the  cen te r  
states '  spacings and  tha t  of the  va lence  bands  at 
k ~ 000 should be ident ical ,  even  though  the var ious  
sp l i t t ings  arise, in  the  cen te r  as in  the  bands ,  f rom 
crys ta l  s y m m e t r y  and  . sp in -o rb i t  effects. Conse-  
quen t ly ,  the  decisive factors  here  wi l l  be the  n u m e r i -  
cal va lues  ob ta ined  if the f luorescence should prove  
t e m p e r a t u r e  dependen t .  Note tha t  the  last  th ree  
" S - K "  models  d ispense  wi th  the  a s sumpt ion  of a 
h igh ly  symmet r i c  F7 state for the  "g round"  s tate  
of the  center ,  and  m a y  therefore  be cons idered  
more  "compl ica ted"  t h a n  the L - K  model .  

This  concludes our  cons idera t ion  of s imple  " b a n d "  
models  which  are in  the spir i t  of L - K  and  S - K  
models  and  which  wou ld  account  for polar iza t ion.  
These b a n d  models  are based on the k ~ 000 b a n d  
order  of states of Fig. 4, and  would  perhaps  r equ i r e  
rev is ion  if the b a n d  edges in pa r t i cu l a r  sulfides were  
no t  at k = 000; ce r t a in ly  rev is ion  would  be r e -  
qu i r ed  if the order  of b a n d  states were  d e t e r m i n e d  
to be di f ferent  f rom tha t  we have  taken .  Ra the r  
t h a n  p r e t end  to comple teness  by  cons ider ing  models  
based on these cont ingencies ,  we feel it  p re fe rab le  to 
cons ider  the var ious  possibi l i t ies  a l r eady  discussed 
(par t i cu la r ly ,  the s imple  L - K  model )  as w or k i ng  
hypotheses  and  awai t  the resul t s  of e x p e r i m e n t s - -  
among  them those proposed in  ( I -VI )  above to help 
wi th  the  decision. 

Two-Oscillator Models 
As ind ica ted  in  Lempick i ' s  paper ,  models  which  

invo lve  separa te  absorp t ion  and  emiss ion oscil lators 
have  been  successful ly  employed  in  account ing  for 
fa i r ly  compl ica ted  da ta  on pola r iza t ion  of f luores-  
cence in  solutions,  and  in  ce r ta in  ionic phosphors.  
In  a cer ta in  (non-c la s s i ca l )  sense the  b a n d  models  
discussed above are two-osc i l l a to r  models,  s ince 
absorp t ion  in  the la t t ice  and  emiss ion at the cen te r  
are d is t inc t  processes. However ,  more  usua l  models  
of this  class would  be of a type  where  one " a t o m -  
l ike" center  (po la r izab le  dipole)  absorbs  the  r ad i a -  
t ion  and  then  e i ther  suffers some i n t e r n a l  r e a r r a n g e -  
m e n t  ( rad ia t ion less  t r ans i t i on  to ano the r  exci ted 
e lect ronic  state)  and  then  emits,  or ac tua l ly  t r a n s -  
fers the  exc i ta t ion  ene rgy  to ano the r  cen te r  where  
it is degraded  by  pho ton  emiss ion (14) .  A more  
r ecen t  v a r i a n t  of two-osc i l l a to r  models  wou ld  i n -  
volve  exci ton  crea t ion  (absorp t ion  s tep) ,  migra t ion ,  
and  t h e n  decomposi t ion  at the  cen te r  (emiss ion step) 
(15).  Perhaps ,  even  a s i ng l e - t r i p l e t  exci ton conve r -  
sion step may  account  for the  needed  s tab i l i ty  of an  
exci ton  which  wou ld  u n d e r t a k e  such a process. 

A s s u m i n g  an  absorp t ion  (exc i ta t ion)  process 
which  wou ld  (for 3650A i r r ad ia t ion )  no t  l eave  a 
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memory (i.e., polarization of fluorescence is seen to 
be independent of the polarization of the exciting 
radiation) the polarization of fluorescence then gives 
us information about the states involved in the 
emission. For processes of this kind, it is natural to 
assume that the emitting center will be located at 
a site and, therefore, possesses the site symmetry 
which, in wurtzite crystals, is C3v. The wave func- 
tions of the emission center would then belong to 
irreducible representations of this site group (see 
Table V) and the optical selection rules would 
also then be appropriate. It would be then natural 
to construct as a model of the electronic states of 
the emitting center one derived from "s" and "p" 
type wave functions split in the appropriate man- 
ner in the existing crystal field. Such a model can 
easily be constructed from the information in Table 
V: depending on whether spin-orbit effect should be 
included will depend on the particular symmetry 
assignments of center states. Again, with respect 
to the L-K model more fully discussed above, it 
is evident that temperature and IR quench effects 
on the polarization, if they exist, should be quite 
different for the emission center-site model than for 
the L-K band model. 

Discussion 
It should be clear that the presently available 

polarization data alone are insufficient for the pur- 
pose of coming to an unequivocal conclusion about 
the nature of the centers, and in particular, even for 
deciding among the various band models or even be- 
tween band models and "two-oscillator" models. We 
are led by a chain of plausibility arguments involving 
all the known properties of centers in the sulfides, 
to prefer band models, and within the class of band 
models to prefer the L-K model because of its 
relative simplicity. Many assumptions have been 
made in the process of formulating this chain in- 
cluding assumptions about the band structure 
(which seems supported by the evidence now avail- 
able) and the symmetry of the center. Detailed the- 
oretical analysis of the validity of the L-K model 
would be most fruitful if the model had been better 
established by virtue of additional experimental 
results. 

In this context, then, we anticipate that the polar- 
ization studies can be most helpful in delineating 
properties of the various models which could be 
used to differentiate them, for example, by means of 
symmetry designations of the states of the center. 
In addition, one may make use of correlations by 
studying a simple sulfide system and then correlat- 
ing the results and model obtained on such a system 
with that which would be appropriate for a more 
difficult system. For example, one may study polar- 
ization in hexagonal crystals and extrapolate the re- 
sults to cubic systems since it is likely that a con- 
tinuous correlation between hexagonal and cubic 
systems exists. In addition, the knowledge obtained 
for the 6200A CdS emission by studying polariza- 
tion may be carried over to the corresponding ZnS 
emission band (17): the former system being a 
"cleaner" one structurally and, hence, less am- 
biguous to interpret. 
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A P P E N D I X  I 

Temperature dependence o~ polarization.--Consider 
the conduction state F~o and only the two uppermost  
valence states r~ and r~  (see Fig. 5). Let  the number  
density of holes in ei ther  valence state be given by p~ 
and p~ and neglect  the lowest  F~ valence band. Then the 
intensi ty of emission polarized perpendicular  to c is 
given by 

• 
I ~p~[M(v~)]  ~ + p ~ [ M  (m)] ~ 
J_ 

where  M(v~) ~ involves some constants (effective mass, 
etc.) and the square of the mat r ix  e lement  for the 
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optical t ransi t ion rT-r9 f rom the center  state to the 
L 

valence band, and (M (m) ~ involves the square of the 
mat r ix  e lement  for the r~-r~ transit ion for  l ight po- 
larized to c. For the intensi ty emit ted [[ c we obtain 

I ~ p T [ M  (m)]~ II 

where  M (m) is s imilar ly  defined. Hence 

p9 
I•  = a + b 

p7 

where  a and b are ratios of constants. Assuming a Boltz-  
mann distr ibution of holes be tween  the upper  two 
valence states, which are separated by the spin-orbi t  
splitt ing energy A ..... we obtain 

I / I  ~ ae ~.o./~ + b 
• I] 

for the t empera tu re  dependence of fluorescence polar i -  
zation. 

A P P E N D I X  II 
Polarization in Z n O . ~ T h e  zinc oxide results (Table 

I) are, of course, even more  f ragmenta ry  and less 
capable of unique explanat ion than the corresponding 
results for the sulfides. However ,  some intr iguing possi- 
bilities suggest themselves  if we examine the selection 
rules for group C,~ (Table I I I ) .  Again, we note that  
the measured polarization of room tempera ture  sur-  
face luminescence (mainly parallel to c) is only par-  
tial, which suggests e i ther  a cluster of final (or init ial)  
states or a transi t ion be tween only two discrete states, 
a l lowed for both polarizations with different strengths 
depending on polarization. 

It  is possible to argue that  the ZnO surface and 
volume luminescence are connected in the sense that  
they originate f rom the same center  (atomic surround-  
ings) but  perturbed,  wi th  a wave  funct ion changed due 
to location on the surface or in the volume. Thus, we 
may imagine that  

surface = ~ volume + k~I f(1) 

for the center  wave  function depending on its location. 
Since a change in wave  function in the first order  (of 
a per turbat ion)  will  produce a second order  change in 
energy, the luminescence may  have approximate ly  the 
same wave  length, but  considerably changed polar iza-  
tion properties,  since polarizat ion will  involve the per -  
turbat ion of the wave  functions, through their  optical 
mat r ix  element,  in the first order. 

Suppose the surface of the crystal, due to distortions, 
is more ionic than the vo lume so that  at the surface the 
net oxygen charge is near ly  --2 while  in the vo lume it 
is --2 + 5 due to an overlap of charge density on the 
zinc ion, the lat ter  having charge ( + 2 - - 6 ) .  Since the 
net  spin-orbit  splittings wil l  be a resul tant  of splittings 
on both Zn and O, wi th  the la t ter ' s  contr ibution small, 
we might  expect  to consider states on the surface 
near ly  neglect ing the spin-orbi t  effect while  those in 
the vo lume include this. We are led to a model  shown 
in Fig. 9 Physically,  we are arguing that  the surface F7 
state is more near ly  r~-like than the vo lume state and, 
hence, that  Iil/I_l ~ 1 at the surface. 

Other speculations involving L - K  models and the 
same argument  about wave  function distortion would 
make use of the F~-F~ selection rule  (surface) and the 
change of 1~ o F9 + F7 in volume,  wi th  a corresponding 
change of selection rules to al low both polarizations in 
emit ted light. 

Evidently,  for ZnO, as wel l  as for the sulfides, studies 
of the tempera ture  and IR effects on the polarizat ion 
are required.  
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ABSTRACT 

ZnS:Cu, In  and ZnS:Ag, In  phosphors each can show two emission bands 
under  3650A excitation, namely,  in the green (short) and orange (long) wi th  
Cu and in the blue and yel low with  Ag activator.  Addit ion of CdS causes the 
ratio of intensit ies of the short  to long wave - l eng th  emission to increase. 
This observat ion is in te rpre ted  using the donor-acceptor  associated pair model  
proposed recent ly  for the long wave- l eng th  emission process. 

ZnS phosphors coactivated with Ga or In and acti- 
vated with Cu or Ag exhibit long wave-length emis- 
sion bands (under u.v. excitation) in addition to the 
short wave-length emissions which peak at 5200A 
with Cu and 4450A with Ag. Kroger and Dikhoff 
first reported the former emissions with peaks at 
5700A and 6800A in samples containing Ga and In 
coactivators, respectively. According to these authors 
(i) the spectral distributions of the bands were rela- 
tively independent of the particular activators in- 
volved. 

More recently, Apple and Williams again studied 
the ZnS: (Cu or Ag), (Ga or In) phosphors and 
found that the spectral distribution of the long wave- 
length emission depends on the identity of the acti- 
vator, as shown in Fig. i, and the coactivator, as 
shown in Fig. 2. In most phosphors studied, both the 
long and short wave-length emission bands were 
observed. However, by changing the concentration 
of activator and coactivator, or the identity of the 
coactivator, or the temperature at which the phos- 
phor was excited, the ratio of intensities of the 
short to long wave-length emissions, L/I,, could be 
varied over a wide range (2). 

The study reported in this paper concerns the 
effect of CdS addition on the ratio of emission inten- 
sities, L/I , ,  in ZnS:Cu,  In  and ZnS:Ag ,  In phosphors .  
In  ZnS phosphors  exh ib i t i ng  both  the  shor t  and  long 
w a v e - l e n g t h  emiss ions  or the  long w a v e - l e n g t h  
emiss ion  only,  add i t ion  of CdS causes an  inc rease  in 
I,/I~. A b o v e  25-30 mole  % CdS the  long w a v e - l e n g t h  
emiss ion  b a n d  is not  obse rved  at t e m p e r a t u r e s  as 
low as - -195~ Effects of a c t i v a t o r - c o a c t i v a t o r  con-  
cen t r a t i on  and t e m p e r a t u r e  on the  ra t io  .IJI,  are  
inc luded  as w e l l  as typ ica l  g low c u r v e  m e a s u r e -  
ments .  These  effects a re  i n t e r p r e t e d  us ing  the  mode l  
for  the  long w a v e - l e n g t h  emiss ion  p roposed  by 
A p p l e  and  Wil l iams.  

Experimental  Results 

Preparation of phosphors.--Mixtures of pref i red  
ZnS and CdS (both  f r o m  G e n e r a l  E lec t r ic  Company ,  
l u m i n e s c e n t  g rade )  con ta in ing  f r o m  0 to 50 mole  % 
CdS w e r e  g r o u n d  and b a l l m i l l e d  un t i l  un i fo rm.  
These  m i x t u r e s  w e r e  used  in p r e p a r a t i o n  of al l  
the  phosphors .  The  impur i t i e s ,  Cu, Ag, and In, w e r e  
added  to the  m i x t u r e s  as aqueous  solutions.  A f t e r  
s l u r r y i n g  w i t h  w a t e r  the  phosphor  p r e p a r a t i o n s  
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Fig. 1. Long wave-length emission spectra of hex. ZnS: 10 -4 
Cu, Go and hex. ZnS:]0 -~ Ag, Go under 3650A excitation at 
--196~ Phosphors were fired in HsS at 1150~ 
ZnS:] 0 =~ Ag, Ga; . . . . .  ZnS:] 0 -4 Cu, Ga. 
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Fig. 2. Long wave-length emission spectra of hex. ZnS: 10 -~ 
Ag, Ga and hex. ZnS:10 -4 Ag, In under 3650A excitation at 
--196~ Phosphors were fired in H=S at 1150~ 
ZnS: 10 -* Ag, Ga; . . . . .  ZnS: 10 -~ Ag, In. 

w e r e  d r ied  a t  100~ g round  in a mor t a r ,  and f ired 
at l l 0 0 ~  in a s t r e a m  of H~S 1 for  2 hr.  The  phos -  
phors  w e r e  a i r - coo l ed  to room t e m p e r a t u r e  in t he  

1 The H~S (Matheson Co.) was bubbled through Ba (OH)~ solution. 
then passed through columns containing silica gel and P205. and 
finally passed through a --50~ trap before coming in contact with 
the sample. 
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Fig. 3. Emission spectra for hex. (Zn,Cd)S:]O =~ Cu, In 
under 3650A excitation at room temperature. Mole per cent 
CdS is indicated. Phosphors were fired in H2S at ] 1 O0 ~ 
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Fig. 4. Emission spectra of hex. (Zn,Cd)S:lO -~ Ag, In 
under 3 6 5 0 A  exci tat ion at room temperature. Mole per cent 
CdS is indicated. Phosphors were f i red in H~S at 1100~ 

The  emiss ion  s p e c t r a  fo r  hex.  (Zn,  C d ) S :  10-' Ag,  
In  a t  r o o m  t e m p e r a t u r e  a r e  s h o w n  in Fig .  4. In  th i s  
ser ies  the  p h o s p h o r  w i t h  no CdS shows  p r e d o m i n -  
a n t l y  t he  long  w a v e - l e n g t h  emiss ion .  As  the  CdS 
con ten t  is i n c r e a s e d  t h e  r e l a t i v e  i n t e n s i t y  ra t io ,  I , /I , ,  
i nc reases  un t i l  a t  20% v i r t u a l l y  a l l  t h e  emiss ion  
occurs  in  t he  s h o r t  w a v e - l e n g t h  band .  H e x a g o n a l  
(Zn,  C d ) S :  10 - '  Cu, In  g ives  s im i l a r  resu l t s .  

In  bo th  g roups  of p h o s p h o r s  t he  s p e c t r a l  d i s t r i b u -  
t ion  of t he  sho r t  w a v e - l e n g t h  emiss ion  as  m e a s u r e d  
a t  t he  p e a k  i n t e n s i t y  moves  to l o n g e r  w a v e - l e n g t h s ,  
i.e., l o w e r  ene rgy ,  a t  t he  r a t e  of a b o u t  0.017 e v / m o l e  
% CdS  w h e r e a s  the  r a t e  w i t h  t he  long  w a v e - l e n g t h  
emis s ion  is on ly  a b o u t  0.003 e v / m o l e  % CdS.  The  
long  w a v e - i e n g t h  s p e c t r a  w e r e  m e a s u r e d  a t  - -195~  
w h e r e  t he  o the r  emiss ion  does  no t  i n t e r f e r e  as much ,  
as  w i l l  be  shown  in t he  n e x t  sect ion.  H o w e v e r ,  b e -  
cause  of t he  b r o a d n e s s  of t he  s p e c t r a  at  t he  emiss ion  
peak ,  t he  l a t t e r  r a t e  is on ly  v e r y  a p p r o x i m a t e .  A b o v e  
25% CdS, no long  w a v e - l e n g t h  emiss ion  is o b s e r v e d  
even  a t - - 1 9 5 ~  in a n y  of t he  s a m p l e s  m e a s u r e d .  A l l  
t he  emiss ion  s p e c t r a  w e r e  v e r y  r e p r o d u c i b l e  on r e -  
p e a t  s a mp le s  p r e p a r e d  u n d e r  t he  s ame  condi t ions .  

T dependence of emiss ion. - -The T d e p e n d e n c e  of 
emiss ion  was  m e a s u r e d  b y  r e c o r d i n g  s p e c t r a  as t he  
s a m p l e  con t a ined  on a l a r g e  Cu b lock  was  cooled 
s l o w l y  f r o m  a b o u t  250 ~ to - -195~ S p e c t r a  for  hex.  
(0.95 Zn  0.05 C d ) S :  10 -~ Cu, In  a t  t e m p e r a t u r e s  f r o m  
245 ~ to  - -80~  a r e  s h o w n  in Fig .  5. Th is  p h o s p h o r  
ach ieves  i ts  m a x i m u m  b r i g h t n e s s  a t  a b o u t  210~ 
The  r a t i o  of I , / I ,  i nc reases  w i t h  i n c r e a s i n g  t e m p e r a -  
tu re .  A b o v e  a b o u t  0~ a p lo t  of log I , /L  vs. 1 / T ~  
on a n y  ( Z n , C d ) S :  Cu, In  p h o s p h o r  g ives  a l i n e a r  r e -  
l a t i onsh ip  as is s h o w n  in Fig .  6. F r o m  the  s lope  of th is  
l ine,  t h e  d i f fe rence  in  ene rg i e s  of t he  t w o  t y p e s  of  
cen t e r s  is o b t a i n e d  (2 ) .  This  e n e r g y  dec reases  w i t h  
i n c r e a s i n g  CdS con ten t ;  for  e x a m p l e ,  in  (Zn,  C d ) S :  
10 -~ Cu, In,  i t  dec r ea se s  f r o m  0.34 ev  to 0.24 ev  in  t h e  
r a n g e  0 -  10% CdS.  M e a s u r e m e n t s  w e r e  l i m i t e d  to 
s a m p l e s  c on t a in ing  10% or  less CdS be c a use  of t he  
i n c r e a s e d  o v e r l a p  of t he  s h o r t  a n d  long  w a v e - l e n g t h  
b a n d s  a t  h i g h e r  CdS  concen t r a t i ons .  I n  add i t ion ,  t h e  
m e a s u r e m e n t s  w e r e  l i m i t e d  to C u - a c t i v a t e d  p h o s -  
pho r s  be c a use  of t he  m a r k e d  t e m p e r a t u r e  q u e n c h -  
ing  a b o v e  80~ o b s e r v e d  in A g - a c t i v a t e d  samples .  

H~S s t r eam.  T h e  m o l e  % CdS  a n d  the  g r a m - a t o m  
f r ac t i on  of i m p u r i t i e s  iden t i f i ed  w i t h  t h e  s a m p l e s  
t h r o u g h o u t  th i s  p a p e r  c o r r e s p o n d  to t he  a m o u n t s  
p r e s e n t  b e f o r e  f ir ing.  

Emission spectra at room temperature . - -Emiss ion  
spect ra ,  u n d e r  3650A e x c i t a t i o n  o b t a i n e d  f r o m  a 
G. E. m e r c u r y  l amp ,  # H 1 0 0 - F L 4 ,  w i t h  C o r n i n g  No. 
5860 and  K o p p  No. 41 f i l ters ,  w e r e  r e c o r d e d  on an  
a u t o m a t i c  s p e c t r o r a d i o m e t e r  w h i c h  p lo t s  r a d i a n t  
e n e r g y  f lux vs. w a v e - I e n g t h .  R o o m  t e m p e r a t u r e  
spec t r a  of a t y p i c a l  series,  hex.  (Zn,  C d ) S :  10 -~ Cu, 
In  a r e  s h o w n  in Fig.  3. The  spec t r a  h a v e  b e e n  n o r -  
ma l i z ed  so t h a t  t he  i n t e n s i t y  of the  p r e d o m i n a n t  
p e a k  is 100. T h e  r a t i o  of r e l a t i v e  in tens i t i es ,  I J I , ,  
w h i c h  is a b o u t  1.16 in t he  2.5% CdS sample ,  goes up  
w i th  i nc r ea s ing  CdS con ten t  unt i l ,  w i t h  20% CdS 
and  above ,  t h e  emiss ion  is e n t i r e l y  in t h e  sho r t  
w a v e - l e n g t h  band .  
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Fig. 5. Emission spectra of hex. (0.95 Zn, 0.05 Cd) 
S: 10 -~ Cu, In measured at the indicated temperatures. 
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Fig. 6. T(~ dependence of emission in (0.97 Zn, 0.03 Cd) 
S:10 -5 Cu, In under u.v. excitation. 

EI~ect of activator-coactivator concen t ra t ion . -  
In  a p a r t i c u l a r  ser ies  w i t h  cons t an t  Cd conten t ,  i n -  
c rease  in  t he  c o n c e n t r a t i o n  of a c t i v a t o r  ( a n d  coac t i -  
v a t o r )  ove r  t he  r a n g e  10 -~ to 5 x 10-' g - a t o m s / m o l e  
(Zn,  C d ) S  r e su l t s  in  a d e c r e a s e  in t he  r a t i o  of r e l a -  
t i ve  in tens i t ies ,  Is/I=, w h e n  e x c i t e d  a t  a g iven  t e m -  
p e r a t u r e .  This  d a t a  on the  effect  of c o n c e n t r a t i o n s  is 
cons i s t en t  w i t h  t h a t  a l r e a d y  r e p o r t e d  for  ZnS:  Cu, In  
or  Z n S : A g ,  In  p h o s p h o r s  (2 ) .  

Glow curve measurement s . - -Glow c u r v e  m e a s u r e -  
m e n t s  w e r e  m a d e  on t h e  hex.  (Zn,  C d ) S :  10-' Cu, In  
series.  T h e  p h o s p h o r s  w e r e  exc i t ed  for  5 min  w i t h  a 
BH-4  l a m p  at  - -195~  a f t e r  w h i c h  t h e y  w e r e  w a r m -  
ed in t he  d a r k  at  a r a t e  of 10~ A n  R C A  5819 
P M  t u b e  was  used  as de tec to r .  The  g low  p e a k s  shown 
in Fig.  7 m o v e  to l o w e r  t e m p e r a t u r e s  w i t h  i nc r e a s ing  
CdS content .  This  effect  of CdS is cons i s t en t  w i th  
t he  r e su l t s  o b t a i n e d  b y  H o o g e n s t r a a t e n  w i t h  A1, 
Ga,  and  C1 donors  (3 ) .  

Discussion 
(Zn,  C d ) S  p h o s p h o r s  showing  on ly  w h a t  in  th is  

p a p e r  is ca l l ed  the  sho r t  w a v e - l e n g t h  emiss ion  b a n d  
h a v e  been  s tud ied  e x t e n s i v e l y  b y  m a n y  people .  I t  has  
been  s h o w n  t h a t  Z n S  a n d  CdS f o r m  sol id  so lu t ions  
ove r  t he  en t i r e  r a n g e  and  t h a t  in the  0-30 mo le  % 
CdS range ,  t he  a b s o r p t i o n  edge,  as d e d u c e d  f r o m  r e -  
f lec tance  spec t ra ,  m o v e s  at  t he  r a t e  of abou t  0.020 
e v / m o l e  % CdS to l o w e r  ene rg i e s  (4) .  In  tu rn ,  in 
(Zn,  C d ) S :  (Cu or  A g ) ,  (A1 or  C1) p h o s p h o r s  t he  
s p e c t r a l  d i s t r i b u t i o n  of t he  sho r t  w a v e - l e n g t h  e m i s -  
s ion m o v e s  to l onge r  w a v e  lengths ,  i.e., l o w e r  e n -  
ergies ,  a t  t he  r a t e  of a b o u t  0.018 e v / m o l e  % CdS 
(5) .  The  donor  l eve l s  a s s u m e d  to be  i n t r o d u c e d  b y  
the  c o a c t i v a t o r  b e c o m e  s h a l l o w e r  w i t h  i n c r e a s e  in 
CdS c o n c e n t r a t i o n  as i n d i c a t e d  b y  the  t h e r m a l  g low 
m e a s u r e m e n t s .  The  r a t e  in th is  case  in t he  0-30% 
reg ion  is a b o u t  0.012 e v / m o l e  % CdS (3) .  

In  t he  p r e s e n t  s t u d y  bo th  t h e  sh i f t  in  t he  shor t  
w a v e - l e n g t h  emiss ion  to  l o n g e r  w a v e  l eng th s  and  the  
sh i f t  in g low  c u r v e  m a x i m a  to l o w e r  t e m p e r a t u r e s  
w i t h  i n c r e a s e  in  CdS con t en t  a r e  q u a l i t a t i v e l y  con-  
s i s t en t  w i t h  the  d a t a  a l r e a d y  r e p o r t e d  b y  o t h e r  
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Fig. 7. Glow curves for  (Zn,Cd)$: ] 0 -4 Cu, In. Numbers in- 

dicate mole per cent CdS. Excitation: BH-4 lamp at - - 1 9 5 ~  
heating rate 10~ 

authors .  Because of the  v e r y  b r o a d  g l o w  curves  in  
ev idence  in  (Zn,  C d ) S : C u ,  In  phospho r s  i t  is p r o b -  
ab l e  t h a t  t h e  g r o u n d  s t a tes  of t h e  donor  l eve l s  a r e  
d i s t r i b u t e d  ove r  a r a n g e  of ene rg i e s  so t h a t  a u n i q u e  
v a l u e  for  a t r a p  d e p t h  is no t  too m e a n i n g f u l .  ( In  
th is  pape r ,  t r a p  d e p t h  a n d  g r o u n d  s t a t e  of the  
donor  l eve l  a r e  s y n o n y m o u s . )  Johnson  has  o b t a i n e d  
ev idence  t h a t  such a d i s t r i b u t i o n  exis t s  in t he  sev -  
e ra l  ZnS :Cu ,A1  and  Z n S : C u , I n  phospho r s  he  has  
a n a l y z e d  (6 ) .  The  g low cu rves  ind ica te ,  howeve r ,  
t h a t  t he  d i s t r i b u t i o n  of t r a p s  becomes  s h a l l o w e r  
( w i t h  r e spe c t  to the  c o n d u c t i o n  b a n d )  w i t h  in-  
c r eas ing  CdS content .  The  t e m p e r a t u r e  d e p e n d e n c e  
of emiss ion  d a t a  for  ( Z n , C d ) S :  10 - '  Cu,In  also shows 
t ha t  the  g r o u n d  s ta te  of t h e  donor  l eve l  becomes  
s h a l l o w e r  w i t h  CdS add i t ion .  The  spec t r a l  d i s t r i -  
bu t i on  of t he  long w a v e - l e n g t h  emiss ion  in ZnS:  
Cu,In  or  Z n S : A g , I n  c ha nge s  at  t he  r a t e  of abou t  
0.003 e v / m o l e  % CdS in the  0-25% range .  

In  a p h o s p h o r  showing  b o t h  t he  long and  shor t  
w a v e - l e n g t h  emiss ion  b a n d s  i t  w o u l d  be  expec t ed  
t h a t  t he  b a n d s  shou ld  g r a d u a l l y  m e r g e  w i t h  i n -  
c r eas ing  CdS con ten t  b e c a u s e  of t he i r  d i f fe ren t  
r a t e s  of d i sp l acemen t .  B e y o n d  the  po in t  of m e r -  
gence  on ly  one emiss ion  b a n d  shou ld  be  o b s e r v e d  
s ince the  donor  leve ls  a r e  t h e n  sha l low.  As  a resul t ,  
t r a n s i t i o n s  i n v o l v i n g  the  g r o u n d  s t a t e  of t he  donor  
( b e t w e e n  h i g h l y  a s soc ia t ed  pa i r s )  or  an exc i t ed  
s ta te  of the  donor  ( b e t w e e n  loose ly  a s soc ia t ed  pa i r s )  
or  the  conduc t ion  b a n d  ( b e t w e e n  u n a s s o c i a t e d  pa i r s )  
to the  g r o u n d  s ta te  of t he  a c t i v a t o r  w o u l d  be  v i r -  
t u a l l y  i nd i s t i ngu i shab le .  In  t he  ( Z n , C d ) S : C u , I n  or 
(Zn ,Cd)  S : A g , I n  p h o s p h o r s  s t u d i e d  the  bands  a r e  not  
o b s e r v e d  to m e r g e  c o m p l e t e l y  b e c a u s e  t he  CdS,  in 
a d d i t i o n  to caus ing  the  b a n d s  to move  as s ta ted ,  
also effects a change  in t h e i r  r e l a t i v e  in tens i t i es .  
I n c r e a s e  in CdS  con ten t  causes  an  inc rease  in t he  r a -  
t io [.,/I, so t h a t  ( Z n , C d ) S  p h o s p h o r s  showing  bo th  
t he  shor t  and  long w a v e - l e n g t h  emiss ions  or  t h e  long 
w a v e - l e n g t h  emiss ion  only ,  wi l l ,  w i th  subs t i t u t i on  
of 25-30% CdS for ZnS,  show on ly  the  shor t  w a v e -  
l eng th  emiss ion  even  at  - -195~ P e r h a p s  t he  long 
w a v e - l e n g t h  emiss ion  could  be  o b s e r v e d  at  s t i l l  l o w e r  
t e m p e r a t u r e s .  This  n e w l y  o b s e r v e d  effect  of CdS 
on L/ I ,  is t h o u g h t  to be  d i r e c t l y  connec t ed  w i t h  t he  
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dec rease  in donor  ( c o a c t i v a t o r )  d e p t h  a t t e n d i n g  the  
inc rease  in  CdS conten t .  

Two m o d e l s  h a v e  been  p r o p o s e d  for  t he  long 
w a v e - l e n g t h  emiss ion  p rocess  in  ZnS.  Us ing  the  
d a t a  of K r o g e r  and  Dikhoff ,  K l a s e n s  p r o p o s e d  t h a t  
t he  long  w a v e - l e n g t h  emis s ion  was  due  to  t h e  
r a d i a t i v e  r e c o m b i n a t i o n  of a f r ee  ho le  w i t h  an  e lec -  
t r on  t r a p p e d  a t  a coac t iva to r .  As  an  a l t e r n a t i v e  
he  sugges t ed  (7)  t h a t  t h e  r a d i a t i v e  t r a n s i t i o n  m a y  
i nvo lve  r e c o m b i n a t i o n  of  a ho le  in  a " w a i t i n g  s t a t e "  
l oca t ed  a b o v e  the  f i l led b a n d  w i t h  a n  e l e c t r o n  t r a p -  
ped  a t  a coac t iva to r .  The  n a t u r e  of the  w a i t i n g  s t a t e  
was  not  c l e a r l y  def ined,  b u t  the  idea  was  p r o b a b l y  
i n v o k e d  to m i n i m i z e  the  l a r g e  d i f fe rence  in ene rg ie s  
b e t w e e n  the  o b s e r v e d  t h e r m a l  and  op t i ca l  t r a p  
dep ths .  T h e  op t i ca l  d e p t h  on the  K l a s e n s  model ,  
w h i c h  w o u l d  be  a p p r o x i m a t e l y  the  d i f fe rence  b e -  
t w e e n  the  b a n d  gap  e n e r g y  and  the  e n e r g y  at  the  
p e a k  of t he  long  w a v e - l e n g t h  emiss ion,  is a b o u t  1.3 
ev  g r e a t e r  t h a n  the  t h e r m a l  t r a p  d e p t h  r e p o r t e d  b y  
H o o g e n s t r a a t e n  (3 ) .  K l a s e n s  also r e p o r t e d  t h a t  t h e  
a d d i t i o n  of 20% CdS in Z n S : A g , I n  caused  the  p e a k  
of t h e  long  w a v e - l e n g t h  emiss ion  m e a s u r e d  at  
- -183~ to sh i f t  f r o m  6100 to 6200A or  on ly  0.03 
ev. This  sh i f t  is c o n s i d e r a b l y  less e n e r g y w i s e  t h a n  
the  c o r r e s p o n d i n g  sh i f t  w i t h  CdS a d d i t i o n  in t he  
shor t  w a v e - l e n g t h  emiss ion .  

More  r ecen t l y ,  A p p l e  a n d  W i l l i a m s  sugges t ed  a n -  
o the r  m o d e l  for  t he  long  w a v e - l e n g t h  emiss ion  
p rocess  w h i c h  is b a s e d  on t h e  fac t  t h a t  t he  s p e c t r a l  
d i s t r i b u t i o n  of th is  emiss ion  d e p e n d s  on the  i d e n t i t y  
of bo th  a c t i v a t o r  (Cu or  A g )  a n d  c o a c t i v a t o r  ( G a  or  
I n ) .  T h e y  s u g g e s t e d  t h a t  b o t h  spec ies  a r e  i n v o l v e d  
in t he  l u m i n e s c e n t  c e n t e r  and  c o n c l u d e d  t h a t  t he  
r a d i a t i v e  t r a n s i t i o n  g iv ing  r i se  to t he  long  w a v e -  
l e n g t h  emiss ion  is b e t w e e n  a c o a c t i v a t o r - a c t i v a t o r  
p a i r  suff ic ient ly  close to each  o the r  in  t he  l a t t i ce  
so t h a t  t he  g r o u n d  s t a t e  w a v e  func t ions  of t he  two  
over l ap .  This  l u m i n e s c e n t  t r a n s i t i o n  is s h o w n  on 
the  b a n d  m o d e l  in F i g u r e  8a. In  mos t  of t he  p h o s -  
pho r s  t h e y  p r e p a r e d ,  b o t h  t h e  long  and  shor t  w a v e -  
l e n g t h  emiss ion  b a n d s  w e r e  obse rved .  B y  c h a n g i n g  
the  c o n c e n t r a t i o n  of a c t i v a t o r  a n d  coac t iva to r ,  or  
t he  c o a c t i v a t o r  i den t i t y ,  or  t he  t e m p e r a t u r e  at  w h i c h  
the  p h o s p h o r  was  exc i ted ,  t he  r a t i o  of i n t ens i t i e s  of 
t he  shor t  to long  w a v e - l e n g t h  emiss ions ,  I , / I , ,  could  
be  v a r i e d  ove r  a w i d e  r a n g e .  Us ing  an  ana lys i s  
b a s e d  on t h e  n e w  m o d e l  for  t he  long  w a v e - l e n g t h  
c e n t e r  and  on t h e  P r e n e r - W i l l i a m s  m o d e l  fo r  t he  
s h o r t  w a v e - l e n g t h  c e n t e r  (8)  ( s h o w n  in Fig.  8b)  
t h e  a u t h o r s  w e r e  a b l e  to  a ccoun t  q u a l i t a t i v e l y  for  t h e  
effects  of t h e  fo r ego ing  p a r a m e t e r s  on t h e  r a t i o  of 
i n t ens i t i e s  of t he  two  emis s ion  bands .  In  t he  l a t t e r  
model ,  l u m i n e s c e n c e  is a t t r i b u t e d  to t r a n s i t i o n s  b e -  
t w e e n  c o a c t i v a t o r - a c t i v a t o r  p a i r s  w h i c h  a r e  no t  

J ; 
/ / /  

Fig. 8. Bond 
wave-length (8) 

/ / / / / / /  / / / / / / / / /  

a.  b. 

theory models for the (a) long ond (b) short 
luminescent centers. 

so h i g h l y  a s soc ia t ed  as those  g iv ing  t h e  long  w a v e -  
l e n g t h  emiss ion.  

A p p l e  a n d  W i l l i a m s  s u g g e s t e d  t ha t  the  r a t io  of 
i n t ens i t i e s  of t he  s h o r t  to long  w a v e - l e n g t h  emiss ion  
in ZnS:  (Cu or  A g ) ,  (Ga  or  In)  was  d e p e n d e n t  on 
at  l e a s t  two  fac tors ,  t he  r a t i o  of o c c u p a t i o n a l  p r o b -  
ab i l i t i e s  of t h e  e m i t t i n g  s t a tes  of t he  sho r t  a n d  
long  w a v e - l e n g t h  c e n t e r s  a n d  the  r a t i o  of  f r ac t ions  
of c o a c t i v a t o r - a c t i v a t o r  (or  d o n o r - a c c e p t o r )  p a i r s  
i n v o l v e d  in  each  of the  two  t y p e s  of centers .  T h e y  
sa id  t h a t  t he  d i f fe rence  in  the  p e a k s  of t he  emiss ion  
s p e c t r a  of the  two  b a n d s  is a m e a s u r e  of t he  d i f -  
f e r e n c e  in e n e r g i e s  of the  e m i t t i n g  s t a tes  of t he  
two  t y p e s  of cen t e r s  and  t h a t  t he  r a t i o  of o c c u p a -  
t i o n a l  p robab i l i t i e s ,  P(~JP(~,), of the  e m i t t i n g  
s t a tes  is g iven  a p p r o x i m a t e l y  b y :  

P~/P~oI~ ~ e [1]  

w h e r e  M and  ~, a r e  the  w a v e  l e n g t h s  a t  the  emis s ion  
p e a k s  of the  r e s p e c t i v e  bands .  In  ZnS  p h o s p h o r s  th is  
f ac to r  g r e a t l y  f a v o r s  t he  long  w a v e - l e n g t h  emiss ion ;  
i t  is d e p e n d e n t  on the  d e p t h  of t he  g r o u n d  s t a t e  
of t h e  donor  ( w h i c h  is t he  e m i t t i n g  s t a t e  of the  
long  w a v e - i e n g t h  e m i s s i o n ) .  F o r  e x a m p l e ,  a t  t e m -  
p e r a t u r e s  w h e r e  t h e r m a l  e q u i l i b r i u m  appl ies ,  t he  
r a t i o  of i n t ens i t i e s  of t he  sho r t  to long  w a v e - l e n g t h  
emis s ion  is g r e a t e r  in  ZnS:  A g , G a  t h a n  in  ZnS:  Ag , In  
b e c a u s e  t he  g r o u n d  s t a t e  of Ga is 0.08 ev s h a l l o w e r  
t h a n  t h a t  of In  ( a c c o rd ing  to t h e r m a l  g low m e a s u r e -  
m e n t s )  (3) .  The  v a l u e  for  ( 1 / X 8 -  l /X,)  is s m a l l e r  
in t he  f o r m e r  case  w h i c h  l eads  to a m o r e  pos i t i ve  
v a l u e  of Pc~,>/P~,~. Also,  a t  r o o m  t e m p e r a t u r e  L / I ,  is 
m u c h  l a r g e r  in  cubic  t h a n  in  h e x a g o n a l  ZnS:  Cu,In,  
d u e  p r e s u m a b l y  to t h e  fac t  t h a t  t h e  donor  g r o u n d  
s t a t e  due  to In  is s h a l l o w e r  in  cubic  t h a n  in the  
h e x a g o n a l  phase  (9) .  

T h e  m o d e l  sugges t ed  b y  A p p l e  and  W i l l i a m s  wi l l  
be  used  to i n t e r p r e t  the  r e su l t s  of t he  effect of CdS 
a d d i t i o n  on t h e  emiss ion  in ZnS:  Cu or  Ag,  In  p h o s -  
p h o r  s ince  th is  m o d e l  is mos t  cons i s t en t  w i t h  t he  
e x p e r i m e n t a l  r e su l t s  t hus  f a r  ob t a ined .  

The  i nc rea se  in t he  r a t i o  of i n t ens i t i e s  of t he  
s h o r t  to  long  w a v e - l e n g t h  emiss ions  w i t h  i n c r e a s e  
in CdS  con ten t  m a y  b e  due  to t he  c h a n g e  in  t h e  
r a t i o  of oc c upa t i ona l  p r o b a b i i i t i e s  of t he  e m i t t i n g  
s ta tes ,  w h i c h  c h a n g e  is a d i r ec t  consequence  of  t he  
g r a d u a l  d e c r e a s e  in  t he  d e p t h  of t he  g r o u n d  s t a t e  
of t h e  In  l eve l  w i t h  CdS  increase .  F r o m  Eq. [1] ,  
L / L  w o u l d  i n c r e a s e  w i t h  i n c r e a s i n g  CdS b e c a u s e  
the  t e r m  (1/X, - -  l /X,)  becomes  sma l l e r .  As  the  shor t  
w a v e  l e n g t h  a p p r o a c h e s  t he  long w a v e - l e n g t h  e m i s -  
s ion peak ,  ( 1 / X o - - l / X , )  becomes  so s m a l l  t h a t  t he  
a c t u a l  m e r g e n c e  of t h e  two  p e a k s  is no t  o b s e r v e d  
s ince  b e f o r e  th is  poin t ,  t he  r a t i o  of oc c upa t i ona l  
p r o b a b i l i t i e s  has  i n c r e a s e d  to such  an  e x t e n t  t h a t  
t h e  s h o r t  w a v e - l e n g t h  emis s ion  is o v e r w h e l m i n g l y  
f avo red .  

As  was  p o i n t e d  ou t  b y  A p p l e  a n d  Wi l l i ams ,  t he  
r a t i o  of f r ac t ions  of p a i r s  c o n t r i b u t i n g  to t he  two  
emiss ions  g r e a t l y  f avo r s  the  sho r t  w a v e - l e n g t h  
emis s ion  and  t e n d s  to b a l a n c e  ou t  t h e  o c c u p a t i o n a l  
p r o b a b i l i t y  effect  e x c e p t  w h e r e  th is  r a t i o  becomes  
l a r g e  as w i t h  i nc rea s ing  CdS.  In  a ser ies  c on t a in ing  
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a c o n s t a n t  a m o u n t  of Cd, t he  d e c r e a s e  in t he  r a t i o  
of in tens i t i es ,  L / L ,  w i t h  i nc r ea s ing  c o n c e n t r a t i o n  
of a c t i v a t o r  a n d  c o a c t i v a t o r  is due  to t he  i nc rea se  
in  t he  f r a c t i o n  of p a i r s  c o n t r i b u t i n g  to the  long 
w a v e - l e n g t h  emiss ion .  These  r e su l t s  a r e  cons i s t en t  
w i t h  t hose  f o u n d  p r e v i o u s l y  fo r  ZnS:  (Cu or  A g ) ,  
( G a  or  In )  phosphor s .  

In  s u m m a r y ,  CdS  a d d i t i o n  in Z n S : C u , I n  or  ZnS:  
Ag , In  causes  an  i n c r e a s e  in the  r a t i o  of sho r t  to long  
w a v e - l e n g t h  emiss ion  in tens i t ies .  This  i nc rea se  is due  
to t h e  i nc rea se  in t h e  r a t i o  of t he  o c c u p a t i o n a l  p r o b -  
ab i l i t i e s  of t he  e m i t t i n g  s ta tes  of t h e  two  centers .  
A l t h o u g h  o t h e r  m o d e l s  cou ld  p o s s i b l y  be  used  to 
i n t e r p r e t  these  resu l t s ,  t he  fac t  t h a t  t he  spec t r a l  
d i s t r i b u t i o n  of emis s ion  of t he  long w a v e - l e n g t h  
c e n t e r  is d e p e n d e n t  on the  i d e n t i t y  of  bo th  d o n o r  
and  accep to r  is t a k e n  as ev idence  t h a t  the  long 
w a v e - l e n g t h  l u m i n e s c e n t  t r a n s i t i o n  is b e t w e e n  asso-  
c i a t ed  d o n o r - a c c e p t o r  p a i r s  as a l r e a d y  p o i n t e d  
out  (2 ) .  

P r e l i m i n a r y  m e a s u r e m e n t s  show t h a t  CdS  has  
t he  s a m e  g e n e r a l  effect  in  Z n S : C u , G a  or  Z n S : A g ,  
Ga  as in ZnS:  Cu, In  or  ZnS:  Ag, In .  
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ABSTRACT 

Zinc sulfide crysta ls  grow read i ly  f rom the vapor  phase if smal l  t races  of 
cer ta in  impuri t ies ,  such as zinc oxide and copper, are  present .  The decrease  of 
ambien t  impur i ty  concentra t ion leads first to ve ry  thin, flexible, r i bbon- l ike  
crys ta ls  which  are  hexagonal ,  and f inal ly to nucleat ion wi th  l i t t le  growth.  The 
pur i ty  of crysta ls  depends  not  only  on the composit ion of the  s ta r t ing  ma te r i a l  
but  also on the  pu r i t y  of the  combust ion tube employed;  contaminat ion  dur ing  
growth  leads to an i m p u r i t y  g rad ien t  in crysta ls  and to impur i ty  var ia t ions  
among crystals .  Crysta ls  usua l ly  exhib i t  d isorder  of the  crys ta l  s t ructure ,  a l -  
though  pure  cubic or hexagonal  s t ruc ture  can be achieved by anneal ing  or 
quenching.  Heat  t r ea tmen t  also changes the impur i t y  content  and a t t endan t  
proper t ies ,  such as phys ica l  color, luminescence behavior ,  e lectr ical  proper t ies ,  
and d isorder  of the  c rys ta l  s tructure.  

T h e r e  has  been  c o n s i d e r a b l e  i n t e r e s t  in  t he  g r o w t h  
of z inc  sulfide s ing le  c r y s t a l s  d u r i n g  t h e  pa s t  decade  
(1 -3 )  because  i t  is e x p e c t e d  t h a t  t he  m e c h a n i s m s  
of  p h o t o l u m i n e s c e n c e ,  p h o t o c o n d u c t i v i t y ,  and  e lec -  
t r o l u m i n e s c e n c e  w i l l  be  b e t t e r  u n d e r s t o o d  b y  s t u d y -  
ing  s ing le  c rys ta l s .  N a t u r a l  z inc  sul f ide  c r y s t a l s  a r e  
a v a i l a b l e  in l a r g e  size; h o w e v e r ,  t h e y  con ta in  c o m -  
p a r a t i v e l y  h igh  i m p u r i t y  concen t r a t i ons ,  u s u a l l y  of 
the  o r d e r  of  1% b y  we igh t .  S ince  c o m m e r c i a l  a p p l i -  
ca t ions  of zinc sulf ide  p h o s p h o r s  r e q u i r e  s m a l l  
q u a n t i t i e s  of add i t i ves ,  such  as a f ew  p a r t s  p e r  
m i l l i o n  of a c t i v a t o r  and  coac t iva to r ,  n a t u r a l  c r y s t a l s  
h a v e  been  of bu t  l i t t l e  i m p o r t a n c e  in  such  r e sea rches .  

A n o t h e r  r e q u i r e m e n t  in p r e p a r i n g  c r y s t a l s  for  
r e s e a r c h  p u r p o s e s  a p p e a r s  to be  t he  p r o p e r  con t ro l  
of t h e  c r y s t a l  s t r u c t u r e  (4 ) .  S y n t h e t i c  c r y s t a l s  
g r o w n  b y  the  c o n v e n t i o n a l  v a p o r  p h a s e  m e t h o d s  (3)  

e xh ib i t  o n e - d i m e n s i o n a l  d i s o r d e r  (3, 5-7, 8) cons i s t -  
ing  of r a n d o m n e s s ,  m i x e d  h e x a g o n a l - c u b i c  s t r u c t u r e  
in t he  s ame  c rys t a l ,  and  the  p r e s e n c e  of p o l y t y p e s  
which  a r e  i n t e r m e d i a t e  b e t w e e n  the  h e x a g o n a l  and  
cubic  c r y s t a l  sys tems .  

A l f r e y  a n d  T a y l o r  (9)  c a m e  to t he  conc lus ion  t h a t  
" u n f o r t u n a t e l y ,  s ingle  c r y s t a l s  (of  zinc sulf ide t he  
a u t h o r )  a r e  diff icul t  to g r o w  and  the  a m o u n t  and  
n a t u r e  of t he  a c t i v a t o r s  c anno t  be  con t ro l l ed ,  so 
t ha t  c r y s t a l s  g r o w n  b y  d i f f e ren t  e x p e r i m e n t e r s  wi l l  
differ  in cons t i t u t ion . "  The  p r e s e n t  p a p e r  shows  how 
some of t h e s e  diff icul t ies  h a v e  been  overcome.  I t  
desc r ibes  some  e x p e r i m e n t s  de a l i ng  w i t h  t he  p r e p -  
a r a t i on  of z inc  sulf ide  s ing le  c rys t a l s  of con t ro l l ed  
c h e m i c a l  compos i t i on  a n d  c r y s t a l  s t ruc tu re .  P r e -  
v ious ly  r e p o r t e d  o b s e r v a t i o n s  (3, 8) a r e  e x t e n d e d  
and,  in  m a n y  cases  q u a n t i t a t i v e l y  c o r r o b o r a t e d ;  
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Table I. Decrease in impurity content,* in per cent by weight, of 
crystals grown on the cooling finger during consecutive growth 

experiments. ( - -  not detected.) 

Exper i -  
men t  No. 1 2 4 8 

Cu 0.0005 0.0003 0.0002 ~0.00001 
Fe 0.0004 0.0002 0.0001 - -  
Pb 0.0003 0 . 0 0 0 0 6  0 .00002  (0.00001 

* Quan t i t a t i ve  spec t rographic  analys is  by  T. Veleker ,  Sy lvan ia  
Electric P roduc t s  Inc.,  Towanda ,  Pennsy lvan ia .  

Fig. 1. Longitudinal ly split tube with crystals; regions a, 
b, c, as indicated in Table VII.  

some new results are presented which appear to 
have experimental  and theoretical implications as 
to the preparat ion of single crystals. 

Exper imenta l  
The single crystals of zinc sulfide which have been 

investigated in the course of these studies were pre-  
pared from the vapor phase by sublimation. The 
growth method employing a U-shaped transparent  
quartz cooling finger which permits the control of 
nucleation, crystal  structure, and morphology of 
crystals has been described previously (3). This 
technique is not described in any detail because the 
main experimental  results are generally available 
(10). Recently Matsumura, et aI. (11) have con- 
firmed our observations (3, 8) in the course of 
investigating very  thoroughly the growth and 
morphology of zinc sulfide single crystals obtained 
by the cooling-finger technique. Their observations 
are in essential agreement with many  of our un-  
published results; however, we were led by experi-  
mental  circumstances to some additional investiga- 
tions which are discussed here. 

In another variation of vapor phase sublimation, 
a longitudinally split mullite tube is placed inside 
the mullite combustion tube (Fig. 1). This method 
leads to the growth of large voluminous crystals, 
which can be sampled readily and accurately from 
the various growth regions in the split tube. These 
large, oblong crystals were used mostly in the dif- 
fusion experiments described below. 

Growth of pure single crystals.--The crystal 
growth on a cooling finger has been conducted as 
part  of an at tempt to prepare large crystals of high 
purity. Since the quartz combustion tube tends to 
break when cooled to room temperature  after every 
experiment, 1 it was decided to keep the quartz tube 
continuously above 1000~ In this way  it was pos- 
sible to conduct up to 30 growth experiments with-  
out loss of the quartz combustion tube. Consequently 
the cooling finger arrangement  became a necessity 

1Quar t z  crystal l izes in the  t r i dymi t e  f o r m  wi th  an  a t t endan t  
vo lume  increase  of 15% w h e n  cooled to 900~ 

for removing the crystals after growth was com- 
pleted. In addition, since the cooling device can 
be removed rapidly from the hot zone, completely 
hexagonal crystals are obtained readily by tem- 
perature quenching. 

Activated crystals are grown readily by this tech- 
nique, with the desired level of activation depending 
on the additives physically admixed to the zinc 
sulfide powder  or kept in a separate quartz boat; 
however, difficulties were met in preparing very  
pure crystals by the cooling-finger technique. 

It was observed that  the yield of crystals decreased 
with successive growth experiments. There was a 
trend to very  thin, plate-like crystals with con- 
secutive experiments. These thin tissue-like crystals 
were very  flexible and exhibited interference colors 
in reflected light. After  several experiments, nu-  
cleation still took place on the cooling finger, but  
the nuclei no longer grew into visible crystallites. 

A correlation between the decrease in the rate 
of crystal growth and the increase in the pur i ty  of 
the crystals has been observed. Table I indicates 
that a gradual decrease of contamination occurs 
with successive growth experiments. It appears that 
the quartz tubes and boat are gradual ly  cleaned, 
and the incorporation of impurities through the 
vapor phase and from the quartz substrate de- 
creases accordingly. 

There is additional proof that impurities are in- 
strumental  in the growth of zinc sulfide single crys-  
tals. The growth of crystals could again be brought  
about by using a quartz cooling finger which had not 
been used previously. The introduction of copper 
metal or zinc oxide powder into the boat  was 
similarly effective in stimulating crystal growth. 

In/tuence of tubing materiaL--The physical ap- 
pearance, growth habit, and impurity content of 
crystals depend markedly  on the tube material  em- 
ployed for crystal growth. As indicated above, there 
is a decrease in impuri ty  levels with the successive 
use of a given t ransparent  quartz tube. This purifi- 
cation effect occurs also with opaque quartz, while 
the increase in pur i ty  of crystals grown in consecu- 
tive experiments in mullite tubing has not been 
studied; however, crystals of successive batches 
became gradual ly l ight-yellowish to colorless in 
color and greenish-blue photoluminescent, while 
the first batch was da rk-brown and nonphotolumi-  
nescent. Table II  indicates average values of the 
tube composition and starting zinc sulfide powder 
which are based on several quanti tat ive spectro- 
graphic analyses. The zinc sulfide powder  is essen- 
tially spectrographically pure, while the tube ma-  
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Table II, Chemical composition of tube materials and original zinc Table V. Impurities, in per cent by weight, in single crystals 
sulfide powder, in per cent by weight and starting material after growth is completed 

Ele- Opaque T ranspa ren t  Zinc Crysta ls  on P o w d e r  in  
merit  Mullite quar tz  quar tz  sulfide E lement  cooling f inger quar tz  boat 

A1 10-100 0.01-0.i 0.01-0.I -- 
Ca 0.001 0.001 0.001 -- 
Cu 0.001-0.01 0.0001-0.001 0.0001 <0.00001 
Fe 0.01-0.1 0.0001-0.001 <0.0001 <0.0001 
Mg 0.01-0.1 0.0001-0.001 0.0001-0.001 0.0001 
Mn 0.0001 0.0001 0.0001 0.00001 
Ni 0.0001-0.001 - -  - -  <0.0001 
Pb 0.0001 0.0001 <0.0001 <0.00005 
Si 10-100 10-100 10-100 0.0001 

Table III. Impurities in crystals grown in different tubes, in per 
cent by weight 

Crystals  g r o w n  in tubes of  
Ele- Opaque  T ranspa ren t  
meri t  Mullite quar tz  quar tz  

A1 0.0012 0.00025 0.00012 
Ca 0.0004 0.0002 - -  
Cu 0.01 0.0013 0.0003 
Fe 0.0007 0.0002 0.00015 
Mg 0.0005 0.0002 0.0002 
Mn 0.0001 0.00002 0.00002 
Ni 0.00035 0.0001 <0.0001 
Pb - -  - -  - -  
Si 0.001-0.01 0.001-0.01 <0.001 

te r i a l  is obv ious ly  the  m a i n  source of c o n t a m i n a t i o n  
d u r i n g  growth.  

The  impur i t i e s  are g iven  as an  average  f rom 
severa l  spec t rographic  d e t e r m i n a t i o n s  on r a n d o m l y  
sampled  crystals ,  Tab le  III. One finds, as expected,  
t ha t  crysta ls  g rown  in  combus t ion  tubes  con t a in ing  
m a n y  impur i t i es  are c o n t a m i n a t e d  accordingly .  
However ,  even  the  appea rance  and  physica l  p r op -  
er t ies  of the crys ta ls  depend  on the  k ind  of t u b i n g  
ma te r i a l  employed  (Tab le  IV) .  

One finds m a n y  crysta ls  g r o w n  on the cooling 
f inger tha t  are not  p h o t o l u m i n e s c e n t  because they  
are  ve ry  pure,  whi le  some crys ta ls  g rown  on the 
wa l l  of the  m u l l i t e  t ube  are  no t  pho to luminescen t  
because  they  con ta in  too m a n y  impur i t ies .  

In  genera l  one observes  also t ha t  the v o l u m e - t o -  
surface  ra t io  of crys ta ls  increases  m a r k e d l y  w i th  
the i m p u r i t y  content .  Some ind ica t ion  was  f ound  
tha t  t races  of Ni, Co, and  Fe in  con junc t ion  wi th  
Cu are  ve ry  i n s t r u m e n t a l  in  i n t roduc ing  a b r o w n  
to d a r k - b r o w n  physica l  color. 

Nonuniformity in impurity content.--There has 
been  cons iderab le  m e n t i o n  of the  fact tha t  the  
crys ta ls  of a specific ba tch  differ wide ly  wi th  re- 
spect to p u r i t y  and  per fec t ion  of the crys ta l  s t ruc -  
t u r e  (9, 12, 13). Whi le  a pa r t i a l  ana lys is  of these  
p rob lems  has a l r eady  been  p resen ted  (3, 8) in  
prev ious  communica t ions ,  add i t iona l  ev idence  on the  

A1 0.001 0.0005 
Ca 0.0002 0.0001 
Cu 0.005 0.002 
Fe 0.0007 0.0003 
Ni 0.0005 0.0002 

Table VI. Impurities, in per cent by weight, incorporated from 
the vapor phase and by solid-state diffusion 

Crystal  f rac t ion  Crys ta l  f rac t ion  not  
Element  f rom wall  in  contact  w i th  wall  

A1 0.005 0.0005 
Cu 0.015 0.003 
Fe 0.001 0.0005 

or igin  and  e l i m i na t i on  of these difficulties is g iven in  
the  p re sen t  paper .  In  this  section th ree  p rob lems  wi l l  
be  deal t  wi th :  (a) a compar i son  b e t w e e n  the im-  
p u r i t y  level  of the  crysta]s  and  the  ma te r i a l  r e -  
m a i n i n g  in  the boat,  (b)  spec t rographic  d e t e r m i n a -  
t ion of impur i t i e s  in the  crystals  g r o w n  in  contact  
wi th  the  combus t ion  t u b e  wal l  and  of the  crys ta l  
f rac t ion  no t  in  contact  w i th  the wall ,  and  (c) the  
change  of i m p u r i t y  level  wi th  locat ion in  longi -  
t u d i n a l l y  spli t  tubes. The  data  are  aga in  averages  of 
severa l  e xpe r i me n t s  a nd  show the typ ica l  fea tures  
tha t  cause the n o n u n i f o r m i t y  in  p u r i t y  f rom crys ta l -  
t o - c ry s t a l  a nd  w i t h i n  s ingle  crys ta ls  g r ow n  by vapor  
phase methods.  

Tab le  V shows tha t  some impur i t i e s  are incorpor -  
a ted p r e f e r en t i a l l y  in  the  s ingle  crys ta ls  on the  qua r t z  
cooling f inger in a mu l l i t e  combus t ion  tube.  This be -  
comes a p p a r e n t  w h e n  one compares  the analyses  of 
crys ta ls  wi th  those of the c o n t a m i n a t e d  res idual  
s t a r t ing  ma te r i a l  which  was kept  in  a t r a n s p a r e n t  
quar tz  boat.  

The powder  in  the boat  also increased  in  par t ic le  
size, b u t  since the s ingle  crysta ls  are  m u c h  larger,  
one m a y  assume tha t  the  impur i t i e s  tha t  are prefer -  
en t i a l l y  a c c umul a t e d  m a y  cause the  rap id  growth,  
i.e., t hey  m a y  act as minera l izers .  

In  the  second inves t iga t ion ,  abou t  hal f  of every  
s ingle  crys ta l  g rown  on the  wal l  of the  l o n g i t u d i n a l l y  
spli t  t u b e  was  b r o k e n  off, and  spect rographic  a n -  
alyses were  r u n  on both  these and  on the  par ts  r e -  
m a i n i n g  in  contact  wi th  the t ube  wall .  

I t  was  found,  as ind ica ted  in  Tab le  VI, tha t  the  
crys taI  f rac t ion  in  contac t  wi th  the wal l  conta ins  
a h igher  ' i m p u r i t y  level  t h a n  crys ta ls  in to  which  
impur i t i e s  were  p r e f e r e n t i a l l y  incorpora ted  by vapor  
phase  diffusion. This resu l t  confirms previous  ob-  
se rva t ions  (14) which  ind ica ted  an  i m p u r i t y  g ra -  

Table IV. Properties of crystals grown in different combustion tubes 

Mullite Opaque  quar tz  T r a n s p a r e n t  quar tz  

Physical  color 
Transparency 
Electrical resist ivi ty 
Luminescence color 

Brown to dark b rown 
Opaque or t ransparen t  
Near 10 ~ ohm-cm 
Green, orange, or none 

Yellow to whit ish 
Some t ransparen t  
10~-10 ~ ohm-cm 
Light green to blue 

Colorless 
Most t ransparent  
> I0 ~ ohm-cm 
None or bluish 
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Table VII. Dependence of impurity content, in per cent by weight, 
of crystals on growth location in longitudinally split combustion 

tube, (regions a, b, and c of Fig. 1) 
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E l e m e n t  R e g i o n  a R e g i o n  b R e g i o n  c 

A1 0.01 0.005 0.0005 
Cu 0.012 0.006 0.002 
Fe  0.002 0.001 0.0002 
Ni 0.001 0.0006 0.0001 

Table VIII. Purification of zinc sulfide single crystals by diffusion 

Tempera ture ,  before  800 1000 l l00 1100 
~ 

Time of an-  anneal  7 7 2 16 
heal ing,  hr  

Per  cent  by  0.008 0.005 0.003 0.0025 0.00092 
weight  of cop-  
per  found 

d i e n t  in c a d m i u m  sulf ide  c r y s t a l s  g r o w n  b y  a 
s im i l a r  me thod .  

The  loca l  i m p u r i t y  d i s t r i b u t i o n  f r o m  c r y s t a l - t o -  
c r y s t a l  can  be  s t u d i e d  w h e n  a l o n g i t u d i n a l l y  sp l i t  
t u b e  is used,  w h i c h  also f ac i l i t a t e s  t he  s a m p l i n g  of  
c rys ta l s .  C r y s t a l  g r o w t h  s t a r t s  a t  a s h a r p  b o u n d a r y  
w h i c h  is n e a r  1080~ ( r eg ion  a in T a b l e  VI I  and  
Fig.  1) ; t he  l a rge s t  c ry s t a l s  g r o w  in th i s  r eg ion ;  t h e y  
a r e  b r o w n  to d a r k - b r o w n  in p h y s i c a l  color.  As  the  
color  l i gh t ens  w i t h  the  loca t ion  f a r t h e r  f r o m  th i s  
d a r k  region ,  t he  c r y s t a l s  become  g r a d u a l l y  smal l e r ,  
the  p a r t i c l e  size fo l l owing  a b o u t  an  e x p o n e n t i a l  
d e p e n d e n c e  w i t h  the  d is tance .  T a b l e  VI I  shows  the  
i m p u r i t i e s  found,  and  the  p h o t o g r a p h  (Fig .  1) shows  
the  sp l i t  t u b e  w i t h  c rys ta l s .  

Control of impuri ty  content and crystal structure 
by heat t rea tment . - - I t  has  been  i n d i c a t e d  a b o v e  t h a t  
t he  g r o w t h  of v e r y  p u r e  a n d  l a r g e  c r y s t a l s  in a r e a -  
sonab l e  r e a c t i o n  t ime  l eads  to i n t r i n s i c  diff icult ies.  
The re fo re ,  i t  d id  n o t  a p p e a r  d e s i r a b l e  to g r o w  
c r y s t a l s  of h igh  pu r i t y ,  b u t  i n s t e a d  an  a t t e m p t  was  
m a d e  to ach ieve  this  o b j e c t i v e  (i.e., t he  p r e p a r a t i o n  
of s ing le  c r y s t a l s  of c o n t r o l l e d  c r y s t a l  s t r u c t u r e  and  
c h e m i c a l  compos i t i on )  b y  h e a t  t r e a t m e n t  a f t e r  c rys -  
t a l  g r o w t h  was  comple t ed .  

C o p p e r  is cons ide red  to be  t he  mos t  i m p o r t a n t  
i m p u r i t y  b e c a u s e  of i ts  ro l e  as an  a c t i v a t o r  a n d  i ts  
r e l a t i v e l y  h igh  c o n c e n t r a t i o n  ( T a b l e  I I I )  in t he  
l a rge  c r y s t a l s  w h i c h  w e r e  g r o w n  in m u l l i t e  tub ing .  
The  o b s e r v a t i o n  of R ieh l  and  O r t m a n n  (15) t ha t  
coppe r  diffuses r e a d i l y  in to  the  zinc sulf ide l a t t i ce  
sugges t ed  a m e t h o d  fo r  pur i f ica t ion .  The  pu r i f i ca t ion  
m e t h o d  d e p e n d s  on i m p u r i t y  d i f fus ion  f r o m  the  c r y s -  
ta l  in to  p u r e  zinc sulf ide  p o w d e r  in w h i c h  the  
c r y s t a l  is e m b e d d e d .  A v a r i a t i o n  of th i s  m e t h o d  m a y  
also be  used  to a c t i v a t e  c r y s t a l s  b y  d i f fus ion  in  t h e  
oppos i t e  d i rec t ion .  T h e  t imes  and  t e m p e r a t u r e s  i n -  
v o l v e d  in pur i f i ca t ion  b y  th is  p rocess  a r e  i n d i c a t e d  
in T a b l e  VII I ;  some a d d i t i o n a l  r e su l t s  a r e  g iven  in 
Fig.  2. 

A l a r g e  n u m b e r  of c r y s t a l s  h a v e  b e e n  h e a t  t r e a t e d  
in th i s  way ,  and  one obse rves  t h a t  t he  pur i f i ca t ion  
process  l eads  to va r ious  a t t e n d a n t  changes .  The  
b r o w n  p h y s i c a l  co lor  d imin i she s  a n d  the  t r a n s p a r -  
ency  inc reases ;  t he  e l e c t r i c a l  r e s i s t i v i t y  i nc reases  b y  

Fig. 2. Zinc sulfide crystals before and after annealing at 
1000~ (a) Piece of crystal b, annealed for 100 hr, pure 
embedding powder changed 3 times, (b) original, not an- 
nealed crystal, (c) crystal annealed for 32 hr in pure powder, 
(d) crystal annealed for 50 hr, and (e) crystal annealed for 
200 hr, embedding powder changed 5 times. Crystals a-e 
were mode cubic by a second annealing of 5 hours at 900~ 
in pure zinc sulfide powder. 

Fig. 3. X-ray diagram of a mixed hexagonal-cubic zinc 
sulfide crystal rotated about the c-axis; randomness, and 4- 
and 6-layer polytypes are observed. 

s e v e r a l  o r d e r s  of  m a g n i t u d e ;  c r y s t a l s  t u r n  p h o t o -  
and  e l e c t r o l u m i n e s c e n t  or  f r e q u e n t l y  c h a n g e  t h e i r  
emiss ion  color ;  changes  in c r y s t a l  s t r u c t u r e  also t a k e  
p lace  in m a n y  cases.  

The  c r y s t a l  s t r u c t u r e  is u s u a l l y  qu i t e  d i s o r d e r e d  
if zinc sulf ide s ingle  c r y s t a l s  a r e  g r o w n  on t h e  w a l l  
of the  c o m b u s t i o n  tube .  The  d i s o r d e r  consis ts  of  
r a n d o m n e s s ,  m i x e d  h e x a g o n a l - c u b i c  s t r u c t u r e  in  t he  
s ame  c rys t a l ,  and  the  p re sence  of p o l y t y p e s .  A n  
x - r a y  d i f f r ac t ion  p a t t e r n  of such  a d i s o r d e r e d  c r y s t a l  
is shown  in Fig .  3; t he  c r y s t a l  has  b e e n  r o t a t e d  a b o u t  
the  c -ax i s .  The  p h o t o g r a p h  shows  the  p r e s e n c e  of 
m i x e d  h e x a g o n a l - c u b i c  s t ruc tu re ,  r a n d o m n e s s  as 
i n d i c a t e d  b y  the  b l a c k e n i n g  b e t w e e n  t h e  d i s t i nc t  
spots, and  t h e  p re sence  of 4-  and  6 - l a y e r  p o l y t y p e s .  

These  d i s o r d e r e d  c r y s t a l s  a r e  u s u a l l y  o b s e r v e d  if 
one p e r m i t s  t he  f u r n a c e  to cool a t  t he  r a t e  g o v e r n e d  
by  its h e a t  capac i ty .  I f  c o m p l e t e l y  cub ic  c rys t a l s  
(F ig .  4) a r e  des i red ,  i t  is u s u a l l y  suff icient  to  k e e p  
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Fig. 4. X-ray diagram of cubic zinc sulfide single crystal 
rotated about the 1 1 1-direction. 

Fig. 5, X-ray diagram of hexagonal zinc sulfide single crys- 
tal rotated about the c-axis. 

the crysta ls  for 5 to 10 hr  near  900~ In this way  
one can combine the purif icat ion or ac t iva t ion  of the 
crys ta l  wi th  the a l te ra t ion  of the crys ta l  s tructure,  
so that  a cubic crys ta l  of control led ac t iva tor  con- 
tent  is obtained.  

The method employing  the cooling finger also 
permi ts  the p repara t ion  of complete ly  hexagonal  
crysta ls  (Fig. 5). The U-shaped  cooling finger wi th  
crystals  on the tip can be removed  easi ly and rap id ly  
f rom the hot  condensat ion zone, so that  the crystals  
are quenched af ter  growth  is completed (Fig. 6). I t  
has been observed in all  these cases that  hexagonal  
crysta ls  are formed, and therefore  one may  assume 
tha t  crysta ls  grew in this  fo rm under  the  growth 
conditions employed.  This resul t  is r ead i ly  obta ined 
when the cooling finger is used, while  growth  on the 
wal l  of the combust ion tube does not  pe rmi t  rap id  
t empera tu re  quenching. 

Hexagonal  crysta ls  can also be ac t iva ted  or pur i -  
fied by  heat  t r e a tmen t  af ter  growth,  a l though it is 
necessary to keep the anneal ing  t empe ra tu r e  below 
800~ so tha t  no t rans format ion  of the crys ta l  
s t ruc ture  (3) occurs whi le  diffusion of foreign atoms 

Fig. 6. Hexagonal crystals grown on the tip of the U- 
shaped quartz cooling finger. 

(15) is taking place. In this way  it has been possible 
to obta in  pure  or ac t iva ted  crysta ls  belonging to the  
hexagonal  system. 

Conclusion 
Certain  impur i t ies  appear  to be necessary when 

zinc sulfide single c rys ta l  growth  is to proceed f rom 
nuclei. One may  speculate  tha t  such minera l izers  
may  faci l i ta te  the format ion of screw dislocations, 
so tha t  no need for the format ion  of a " two-d imen-  
sional nucleus" exists. 

This behavior  leads to inherent  difficulties when 
an a t t empt  is made  to grow large  pure  crystals.  
Therefore,  hea t  t r ea tmen t  wi th  a t t endan t  diffusion 
has been employed in p repar ing  la rge  single crystals  
of control led chemical  composition. This anneal ing 
technique also el iminates  the impur i ty  gradient  
wi th in  a given crys ta l  and impur i ty  var ia t ions  
among crysta ls  tha t  depend on the growth site 
wi th in  the combust ion tube. 

Heat  t r ea tment  also permi ts  the de l ibera te  con- 
trol  of the crys ta l  s tructure,  so tha t  pure  cubic or 
hexagonal  crystals  wi th  or wi thout  a desired degree 
of randomness  can be obtained,  a l though the la t te r  
and the occurrence of po ly types  appear  to be 
marked ly  dependent  on the presence of small  
amounts  of foreign elements (3).  

As a next  step in invest igat ing some per t inent  
problems,  a de ta i led  s tudy of the impur i ty  depen-  
dence of the crys ta l  s t ruc ture  and disorder  and thei r  
corre la t ion with  the appropr ia te  f ree  energy changes 
appears to be indicated. Such investigations should 
finally pe rmi t  one to overcome the difficulties st i l l  
remain ing  to be solved in the p repa ra t ion  of zinc 
sulfide single crysta ls  of control led chemical com- 
posit ion and crys ta l  s tructure.  
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Characteristics of the {111} Surfaces of the 
IIl-V Intermetallic Compounds 

Harry C. Gatos and Mary C. Lavine 
Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 

ABSTRACT 

Surface  character is t ics  of the {111} c rys ta l lographic  p lanes  of the  I I I -V  
in te rmeta l l i c  compounds (z inc-b lende  s t ruc tu re ) ,  and in pa r t i cu la r  those of 
InSb, are  discussed. The po la r i ty  of these compounds along the <111>  d i rec-  
tions leads  to pronounced  phys ica l  chemical  differences be tween  the {111) 
surfaces t e rmina t ing  wi th  group I I I  a toms and those t e rmina t ing  wi th  group V 
atoms. Differences in etching, dis locat ion etch pi t  formation,  and e lect rode po-  
tent ia l  are  presented.  Dislocat ion etch pi ts  form on the group I I I  surfaces and 
not  on the  group V surfaces of the  six compounds inves t iga ted  (InSb,  GaSb,  
A1Sb, InAs, GaAs, and I n P ) .  A proposed  in t e rp re t a t ion  is based on the re la t ive  
reac t iv i ty  of the  group I I I  and group V atoms as affected by  the i r  bond con- 
f iguration and the po la r i ty  of the  z inc-blende s tructure.  

A n u m b e r  of i n v e s t i g a t o r s  h a v e  r e p o r t e d  on t h e  
e t ch ing  c h a r a c t e r i s t i c s  (1 -5 )  a n d  o t h e r  su r f ace  
p r o p e r t i e s  of t he  I I I - V  c o m p o u n d s  (4, 6).  I n S b  has  
been  p r i n c i p a l l y  e m p l o y e d  because  of i ts  a v a i l a b i l -  
i ty .  

A m o n g  the  v a r i o u s  c r y s t a l l o g r a p h i c  p lanes ,  t h e  
(111} a re  of spec ia l  i n t e r e s t  because  t he  I I I - V  c o m -  
pounds  ( z i n c - b l e n d e  s t r u c t u r e )  e x h i b i t  p o l a r i t y  
a long  t h e  < i l l > d i r e c t i o n s .  Thus ,  t h e r e  is s igni f icant  
d i f fe rence  b e t w e e n  p a r a l l e l  { 111 ) surfaces ,  a r b i t r a r -  

i ly  d e s i g n a t e d  as (111} a n d  { ] i ] }  as shown  in Fig.  1. 
The  o u t e r m o s t  a t o m  l a y e r  in each  su r f ace  consis ts  
of e i the r  g roup  I I I  or  g r o u p  V a t o m s  w h i c h  a r e  
t r i p l y  b o n d e d  to t he  la t t i ce .  This  r e su l t s  f r o m  t h e  
fact that the {111} surfaces can be created only by 
cuts between planes such as AA and BB (Fig. I) 
where atoms are singly bonded to one another. A 
surface configuration containing atoms singly bonded 
to the lattice, resulting, for instance, from a cut AA- 
B'B' is not stable (4, 5, 8). Furthermore, slip on the 
{Iii} planes occurs between AA and BB rather than 
AA and B'B'. 

Dislocation etch pits are found only on the {iii} 

and  not  on the  {111} su r f ace  (1, 2, 5, 6) .  The  i d e n -  

t i f ica t ion  of t h e  t w o  t y p e s  of su r f aces  in I n A s  and  
G a S b  was  a c h i e v e d  r e c e n t l y  b y  W a r e k o i s  and  M e t z -  

Fig. 1. Crystal structure (zinc-blende) of the I I I -V inter- 
metal l ic compounds; the uni t  cell is indicated, e, group III 
atoms; o, group V atoms. 
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ger  (9) .  T h e y  showed  b y  x - r a y  t e chn iques  t ha t  in  
InAs  and  G a S b  the  {111} p l a n e s  d e v e l o p i n g  d i s lo -  
ca t ion  e tch  p i t s  t e r m i n a t e  w i t h  t h e  g r o u p  I I I  a toms .  
This  has  been  also shown  for  G a A s  (10) ,  and  for  
I n S b  and  o t h e r  I I I - V  c o m p o u n d s  (11) .  

In  t h e  p r e s e n t  p a p e r ,  t he  e t ch ing  c h a r a c t e r i s t i c s  
and  the  f o r m a t i o n  of d i s loca t ion  e tch  p i t s  in  I I I - V  
c o m p o u n d s  a r e  d iscussed ,  and  an  i n t e r p r e t a t i o n  is 
a d v a n c e d  for  t he  o b s e r v e d  d i f fe rences  b e t w e e n  the  
two  t y p e s  of {111} p l a n e s  and  t h e  f o r m a t i o n  of d i s -  

loca t ion  e tch  p i t s  on the  { l l l } a n d  no t  on the  {111} 
sur faces .  

Experimental 
Reactivity of the { I l l }  Surfaces 

Q u a n t i t a t i v e  d i f fe rences  in  r e a c t i v i t y  b e t w e e n  t h e  
A 1 and  B su r faces  w e r e  d e t e r m i n e d  b y  m e a s u r i n g  

t h e i r  e t ch ing  ra tes .  F o r  th is  pu rpose ,  h i g h - p u r i t y  
InSb  s a m p l e s  w e r e  e m p l o y e d  h a v i n g  e x c l u s i v e l y  
A or  e x c l u s i v e l y  B surfaces .  T h e y  w e r e  a c t u a l l y  
t e t r a h e d r o n s  h a v i n g  as a l l  fou r  s ides  e i t h e r  on ly  A 
or  on ly  B sur faces .  Each  set  of A and  B t e t r a h e d r o n s  
was  p r e p a r e d  f r o m  t h e  s a m e  s ing le  c r y s t a l  of  I n S b  
b y  g r i n d i n g  the  su r faces  to t he  p r o p e r  o r i e n t a t i o n  as 
d e t e r m i n e d  b y  x - r a y  d i f f rac t ion .  The  g e o m e t r i c  r e -  
l a t i onsh ip  b e t w e e n  an  A and  a B t e t r a h e d r o n  is 
shown  in Fig .  2 and  can  be  c o n v e n i e n t l y  r e l a t e d  
to t he  d i a g r a m  of Fig.  1. 

A t  r o o m  t e m p e r a t u r e  and  above ,  t h e  e t ch ing  
ra t e s  of bo th  t y p e s  of su r faces  in a n u m b e r  of o x -  
id iz ing  m e d i a  a r e  con t ro l l ed  b y  the  d i f fus ion of t he  
ox id i z ing  species  in so lu t ion  to t he  su r f ace  of t he  
s a m p l e  as has  been  shown  for  I n S b  and  for  o t h e r  
I I I - V  c o m p o u n d s  (12) .  Consequen t ly ,  no d i f fe rence  
in r a t e s  is o b s e r v e d  a t  these  t e m p e r a t u r e s .  H o w e v e r ,  
t he  e tch  p a t t e r n s  of t he  two  t y p e s  of t e t r a h e d r o n s  
a r e  d i f f e ren t  s ince  t he  n a t u r e  of t he  a t t a c k  is not  

1 F o r  conven i ence ,  g r o u p  I I I  a t o m s  w i l l  be  d e s i g n a t e d  as A a t o m s  
and  g r o u p  V a toms  as B a toms ;  {111} sur faces  t e r m i n a t i n g  w i t h  
A or B a t o m s  w i l l  be  d e s i g n a t e d  as A or B surfaces ,  r e spec t ive ly .  

n e c e s s a r i l y  a func t ion  of t he  d i s so lu t ion  ra t e .  On 
the  A t e t r a h e d r o n  d i s loca t ion  e t ch  p i t s  a p p e a r e d  on 
a l l  f ou r  s ides  w h e r e a s  no d i s loca t ion  e tch  p i t s  a p -  
p e a r e d  on the  B t e t r a h e d r o n .  This  e x p e r i m e n t  ce r -  
t a i n l y  e l i m i n a t e s  the  p o s s i b i l i t y  t h a t  t he  e t ch ing  b e -  
h a v i o r  of t h e  c r y s t a l l o g r a p h i c  su r face  u n d e r  s t u d y  
is a f fec ted  b y  a d j a c e n t  su r f aces  of d i f fe ren t  o r i e n t a -  
t ion  and  c h e m i c a l  r e a c t i v i t y .  

The  e t ch ing  of bo th  t e t r a h e d r o n s  p roceeds  a t  t he  
s a m e  r a t e  a t  25~ w i t h  an  a c t i v a t i o n  e n e r g y  of  a p -  
p r o x i m a t e l y  5 kca l ,  w h i c h  is c h a r a c t e r i s t i c  of d i f -  
f u s i o n - c o n t r o l l e d  d i s so lu t ion  processes  (13, 14).  A t  
l o w e r  t e m p e r a t u r e s ,  h o w e v e r ,  t he  r a t e s  d ive rge ,  t ha t  
of the  A su r f aces  f a l l i ng  to o n e - t e n t h  t he  r a t e  of 
t he  B su r faces  a t  4~ The  ac t i va t i on  e n e r g y  as-  
soc ia ted  w i t h  t h e  e t ch ing  of t h e  A su r faces  r ises  
to a p p r o x i m a t e l y  25 kcal ,  w h i c h  is c h a r a c t e r i s t i c  of 
chemica l  a c t i v a t i o n - c o n t r o l l e d  processes ,  w h e r e a s  
t h e  e t ch ing  of t he  B sur faces  r e m a i n s  d i f fu s ion -con -  
t ro l l ed .  C l e a r l y  then ,  in  t he  case  of InSb ,  su r f aces  
t e r m i n a t i n g  w i t h  Sb a toms  h a v e  a f a r  g r e a t e r  t e n d -  
ency  to r eac t  t h a n  those  t e r m i n a t i n g  w i t h  In  a toms.  
This  u n d o u b t e d l y  p r e v a i l s  a t  r o o m  t e m p e r a t u r e  b u t  
canno t  be d e t e c t e d  b y  e t ch ing  r a t e  m e a s u r e m e n t s  
s ince d i f fus ion of t he  ox id iz ing  spec ies  to the  su r f ace  
is t h e  r a t e - d e t e r m i n i n g  step.  

The  a b o v e  d i f f e rence  in  r e a c t i v i t y  was  a lso  con-  
f i rmed b y  e l e c t r o d e  p o t e n t i a l  m e a s u r e m e n t s .  InSb  
e lec t rodes ,  one expos ing  an  A su r f ace  and  one e x -  
pos ing  a B sur face ,  w e r e  p r e p a r e d  f r o m  one s ingle  
I n S b  c rys ta l .  In  v a r i o u s  e t ch ing  m e d i a  in t he  v i c i n i t y  
of 0~ t h e y  e x h i b i t e d  s igni f icant  d i f fe rences  in  e lec -  
t r o d e  p o t e n t i a l  (75 m v  or  g r e a t e r ) .  The  e l ec t rode  
w i th  t h e  In  s u r f a c e  was  a l w a y s  m o r e  nob le  t h a n  t ha t  
w i t h  the  Sb sur face ,  cons i s t en t  w i t h  t he  r a t e  m e a s -  
u r emen t s ,  s E l e c t r o d e s  p r e p a r e d  f r o m  d i f fe ren t  I nSb  
ingots  also s h o w e d  the  s ame  p o t e n t i a l  d i f fe rence  as 
those  p r e p a r e d  f r o m  the  s ame  ingot .  On the  o the r  
hand,  e l ec t rodes  w i th  t he  s a m e  t y p e  of su r face  
( e i t h e r  In or  Sb )  e x h i b i t e d  no p o t e n t i a l  d i f fe rence  
w i t h i n  e x p e r i m e n t a l  e r r o r  (5-10  m y ) .  

Fig. 2. Geometric relationship between tetrahedron A hav- 
ing exclusively group III atom surfaces, i.e., (111), (]7]-), 
( ]11),  ( ] 1 ] )  and tetrahedron B having exclusively group V 
atom surfaces, i.e., (] ] ]), (1 ] ]), (]7 ]), (] ]1). Compare with 
Fig. 1. 

Etching Characteristics 

General Remarks.--Surface h e t e r o g e n e i t i e s  u s u -  
a l l y  s e rve  as cen te r s  for  t h e  i n i t i a t i on  of p r e f e r e n t i a l  
e tch ing  and  e t ch  pi ts .  S u c h  h e t e r o g e n e i t i e s  can  r e -  
su l t  f r om cold w o r k  and  f r o m  d i s loca t ions  i n t e r s e c t -  
ing the  sur face .  The  m o r p h o l o g i c a l  g r o w t h  of e tch 
p i t s  or  e tch  p a t t e r n s ,  h o w e v e r ,  d e p e n d s  s t r o n g l y  on 
the  n a t u r e  of t h e  chemica l  e t chan t .  More  of ten  t h a n  
not,  s low a c t i n g  e t chan t s  r e v e a l  su r face  h e t e r o -  
gene i t i es  (16) .  F a s t  e t chan t s  t end  to d w a r f  local  
d i f ferences  in su r f ace  r e a c t i v i t y  and  l e ad  to c h e m i c a l  
po l i sh ing .  

In  some in s t ances  v i r t u a l l y  a l l  of the  d i s loca t ions  
can be  r e v e a l e d  i n d i v i d u a l l y  b y  e m p l o y i n g  s low 
e tchants .  The  e tch  p i t  count  can  t hen  se rve  for  d i s -  
loca t ion  d e n s i t y  d e t e r m i n a t i o n s  (17) .  In  genera l ,  
howeve r ,  an  e t ch ing  agen t  w h i c h  deve lops  d i s loca -  
t ion  e tch  p i t s  does  no t  n e c e s s a r i l y  r e v e a l  a l l  of t he  

The  d i s s o l u t i o n  r a t e  of a m e t a l  i n  ac id  o x i d i z i n g  m e d i a  is u su -  
a l ly  d e t e r m i n e d  b y  t he  r e d u c t i o n  ra te  of  t he  o x i d i z i n g  a g e n t  (15), 
and  t he  d i s s o l u t i o n  p o t e n t i a l  of  t he  m e t a l  app roaches  i t s  r e v e r s i b l e  
va lue .  Th i s  also app l i e s  to t he  p r e s e n t  case, r ega rd l e s s  of t e m p e r a -  
ture .  Thus ,  t he  m o r e  nob le  d i s s o l u t i o n  p o t e n t i a l  of t he  A sur faces  
c lear ly  i n d i c a t e s  t h a t  t h e y  h a v e  a l e sse r  t e n d e n c y  to r eac t  t h a n  t he  
B surfaces .  
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Fig. 3. { 1 1 1 }  surfaces (a) terminat ing with group II1 
atoms and { ] ] ] }  surfaces (b) terminat ing with group V 
atoms of I I I -V compounds. The compounds, the composit ion 
of the etchants in parts by volume, the etching t ime and 
temperature are: I, InSb; 2 conc. HNO~:I canc. HF:I  glacial 
CH~ COOH; 4 sec; 25~ 11, InAs; 0.4N Fe +++ in conc. 
HCI; 30 rain; 25~ (525X).  II1, GaSb; 2 conc. HNO~:I conc. 
HF:I  glacial CH3COOH; 15 sec; 25~ (315X). IV, GaAs; 
0.2N Fe +++ in 6N HCI; 10 min; 82~ (1500X).  V, AISb; 1 
3 0 %  H~O2:1 conc. HF:I  H20; 1 rain; 25~ fal lowed by 1 
cone. HCI:I  cone. HNO,~; 2 sec; 25~ (525X). VI, InP; 0.4N 
Fe ~++ in conc. HCI; 1.5 rain; 25~C (525X).  (All magnif ica- 
tions are before reduction for publication.) 
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d e v e l o p e d  on the  A su r faces  of a l l  s ix  compounds .  
This  o c c u r r e d  in m a n y  p r e f e r e n t i a l  e t c h a n t s  ( l e a d -  
ing  to e tch  f igures )  as we l l  as in n o n p r e f e r e n t i a l  
e t c h a n t s  ( l e a d i n g  p r i m a r i l y  to c h e m i c a l  p o l i s h i n g ) .  
R e p r e s e n t a t i v e  e x a m p l e s  for  t h e  c o m p o u n d s  e m -  
p l o y e d  a re  shown  in Fig.  3. I t  shou ld  be  no ted  t h a t  
e t c h a n t s  ac t ing  p r e f e r e n t i a l l y  on the  A su r faces  
showed  p r e f e r e n t i a l  ac t ion  on t h e  B su r faces  also, 
b u t  d id  no t  r e v e a l  d i s loca t ion  e tch  p i t s  on t h e  l a t t e r .  

Etch figures on the {111} surfaces of I n S b . - - I n  
some ins tances ,  t he  s a m e  e t c h a n t  can  act  bo th  
p r e f e r e n t i a l l y  and  n o n p r e f e r e n t i a l l y  d e p e n d i n g  on 
the  r e a c t i o n  t ime  a n d  su r f ace  p r e t r e a t m e n t .  F i g u r e  
4 shows  A su r faces  of I n S b  e t ched  in  F e  +§ e t c h a n t  
for  v a r i o u s  t imes .  I t  is no t ed  t h a t  t he  d i s loca t ion  
e tch  p i t s  g row w i t h  t ime .  A l t h o u g h  no t  shown,  the  
d i s loca t ion  e tch  p i t s  for  t he  cases  c o r r e s p o n d i n g  to 
Fig .  4 -VI  a n d  4 - V I I  w e r e  l a r g e r  t h a n  those  in Fig .  
4-V. S i m u l t a n e o u s l y  t he  e tch  f igures  g r o w  in size 
and  m e r g e  into  each  o ther .  T h e y  a r e  sha l low a t  a l l  
t imes  w i th  r e l a t i v e l y  flat  {111} bo t t oms  and  g r o w  
s idewise .  I t  is b e l i e v e d  t h a t  in th is  case, h e t e r o -  
gene i t i e s  o r i g i n a l l y  p r e s e n t  in t he  a b r a d e d  su r f ace  
c o n t r i b u t e  g r e a t l y  to t h e  i n i t i a t i on  of t h e  p a t t e r n s  
shown  in Fig .  4-I .  As  the  cold  w o r k e d  l a y e r  is r e -  
moved ,  e t ch ing  p roceeds  r a t h e r  u n i f o r m l y  and  
e v e n t u a l l y  l eads  to a c h e m i c a l  po l i sh  e x c e p t  for  t he  
a r eas  i m m e d i a t e l y  a d j a c e n t  to t h e  d is loca t ions .  F o r  
t he  s a m e  e t chan t ,  t h e  c o l d - w o r k e d  l a y e r  is r e m o v e d  
in s h o r t e r  t imes  b y  i nc r ea s ing  the  t e m p e r a t u r e  and  
t h e r e f o r e  the  e t ch ing  ra t e .  F i g u r e  5 - I  shows  t h a t  a 

d i s loca t ions  t e r m i n a t i n g  a t  a g iven  sur face .  The  fac t  
t h a t  d i s t inc t  d i s loca t ion  e tch  p i t s  have  no t  been  o b -  

s e rved  on t h e  { l i l }  p l anes  c e r t a i n l y  does  no t  i m p l y  
t h a t  these  su r f aces  a r e  not  i n t e r s e c t e d  b y  d i s loca -  
t ions .  

Dislocation etch pits.--In o r d e r  to e s t ab l i sh  
w h e t h e r  or  no t  t he  a p p e a r a n c e  of d i s loca t ion  e tch  
p i t s  on t h e  A su r f aces  a lone  is a g e n e r a l  p h e n o m e -  
non,  s e v e r a l  I I I - V  c o m p o u n d s  w e r e  s t u d i e d  u n d e r  
v a r i e d  e x p e r i m e n t a l  condi t ions .  InSb ,  G a S b ,  A1Sb, 
InAs,  GaAs ,  and  I n P  in s ing le  c r y s t a l  f o r m  and  of 
r e l a t i v e l y  h igh  p u r i t y  w e r e  e m p l o y e d .  The  su r faces  
w e r e  g r o u n d  to w i t h i n  1 d e g r e e  of t he  de s i r ed  o r i e n -  
t a t i on  as d e t e r m i n e d  b y  x - r a y  d i f f rac t ion .  A v a r i e t y  
of e t ch ing  m e d i a  ( i no rgan ic  and  o rgan ic  ac ids )  
w e r e  e m p l o y e d ,  con t a in ing  d i f f e ren t  ox id iz ing  agen t s  
such as HNO3, H~O.~, F e  +++, M n O / ,  Cr207:, Ce . . . .  , and  
V ( O H ) 4  + at  v a r i o u s  concen t ra t ions .  E t ch ing  e x p e r i -  
m e n t s  w e r e  p e r f o r m e d  for  pe r i ods  r a n g i n g  f r o m  a 
f ew  seconds  to 2 h r  and  at  t e m p e r a t u r e s  u p  to 82~ 
U n d e r  such v a r y i n g  condi t ions ,  a m u l t i t u d e  of e tch  
f igures  w e r e  ob ta ined .  In  no ins tance ,  h o w e v e r ,  
w e r e  d i s loca t ion  e t ch  p i t s  o b s e r v e d  on the  B su r faces  
of a n y  of t h e  compounds .  D i s loca t ion  e tch  p i t s  w e r e  

Fig. 4. { I l l }  A surfaces of InSb etched in 0.4N Fe +++-  
conc. HCI (515X) for various times. I, 5 rain; II, 10 rain; 
II1, 15 rain; IV, 20 rain; 'V, 30 rain; VI, 60 rain; VI I ,  90 
rain. 
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Fig. 5. {111 }  surfaces of InSb. I, Surface A etched for 
5 rain at 82~ in 0.4N Fe § 2 4 7 2 4 7  conc. HCI (515X). II and 
III, surface A etched for 4 sec in 2 conc. HN08:I  conc. 
HF: I  glacial CHsCOOH at 25~ subsequently etched for 
30 rain in 0.4N Fe§247 HCI at 25~ (515X). IV, Sur- 
face B, etched for 5 rnin (a) and 90 rnin (b) at 25~ in 
0.4N Fe §247 conc. HCI (515X). V, Surface B of cases II 
and III (515X). VI, Surface B of case I (515X). 

surface  etched at 82~ for 5 ra in  resembles  tha t  ob-  
t a ined  at  room t e m p e r a t u r e  in  30 min.  Cons is ten t  
wi th  this, e s sen t i a l ly  no  p r e f e r en t i a l  etch p a t t e r n s  
appear  if the  surface  is p r e t r ea t ed  in  a fast  n o n -  
p r e f e r en t i a l  e t chan t  and  s u b s e q u e n t l y  etched by  
Fe +*§ Some dis locat ion etch pits,  as the  one shown 
in  Fig. 4-II ,  did no t  form d u r i n g  the  p r e t r e a t m e n t  
w i th  the  fast  e tchant .  Those developed d u r i n g  p r e -  
t r e a t m e n t  (Fig. 5 - I I )  g rew f u r t h e r  in  the  Fe  +*~ 
e tchan t  (Fig. 5 - I I I ) .  

The  etch pa t t e rn s  of the  B surfaces  pers is t  longer  
t h a n  those of the  A surfaces.  I t  can be seen in  Fig. 
5 - IV tha t  in  90 m i n  (Fig. 5 - IVb)  the  g rowth  of 
the  etch figures on the  B surface  is apprec iab ly  
less t h a n  the  co r re spond ing  etch figures on the  A 
surface  of Fig. 4-VII .  F igures  4- I  and  5-IVa r e p -  
resen t  opposite sides of an  {111} wafer ;  the  same 
is t r ue  for Fig. 4 -VI I  and  5 - IVb  for 5-I I  anti 5-V, 
and  f inal ly  for 5-I  and  5-VI. Actua l ly ,  in  m a n y  cases, 
etch figures are  r evea led  on the  B surfaces whi le  
the  A surfaces appea r  chemica l ly  polished.  

Each side of the  t r i a n g u l a r  p a t t e r n s  on the  {111} 
surfaces  is pa ra l l e l  to an  < 1 1 0 >  and  p e r p e n d i c u l a r  
to a < 2 1 1 >  direct ion.  I t  is no t  u n c o m m o n  for the  A 
surfaces to develop h e x a g o n a l - t y p e  pa t t e rn s  w i th  
each of the i r  sides aga in  pa ra l l e l  to an  < 1 1 0 >  d i rec -  
t ion  (Fig. 6 - I ) .  On occasior~, the  {110} p lanes  de -  
velop in te r sec t ing  the  surface  at  an  angle  of 60 ~ 

Fig. 6. { 1 1 1 }  InSb surfaces etched for 30 rnin at 82~ in 
0.2N Fe+++--6N HCI. I, surface A (145X), II, surface B 
(145X),  111, surface A (315X). 

along the  sides of the  t r i a n g u l a r  or hexagona l  pa t -  
t e rns  a nd  lead to i n v e r t e d  p y r a m i d - l i k e  etch p a t -  
t e rns  as can be seen in  Fig. 6-I  and  to some ex ten t  
in  Fig. 6-II .  A n  etch f igure w i th  a d is t inc t  t e r race -  
l ike s t r uc t u r e  s u r r o u n d i n g  a dis locat ion etch pit  
is shown  in  Fig.  6-III .  

A ppa r e n t l y ,  it is t h r o u g h  the  a d v a n c e m e n t  of 
the i r  sides tha t  etch p a t t e r n s  grow. It  wi l l  be r e -  
cal led tha t  at  the  t e m p e r a t u r e  u n d e r  cons idera t ion  
the  o v e r - a l l  d issolu t ion  r a t e  is the  same for both  A 
and  B surfaces.  The flat {111} bot toms of the  etch 
figures on the  A surfaces  are  not  a t tacked  as fast  
as the  {110} p lanes  m e n t i o n e d  above or a n y  p lanes  
in t e r sec t ing  the  sur face  a t  a steep ang le  a long the  
sides of the  etch figures. The  chemical  r eac t iv i ty  of 
the B surfaces  on the  o ther  h a n d  is m u c h  grea te r  
t h a n  tha t  of the  A surfaces.  Consequen t ly ,  the  bo t -  
toms of the  etch figures on the  B surfaces  are a t -  
tacked apprec iab ly ,  a nd  the i r  g rowth  s idewise does 
no t  proceed as fast  as on the  A surfaces.  This 
accounts  for the  fact tha t  the  etch figures of the  A 
surfaces become r o u n d e d  a nd  grow fas ter  t h a n  
those of the  B surfaces u n d e r  the  same e x p e r i m e n t a l  
condi t ions.  I t  is for the  same reason tha t  the etch 
figures of the  B surfaces pers is t  even  u n d e r  condi -  
t ions u n d e r  which  the  A surfaces  appear  chemica l ly  
polished. 

Discussion 
Atomic Model for the A and B {111} Surfaces 

Regard ing  the  differences in  behav io r  b e t w e e n  A 
and  B surfaces,  it  is proposed tha t  the  B surface 
atoms are  v e r y  reac t ive  chemical ly ,  since they  are 
on ly  t r i p ly  bonded  to the  lat t ice,  whereas  the i r  
n o r m a l  va lence  is five. Sur face  A atoms, also t r ip ly  
bonded  to the  lat t ice,  m u s t  be  apprec iab ly  less r e -  
act ive since t hey  are  n o r m a l l y  t r iva len t .  The bond  
conf igura t ion  of the  z i n c - b l e n d e  s t ruc tu re  (sp ~ t e t r a -  
hedra l  h y b r i d  orbi ta ls )  is i l l u s t r a t ed  schemat ica l ly  
for the {111} d i rec t ion  ( I ) .  The fo rma t ion  of an  
A and  a B surface (by  a cut  b e t w e e n  p lanes  AA 

0 0 
0 

0 0 

I II III 

and  BB of Fig. 1) can be r ep re sen t ed  as in  II  or I I I  
w he r e  bo th  A and  B a toms r e t a i n  the i r  t e t r a hed ra l  
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bond  configurat ion.  In  II,  a tom B acqui res  bo th  elec-  
t rons ;  i n  III ,  a toms  A and  B acqu i re  one e lec t ron  
each f rom the  pa i r  of e lec t rons  co r re spond ing  to 
the  bond  be ing  broken.  Case I I I  is thermodynam- 
ica l ly  i m p r o b a b l e  since the  ion iza t ion  po ten t i a l  as-  
sociated w i th  the  fo rma t ion  of B § is m u c h  g rea te r  
t h a n  the e lec t ron  affinity associated w i th  the  fo r -  
m a t i o n  of A-. Case II  is cons idered  as the  most  l ike ly  
to occur as i t  leads to e lec t r ica l ly  n e u t r a l  surfaces.  
In  cons ider ing  case II  i t  is no t  possible to decide 
u n a m b i g u o u s l y  w h e t h e r  or no t  A or B a toms are 
more  reac t ive  on the  basis  of the  h y b r i d  orb i ta ls  i n -  
volved.  However ,  it  is r ea sonab le  to s tate  t ha t  in  
e tch ing  processes whe re  oxidiz ing (e lec t rophi l ic )  
agen t s  are  involved ,  B a toms a re  m o r e  reac t ive  t h a n  
A because  they  have  a n  u n s h a r e d  pa i r  of e lec t rons  
ava i l ab le  for oxidat ion .  S imi la r ly ,  A a toms could 
poss ib ly  have  a g rea te r  t e n d e n c y  to reac t  w i th  n u -  
cleophil ic  agents  ( u n s h a r e d  pa i r  of e lec t rons) ,  bu t  
this  case does no t  conce rn  us at p resen t .  

The above v a l e n c y  or h y b r i d  o rb i t a l  model  shows 
tha t  B surface  a toms should  be more  reac t ive  t h a n  A 
in  e lect rophi l ic  ambien ts .  Thus  the  model  accounts  
for the  observed  differences b e t w e e n  the  A a nd  B 
surfaces.  I t  also accounts  for the  fo rma t ion  of d is -  
locat ion etch pi ts  on the  A surfaces as shown below. 
The presence  of the  filled u n s h a r e d  e lec t ron  orbi ta ls  
on the B surfaces  and  the  unf i l led  orb i ta l s  on the  A 
surfaces  po in ts  to p r o n o u n c e d  differences in  e lec-  
t ron ic  p h e n o m e n a  b e t w e e n  the  two surfaces.  These 
p h e n o m e n a  inc lude  surface  conduct iv i ty ,  pho tocon-  
duct iv i ty ,  sur face  r e c o m b i n a t i o n  veloci ty,  and  others.  

Obv ious ly  the  mode l  does no t  t ake  in to  cons ide ra -  
t ion  possible sur face  states nor  does it  i nvo lve  q u a n -  
t u m  mechan ica l  aspects. However ,  it  does account  
for the  e x p e r i m e n t a l  resul ts .  A q u a n t u m  m e c h a n i c a l  
ver i f ica t ion should  p rove  of cons ide rab le  in teres t .  

Edge dislocations in the zinc-bLende structure.--It 
has been  shown  tha t  in  the  z i n c - b l e n d e  s t ruc ture ,  
slip occurs on the  {111} p lanes  and  along the  ~ 1 1 0 ~  
di rec t ions  (5) .  The  dis locat ion axis  in  this  s t r u c t u r e  
is pa ra l l e l  to the  ~ 1 1 0 ~  d i rec t ion  and  forms  a 60 ~ 
angle  wi th  the  Burgers '  vec tor  (18) .  Cons ide r ing  the  
po la r i ty  of the  z i n c - b l e n d e  s t r uc tu r e  it  is a p p a r e n t  
tha t  a s and  fi d is locat ions can  in te rsec t  bo th  the  
A and  the  B surfaces.  Venab les  and  B r o u d y  (5) 
showed tha t  for InSb,  on ly  one type  of d is locat ions  
leads to the fo rma t ion  of d is locat ion etch pi ts  on the  
{110} and  p r o b a b l y  on the  {111} surfaces.  If  the i r  
w o r k  is v i ewed  in  the  l ight  of Warekois '  (11) i de n -  
t i f icat ion of the  c rys ta l lograph ic  po la r i t y  of I n S b  the  
observed dis locat ions  a re  a ( In )  dislocations.  A t o m  
models  of 60 ~ edge dis locat ions in t e r sec t ing  an  {111} 
surface  are shown in  Fig. 7 and  8. 

Since dis locat ion etch pits r esu l t  f rom on ly  one 
type of dislocations and since these pits do not de- 
velop on both the A and the B surfaces, it appears 
that elastic strains associated with edge dislocations 
in the III-V compounds do not play a significant 
role in etch pit formation. Rather, the formation of 
dislocation etch pits is controlled primarily by the 
specific chemical differences between the A and the 

Dis loca t ions  w i t h  a r o w  of t r i p l y  b o n d e d  A a t o m s  w i l l  be  des ig -  
n a t e d  as a d i s loca t ions ,  and  those  w i t h  B a t o m s  w i l l  be  d e s i g n a t e d  
as ~. 
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B a toms on the  {111} surfaces  and  at  the  dis locat ions  
as affected b y  the i r  b o n d i n g  charac ter is t ics  a long  the  
polar  ~ 111 ~ d i rec t ion  a nd  the  dis locat ion axis. 

Fig. 7. Atom models showing a 60 ~ edge dislocation in- 
tersecting the A surface. Surface of interest is defined by 
the atoms with protruding bonds, l, Dislocatien terminating 
in o row of B atoms; II, dislocation terminating in a row 
of A atoms. 

Fig. 8.Atom models of a 60 ~ edge dislocation intersecting 
the B surface. Surface of interest is defined by the protrud- 
ing bonds. I, Dislocation terminating in a row of A atoms; 
11, dislocation terminating in a row of B atoms. 
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Etching and dislocation etch pit yormation on the 
{111} suryaces.--Since both  a and  fl d is locat ions i n -  
tersect  the  A and  the  B surfaces,  the re  are four  pos-  
s ibi l i t ies:  As,  Aft, B~, and  Bfl. As shown  in  Fig. 7 
and  8 the  a dis locat ions  t e r m i n a t e  wi th  a d i v a l e n t  A 
a tom (A~) on the  A surfaces and  the  fl d is locat ions 
t e r m i n a t e  w i t h  a d i v a l e n t  B a tom (B~) on the  B s u r -  
faces. In  the  cases Aft and  B~ the  t e r m i n a l  dis loca-  
t ion  a tom is t r i v a l e n t  (B~ and  As, respec t ive ly)  and  
ac tua l ly  it  does no t  lie in  the  ou te rmos t  sur face  
layer .  Rega rd ing  the  re l a t ive  reac t iv i t ies  of the  
t r i p ly  and  doub ly  bonded  surface  a toms it  is r ea -  
sonab le  to s tate  tha t  B2 > B~ and  As > As (it  wi l l  be  
reca l led  t ha t  B, > As). S ing ly  b o n d e d  A or B surface  
a toms are  no t  be ing  cons idered  since such a sur face  
conf igura t ion  is uns t ab le ,  as po in ted  out  above. If it  
were  stable,  no difference in  behav io r  wou ld  be ex -  
pected b e t w e e n  the  A and  the  B surfaces.  F ina l ly ,  
the  q u a d r u p l y  b o n d e d  a toms i m m e d i a t e l y  be low the  
ou te rmos t  sur face  l aye r  are cons idered  s table  w h e n  
compared  w i th  the  t r ip ly  bonded  surface  a toms. '  

E tch ing  and  etch pi t  f o rma t ion  wi l l  be cons idered  
f rom an  a tomist ic  po in t  of view. A l though  simplified, 
such an  approach  seems des i rab le  at  this  t ime, p a r -  
t i cu l a r ly  in  dea l ing  w i th  cova len t  crystals .  

Cons ide r ing  first {111} surfaces  no t  in te r sec ted  by  
edge dis locat ions (Fig. 1), it  appears  tha t  the r e -  
mova l  of t r i p ly  bonded  surface  a toms (A a toms in  
the  case of A surfaces  and  B a toms in  the  case of B 
surfaces)  mus t  be associated wi th  the r a t e - d e t e r -  
m i n i n g  step of the  e tching  process. The  a toms i m -  
med ia t e ly  be low the  ou te r  surface  a toms become 
s ing ly  bonded  and,  therefore ,  e x t r e m e l y  uns tab le ,  as 
the  ou te r  surface  a toms to which  they  are bonded  
are removed.  I t  is because  the  ou te r  surface a toms 
p lay  such a s ignif icant  role in  the  behav io r  of the  
{111} surfaces tha t  ma jo r  differences are observed  
b e t w e e n  the A and  the  B surfaces.  

The  A and  B surfaces  in te rsec ted  by  edge dis-  
locat ions are now considered:  

Case An (Fig. ? - I I ) . - -The  t e r m i n a l  A,_, a tom of the  
dis locat ion is the first one to react.  Then  two B, ad -  
j a cen t  atoms, which  wi l l  react  fas ter  t h a n  a n y  A, 
surface  atoms, are  exposed. As these  B~ a toms react ,  
four  A~ surface  a toms are  exposed as wel l  as an  A~ 
a tom of the dislocation.  Thus,  it is a p p a r e n t  tha t  the  
a t tack  proceeds fas ter  a long the  dis locat ion t h a n  
over  the  rest  of the  surface  l ead ing  to the  fo r ma t i on  
of a d is locat ion etch pit. 

Case Aft (Fig. 7 - I ) . - S t r i c t l y  speak ing  the  t e r m i n a l  
B~ a tom of the  dis locat ion does no t  be long  to the  
ou te rmos t  surface  a tom layer ,  and  its role in  the  
e tch ing  process is no t  expected  to be of p r i m a r y  i m -  
por tance .  E v e n  if this  B~ a tom is a t tacked  before  the  
As sur face  atoms,  t h e n  two A~ surface  a toms are  e x -  
posed bu t  the  n e x t  a tom of the dis locat ion r e ma i ns  
bonded  to th ree  As atoms. I t  is a p p a r e n t  f rom the  
d i a g r a m  tha t  in  such a case the  a t t ack  does no t  nec -  
essar i ly  proceed p r e f e r e n t i a l l y  a long the  dislocat ion,  
b u t  r a t h e r  in  a l a y e r - l i k e  fash ion  over  the  surface.  

Case B a (Fig. 8 - I ) . - - T h i s  case is in  m a n y  r e -  
spects s imi la r  to the  Aft case. Actua l ly ,  the  f o r m a -  
t ion  of d is locat ion etch pi ts  is even  less f avorab le  

4 S u r f a c e  con f igu ra t i ons  w i t h  " s t e p s "  and  " k i n k s "  w i l l  no t  be  
c o n s i d e r e d  a t  t h i s  t ime .  T h e y  vcill  be  t r e a t e d  i n  a f u t u r e  c o m m u n i -  
cat ion.  

here. The t e r m i n a l  a tom of the dis locat ion is As 
which  is less reac t ive  t h a n  the  surface  B~ atoms. 

Case Bfl (Fig. 8-I , I ) . - -Al though this  case is a n a l -  
ogous to As,  it does no t  lead to the  f o r ma t i on  of d i s -  
locat ion etch pits. As the  t e r m i n a l  dis locat ion a tom 
B, is a t tacked,  two A~ a toms are exposed which  wi l l  
not  reac t  as fast  as the  B~ surface  atoms. These A~ 
atoms de lay  the  exposure  of the  n e x t  B~ dis locat ion 
a tom u n t i l  the  s u r r o u n d i n g  B~ surface  a toms are a t -  
tacked.  Hence,  no p r e f e r e n t i a l  a t tack  a long the dis-  
locat ion axis  takes  place.  

Summary 
Dislocat ion etch pi ts  w e r e  observed  on the  {111} 

surfaces t e r m i n a t i n g  w i t h  group  III  a toms in  six 
I I I - V  in t e rme ta l l i c  compounds  ( InSb,  GaSb,  A1Sb, 
InAs,  GaAs,  and  I n P )  in  a n u m b e r  of e tching  solu-  
tions. In  al l  six compounds  no dis locat ion etch pits 
were  obse rved  on the  (111} surfaces t e r m i n a t i n g  
wi th  group  V atoms. In  add i t ion  to this  difference, 
at  low t e m p e r a t u r e  the  group  III  {111) surfaces ex -  
h ib i t  app rec i ab ly  sma l l e r  e tching  ra tes  and  more  
nob le  electrode po ten t i a l s  t h a n  the group  V surfaces. 
F u r t h e r m o r e ,  etch f igures develop on the  group V 
surfaces in  e tchants  wh ich  chemica l ly  polish the 
group III  surfaces.  This  appl ies  even  u n d e r  condi -  
t ions in  which  both  types  of {111} surfaces  exhib i t  
the same e tch ing  rates.  

A n  a tomic  model  is proposed wi th  u n s h a r e d  filled 
t e t r a he d r a l  orbi ta ls  in  the  case of B surfaces and  u n -  
filled orb i ta l s  in  the  case of A surfaces.  The  model  
accounts  for the  observed  differences be t w e en  the  
two types  of surfaces a nd  points  to f u r t he r  differ-  
ences in  e lect ronic  proper t ies .  
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Etching Behavior of the  110} and  100) Surfaces of InSb 
Harry C. Gatos and Mary C. I.avine 

Lincoln Laboratory, Massachusetts Institute o~ Technology, Lexington, Massachusetts 

ABSTRACT 

Preferent ia l  and nonpreferent ia l  etching characteristics of the {110} and 
{100} surfaces of InSb were investigated. Since {111} facets develop in the etch 
figures of these surfaces, the morphology of the etch figures reflects the crys- 
tallographic polari ty of InSb along the ~111~  directions. Dislocation etch pits 
were found both on the {110} and on the {100} surfaces. The role of the re la-  
tive reactivities of the various crystallographic planes in  the over-al l  etching 
behavior  of InSb and the effect of cold work are discussed. 

InSb and other III-V intermetallic compounds 
with the zinc-blende structure have two types of 
{iii} surfaces, i.e., one type terminating with group 
III atoms (A surfaces) and one terminating with 
group V atoms (B surfaces). The two types of sur- 
faces, resulting from the crystallographic polarity 
of the ~IIi~ directions, exhibit markedly different 
physical chemical properties (i). Thus, it was found 
that the B surfaces of InSb are far more reactive 
than the A surfaces in oxidizing (electrophilic) 
agents. It is expected that the same applies to the 
{IIi} surfaces of the other III-V intermetallic com- 
pounds. This difference in reactivity was shown re- 
sponsible for the fact that dislocation etch pits ap- 
pear on the A surfaces and not on B surfaces of six 
III-V compounds investigated (InSb, GaSb, AISb, 
GaAs, InAs, InP). 

Since the zinc-blende structure exhibits no po- 
larity in  the ~ 1 1 0 ~  and  ~ 1 0 0 ~  direct ions,  no differ-  
ences in  behav io r  are  expected  among  the  var ious  
{110) surfaces or the  var ious  (100} surfaces. I t  wi l l  
be  shown,  however ,  tha t  in  ce r ta in  e tchants  (111) 
facets develop on the  (110} and  {100) surfaces,  and  
consequen t ly  the  ~ 1 1 1 ~  po la r i t y  of z i n c - b l e n d e  
s t ruc tu re  is reflected in  the  e tch ing  behav io r  of 
these surfaces. 

I t  is the  purpose  of the  p re sen t  paper  to d e m o n -  
s t ra te  the role of the ~ 111 ~ crystallographic polarity 
on the etching behavior of the (II0} and {i00) sur- 
faces of InSb and show that this behavior is con- 
sistent with the atomic model proposed to explain 
the relative reactivities of the A and B surfaces of 
the III-V intermetallic compounds (i). The effects 
of surface heterogeneities introduced by cold work 
are also discussed. 

{I10} Surfaces 
In  the  p resen t  s tudy  wafers  used were  cut  f rom 

h i g h - p u r i t y  I n S b  s ingle  crystals .  The pa ra l l e l  sides 
of the  wafers  we re  g round  to w i t h i n  1 ~ f rom the  
{110} o r i en ta t ion  as d e t e r m i n e d  by  x - r a y  diffraction.  
Before e tching  t hey  were  g round  wi th  1600 mesh  
ga rne t  powder .  

Two types  of e tchan ts  were  employed:  (a) p r e f -  
e ren t i a l  e tchants  l ead ing  to the  fo rma t ion  of etch 
figures, and  (b)  fast  n o n p r e f e r e n t i a l  e tchan t s  r e -  
su l t ing  in  the  f o r ma t i on  of dis locat ion etch pi ts  on an  
o therwise  chemica l ly  pol ished surface.  A n u m b e r  
of n o n p r e f e r e n t i a l  e tchan t s  can be employed  suc-  
cessful ly;  among  var ious  p r e f e r en t i a l  e tchants  s tud -  
ied the  one cons is t ing  of 0.2N Fe +++ ions in  6N HC1 
was found  the  most  sui table .  

Typica l  resu l t s  ob ta ined  wi th  the  p r e f e r en t i a l  
e t chan t  are shown in  Fig. 1-I. Upon  cursory  e x a m i -  

Fig. 1. Etch figures on {110}  surfaces of InSb developed 
with 0.2N Fe § in 6N HCI at 82~ I, opposite faces of 
on {110}  wafer, 1500 X. II, schematic diagram of individual 
etch figures. III, exploded view of an etch figure; each facet 
was photographed individually while positioned parallel to 
the f ield of observation; arrows point to dislocation etch 
pits (approx. 800 X). (All magnif ications ore before reduc- 
tion for publication.) 
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n a t i o n  no d i f fe rence  is a p p a r e n t  b e t w e e n  the  two  
e t ched  sides ( Ia  a n d  Ib )  of t he se  wafe r s .  G o n i o m e t -  
r ic  ana lys i s  of t h e  e tch  f igures  shows  t h a t  t h e i r  
e l o n g a t e d  face ts  a r e  {111} p l a n e s  b o u n d e d  b y  {100} 
p l a n e s  as i l l u s t r a t e d  s c h e m a t i c a l l y  in Fig .  1-I I .  T h e  

p l anes  d e s i g n a t e d  as (111) a n d  (111) a r e  A p l a n e s  

w h e r e a s  those  d e s i g n a t e d  as (11"1) and  (111) a r e  B 
p lanes .  I t  can  be  seen  t ha t  in  an  e tch  f igure  t he  A 
p l a n e s  deve lop  to a g r e a t e r  e x t e n t  be ing  less  r e -  
ac t ive  t h a n  the  B p lanes .  As  a r e s u l t  of this ,  a n d  b y  
cons ide r ing  the  g e o m e t r y  of t he  z i n c - b l e n d e  s t r u c -  
t u r e  and  the  r e l a t i v e  pos i t i on  of t he  A a n d  B p l a n e s  
(1) ,  the  t r a p e z o i d - l i k e  f igures  on the  oppos i t e  {110} 
faces  shou ld  a p p e a r  i n v e r t e d  w h e n  the  w a f e r  is 

r o t a t e d  a b o u t  t he  [~10] d i r ec t i on  as  i t  can  be  seen  
c l e a r l y  in  Fig .  1-I I .  

T h e  d i f f e rence  in  size b e t w e e n  t h e  A a n d  B face t s  
of t h e  e tch  f igures  va r i e s  acco rd ing  to t he  e t ch ing  
condi t ions .  I f  t he  {110} su r f aces  a r e  e x p o s e d  to t he  
p r e f e r e n t i a l  F e  *§ e t c h a n t  w i t h o u t  f i rs t  r e m o v i n g  the  
cold  w o r k e d  l a y e r  i n t r o d u c e d  b y  ab ras ion ,  t he  d i f -  
f e r ence  in o v e r - a l l  size b e t w e e n  the  A and  B p l a n e s  
is no t  v e r y  p r o n o u n c e d .  H o w e v e r ,  if t he  cold  w o r k e d  
l a y e r  is r e m o v e d  b y  a fas t  n o n p r e f e r e n t i a l  e t c h a n t  
and  t hen  the  su r f ace  is e t ched  w i t h  the  F e  §247 e tchan t ,  
t he  A p l anes  e s s e n t i a l l y  p r e d o m i n a t e  ove r  t he  B 
p l a n e s  and  t h e  {110} su r faces  a cqu i r e  a s c a l e - l i k e  
( s h i n g l e - l i k e )  a p p e a r a n c e .  

I t  was  cons ide r ed  of i n t e r e s t  to f ind out  w h e t h e r  
or  no t  t he  e t ch ing  b e h a v i o r  of t he  mic roscop ic  A 
a n d  B face ts  of t h e  e tch  f igures  r e s e m b l e s  t h a t  of t he  
A and  B su r faces  of  InSb .  I t  was  poss ib l e  to d e v e l o p  
d i s loca t ion  e tch  p i t s  on the  A face ts  of the  e tch  
f igures  b u t  no t  on B facets ,  in accord  w i t h  t he  b e -  
h a v i o r  of o r d i n a r y  A and  B surfaces .  F u r t h e r m o r e ,  
t he  A and  B face ts  of the  e tch  f igures  w e r e  u n a m -  
b i g u o u s l y  d i s t i n g u i s h a b l e  b y  t h e i r  o v e r - a l l  a p p e a r -  
ance  w h i c h  was  t y p i c a l  of t he  A and  B surfaces ,  
r e spec t i ve ly ,  e t ched  in t he  F e  §247 e tchan t .  I t  shou ld  
be  p o i n t e d  out  t h a t  t he  A and  B face ts  a r e  bes t  e x -  
a m i n e d  m i c r o s c o p i c a l l y  w h e n  pos i t i oned  p a r a l l e l  to 
the  field of obse rva t i on .  T h e y  f o r m  a 35 ~ ang le  w i t h  
t he  {110} sur face .  In  t he  p r e s e n t  case  an  o r d i n a r y  
m e t a l l o g r a p h  w a s  e m p l o y e d  and  t h e  {110} w a f e r s  
w e r e  pos i t i oned  a t  t he  a p p r o p r i a t e  ang les  b y  m e a n s  
of s u i t a b l e  p l a t f o r m s .  A n  e x p l o d e d  v i ew  of an  e tch  
f igure  is s h o w n  in Fig .  1 - I I I .  The  a r r o w s  in t h e  
A face t  p o i n t  to d i s loca t ion  e tch  pi ts .  

N o n p r e f e r e n t i a l  e t ch ing  r e v e a l e d  d i s t inc t  d i s loca -  
t ion  e tch  p i t s  in a b a c k g r o u n d  of c h e m i c a l l y  p o l i s h e d  

Fig. 2. Dislocation etch pits on the {110} and (100} 
surfaces (540 X). Etchant (in parts by volume): 5 conc. 
HNO.; 5 conc HF; 2H20. 
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Table I. Etching rates of various crystallographic planes of InSb 

E t c h i n g  ra te  

E t e h a n t  1, E t c h a n t  2, 
P l a n e  m g / c m ~ / m i n  m g / c m 2 / s e c  

{ l l l } ~ B  0.25 7.8 
{100} 0.2~ 7.8 
{110} 0.25 2.5 
(111}--A 0.2s 0.5 

E t c h a n t  1: 0.2N Fe§ i n  6N HC1; 10~ E t c h a n t  2: in  p a r t s  b y  
v o l u m e ,  2 conc.  I-INOs; 1 conc.  I-IF; 1 g l ac i a l  C H s C O O H ;  4~ 

(110} su r f ace  as s h o w n  in Fig.  2-I .  The  o v e r - a l l  
e t ch ing  r a t e  of t he  {110} su r faces  was  d e t e r m i n e d  
b y  e m p l o y i n g  s a m p l e s  b o u n d e d  e n t i r e l y  b y  {110} 
surfaces .  Resu l t s  a r e  s h o w n  in T a b l e  I t o g e t h e r  w i t h  
r a t e s  of t he  A, B, and  {100} surfaces .  I t  is seen t h a t  
in the  F e  *+§ e t chan t  t he  v a r i o u s  su r faces  exh ib i t  es -  
s e n t i a l l y  t he  s ame  e t ch ing  r a t e  since,  in  th is  case, 
the  o v e r - a l I  e t ch ing  p rocess  is c o n t r o l l e d  b y  t h e  
t r a n s p o r t  of ox id i z ing  spec ies  of t he  e t c h a n t  to t he  
InSb  sur face .  Consequen t l y ,  no conclus ions  can be 
d r a w n  a b o u t  t he  r e l a t i v e  r e a c t i v i t y  of t he  va r ious  
surfaces .  In  the  n o n p r e f e r e n t i a l  e t chan t ,  a t  4~ 
the  A su r faces  e x h i b i t  t h e  lowes t  ra te .  U n d e r  these  
cond i t ions  e t ch ing  of t h e  A and  the  {110} sur faces  
is u n d e r  c h e m i c a l  a c t i v a t i o n  con t ro l  ( a c t i v a t i o n  e n -  
e r g y  a p p r o x i m a t e l y  25 k c a l / m o l e )  w h e r e a s  e tch ing  
of the  B and  the  {100} su r faces  is u n d e r  di f fus ion 
con t ro l  ( a c t i v a t i o n  e n e r g y  a p p r o x i m a t e l y  5 k c a l /  
m o l e ) .  These  r e su l t s  a r e  d i scussed  f u r t h e r  below.  

(100}  Surfaces 
The  (100} w a f e r s  e m p l o y e d  in t hese  e x p e r i m e n t s  

were  p r e p a r e d  as t h e  {110} wafe rs .  As  shown in 
Fig.  2- I I ,  d i s loca t ion  e tch  p i t s  a r e  r e v e a l e d  b y  
n o n p r e f e r e n t i a l  e tch ing ,  b u t  t h e y  a r e  a p p r e c i a b l y  
s m a l l e r  t h a n  the  e tch  p i t s  d e v e l o p i n g  on the  A or  
even  the  {110} su r faces  u n d e r  s im i l a r  e x p e r i m e n t a l  
condi t ions .  Dis loca t ion  e tch  p i t s  on the  {100} s u r -  
faces  of I n S b  or  o t h e r  I I I - V  i n t e r m e t a l l i c  compounds  
have  no t  been  r e p o r t e d  in the  l i t e r a t u r e .  Yet,  {100} 
sur faces  l i ke  the  {111} and  (110} su r faces  a re  in -  
t e r sec t ed  b y  t h e  60 ~ edge  d i s loca t ions  of  t he  z inc-  
b l e n d e  s t ruc tu re .  

On the  {100} su r faces  of I nSb  p r e f e r e n t i a l  e t chan t s  
deve lop  e t ch  f igures  w h i c h  a r e  s im i l a r  to those  r e -  
p o r t e d  for  GaAs  (2) .  F i g u r e s  3 - Ia  and  3 - Ib  show 
the  p r e f e r e n t i a l l y  e t ched  p a r a l l e l  su r faces  of an 
{100} wafe r .  I t  is seen  t h a t  the  longe r  d i m e n s i o n  of 
t he  r e c t a n g u l a r  e tch  f igures  on the  one side of the  
{100} w a f e r  is a t  a r i g h t  a n g l e  to t he  l o n g e r  d i m e n -  
s ion of t he  e tch  f igures  on the  oppos i t e  s ide  of the  
wa fe r .  The  e tch  f igures  a r e  b o u n d e d  b y  < 1 1 0 >  d i -  
rec t ions .  

G o n i o m e t r i c  e x a m i n a t i o n  r e v e a l e d  t h a t  the  e tch 
f igures a r e  t r u n c a t e d  t e t r a g o n a l  p y r a m i d  s t ruc tu res ,  
the  fou r  s ides  be ing  {111} p lanes .  The  top  p l a n e  of 
the  t r u n c a t e d  p y r a m i d  is e i t he r  flat  {100} or  has  
h i g h e r  o r d e r  p l anes  ( u s u a l l y  {411}) f o r m i n g  a s h a l -  
low a n g l e  ( a p p r o x i m a t e l y  19 ~ ) w i t h  t h e  < 1 0 0 >  
d i rec t ion .  B e t w e e n  i n d i v i d u a l  t r u n c a t e d  p y r a m i d s  
occas iona l ly  p i t s  a r e  o b s e r v e d  w h i c h  a r e  i n v e r t e d  
p y r a m i d - l i k e  d e p r e s s i o n s  w i t h  f lat  {100} bot toms .  
The  g e o m e t r y  of t he  e tch  f igures  is shown  in Fig.  
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Fig. 4. Opposite faces of an {100)  wafer of InSb etched 
with 0.2N Fe §247247 in 6N HCI at 82~ following removal of 
the abraded surface in a nonpreferential etchant (1500 X). 

Fig. 3. Etch figures on {100}  surfaces of InSb developed 
in 0.2N Fe ~++ 6N HCI at 82~ I, opposite faces of an {100)  
wafer, 1500 X. II, schematic diagram of individual etch 
figures; higher order planes occasionally present ore in- 
dicated with dotted lines. III, exploded view of an etch 
figure; each facet was photographed individually while 
positioned parallel to the field of observation; arrows point 
ta dislocation etch pits (approx. 800 X). 

3-I I .  H e r e  also t he  A face ts  [ (111) ,  ( 1 ] 1 ) ,  ( 1 ]1 ) ,  and  

( 1 1 1 ) ]  of t h e  e tch  f igures  d e v e l o p  to  a g r e a t e r  

e x t e n t  t h a n  the  B face ts  [ (~11 ) ,  (111) ,  (111) ,  and  

(111) ] and  t h e  e tch  f igures  a p p e a r  as r e c t a n g u l a r  
p a r a l l e l o g r a m s  r a t h e r  t h a n  squa re s  w h e n  v i e w e d  
p a r a l l e l  to t he  < 1 0 0 >  d i rec t ion .  

W i t h  t echn iques  s i m i l a r  to those  e m p l o y e d  in 
t he  case  of t he  {110} sur faces  i t  was  poss ib l e  to d e -  
ve lop  and  r e c o r d  conica l  d i s loca t ion  e tch  p i t s  on 
the  A face ts  of t he  e t ch  f igures  and  to  r e v e a l  on t h e  
i n d i v i d u a l  face t s  t he  t y p i c a l  a p p e a r a n c e  of p r e f -  
e r e n t i a l l y  e t ched  A and  B surfaces .  A n  e x p l o d e d  
v i e w  of an  e tch  f igure  is shown  in Fig .  3 - I I I .  The  
a r r o w s  in t he  A face ts  po in t  to dis locat iQn e tch  pi ts .  

I f  t he  c o l d - w o r k e d  l a y e r  of t h e  {100} su r faces  
is r e m o v e d  b y  c h e m i c a l  po l i sh ing  p r i o r  to p r e f -  
e r e n t i a l  e t ch ing  the  A face ts  d e v e l o p  to a m u c h  
g r e a t e r  e x t e n t  t h a n  the  B facets .  In  a d d i t i o n  the  flat  
{100} face ts  a r e  not  d e v e l o p e d  a n d  the  e tch  f igures  
become  e l o n g a t e d  s t r u c t u r e s  as s h o w n  in Fig .  4. 

The  o v e r - a l l  e t ch ing  r a t e s  of t he  {100} su r faces  
s h o w n  in T a b l e  I w e r e  o b t a i n e d  w i t h  s a m p l e s  
b o u n d e d  e n t i r e l y  b y  {100} surfaces .  

Discussion 
The  d e v e l o p m e n t  of c e r t a i n  c r y s t a l l o g r a p h i c  

p l anes  d u r i n g  c r y s t a l  g rowth ,  as  w e l l  as t h e  d i s -  
t r i b u t i o n  and  m o r p h o l o g y  of e tch  f igures,  is assoc i -  
a t ed  w i t h  m e c h a n i s m s  w h i c h  cons t i t u t e  a c o m p l e x  
and  c o n t r o v e r s i a l  p r o b l e m .  The  p r e s e n t  r e su l t s  con-  
t r i b u t e  to  t h e  e l u c i d a t i o n  of one  of t h e  a spec t s  of 

th is  p r o b l e m ,  i.e., the  ro le  of r e l a t i v e  r e a c t i v i t y  of 
t he  v a r i o u s  c r y s t a l l o g r a p h i c  p l a n e s  in t he  f o r m a t i o n  
of d i s loca t ion  e tch  p i t s  and  the  m o r p h o l o g y  of e tch  
f igures.  Of p a r t i c u l a r  i n t e r e s t  in t he  p r e s e n t  case  is 
t he  fac t  t h a t  two  t y p e s  of c r y s t a l l o g r a p h i c a l l y  
e q u i v a l e n t  { 111} p l anes  a r e  invo lved .  

In  t he  case  of I n S b  it  was  shown  conc lu s ive ly  
t h a t  in ox id i z ing  e t chan t s  the  A su r faces  a r e  f a r  
less r e a c t i v e  t h a n  the  B su r faces  [see  T a b l e  I and  
also ref .  (1)  ]. This  d i f fe rence  in r e a c t i v i t y  was  con-  
s i de r ed  the  con t ro l l i ng  f ac to r  for  t he  o b s e r v e d  d i f -  
f e rences  in  e t ch ing  b e h a v i o r  b e t w e e n  these  two  
t y p e s  of su r f aces  and  in p a r t i c u l a r  for  t he  f o r m a t i o n  
of d i s loca t ion  e tch  p i t s  on the  A su r faces  and  no t  
on the  B sur faces .  In  the  p r e s e n t  s t u d y  i t  was  pos -  
s ib le  to conf i rm these  d i f fe rences  in b e h a v i o r  on 
mic roscop ic  A and  B face ts  of i n d i v i d u a l  e tch  f igures.  

Di f fe rences  in e t ch ing  r a t e s  a m o n g  the  va r i ous  
su r faces  of I n S b  a re  m a s k e d  in m a n y  ox id i z ing  
med ia ,  as  in t h e  case  of t he  F e  +++ e t c h a n t  ( T a b l e  I ) ,  
s ince  t he  e t ch ing  r a t e s  a r e  con t ro l l ed  p r i m a r i l y  b y  
t r a n s p o r t  p rocesses  in t h e  e t chan t ,  even  at  low t e m -  
p e r a t u r e s .  H o w e v e r ,  as e v i d e n c e d  b y  the  r e su l t s  of 
T a b l e  I for  t he  n o n p r e f e r e n t i a l  e t chan t ,  i t  is b e -  
l i eved  t h a t  t he  r e a c t i v i t y  of the  p r i n c i p a l  c r y s t a l -  
l o g r a p h i c  p l anes  of I nSb  dec reases  in t he  f o l l o w -  
ing o r d e r  (3)  

B {111} ~ {I00} > {Ii0} > A {iii} 

The {110} surfaces have both A and B atoms triply 
bonded to the lattice and, therefore, are more re- 
active than the A surfaces but less reactive than the 
B surfaces. Ideally {I00} surfaces can consist of 
either A or B atoms; however, real {100} surfaces 
consist of both A and B atoms which are only doubly 
bonded to the lattice. Consequently the {100} sur- 
faces are more reactive than the {110} surfaces. 
This reasoning does not show clearly whether or not 
the {i00) surfaces are less reactive than the B sur- 
faces. Doubly bonded B atoms are more reactive 
than triply bonded B atoms but doubly bonded A 
atoms are most likely less reactive than triply 
bonded B atoms (I). As will be pointed out below, 
h o w e v e r ,  t he  r e a c t i v i t y  of t he  {100} su r faces  is 
p r o b a b l y  s o m e w h a t  s m a l l e r  t h a n  t ha t  of B sur faces .  

F o r  a d i s loca t ion  e tch  p i t  to deve lop  (o r  an  e tch  
p i t  in  g e n e r a l )  i t  is n e c e s s a r y  t h a t  e t ch ing  p r o c e e d s  
f a s t e r  in t h e  d i r ec t ion  of t he  p i t  t h a n  on the  su r -  
face  s u r r o u n d i n g  it. I t  was  shown  (1) t h a t  th i s  
cond i t ion  is m e t  in ox id iz ing  m e d i a  on ly  w h e n  d i s -  
l o c a t i o n s  cons i s t ing  of a r o w  of t r i p l y  b o n d e d  A 
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atoms (a dislocations) intersect the A surfaces of 
III-V compounds. Apparently, in the zinc-blende 
structure, the elastic strains present in the direction 
of the dislocations do not enhance the reactivity to 
an appreciable extent under the present etching 
conditions. The conical etch pits presently observed 
on the {i00} surfaces are attributed to dislocations 
on the basis of their morphology, which is typical of 
dislocation etch pits in the diamond and zinc- 
blende structure, and because rows of such etch 
pits were observed along low angle boundaries on 
the {I00} surfaces. Like the etch pits of the A and 
{ii0} surfaces, the etch pits of the {I00} surfaces 
are also believed to be due to a and not due to fl 
dislocations [cf. ref. (4) ]. 

By employing suitable InSb cylinders Venables 
and Broudy (4) found that dislocation etch pits 
become smaller in going from the {iii} to the {ii0} 
surfaces. They reported no dislocation etch pits on 
the {i00} surfaces. The conditions for dislocation 
etch pit formation on the {ii0} surfaces are not 
as favorable as on the A surfaces where the rel- 
atively low reactivity of the A surface atoms is 
essentially responsible for the formation of pits. The 
high reactivity of the atoms of the {Ii0} surfaces 
and especially of the {1002 surfaces prevents pro- 
nounced preferential attack along the dislocation 
axis .  

The  e tch  f igures  a p p e a r i n g  d u r i n g  p r e f e r e n t i a l  
e t ch ing  of I n S b  su r faces  consis t  of low i n d e x e d  
c r y s t a l l o g r a p h i c  face t s  and  r e p r e s e n t  l i m i t i n g  e tch  
forms.  The  e l o n g a t e d  s h a p e  of t he  e tch  f igures of 
the  {100} su r faces  (Fig .  4) is t he  r e su l t  of t he  v e r y  
h igh  r e a c t i v i t y  of t he  B p lanes .  On bo th  t he  {110} 
and  {100} su r faces  t he  m o r e  r e a c t i v e  B {111} face ts  
d e v e l o p  to a l e s se r  e x t e n t  t h a n  the  A facets .  S ince  
s low r e a c t i n g  p l a n e s  p r e d o m i n a t e  d u r i n g  e t ch ing  of 
concave  sur faces ,  t he  d e v e l o p m e n t  of t he  e tch  f igures  
is p r o b a b l y  p r e c e d e d  b y  the  f o r m a t i o n  of concave  
e tch  pi ts .  No effor t  was  m a d e  to fo l low the  g r o w t h  
s teps  of t he  e tch  f igures  u n d e r  t he  p re sen t ,  v e r y  
r a p i d  e t ch ing  ra tes .  

As  in the  case  of {1I i}  su r f aces  of I nSb  (1)  h e r e  
also cold w o r k  modi f ied  the  p r e f e r e n t i a l  e t ch ing  b e -  
hav io r .  C o l d - w o r k e d  su r f aces  deve lop  b e t t e r  d e -  
f ined e tch  f igures  t h a n  the  su r f aces  f rom w h i c h  the  
cold  w o r k  has  been  r e m o v e d  ( c o m p a r e  for  e x a m p l e  
Fig .  3 - I  and  4) .  A c t u a l l y  in t h e  case  of (111} s u r -  
faces  i t  was  found  t h a t  c e r t a i n  e t chan t s  act  p r e f -  
e r e n t i a l l y  w h e n  cold  w o r k  is p r e s e n t  and  l e a d  to 
c h e m i c a l  po l i sh ing  in t he  absence  of cold  work .  
C o l d - w o r k e d  su r faces  a r e  h e a v i l y  p o p u l a t e d  w i t h  

imperfections such as complex networks of disloca- 
tions, presenting numerous high energy centers 
which react appreciably faster than the rest of 
the surface and lead to the formation of etch pits. 

Since the thickness of the cold-worked surface 
layer is estimated to be of the order of a few mi- 
crons, these pits do not propagate to any great 
extent but rather develop into the steady-state shape 
of the etch figures. The observed excessive overlap- 
ping of the etch figures (Fig. 1 and 2) is suggestive 
of the multitude of centers for the initiation of etch 
pits. The varying size of these primary etch pits is 
very likely responsible for the varying dimensions 
of the etch figures. High reactivity centers for pit 
nucleation are present in all real surfaces but ob- 
viously to a much lesser extent than in those with 
a damaged layer. If active centers are assumed as 
necessary for the initiation of etch pits which de- 
velop into etch figures, then no etch figures should 
be expected to form on a fiat, imperfection-free sur- 
face [cf. ref. (5)]. Such surfaces are not en- 
countered in reality. 

Cold work usually results in enhanced reactivity. 
In the case of the {I00} surfaces the enhanced re- 
activity of the A and B planes decreases the dif- 
ference in their reactivities and, thus, the etch 
figures of the {i00} surfaces become rectangular as 
shown in Fig. 3 rather than elongated shapes as 
shown in Fig. 4. 

From the experimental results and the preceding 
discussion it is apparent that the formation of dis- 
location etch pits and the over-all morphology of the 
etch figures is strongly affected by the relative re- 
activity of the principal crystallographic planes. 

Manuscr ip t  rece ived  Oct. 8, 1959. This paper  was 
p repa red  for  de l ive ry  before  the  Columbus Meeting, 
Oct. 18-22, 1959. The work  repor ted  in this paper  was 
pe r fo rmed  by  Lincoln Labora tory ,  a center  for re-  
search opera ted  by  Massachuset ts  Ins t i tu te  of Tech-  
nology wi th  the jo in t  suppor t  of the  U. S. Army,  Navy,  
and Ai r  Force.  

Any  discussion of this  paper  wi l l  appea r  in a Dis-  
cussion Section to be publ ished in the  December  1960 
JOURNAL. 
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ABSTRACT 

A polarogram for benzyl  chloride in a support ing electrolyte of l i th ium 
chloride has a dip in  the l imit ing cur ren t  due to electrostatic repulsion from 
the interface of the monovalent  anion produced by t ransfer  of the first electron. 
The dip is decreased by the presence of electronegative subst i tuents  on the 
r ing and is el iminated by a moderate concentrat ion of surface-active tetra~ 
me thy lammonium ions in the solution. 

Benzyl  bromide and iodide each undergo two widely separated one-elec-  
t ron reduct ion steps at concentrat ions less than 10-'M. At higher concentrations, 
adsorption phenomena are encountered in the region of potential  between the 
two waves due to the presence of bibenzyl,  a by-product  of the first reduct ion 
step. 

The  exp lo ra to ry  w o r k  of von  S tacke lbe rg  and  
S t racke  (1) showed tha t  reduc t ions  of organic  ha lo -  
gen compounds  became easier  on going f rom chlo-  
r ide to b romide  to iodide. The o v e r - a l l  reac t ion  
u sua l l y  invo lved  r e p l a c e m e n t  of the  ha logen  a tom 
wi th  a h y d r o g e n  atom. The  h a l f - w a v e  po ten t ia l s  
were  i n d e p e n d e n t  of pH, showing  tha t  add i t ion  of 
h y d r o g e n  did not  occur in  the  r a t e - d e t e r m i n i n g  step, 
bu t  a f ter  the  t r ans f e r  of electrons.  

The steps in  the  po la rographic  r educ t ion  of an  or-  
ganic ha logen  compound ,  RX, can be r ep re sen t ed  
by  the  fo l lowing reac t ions  (1, 2) : 

RX + e--> RX- [1] 

R X - ~  R" + X- [2] 

R" + e - ~  R- [3] 

R- + H~O ~ RH + OH- [4] 

In  some cases, side reac t ions  (1) ,  

2 R .  -* R : R [5] 
or (3) 

RX + Hg ~ RHgX [6] 

are  k n o w n  to occur. I t  is gene ra l l y  a s sumed  tha t  
addi t ion  of the  first e lec t ron  is the  slow step and  
tha t  reac t ions  [2], [3],  and  [4] are r e l a t i ve ly  rap id  
because  on ly  one w a v e  is u sua l l y  observed  for each 
ha logen  a tom replaced.  

Most a l iphat ic  ha logen  compounds  appear  to r e -  
duce  l ike  ca rbon  te t rach lor ide ,  for wh ich  no  s table  
i n t e rmed ia t e s  ( ions or radica ls)  are  be l i eved  to 
exist. A l though  the ove r - a l l  reac t ion  u s u a l l y  i n -  
volves r e p l a c e m e n t  of the  ha logen  wi th  a h y d r o g e n  
atom, in  the r educ t ion  of 1 ,2 -d ibromoethane ,  the  
p r inc ipa l  p roduc t  is r epor ted  to be e thy l ene  (1) .  
This r educ t ion  m u s t  i nvo lve  v i r t u a l l y  s imu l t aneous  
t r ans fe r  of two electrons,  fol lowed by  e l i m i n a -  
t ion of two b romide  ions and  fo rma t ion  of a 
double  bond.  Normal ly ,  f o rma t ion  of a d iva l en t  
nega t ive  i n t e r m e d i a t e  m u s t  be  cons idered  i m p r o b -  
able. 

1 P re sen t  address :  E a s t e r n  L a b o r a t o r y ,  E. I. d u  P o n t  de  N e m o u r s  
& Co., Inc. ,  G i b b s t o w n ,  N. ft. 

We fel t  tha t  the  add i t ion  of an  a romat ic  r ing  to 
the  ca rbon  hav ing  the  ha logen  atom, or the  presence  
of a double  bond  in  the  2-pos i t ion  should  t end  
to increase  the  s tab i l i ty  of i n t e r me d i a t e s  in  the  r e -  
duc t ion  process. This  was  indeed  found  to be so. 
The first i n t e r m e d i a t e  fo rmed  by  benzy l  chloride,  
the  m o n o v a l e n t  nega t ive  ion, [C6H~CH~C1]-, ap -  
pears  to have  a r e l a t i ve ly  long l i fe - t ime.  The chief 
ev idence  for the  exis tence  of such a l o n g - l i v e d  i n -  
t e rmed ia t e  is the  appea rance  of a dip in  the  l imi t ing  
c u r r e n t  p la teau .  ( R i n g - s u b s t i t u t e d  der iva t ives  of 
benzy l  chlor ide also have  dips in  the i r  po la ro-  
grams. )  S imi l a r  dips in  the  po la rograms  for i no r -  
ganic  an ions  have  been  s tud ied  ex tens ive ly  by  
F r u m k i n  and  his coworkers  (3, 5). It  is ge ne ra l l y  
agreed tha t  the p h e n o m e n o n  is the  resu l t  of e lec t ro-  
stat ic r epu l s ion  of a r educ ib l e  an ion  f rom the  nega -  
t ive electrode surface.  

C u r r e n t  dips were  not  observed  for e i ther  benzy l  
b romide  or iodide. Ins tead ,  the  p resen t  s tudy  i n -  
dicates t ha t  a l ong - l i ved  n e u t r a l  species, e i ther  a 
s table  f r ee - r ad i ca l  or a d i me r  is formed.  Mass -spec-  
t romet r i c  ev idence  has conf i rmed the la t ter .  The 
only  o ther  case w he r e  a s tab le  p roduc t  of a one-  
e lec t ron  t r ans f e r  has been  r epor t ed  is tha t  for r e -  
duct ions  of a l ly l  m e r c u r y  hal ides  (3).  

Results 
Benzy l  Chloride 

The  p o l a r o g r a m  for  this  c o m p o u n d  conformed  to 
the  genera l  descr ip t ion  of the  process for the  r e -  
mova l  of a ha l ide  insofa r  as a s ingle  wave  was  ob-  
t a ined  and  its pos i t ion  was r e l a t i ve ly  i n d e p e n d e n t  of 
pH (see Fig. 1). Un l ike  most  organic  halides,  its 
po l a rog ram had  a m a r k e d  dip in the  l i m i t i n g - c u r -  
r en t  p la teau ,  a p h e n o m e n o n  tha t  was  observed  u n -  
der  a va r i e ty  of condi t ions.  The dip was e l imina t ed  
by  the  presence  of 0.07M t e t r a m e t h y l a m m o n i u m  ion. 
Because  dips in  the  l im i t i ng  cu r r en t s  of an ions  are 
s imi l a r ly  affected, a n e g a t i v e l y  charged  species of 
r e l a t i ve ly  long l i fe t ime m u s t  be involved .  

The po la rog rams  can be exp la ined  by  a s suming  
tha t  the  l i m i t i n g  c u r r e n t  p r ior  to the onset  of the  

437 



438 JOURNAL OF THE ELECTROCHEMICAL SOCIETY May 1960 

3,0 

<=, 2.0 - A ~ ~  / I / _ _ _ _ _ ~ . . .  k ~ ]  

": F I 

! /  "---~/ 
o 1.0 / / ~  

I I 
5,0 

i B . / , ' ~  
4.0 . i "  / 

o 1 I 
-05 -I.0 -15 -2.0 

Poleniiol vs SGJ~.,volI$ 

Fig. 1A, Polarograms of  1.17 x 10 -~ M benzyl chlor ide in 
0 . 0 9 2 M  NaOH.  - - - - in 2 . 0 %  methanol ;  - -  in 5 1 . 0 %  
methanol .  Fig. lB.  Effect o f  (CH3)~ NCI on polarograms of  
1.04 x 10 -8 M benz71 chlor ide in 5 1 . 0 %  CH~OH and 1.0M 
LiCI. - -  No (CHsh NCI added; . . . . .  0 . 0 3 0 M  
(CH~)~ NCI, 0 .070  M (CH~), NCI; - -  

0 . 4 7 M  (CHa)4 NCI. 

dip corresponds  to a t w o - e l e c t r o n  t ransfer .  As the  
po ten t i a l  of the  e lect rode becomes more  cathodic,  
p rogress ive ly  more  of the p roduc t  formed by  reac-  
t ion  [1] is r epe l l ed  f rom the  surface  of the  e lec-  
t rode  before  reac t ion  [2] ( fo l lowed by  [3] and  [4 ] )  
can  take  place. In  the  presence  of t e t r a m e t h y l a m -  
m o n i u m  ion, however ,  r epu l s ion  of the ion is not  
as s ignif icant  so tha t  r eac t ion  [2],  and  those tha t  
follow, can proceed to complet ion.  In  tha t  connec-  
t ion, it is i n t e r e s t i ng  to no te  tha t  the p resence  of 
ca lc ium ion (0.49M) had  no effect on the  c u r r e n t  
dip. Accord ing  to R e i n m u t h  (6) ,  this indica tes  tha t  
i o n - p a i r  f o rma t ion  is not  the  p r i m a r y  effect, bu t  
ins tead  the  s t ruc tu re  of the  doub le - l aye r .  In  add i -  
t ion, a t e m p e r a t u r e  increase  to 35~ which  would  
favor  more  rap id  dissociat ion of the i n t e r m e d i a t e  
ion, did e l im ina t e  the  dip. 

There  are  two add i t iona l  poin ts  of in te res t  in  con-  
nec t ion  wi th  the  effect of t e t r a a l k y l a m m o n i u m  salts. 
First ,  von  S tacke lbe rg  and  Stracke,  in  the i r  b road  
su rvey  of the  po l a rog raphy  of organic  halides,  used 
0.1M t e t r a e t h y l a m m o n i u m  b romide  as a b a c k g r o u n d  
electrolyte .  As a resul t ,  t hey  observed no dips in  
the i r  l imi t ing  cur ren ts .  Second, in  the  p re sen t  in -  
ves t iga t ion  it  was  found  tha t  l a rge  amoun t s  of t e t r a -  
a l k y l a m m o n i u m  salts p roduced  a cathodic shift  in  
the  wave  (Fig. 1) which  was  a t t r i b u t e d  to b locking  
of the  e lect rode surface  (7 -9) .  Hence,  the  use of 
t e t r a a l k y l a m m o n i u m  salts to e l imina t e  such cu r -  
r en t  dips m a y  resu l t  in  shifts  of the  h a l f - w a v e  po-  
t en t i a l  in  e i ther  d i rec t ion  (2, 10). 

In  the  case of benzy l  chloride,  the  dip  in  the  
l imi t ing  c u r r e n t  reached a va lue  a p p r o x i m a t e l y  one-  
hal f  the  m a x i m u m ,  ind i ca t ing  comple te  r epu l s ion  

Table I. Compounds exhibiting dips in the limiting current plateau 
in 1.0M LiCI and 51.0% CH3OH 

~min 
Cone, "El/s' ' v 

Compound moles/liter vs. S.C.E. {max 

Benzyl chloride 
a -Chloro-p-xylene  
a, o-Dichlorotoluene 
a, p-Dichlorotoluene 
a, 2, 4-Trichlorotoluene 
a, 3, 4-Triehlorotoluene 
1- (Chloromethyl)  naphthalene  

1.04• -3 --1.066 0.45 
1.44X104 --1.071 0.47 
1.57• 10 -8 --0.923 0.75 
1.40xIO ~ --i.011 0.64 
1.40X 10 -3 --0.898 0.94 
1.40XI0 -~ --0.908 0.87 
8.3• 10 -~ --0.953 0.85 

of the  organic  ion. The fact tha t  the va lue  for 
l imi t ing  c u r r e n t  was  no t  corrected for a change  in  
m2/~tl/~ wi th  po ten t i a l  p r o b a b l y  accounts  for a ra t io  
s l igh t ly  smal le r  t h a n  0.5. At  po ten t ia l s  of --1.3, 
--1.5, a n d - - 1 . 7  v, the  c u r r e n t  p roved  to be d i f fus ion  
control led.  F u r t h e r m o r e ,  the  r e l a t ive  size of the  dip 
appeared  to be i n d e p e n d e n t  of concen t r a t i on  as low 
as 10-~M w he r e  the  correc t ion  for res idual  c u r r e n t  
was l a rger  t h a n  the  reduc t ion  cur ren t .  

In  Table  I are  l is ted the resul t s  on other  re la ted  
compounds  which  showed c u r r e n t  dips. Note tha t  
the  compound  h a v i n g  two chlor ine  atoms in the r ing  
gave the smal les t  dip, the  compound  wi th  one chlo-  
r i ne  in  the r ing,  next .  There  m a y  be m a n y  con-  
t r i b u t i n g  factors  but ,  in this case, the chief factor  
appears  to be the  grea te r  d i s t r i bu t ion  of charge 
wh ich  decreases the  r epu l s ion  of the an ion  by  the  
electrode.  This hypothes is  is suppor ted  by  the  
smal le r  dip found  on going f rom a benzene  r ing  to 
a n a p h t h a l e n e  r ing.  F u r t h e r m o r e ,  the  presence  of 
on ly  0.01M t e t r a m e t h y l a m m o n i u m  ion was sufficient 
to e l imina te  the  smal l  dip ob ta ined  wi th  a - ch lo -  
r ome thy l  n a p h t h a l e n e .  

Subs t i t u t i on  in  the  ortho posi t ion appears  p a r t i c u -  
l a r ly  efficient in  decreas ing  the dip. This suggests 
t ha t  there  is a steric factor  tha t  aids the e l imina t ion  
of chlor ide  ion. 

F ina l ly ,  Tab le  I indica tes  tha t  the  presence  of a 
l a rger  n u m b e r  of ch lor ine  a toms on the r ing  ap -  
pears  to produce  a less cathodic h a l f - w a v e  potent ia l .  
However ,  it should  be po in ted  out  tha t  the loca-  
t ions  of the  waves  are  s t rong ly  inf luenced by  ad-  
sorption.  

The  presence  of adsorp t ion  effects is c lear ly  
ev idenced  in the  or ig ina l  po la rograms  for benzy l  
chloride,  p a r t i c u l a r l y  in low percentages  of 
methanol .  The  dashed  cu rve  in  Fig. 1A was ob-  
t a ined  in  2% methano l .  Dur ing  the  d r a w n - o u t  in i t i a l  
por t ion  of the  wave,  the  i n d i v i d u a l  drop shapes 
were  qui te  charac ter i s t ic  of adsorpt ion.  Fo l lowing  
the  g radua l  rise at the  b e g i n n i n g  of the po la ro-  
g raph icwave ,  the  c u r r e n t  increased  rap id ly  to the  
l i m i t i n g - c u r r e n t  p la teau .  Much the  same behav io r  
was found  in  20% methano l ,  bu t  at  51% m e t h a n o l  
adsorpt ion  behav io r  had  a lmost  d isappeared.  At  
80% there  was  no ev idence  for adsorpt ion  e i ther  
in  the  i nd iv idua l  drop shapes or in  the po la rograms  
as a whole. Al l  of the  compounds  in  Table  I showed 
s imi la r  adsorp t ion  behav io r  a l though  most  of t h e m  
showed more  ev idence  of it  in  51% m e t h a n o l  t h a n  
did benzy l  chloride.  Adsorp t ion  effects wi l l  be  d is -  
cussed la ter  in  more  detail .  
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Fig. 2. Effects on electrocapillory curves of supporting 
electrolyte, solvent composition, and reducible species. Sup- 
porting electrolyte only. 
Open circle, 2% MeOH-0.092 N NaOH; circle, solid right 
half, 51% MeOH-0.092 N NaOH; circle, solid left half, 
51% MeOH-0.100 N KBr; solid circle, 80% MeOH-0.092 
N NaOH. 
Benzyl bromide ,1.13 x 10-~M. open square, 2% MeOH- 
0.092 N NaOH; square, solid left half, 51% MeOH-0.092 
N NaOH; solid square, 80% MeOH-0.092 N NaOH. 
Open triangle, Bibenzyl, 2.83 x 10-4M in 51% MeOH- 
0.092N NaOH; triangle, solid right half, benzyl chloride, 
1.40 x 10-~M in 51% MeOH-0.092N NaOH; solid triangle, 
benzyl iodide, 0.85 x 10-~M in 51% MeOH-0.092N NaOH. 

Benzyl Bromide and Benzyl Iodide 
While  po la rog rams  for benzy l  b romide  had  no 

cu r r en t  dips, they  did show two dis t inc t  r educ t ion  
steps at concen t ra t ions  f rom 1 x 10 -5 to abou t  1 x 
10-'M. On ly  below 1 x 10-'M were  two dif fus ion-  
cont ro l led  waves  of equa l  he ight  obta ined.  A typ i -  
cal po l a rog ram is shown in  Fig. 2B. 

It  is c lear  tha t  each wave  mus t  cor respond to 
a one -e l ec t ron  reduct ion .  The  first wave  m u s t  be 
due  to fo rma t ion  of the  m o n o v a l e n t  ion. The  large  
separa t ion  of the  first and  second waves  indicates  
tha t  the  rad ica l  p roduced  by  decomposi t ion  of the  
m o n o v a l e n t  ion is no t  easi ly  reduced  fur ther ,  p r ob -  
ab ly  because  of a rap id  convers ion  to b i b e n z y l  ac-  
cording to Reac t ion  5. The  absence  of a c u r r e n t  dip 
in  the p l a t eau  of the  second w a v e  indica tes  t ha t  de-  
composi t ion of the  m o n o v a l e n t  ion is, as expected,  
much  fas ter  in  the  case of the  b r o m i n e  compound  
t h a n  for chlor ine.  

The behav io r  of benzy l  iodide, at concen t ra t ions  
be tween  1 x 10 -~ and  2 x 10-~M, was  v i r t u a l l y  i de n -  
t ical  wi th  tha t  of benzy l  bromide .  Not on ly  were  two 
d i f fus ion-con t ro l l ed  waves  of equa l  he ight  ob ta ined  
but ,  in addi t ion,  the h a l f - w a v e  poten t ia l s  for the 
first and  second waves  agreed, w i t h i n  e x p e r i m e n t a l  
error,  w i th  the  va lues  ob ta ined  for benzy l  bromide .  
Again,  no dip in  the  l imi t ing  c u r r e n t  was observed.  

At  concen t ra t ions  h igher  t h a n  about  10-'M, the  
first waves  of both  benzy l  b romide  and  benzy l  iodide 
did not  increase  wi th  concen t r a t i on  as fast  as the  
second. A l though  the  l im i t i ng  c u r r e n t  for the  second 
wave  had  n o r m a l  drop shapes and  con t inued  to be 
diffusion control led,  the  shapes of the  t r ac ings  for 
i nd iv idua l  drops became inc reas ing ly  charac ter i s t ic  
of s t rong adsorp t ion  in the  r ange  of po ten t i a l  cov-  
ered by  the  first wave.  Changes  in  l im i t i ng  c u r r e n t  

w i th  m e r c u r y  he igh t  gave  plots fa l l ing  b e t w e e n  d i f -  
fus ion  and  adsorp t ion  control .  The l imi t ing  c u r r e n t  
had  a t e m p e r a t u r e  coefficient of 2% per  degree  
which  did no t  d i f fe rent ia te  b e t w e e n  the  two bu t  did 
ru l e  out  k ine t ic  control .  F u r t h e r m o r e ,  the  foot of 
the  second wave  acqu i red  the  desorp t ion  cha rac t e r -  
istics repor ted  p rev ious ly  for the  benzy l  chlor ide 
w a v e  (Fig. 2B).  At  concen t ra t ions  g rea te r  t h a n  
mi l l imola r ,  behav io r  was  qu i te  e r ra t ic  and  two 
add i t iona l  poor ly  shaped waves  appea red  b e t w e e n  
the  usua l  first and  second waves.  

The  e lec t rocap i l l a ry  curves  shown  in  Fig. 2 not  
on ly  confirm the  presence  of adsorp t ion  bu t  give 
f u r t h e r  ins ight  w i th  respect  to the differences tha t  
we re  observed.  A compar i son  of Fig. 2A and  2B 
shows tha t  a m a r k e d  decrease  in  drop t ime  occur red  
in  the  reg ion  of the  first wave  and  con t inued  to the  
second wave.  Upon  pass ing  th rough  the  second re -  
duc t ion  the drop t ime  r e t u r n e d  to tha t  of the back -  
g round  electrolyte .  The decrease in  the  reg ion  of the  
p l a t e a u  of the first wave  is not  a t t r i b u t a b l e  to b ro -  
mide  ion p roduced  in  the r educ t ion  or by  the  slow 
hydro lys i s  of benzy l  bromide .  (Note  the  nega t i ve  
slope of the  l i m i t i n g - c u r r e n t  p l a t eau  in  Fig. 2B. 
However ,  the  p resence  of 0.1M b romide  ion did af-  
fect the  e lec t rocap i l l a ry  curve  on the posi t ive  side 
of the m a x i m u m . )  In  the l i m i t i n g - c u r r e n t  region  of 
the first wave,  b i b e n z y l  is s t rong ly  adsorbed whereas  
to luene,  the  final r educ t ion  product ,  and  benzy l  a l -  
cohol, the  hydro lys i s  product ,  are  no t  adsorbed at  
the  mi l l imo la r  level .  This  indicates  tha t  the  p roduc t  
of React ion  5, b ibenzyl ,  was the m a i n  source of the  
adsorp t ion  effects. 

Adsorp t ion  of the  r educ t ion  p roduc t  of the  first 
w a v e  is less p r o n o u n c e d  at h igher  concen t ra t ions  of 
alcohol. F i g u r e  2C shows tha t  the re  is l i t t le  adsorp-  
t ion  in  80% m e t h a n o l  p r o b a b l y  due to g rea te r  com-  
pe t i t ion  for the  sur face  f rom m e t h a n o l  as wel l  as to 
g rea te r  so lub i l i ty  of the  product .  The somewha t  
g rea te r  adsorp t ion  found  in  the case of benzy l  iodide 
in  a lka l ine  solut ions  of 51% m e t h a n o l  m a y  reflect 
the  fas ter  decomposi t ion  in  this m e d i u m  of its m o n o -  
v a l e n t  ion compared  to tha t  fo rmed  by  benzy l  b ro -  
mide  (see Fig. 2D).  As a resul t ,  a somewha t  h igher  
concen t r a t i on  of b i b e n z y l  wou ld  be p roduced  at  the  
surface.  

Other  aspects of adsorp t ion  were  e x a m i n e d  briefly. 
Firs t ,  it was possible  to show that ,  at low concen-  
t r a t ions  of benzy l  bromide ,  the  h a l f - w a v e  po ten t i a l  
for the  first r educ t ion  was  sens i t ive  to the  p resence  
of su r face -ac t ive  an ions  and  hydrox ide ;  in  the  p re s -  
ence of 0.092M sod ium hydrox ide  or 0.10M potas -  
s ium b romide  the  wave  appeared  at more  cathodic 
po ten t ia l s  t h a n  in  the  presence  of chloride,  in  which  
the  wave  was, in  t u rn ,  more  cathodic t h a n  tha t  in  
n i t ra te .  There  was  also a cor responding  shif t  in  the  
e lec t rocap i l l a ry  curve.  

The effect of the  presence  of b romide  ion was  
s tud ied  o r ig ina l ly  because  of its p resence  due to de-  
composi t ion of benzy l  b r omi de  in  a lka l ine  solutions.  
Hydro lys i s  led to e r ra t ic  resul t s  for h a l f - w a v e  po-  
tent ia ls ,  p a r t i c u l a r l y  in  the  case of benzy l  iodide, 
which  decomposed even  faster.  Decomposi t ion  was  
s lower  in  h igher  concen t ra t ions  of m e t h a n o l  and  at 
the  same t ime, the  h a l f - w a v e  po ten t ia l s  we re  shif ted 
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half-wave potential  in 5 1 %  methanol that  is 0 .092M in 
sodium hydroxide. 

to more  cathodic values .  These shifts  ind ica ted  t ha t  a 
charged species was  be ing  p roduced  by  the  reac t ion  
and  ru l ed  out  the poss ib i l i ty  tha t  the n e u t r a l  ha l ide  
was u n d e r g o i n g  ion iza t ion  pr ior  to reduct ion .  

The  posi t ion  of the  second wave  for benzy l  b ro -  
mide  was a func t ion  of concen t ra t ion .  Thus,  the re  
was a p p r o x i m a t e l y  a 250 m v  cathodic shift  on going 
up f rom 1 x 10 -~ to 1 x 10-~M. At  h igher  concen t r a -  
t ions the  wave  r e m a i n e d  constant ,  p r o b a b l y  due  to 
a t t a i n m e n t  of m a x i m u m  sorpt ion  (see Fig. 3). 
Benzyl  chlor ide showed a s imi la r  bu t  m u c h  smal le r  
dependence  on concen t ra t ion .  

It  is i m p o r t a n t  to no te  tha t  the  h a l f - w a v e  po ten t i a l  
for each wave  of benzy l  b romide  agreed wi th  the  
cor responding  one for benzy l  iodide w i t h i n  expe r i -  
m e n t a l  error.  A g r e e m e n t  of the  first waves,  which  
invo lve  di f ferent  r educ ib le  species, was  su rpr i s ing  
bu t  can be ra t iona l ized  in  t e rms  of v i r t u a l l y  s imu l -  
t aneous  e lec t ron t r ans f e r  and  ha l ide  e l imina t ion .  On 
the  o ther  hand,  a g r e e m e n t  of the  h a l f - w a v e  p o t e n -  
t ials  for the  second waves  is to be expected because  
the  same in te rmedia te ,  the  benzy l  radical ,  is u n d e r -  
going f u r t h e r  r educ t ion  in  each case. The r e su l t ing  
c a r b a n i o n  u n d o u b t e d l y  reacts  w i th  the so lvent  to 
form toluene.  

F r o m  the  e lec t rocap i l l a ry  curves  in Fig. 2, it  was  
qu i te  clear  tha t  b ibenzyl ,  or a closely re la ted  com-  
pound,  m u s t  have  been  formed in  the first r educ t ion  
steps of the  b romide  and  iodide der iva t ives .  H o w -  
ever,  the  presence  of b ibenzy l  was  la te r  confirmed 
by m a k i n g  mass - spec t rome t r i c  s tudies  of products  
isolated f rom ext rac ts  of l a rge -sca le  electrolyses.  A 
IO-'M solut ion of benzy l  b romide  in 50% m e t h a n o l  
con t a in ing  0.1M po tas s ium bromide  was e lect rolyzed 
at --0.5 v vs. S.C.E. us ing  a m e r c u r y - p o o l  cathode 
un t i l  the c u r r e n t  had  decreased to a neg l ig ib le  value .  
The so lu t ion  was aga in  made  IO-'M in benzy l  b ro -  
mide  and  electrolysis  cont inued .  A whi te  solid p r e -  
c ip i ta ted  before  the  end  of the electrolysis ,  and  it  
gave  the typica l  mass - spec t rome t r i c  p a t t e r n  of b i -  
benzyl .  Masses of 182 and  91 were  p a r t i c u l a r l y  
p r o m i n e n t .  The o r ig ina l  benzy l  b romide  showed no 
t race  of mass  182. 

A n o t h e r  e lectrolysis  was  car r ied  out  in  which  
drople ts  of excess benzy l  b romide  were  p resen t  at 
al l  t imes. A mass spec t rogram of an  e ther  extract ,  
f rom which  the  more  vola t i le  ma te r i a l s  had  been  
p u m p e d  off, c lear ly  ind ica ted  the presence  of la rge  
a m o u n t s  of CoHoCH~CoH~CH~Br (masses  260 and  
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262), o r  one of its isomers,  a nd  CoH~CH:CoH,CH~ 
(mass  181) a nd  the co r re spond ing  me ta s t ab l e  peak  
at  126. The presence  of r e l a t i ve ly  smal l  a m o u n t s  of 
b ibenzy l  was ind ica ted  by  the  smal l  peak  at mass  91 
and  the fact tha t  mass 182 was  somewhat  h igher  
t h a n  tha t  expected  f rom the  isotopic ra t io  of ca rbon  
in  a f o u r t e e n - c a r b o n  species. The fo rma t ion  of such 
a ha l ide  can be exp la ined  eas i ly  by  the  presence  of 
the  large excess of benzy l  b r omi de  in  the  solut ion.  
A reac t ion  p roduc t  of this type  migh t  wel l  lead to 
the  appea rance  of the add i t iona l  po la rographic  waves  
which  appea red  in mi l l imo la r  solut ions  of benzy l  
b romide  ( and  iodide) .  Large  peaks at masses 165 
and  166 were  also found  in  this  ex t rac t  bu t  could 
no t  be exp la ined  sat isfactori ly .  

Nei ther  of the  a b o v e  e lect rolys is  products  gave 
a ny  ind ica t ion  of masses  for C~HsCH:HgBr or 
C6H~CH~Hg. Genera l ly ,  the  peaks  for HgBr  and  
HgBr~ were  rough ly  e q u i v a l e n t  and  were  found  to 
the same e x t e n t  in b l a n k  electrolyses.  However ,  as 
one migh t  expect  smal l  a m o u n t s  of b e n z y l m e t h y l  
e ther  (mass  122) formed by  solvolysis  were  p resen t  
bu t  there  was no benzy l  alcohol (mass  108). 

A s imi lar  expe r imen t ,  in  which  an  a i r - f r ee  sus-  
pens ion  of benzy]  b romide  ( in  50% m e t h a n o l  con-  
t a i n i ng  0.1M potass ium b romide )  was shaken  wi th  
m e r c u r y  (no po ten t ia l  app l i ed ) ,  showed no evidence  
of a spon taneous  reac t ion  l ead ing  to an o r g a n o - m e r -  
cu ry  compound.  The smal l  a moun t s  of m e r c u r y  
p resen t  were  also found  in  the  b lank .  Therefore,  
there  is no basis  for sugges t ing  tha t  the e lectro-  
chemical  r educ t ion  of benzy l  b romide  (and  p robab ly  
the iodide) is preceded by  a reac t ion  wi th  m e r c u r y  
or tha t  the benzy l  radica l  a t tacks  m e r c u r y  af ter  be-  
ing formed. In  the  case of the  cor responding  al lyl  
halides,  pr ior  chemical  reac t ion  ma y  indeed occur 
(3) ,  bu t  the  proposed dissociat ion to form RHg + 
pr ior  to r educ t ion  seems un l ike ly ,  except  for one of 
the  compounds ,  because  of the  repor ted  cathodic 
shift  in r educ t ion  po ten t ia l  as the  dielectr ic  cons tan t  
of the m e d i u m  was lowered.  

Experimental Details 
Pola rograms  and  e lec t rocap i l l a ry  curves  were  ob-  

ta ined  as before  (10).  The organic  hal ides  were  the 
pures t  ob t a inab le  f rom E a s t m a n  Kodak  Company  
and  were  used as received.  Stock solut ions were  
p repa red  in pu re  m e t h a n o l  f rom which  a l iquots  were  
t a ke n  to p repa re  po la rograph ic  solutions.  Po la ro -  
g rams  were  r u n  at 25~ a nd  a l ine d r a w n  th rough  
the m a x i m u m  cur ren t s  for use in the figures. L i m i t -  
ing cu r ren t s  were  tested for diffusion control  by 
p lo t t ing  r educ t ion  c u r r e n t  vs. square  root of the 
m e r c u r y  height ;  a s t ra igh t  l ine  was i n t e rp re t ed  as an 
ind ica t ion  of diffusion control .  T e m p e r a t u r e  coeffi- 
c ients  of the  l im i t i ng  c u r r e n t s  were  also s tudied  be -  
t w e e n  2 ~ a nd  35~ and,  except  for the  dip of benzy l  
chloride,  we re  found  to be close to 2 % / C  ~ 

Mass spec t romet r ic  s tudies  we re  made  on a CEC 
Model  21-103C. In  every  case, masses  were  scanned  
to at least  400. 
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Preparation of Boron from Boron Carbide 
David R. Stern 

American Potash & Chemical Corporation, Whittier, California 

ABSTRACT 

A process to p repa re  e lementa l  boron f rom boron carbide  is presented.  In- 
c luded is evidence tha t  the  process is one of anodic t ransfer .  Boron of at  least  
99.8% pur i ty  can be made  d i rec t ly  f rom technical  grade mater ia ls .  Pu r i t y  is a 
funct ion of e lectrolysis  vol tages and boron carbide  pur i ty .  Curren t  efficiencies 
in excess of 95% are  obta ined  and p re fe r red  e lect rolys is  condit ions are  stated.  

P r e p a r a t i o n  of e l e m e n t a l  bo ron  has  been  d i scussed  
b y  a l a r g e  n u m b e r  of i n v e s t i g a t o r s  (1 -19 ) .  Not  a l l  
p rocesses  g ive  suff icient  pu r i t y .  F i l a m e n t  and  a rc  
d i s c h a r g e  t echn iques  have  g e n e r a l l y  b e e n  r e g a r d e d  
as t he  p r e f e r r e d  m e t h o d s  of s ecu r ing  a h i g h - p u r i t y  
c r y s t a l l i n e  boron  (2, 3, 5-8, 11, 12, 17, 19).  N e w  i n -  
t e r e s t  in e l e m e n t a l  bo ron  as t h e r m i s t o r s  and  poss ib le  
s emiconduc to r  dev ices  has  r e e m p h a s i z e d  the  p r o b -  
l e m  of a t t a i n i n g  h i g h e r  pur i t i e s .  M c C a r t y  and  co-  
w o r k e r s  (18) h a v e  d i s cove red  n e w  l o w - t e m p e r a t u r e  
c r y s t a l l i n e  modi f ica t ions  of e l e m e n t a l  boron.  

V a p o r  p h a s e  depos i t i on  t e chn iques  a r e  g e n e r a l l y  
l i m i t e d  b y  m e t a l l i c  f i l amen t  c o n t a m i n a t i o n .  I m p u r i -  
t ies  a r e  g e n e r a l l y  t a n t a l u m ,  t ungs t en ,  m o l y b d e n u m ,  
carbon ,  and  t i t a n i u m  (2, 3, 7, 11, 12, 17, 19).  A n o t h e r  
d i s a d v a n t a g e  w i t h  t hese  c o n t a m i n a n t s  is t ha t  t h e y  
a r e  no t  r e m o v e d  w i t h  s e c o n d a r y  u p g r a d i n g  t e c h -  
n iques .  Depos i t i on  on a f i l amen t  of e l e m e n t a l  boron  
and  l o w e r  decompos i t i on  t e m p e r a t u r e s  a r e  s ignif i -  
c an t  c o n t r i b u t i o n s  (7, 19).  

Des i r e  for  a p o t e n t i a l l y  h i g h e r  p u r i t y  p r o d u c t  
w i thou t  h e a v y  m e t a l  c o n t a m i n a t i o n  focused  a t t e n -  
t ion  on an  e l ec t ro ly t i c  app roach .  A n d r i e u x ,  Cooper ,  
and  o the r s  h a v e  d e v e l o p e d  e l e c t r o l y t i c  r edu c t i ons  
(4, 9, 10, 14-16) .  

This  r e s e a r c h  effor t  has  r e s u l t e d  in an  e l e c t r o l y t i c  
p rocess  for  boron ,  w h i c h  is an a n o d e  t r a n s f e r  t e c h -  
n ique  (13) .  Th is  t r a n s f e r  t e c h n i q u e  has  been  a p p l i e d  
bo th  to e l e m e n t a l  bo ron  and  b o r o n  ca rb ide .  F e a s i -  
b i l i t y  s tud ies  w e r e  conduc t ed  on a l a b o r a t o r y  e x -  
p l o r a t o r y  bas is  in s m a l l  cells.  The  scope of th is  p a p e r  
is l i m i t e d  to t h e  b e n c h  scale  p r e p a r a t i o n  of e l e m e n t a l  
b o r o n  f rom boron  ca rb ide .  

Experimental Procedure 
CeIl . --A cross  sec t ion  of the  cel l  used  in th is  i n v e s t i -  
ga t ion  is p r e s e n t e d  in Fig .  1. The  un i t  cons i s t ed  of a 
po rous  c a r b o n  b a s k e t  w i t h  a po rous  c a r b o n  d i a -  
p h r a g m .  C a r b i d e  was  p a c k e d  b e t w e e n  the  d i a -  
p h r a g m  a n d  porous  ba ske t .  This  c a r t r i d g e  u n i t  w a s  
l o w e r e d  into  a dense  g r a p h i t e  c ruc ib l e  b y  s tee l  rods.  
R e m o v a l  and  r e c h a r g i n g  w i t h  bo ron  c a r b i d e  could  
be a c c o m p l i s h e d  w i t h o u t  a c o m p l e t e  cel l  shu tdown .  

E x t e r n a l  h e a t i n g  was  a c c o m p l i s h e d  us ing  g r a p h i t e  
res i s tors .  Cel l  t e m p e r a t u r e s  w e r e  m e a s u r e d  w i t h  
C h r o m e l - A l u m e l  t h e r m o c o u p l e s  i n s e r t e d  into  t he  
recesses in the centering post and the hollow cath- 
ode which was also a thermowell. 

An argon blanket could be maintained over the 
entire cell. 
Electro~yte.--The e l e c t r o l y t e  cons i s t ed  of s o d i u m  
chlor ide ,  p o t a s s i u m  ch lor ide ,  and  p o t a s s i u m  f luo-  
b o r a t e  w i t h  an  in i t i a l  compos i t i on  of 40-40-20 w t  %, 
r e spe c t i ve ly .  D u r i n g  the  course  of e lec t ro lys i s ,  c a t h -  
ode depos i t s  a r e  w i t h d r a w n  pe r iod i c a l l y .  Occ luded  
e l e c t r o l y t e  is w a t e r  l e a c he d  and  can be  r e c o v e r e d  
and  r ecyc led .  
Electrolysis.--After t he  anode  c o m p a r t m e n t  was  
p a c k e d  w i t h  b o r o n  ca rb ide ,  sufficient  p r e d r i e d  sa l t  
is a d d e d  to cover  t he  ca rb ide .  This  c a r t r i d g e  cha rge  
was  t h e n  p l a c e d  in t he  h e a t i n g  f u r n a c e  and  m e l t e d  
u n d e r  a rgon .  W h e n e v e r  f r e s h  salts ,  a n e w  d i a -  
p h r a g m ,  or  n e w  c r u c i b l e  w e r e  used,  p r e - e l e c t r o l y s i s  
was  p e r f o r m e d  a t  2.5 v f r o m  1~ to 1 h r  b e f o r e  a c t u a l  
e lec t ro lys i s .  The  p r e - e l e c t r o l y s i s  depos i t  a c t ed  as a 
s c a v e n g e r  of i m p u r i t i e s  and  was  a d i r ec t  m e a n s  of 
p u r i f y i n g  the  e l e c t ro ly t i c  sys tem.  A c a thode  was  
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tent ,  sodium,  i ron  potass ium,  sil icon, n i t r i c  acid i n -  
solubles,  a nd  wa te r  so luble  boron.  

Fig. 1. Bench scale boron carbide cell: 1, stainless (316) 
lid; 2, Neoprene gasket; 3, sight glass; 4, packing glands; 
5, cathode; 6, anode tie rods; 7, mild steel shell; 8, water 
jackets; 9, argon inlet; 10, argon outlet; 11, insulating 
bushing; 12, Vycor tube; 13, copper a-c electrode connector 
assembly; 14, main graphite electrode lead; 15, graphite 
a-c electrode connector; 16, a-c graphite resistor rod; 17, 
magnesia insulating bricks; 18, centering post; 19, dense 
carbon cup; 20, carbon pedestal; 21, porous carbon basket; 
22, porous carbon diaphragm; 23, cooling chamber; 24, heat 
baffle. 

t hen  inse r ted  to a k n o w n  depth  so tha t  a g iven  
cathodic c u r r e n t  dens i ty  could be set in i t ia l ly .  

At  comple t ion  of e lectrolysis  the  cathode was  
ra ised and  a l lowed to cool. To recharge  the  boron  
carbide,  the car t r idge  un i t  was raised,  salt  a l lowed 
to dra in ,  and  a n e w  u n i t  inser ted.  
Processing.---Figure 2 is a pho tog raph  of a typ ica l  
ca thode deposit.  This  deposi t  was  placed in  a po ly -  
e thy l ene  beake r  of d is t i l led  wa t e r  on removal .  Upon  
s t and ing  in  the  wa t e r  the deposi t  wou ld  b reak  off the 
rod and  was  wet  g round  in  an  i ron m o r t a r  and  
leached twice wi th  10% hydrochlor ic  acid. I t  was  
then  washed  free of acid, r insed  wi th  acetone, and  
v a c u u m  dr ied  u n d e r  argon. 

The final sample  was  t h e n  we ighed  and  analyzed.  
Most samples  were  ana lyzed  for to ta l  boron  con-  

Fig. 2. Typical cathode deposit 

E x p e r i m e n t a l  R e s u l t s  

Product purity.--The pures t  e l e me n t a l  boron  re -  
su l t ing  f rom this i nves t iga t ion  was  99.8%. This p u -  
r i ty  was  ob ta ined  us ing  commerc ia l  r eagen t s  w i thou t  
a n y  pr ior  pur i f ica t ion  or recrys ta l l iza t ion .  Control  of 
the  e lectrolysis  and  a tmosphere  were  the  only  p re -  
caut ions  taken .  Major  impur i t i e s  we re  sodium, s i l i -  
con, iron,  and  carbon.  These g e n e r a l l y  could be 
limited to less than a total of 0.2%. Lower levels of 
impurities were sodium 0.05%, silicon 0.07%, iron 
0.05%, and carbon (as B~C) 0.06%. These lower 
levels, however, were not obtained simultaneously in 
one sample. 

EfJect of cell voltage.--An i m p o r t a n t  factor  con-  
t r i b u t i n g  to product  p u r i t y  is cell vol tage.  A typical  
r e la t ionsh ip  be t w e e n  sod ium i m p u r i t y  and  cell vo l t -  
age is p re sen ted  in  F i g u r e  3. At  vol tages  be tween  
0.9-1.0 v sodium con ten t s  were  as low as 0.05%, bu t  
no smooth  cor re la t ion  was  obta ined.  It  mus t  be 
po in ted  out  tha t  anodic  c u r r e n t  dens i ty  is not  con-  
s t an t  in  this  system. 

A s imi la r  r e la t ionsh ip  can be shown  for the s i l i -  
con and  i ron  impur i t ies ,  bu t  the  final level  of these 
impur i t i e s  are also d e p e n d e n t  on the  processing 
technique .  

These resul t s  ind ica te  tha t  the concen t ra t ion  of 
m a j o r  impur i t i e s  in  the  product  is a d i rec t  func t ion  
of cell vol tage,  the h igher  the  cell vol tages the  
h igher  the  impur i t ies .  

Elec t ro ly t ic  decomposi t ion  of the  f luoborate  and  
a lka l i  ha l ides  occur at  h igher  voltages.  These reac -  
t ions are  ind ica ted  by  the  l i be ra t ion  of chlor ine  and 
adve r se ly  affect the c u r r e n t  efficiency of the process 
as wel l  as p roduc t  pu r i ty .  

As long as sodium is a componen t  of the electro-  
lyte,  the re  wi l l  be some sodium con tamina t ion ,  bu t  
by  m a i n t a i n i n g  vol tage  be low 1.2 v, sod ium conten t  
m a y  be kep t  be low 0.2%. 

Origin of other contaminants.--Table I lists the 
typica l  spec t rographic  ana lyses  of the  n e w  raw m a -  
ter ia ls  e n t e r i n g  the  process and  the  ma te r i a l s  of con-  
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Fig. 3. Sodium content of boron product as a function 
of cell voltage, 
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Table I. Semi-Quantitative spectrographic analyses 

W e i g h t  p e r  c e n t  

C o n s t i t u e n t  B,C* KBF4* C a r b o n ?  G r a p h i t e $  

Boron Major Major - -  0.0008 
Silicon 0.17 0.02 0.017 0.012 
I ron 1.2 0.015 0.045 0.032 
Magnesium 0.26 0.00092 0.0068 0.0016 
Ti tan ium 0.10 ni l  0.0018 0.0036 
Copper 0.0072 0.0011 0.0013 0.00044 
Manganese 0.16 ni l  - -  - -  
Calcium 0.026 0.26 0.038 0.018 
Z i r c o n i u m  0.20 nil -- -- 

A l u m i n u m  0.3 0.0034 0.012 0.030 

* T e c h n i c a l  g r a d e s .  
% G r a d e  20 p o r o u s  ca rbon .  
$ C. S. G r a p h i t e .  

s t ruct ion.  Boron carb ide  conta ins  the ma jo r  con-  
t a m i n a n t s  except  for the  ca lc ium in the  f luoborate.  
Thus, p u r i t y  of the  e l emen ta l  boron  is closely al l ied 
to the p u r i t y  of boron  carbide.  Si l icon and  i ron  are 
anodica l ly  t r an s f e r r ed  in  this  process. 

P re -e l ec t ro lys i s  yields  a deposit  con t a in ing  ap-  
p r o x i m a t e l y  14% iron, 12% silicon, and  on ly  16% 
boron.  

F igu re  4 p resen t s  p roduc t  p u r i t y  as a func t ion  of 
c u m u l a t i v e  electrolysis.  These resul t s  ind ica te  tha t  
w h e n e v e r  a n e w  charge is e lec t rolyzed the p u r i t y  is 
low p r o b a b l y  due to mois tu re  and  the  impur i t i e s  in  
the bo ron  carb ide  and  the  salts. 

Af te r  an  in i t i a l  cond i t ion ing  per iod  the  p u r i t y  i n -  
creases and  r ema ins  h igh d u r i n g  most  of the  r e m a i n -  
ing electrolysis .  Drop off in  p u r i t y  is a t t r i b u t e d  to 
h igher  t r ans f e r  vol tages  r e su l t ing  f rom the  b u i l d - u p  
of ca rbon  in  the  anode c o m p a r t m e n t  as bo ron  is de-  
pleted.  If the  p roduc t  cover ing  90% of the elec-  
t rolysis  t ime  were  combined  into a s ingle  sample,  an  
average  p roduc t  p u r i t y  of 98% wou ld  resul t .  The 
m a x i m u m  p u r i t y  a t t a ined  was  99.8% boron.  

Effect of temperature . - -High-puri ty  produc t  is 
ob ta ined  at  good c u r r e n t  efficiencies w i t h i n  a t e m -  
p e r a t u r e  r a n g e  of 700~176 No defini te  r e l a t i on -  
ship b e t w e e n  t e m p e r a t u r e  and  p roduc t  p u r i t y  has 
been  not iced  w i t h i n  this  range.  A l though  a de-  
ta i led  s tudy  of the phase  re la t ionsh ip  of the KC1- 
NaC1-KBF,  m i x t u r e  has no t  been  made,  opera t ion  
above the  KC1-NaC1 eutect ic  660~ m u s t  be  e m-  
ployed.  Above  850~ loss of the  f luoborate  increases  
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Fig. 4. Product purity as a fdnction of cumulative am- 
pere-hours. 
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and  deposits  t end  to fal l  f rom the  cathode. A com-  
promise  t e m p e r a t u r e  of 800~ was adopted  for the 
ma j o r  pa r t  of this  inves t iga t ion .  

Current density.--Cathodic c u r r e n t  dens i ty  has 
been  va r i ed  b e t w e e n  12 to 75.0 a m p / d m l  High cu r -  
r e n t  efficiencies are ob ta ined  t h r o u g h o u t  this range .  
No s ignif icant  co r re l a t ion  was found  b e t w e e n  in i t i a l  
c u r r e n t  dens i ty  a nd  boron  pur i ty .  

Boron materia~ ba~ance.--It has been  s ta ted t ha t  
bo ron  was  der ived  f rom the carb ide  and  tha t  f luo- 
bora te  was on ly  a ca r r i e r  salt. P rev ious  e lectrolysis  
sys tems (4, 9, 10, 13-16) have  opera ted  at h igher  
vol tages  and  c o n s e q u e n t l y  have  not  been  anodic  
t r ans fe r  processes. 

Tab le  II lists some exper iments ,  which  offer some 
proof tha t  in  this  sys tem boron  is der ived  f rom the  
anodic  boron  carbide.  

The fo l lowing poin ts  should be not iced:  (a) ex-  
pe r i me n t s  conducted  wi thou t  boron  carb ide  ( re -  
gardless  of a ca r r i e r )  gave no p roduc t  be low 1.3 v; 
(b)  e xpe r i me n t s  conducted  w i t hou t  f luoborate  (wi th  
B4C) also gave no p roduc t  even  up to 2.2 v; (c) the  
so lvent  for the ca r r i e r  salt  m a y  be pu re  KC1, NaC1, 
or ha l ide  mi x t u r e s ;  (d) at vol tages  h igher  t h a n  3 v 
bo ron  t r ich lor ide  is formed.  

Ana lyses  of the  boron  carb ide  also give ev idence  
of the  boron  be ing  extracted.  These da ta  are p r e -  
sented  in  Tab le  III.  

F i n a l  proof of boron  t r ans f e r  is p re sen ted  in  Tab le  
IV. E x a m i n a t i o n  indica tes  tha t  a to ta l  of 61 g of e le-  
m e n t a l  boron  was  ex t rac ted  on the  cathode deposi t  
d u r i n g  electrolysis ,  whereas  on ly  12 g of boron  was  
ava i l ab le  in i t i a l ly  in  the  f luoborate  and  11 g of this  
we re  accounted  for at the  comple t ion  of electrolysis .  

Cell electrolyte.--Cell e lec t ro ly te  ana lyses  have  
ind ica ted  tha t  concen t ra t ions  of sodium, potass ium,  

Table II. Electrolytic systems 

E l e c t r o l y t e  A n o d e  V o l t a g e  Y i e l d  

KC1-KBF~-NaC1 None < 1.0 None 
KC1-KBF,-NaC1 None > 1.3 Some 
KC1-KBF~ None <1.0 None 
KC1-NaC1 Boron carbide 2.2 None 
KC1-NaC1 Boron carbide 3.2 None* 
KC1-NaC1-NaF Boron carbide 1.2 None 
KC1-KBF~ Boron carbide < 1.0 Yes 
KC1-KBF,-NaC1 Boron carbide <1.0 Yes 
LiC1-KF-KBF~ Boron carbide 2.8 Some 
KC1-KF-KBF~ Boron carbide <1.1 Yes 

* BCh f u m e s .  

Table III. Anodic transfer of boron from 'boron carbide 

W e i g h t  p e r  c e n t  

B e f o r e  
e l ec t ro lys i s*  

A f t e r  
e l e c t r o l y s i s ?  

Total B 75.4 18.8 
H~O Sol. B 0.05 - -  
HNO3 Ins. 98.2 83.58 
Fe 0.11 0.04 
Si 0.16 - -  
B in HNO~ Ins. 76.58 19.61 

* T e c h n i c a l  g r a d e  p o w d e r  B4C. 
% A n a l y s i s  a f t e r  1063 a m p - h r  of e lectrolysis .  
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Table IV. Boron balance in boron carbide cell 

g g 

Total boron in cell ini t ial ly:  
As B4C 74 
As KBF, (electrolyte) 12 

Total boron remain ing  in  cell after electrolysis: 
In  anode charge 13 
In  electrolyte 8 

Total boron removed from cell dur ing electrolysis: 
By deposition 61 
By salt drag out and sampling 3 

86 

21 

64 
85 

1 
Total boron accounted for 
Boron unaccounted for 

and  chlor ide ions do not  change  apprec i ab ly  d u r i n g  
electrolysis.  Concen t r a t i ons  as a f unc t i on  of c u m u -  
la t ive  a m p e r e - h o u r s  are  p resen ted  in  Fig. 5. Al l  con-  
cen t r a t ions  are r e l a t i ve ly  cons t an t  except  tha t  of the  
fluoride ion. This is c o n t r a r y  to w h a t  is expected in 
the e lectrolysis  of a ha l ide - f luobora te  sys tem where  
the po tass ium fluoride concen t r a t i on  increases  as 
boron  fluoride is r educed  to boron.  The  boron  con-  
cen t r a t ion  at the s tar t  increases  for a shor t  per iod of 
t ime. This p r o b a b l y  represen t s  the so lu t ion  of bo ron  
f rom the carbide.  This  obse rva t ion  is i l lus t ra ted  
v iv id ly  in  Fig. 6 w h e n  the  f luoride to boron  mol  
rat ios are p lot ted  as a func t ion  of e lectrolysis  t ime. 
The  ra t io  in  f luoborate  is four,  whi le  an  inspec t ion  
of the  curve  shows a decrease to a ra t io  of two. 
Chemica l  ana lyses  of the  purge  gas ind ica te  tha t  
some fluoride is lost f rom the  sys tem as boron  t r i -  
fluoride, bu t  the ra te  of so lu t ion  of bo ron  f rom the  
carb ide  more  t h a n  compensa tes  for tha t  vola t ized 
f rom the  system. Mate r i a l  ba lance  data  ind ica te  tha t  
the  phys ica l  q u a n t i t y  of f luoborate  lost  is r e l a t ive ly  
smal l  and  can be made  up  by  f luoborate  addit ions.  

Electrolysis data.lCurrent efficiency for this  sys-  
t em is based on the  fo l lowing  electrode react ion:  

B ~ H - 3 e ~ B  ~ [1] 

Some da ta  on electrolysis  are p resen ted  in Tab le  
V. High c u r r e n t  efficiencies are ob ta ined  and  ene rgy  
consumpt ion  is low. A p o u n d  of 94-99% boron  re -  
quires  f rom 3-4 k w h r  of e lectr ical  energy.  

Summary and Conclusions 
A n  elec t ro ly t ic  anode  t r a n s f e r  process for the  

p r e p a r a t i o n  of h i g h - p u r i t y  e l emen ta l  boron  f rom 
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Fig. 5. Electrolyte composition as function of cumulative 
ampere-hours. 
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Fig. 6. Fluoride boron mole ratio as a function of cumu- 
lative ampere-hours. 

boron  carb ide  has been  presented .  Evidence  tha t  the 
process is one of anodic  t r a n s f e r  is inc luded.  

The fo l lowing conclusions  conce rn ing  this  me thod  
of p r e pa r i ng  e l emen ta l  boron  can be set for th:  

1. Boron of at least  99.8% p u r i t y  can be made  
d i rec t ly  f rom technica l  g rade  mate r i a l s  w i thou t  
p r io r  pur i f ica t ion  t r ea tmen t .  

2. E l e m e n t a l  boron  can be p r epa red  in  pur i t i es  
at  least  equa l  to tha t  a t t a i ned  via vapor  deposi t ion 
processes w i t hou t  the co r respond ing  heavy  me ta l  
con tamina t ion .  

3. Major  impur i t i e s  are sodium, silicon, iron, and  
carbon.  The to ta l  of these impur i t i e s  can be reduced  
to 0.2% or less. 

4. I m p u r i t y  levels  in  the  boron  are a f unc t i on  of 
the  e lectrolysis  vol tage  and  p u r i t y  of the boron  car -  
bide. 

Table V. Electrolysis data 

Temp,  Vol tage ,  Cur r en t ,  T ime,  F i n a l  depos i t  C a t h o d i c  c u r r e n t  C u r r e n t  k w h r / l b  
~ v a m p  h r  w e i g h t ,  g dens i ty ,  a m p / d m ~  efficiency,  % B o r o n  

735 1.1 6.9 24 21 16.6 92.0 3.9 
740 1.1 6.5 23 18.8. 14.4 90 4.0 
725 1.1 3.5 29.5 12.0 11.9 81 4.3 
790 1.0 7.9 19.0 17.4 13.5 96 3.9 
800 1.0 6.9 19.0 17.5 14.0 98 3.4 
800 1.0 4.2 24.0 12.7 9.0 90 3.6 
795 1.0 5.3 23 17.1 11.3 97 3.2 
800 1.0 3.7 23 12.9 8.4 101 3.0 
810 0.9 5.8 52.5 39.6 10.7 90 3.1 
810 1.0 4.1 66 35.7 8.2 94 3.4 
800 1.0 5.7 30 21.7 5.1 92 3.6 
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5. Voltages less t h a n  1.2 v, cathodic c u r r e n t  
densi t ies  b e t w e e n  12.0 and  75.0 a m p / d m  2, and  800~ 
are the p re f e r r ed  condi t ions  of electrolysis.  

6. C u r r e n t  efficiencies for this  anodic  t r ans f e r  
process are high. Efficiencies in  excess of 95% are  
easi ly obta ined.  E n e r g y  c o n s u m p t i o n  is 3-4 k w h r / l b  
boron.  

7. The app l ica t ion  of this  t echn ique  as a sec- 
o n d a r y  u p g r a d i n g  t echn ique  for h igher  p u r i t y  borons  
has been  postula ted.  
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Contribution to the Theory of Current Distribution in Local Cells 

Carl Wagner 

Max-Planck - Ins t i t u t  fiir physikal ische Chemie,  GSttingen, Germany  

ABSTRACT 

The dis tr ibut ion of the anodic current  density in local cells involving 
anodic dissolution of a metal  and reduct ion of oxygen as the cathodic reaction 
is calculated for a diffusion controlled l imit ing cathodic current  density. 

Statement of the Problem 
Corrosion of meta l s  in aqueous  solut ions  m a y  in  

genera l  be accounted  for by  the superpos i t ion  of 
anodic  and  cathodic react ions.  The anodic  reac -  
t ion  which  is the  dissolut ion of a specified me t a l  is 
i n h e r e n t l y  confined to the surface  of t ha t  metal .  
Cathodic reac t ions  invo lve  reduc t ion  of oxidizers,  
e.g., r educ t ion  of e l emen ta l  oxygen  to water ,  or 
evo lu t ion  of h y d r o g e n  f rom h y d r o g e n  ions. If on ly  
one me ta l  w i t h o u t  inhomogene i t i e s  is present ,  a n -  
odic and  cathodic react ions  occur r a n d o m l y  at its 
surface (1) ,  and  the ne t  c u r r e n t  dens i ty  van i shes  
eve rywhere .  In  the presence  of chemica l ly  ine r t  i n -  
clusions,  conduc t ing  oxide layers ,  or o ther  elec-  
t ronic  conductors  which  are in  e lect r ical  contac t  
with the  meta l ,  cathodic reac t ions  m a y  also occur at  
Lhe sur face  of these mater ia l s .  In  the  l a t t e r  case 
refer red  to as local cell action,  t he re  is a ne t  c u r -  
r en t  f lowing ins ide  the  e lec t ro ly te  f rom the  meta l  
which  is dissolved as anode to the  other  m a t e r i a l  
as cathode. The  occurrence  of cathodic reac t ions  at  
the  other  ma te r i a l s  increases  i n h e r e n t l y  the  ra te  
of d issolu t ion  of me ta l  as the  anodic  reac t ion  and  
thus  aggrava tes  corrosion.  If the  d issolv ing me ta l  

is d i rec t ly  ad jacen t  to cathodic areas,  the ra te  of 
a t tack  is especial ly  h igh  at the bounda r y .  Thus  con-  
d i t ions  f avor ing  local cell act ion are to be avoided 
if possible in  order  to min imize  corrosion.  This, 
however ,  is no t  a lways  easy to accomplish.  T h e r e -  
fore, it is des i rab le  to f o r mu l a t e  ru les  of t h u m b  
in  order  to es t imate  the po ten t i a l  dangers  r e su l t ing  
f rom local cell action.  

C u r r e n t  d i s t r i bu t ions  in  local cells have  been  
ca lcula ted  by  W a b e r  and  his associates (2-7) .  For  
cop lanar  ad jacen t  cathodes and  anodes  shown  in  
Fig. 1, the c u r r e n t  dens i ty  nex t  to an anode -ca thode  
b o u n d a r y  becomes inf ini te  if po la r iza t ion  is dis-  
r ega rded  (2) .  Thus  for a real is t ic  approach,  po la r -  

l"y 
I Electro lyte I 
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I 
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Fig. ]. Anode with adjQcent cothodes 



446 

iza t ion m u s t  be t a k e n  in  account  in  es t ima t ing  the  
m a x i m u m  local corrosion ra te  at an  anode -ca thode  
bounda ry .  If both  the  anodic  and  the cathodic 
po la r i za t ion  curve  can be a p p r o x i m a t e d  by  s t ra igh t  
l ines  i nvo lv ing  the  same slope, the  po ten t i a l  d i s -  
t r i b u t i o n  in  the  e lec t ro ly te  can be ob ta ined  in  t e rms  
of a Fou r i e r  series or in teg ra l  and  the re f rom the 
local c u r r e n t  dens i ty  can  be ca lcu la ted  (3,4). Ca l -  
cu la t ions  for o ther  condi t ions  seem desirable .  In  
wha t  fol lows ca lcu la t ions  are p resen ted  for a dif-  
fus ion cont ro l led  l im i t i ng  cathodic cu r r en t  dens i ty  
in  solut ions  con t a in ing  oxygen.  

In  accord wi th  W a b e r  it  is a ssumed  tha t  there  
are no solid corrosion products  which  impede  di f -  
fus ion  and  conduc t ion  in  the  electrolyte .  

General Presuppositions 
The electr ical  po ten t i a l  ~ in an e lec t ro ly te  i n v o l v -  

ing a cons t an t  e lectr ical  conduc t iv i ty  obeys the La -  
place equa t ion  

div  grad r = 0 [ 1 ] 

For  a s ingle  cathodic and  a s ingle  anodic  reac t ion  
and  for a cons tan t  e lectr ical  po ten t i a l  in the meta l l i c  
conductors ,  the b o u n d a r y  condi t ions  can be f o r m u -  
la ted  as (8) 

(anode) + ~,,(J~) -- ~p~ [2] 

~b (ca thode)  -- ~<.(J~) .... r [3] 

where  r (anode)  and  r (ca thode)  are  the electr ical  
po ten t ia l s  in the  e lec t ro ly te  nex t  to the anode and  
the cathode,  respect ively ,  ~,, and  ~< are constants ,  
and  v, and  vo, respect ively ,  are  the absolu te  va lues  
of the  overpo ten t ia l s  of the anodic  and  the cathodic 
reac t ion  cor responding  to the absolu te  local cu r -  
r en t  densi t ies  J~ and  J~. Since cat ions are supposed 
to m ig ra t e  f rom the  anode  toward  the cathode, r 
(anode)  is more  posi t ive  t h a n  ~ (ca thode) .  

At  the  anode,  me ta l  is dissolved and  s i m u l t a n e -  
ously  the  oxidizer,  e.g., oxygen,  is reduced 
cathodical ly .  The  ne t  c u r r e n t  dens i ty  at  the anode,  
J~< --  J~, is equa l  to the  p roduc t  of the specific con-  
duc t iv i ty  ~ of the  e lec t ro ly te  and  the  absolu te  va lue  
of the local po ten t i a l  g rad ien t ,  0~b/0 n, n o r m a l  to the 
surface  of the  e lect rode according to Ohm's  law, 

[J,< --  Jc = ~104/0 n l ]  anode [4] 

At  the  cathode, r educ t ion  of oxidizer,  e.g., oxygen,  
is supposed to be the  on ly  electrode react ion.  Thus  

[J~ = ~10~/0 n i l  cathode [5] 

To ob t a in  solut ions  for  the  po ten t i a l  and  the c u r -  
r en t  d i s t r i bu t ion  f rom Eq. [1] to [5],  the  po la r iza -  
t ion  curves  mus t  be k n o w n  for both  the anodic and  
the cathodic react ion.  In  par t i cu la r ,  it is possible to 
ca lcula te  the  local  c u r r e n t  densi t ies  at  both  the  
cathode and  the  anode  as the in tens i t i es  of sources 
and  s inks  wi th  the  help  of an  in tegra l  equa t ion  (8) .  
This  me thod  has been  found  to be prof i table  for cal-  
cu la t ing  the  c u r r e n t  dens i ty  d i s t r i bu t ion  in cells 
used for the  deposi t ion  of metals .  So far, l i nea r  
po la r iza t ion  curves  have  been  assumed.  It  is pos-  
sible, however ,  to f o r m u l a t e  and  to solve the  i n -  
tegra l  equa t ion  also for  o ther  types  of cathodic  
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or anodic po la r iza t ion  curves  wi th  the help of n u -  
mer ica l  methods.  

U nde r  most  prac t ica l  condi t ions,  the  polar iza t ion  
curves  are no t  k n o w n  and  no t  easy to de te rmine .  
Consequently, for practical purposes one has to rely 
on direct observations of corrosion rates rather than 
on calculations based on polarization curves. Direct 
observations always refer to a special set of con- 
ditions. To predict corrosion rates under somewhat 
different conditions, it is, therefore, necessary to 
make conjectures and extrapolations. To this end, 
this paper presents calculations for conditions which 
are idealized yet characteristic of practical situa- 
tions. 

In most practical cases, corrosion involves reduc- 
tion of oxygen as the cathodic reaction. The cur- 
rent density Jc at the cathode as a function of the 
negative value of the local single electrode potential 
rises first exponentially owing to activation control 
and finally tends to a limiting value Jr cor- 
responding to diffusion control. The value Jo<,,,,~) is 
proportional to the concentration of oxygen in the 
bulk electrolyte and moreover depends on the con- 
vection of the electrolyte. This type of polarization 
curve is well known from polarographie investiga- 
tions. The behavior of the cathode may, therefore, 
be approximated by 

Jc ~ 0 if --E~ < --E,(,..,~ [6] 

Jc ~ J<r if --Er > --E,(Ji~> [7] 

where  Er denotes  the h a l f - w a v e  po ten t i a l  at  
which  J~ = Jr 

According  to De lahay  (9) ,  the va lue  of J~<,,,~> 
m a y  not  be s i n g l e - v a l u e d  because  oxygen  is re -  
duced e i ther  to H20~, or to H~O especial ly  at lower 
s ingle  e lect rode potent ia ls .  In  the  la t te r  case the m a x -  
i m u m  c u r r e n t  dens i ty  is twice  as m u c h  as for re -  
duc t ion  to H~O,. This, however ,  is i r r e l evan t  for the 
ca lcula t ion  of the order  of m a g n i t u d e  of local cell 
action. 

The e q u i l i b r i u m  s ingle  e lect rode po ten t i a l  E~,> 
of the  d issolv ing meta l  is a s sumed  to be more  nega -  
t ive  t h a n  the h a l f - w a v e  po ten t i a l  E,<~j~> of oxygen  
where  signs of po ten t ia l s  are  chosen in  accord wi th  
the S tockholm convent ion .  The  difference 

AE -- E,,(.~>--E,~o,,> [8] 

is, therefore, assumed to be positive. 
In a solution containing oxygen and under con- 

ditions precluding local ce]l action, a metal ex- 
hibiting a high activation polarization on dissolving 
may assume essentially the half-wave potential of 
oxygen. Under these conditions AE is balanced 
mainly by the overpotential of the dissolving metal, 

AE --~ V,~(J, = J~<.,~>) [9] 

Thus  ne i t he r  increase  of oxygen  supp ly  nor  local 
cell act ion affects the ra te  of me ta l  d issolu t ion  to a 
s ignif icant  ex tent .  

The fo l lowing  cons idera t ions  refer,  therefore ,  to 
more  reac t ive  meta l s  such as zinc which  exh ib i t  a 
r e l a t ive ly  low ac t iva t ion  po la r i za t ion  on dissolut ion.  
I t  is a ssumed  tha t  w i t hou t  local  cell act ion the  cor-  
rosion ra te  is cont ro l led  by  diffusion of oxygen,  i.e., 
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J~ ----~ J..(m~) [10] 

M o r e o v e r  i t  is a s s u m e d  t h a t  t he  anod ic  p o l a r i z a -  
t ion  c u r v e  m a y  be a p p r o x i m a t e d  b y  a s t r a i g h t  l ine  
over  a suff ic ient ly  w i d e  r a n g e  c o r r e s p o n d i n g  to the  
r e l a t i o n  

w h e r e  E o is t he  e l ec t rode  p o t e n t i a l  of t he  anode  w i t h  
a c u r r e n t  d e n s i t y  J ,  and  h, = d E / d J ~  is a cons tan t .  

In  t he  case  of local  cel l  act ion,  t he  m a x i m u m  cor -  
ros ion  r a t e  is a t t a i n e d  if t he  d i s so lv ing  m e t a l  is 
p o l a r i z e d  to t he  h a l f - w a v e  p o t e n t i a l  E~(~I~ ~ of t he  
ca thodic  reac t ion .  The  c o r r e s p o n d i n g  p o t e n t i a l  shi f t  
is ~ = AE and  the  c u r r e n t  d e n s i t y  J ,  is equa l  to 
A E / h ~  acco rd ing  to Eq. [11].  F o r  a s igni f icant  r i se  
of the  anod ic  d i s so lu t ion  r a t e  of a m e t a l  due  to loca l  
cel l  ac t ion  i t  is, t he r e fo re ,  n e c e s s a r y  t h a t  ~,E/h~ > >  

Jo(,,.,~), or 
AE/h,J~(,~,~) > >  1 [12] 

Coplanar Cathodes and Anodes 
C o p l a n a r  ca thodes  and  anodes  a r e  cons ide red  as 

one of t he  mos t  i m p o r t a n t  p r a c t i c a l  cases  i n v o l v i n g  
local  cel l  act ion.  The  t w o - d i m e n s i o n a l  g e o m e t r y  of 
t he  e l ec t rodes  is shown  in Fig.  1 and  is i den t i ca l  w i th  
the  g e o m e t r y  cons ide red  b y  W a b e r  and  R o s e n b l u t h  
(3) .  The  anode  is s u p p o s e d  to have  a f ini te  w i d t h  
a. The  ca thodes  at  e i t h e r  s ide  of t he  a n o d e  a re  
supposed  to cons is t  of a n o t h e r  c h e m i c a l l y  i n e r t  m a -  
t e r i a l  i n v o l v i n g  a h igh  e l ec t r i c a l  conduc t i v i t y .  The  
w i d t h  of t he  ca thodes  and  the  d e p t h  of t he  e l e c t r o -  
l y t e  a r e  a s s u m e d  to be  infinite.  

A c c o r d i n g  to p r e v i o u s  ca lcu la t ions  for  s im i l a r  
s i tua t ions  (3, 4, 8),  one m a y  a n t i c i p a t e  two  d i f -  
f e r en t  l i m i t i n g  cases  d e t e r m i n e d  b y  the  m a g n i t u d e  
of the  d imens ion l e s s  r a t i o  a / k ,  w h e r e  a is t he  w i d t h  
of t he  anode  and  ko = ~h,  is t he  s o - c a l l e d  p o l a r i z a -  
t ion  p a r a m e t e r .  

I. If  a < <  ~h,,  p o l a r i z a t i o n  enforces  a n e a r l y  u n i -  
form anod ic  c u r r e n t  dens i ty ,  t he  p o t e n t i a l  d rop  in 
the  e l e c t r o l y t e  becomes  ins igni f icant ,  and  E~ ~ Eo(~/~). 
Hence,  in v i ew  of Eq. [8]  and  [11] 

J~ = A E / h ~  [13] 

II.  If  a ~ >  (rh,, the  p o t e n t i a l  in t he  e l e c t r o l y t e  
a long  the  anode  is n e a r l y  cons t an t  w h e r e a s  t h e  a n -  
odic c u r r e n t  d e n s i t y  va r i e s  g r e a t l y  and  is e spec i a l l y  
h igh  a t  t he  a n o d e - c a t h o d e  b o u n d a r y .  U n d e r  these  
condi t ions ,  an a p p r o x i m a t e  so lu t ion  of the  c u r r e n t  
d i s t r i b u t i o n  m a y  be  o b t a i n e d  b y  ca l cu l a t i ng  first  
the  p o t e n t i a l  and  c u r r e n t  d i s t r i b u t i o n  in the  e lec -  
t r o l y t e  for  v a n i s h i n g  p o l a r i z a t i o n  of the  a n o d e  and  
i n t r o d u c i n g  s u b s e q u e n t l y  t he  effect of anodic  p o l a r -  
i za t ion  as a p e r t u r b a t i o n .  

In  v i ew  of Eq. [6]  a n d  [7] ,  t he  L a p l a c e  e q u a t i o n  
for  t he  e l ec t r i ca l  p o t e n t i a l  r in t he  e l e c t r o l y t e  as a 
func t ion  of t he  coo rd ina t e s  x and  y is to be  so lved  
for  t he  b o u n d a r y  cond i t ion  

= 0  at  Ixl_--<a/2, y ~ O  

O~/Oy = J , . ~ m , ~ ) / ~ a t a / 2  <= lxl _-< ( a + c ) / 2 ,  y = 0 

Or = Oat  Ix] > ( a + c ) / 2 ,  y = 0 
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Equation [14] refers to the anode of width a at 
which the potential r is supposedly constant and 
equal to zero by definition. Equation [15] refers 
to those sections of the cathodes where the single 
electrode potential is more negative than the half- 
wave potential. Equation [16] refers to farther sec- 
tions of the cathode. 

The distance (a+c)/2 at which the local single 
electrode potential is equal to the half-wave po- 
tential E~c,/~ of the cathodic reaction is not ex- 
plicitly given but implicitly by the condition that 
the electrical potential r at Ixl ~ (a+c)/2, y ~ 0 
must be equal to the negative value of the dif- 
ference bE between the half-wave potential E~(,~ 
of the cathodic reaction and the equilibrium single 
electrode potential E.(eq) of the anode, 

(~[]x I = ( a - F c ) / 2 ,  y = 0] 
= - -  [E~(e,,) - -  Eo(~/~)] = - - A E  [17] 

A n  a p p r o x i m a t e  so lu t ion  m a y  be  o b t a i n e d  b y  
d i s r e g a r d i n g  the  oc c u r r e nc e  of c u r r e n t  l ines  b e y o n d  
the  b r o k e n  l ines  in Fig.  1 c o r r e s p o n d i n g  to  t h e  
b o u n d a r y  cond i t ion  

O~b/Ox = 0 at  Ix I = ( a §  y > 0  [18] 

A n  ana logous  p r o b l e m  has  been  c ons ide r ed  in 
con junc t i on  w i t h  ca thod ic  p r o t e c t i o n  (10) .  Us ing  
Eq. [36] of a p r e v i o u s  p a p e r  (10) w i t h  t he  n o t a t i o n  
of t he  p r e s e n t  pape r ,  one has  

+ J<.<~,<:~ { a-i-e [ s in , r  z / ( a + c )  ] } 
- -  - y -F - -  R e  i s i n  -I - -  

7r sin ~ra/2 ( a + c )  

[19] 

w h e r e  z --~ x -F i y is the  c o m p l e x  v a r i a b l e  used  
in c o n f o r m a l  m a p p i n g .  E q u a t i o n  [19] sat isf ies t he  
L a p l a c e  equa t ion  and  the  b o u n d a r y  cond i t ions  s t a t ed  
in Eq. [14],  [15] ,  and  [18] .  

S u b s t i t u t i o n  of Eq. [19] in Eq. [17]  y i e ld s  

o-bE ( l + c / a  1 } 
- -  - -  c - - -  c o s h  - '  

J,.(m~,) ~ c / a  sin [~r/2 ( 1 -I-c/a) ] 

[20] 

The  e xp re s s ion  in b r ace s  is e q u a l  to 1/2 if c / a  < <  1, 
a n d  equa l  to 2.28 if c / a  = 1000. Thus,  for  mos t  
p r a c t i c a l  s i tua t ions ,  t he  e x p r e s s i o n  in  b r ace s  m a y  
be  a s s u m e d  to be  equa l  to u n i t y  in o r d e r  to o b t a i n  
the  o r d e r  of m a g n i t u d e  of c. H e n c e  

c ,.~ o" AE/J'<(m~) [21]  

The  v a l u e  of c m a y  be  c ons ide r e d  as t he  ef fec t ive  
w i d t h  of the  ca thod ic  a r eas  w h i c h  d e t e r m i n e s  t he  
m a g n i t u d e  of the  a m o u n t  of o x y g e n  r e a c t i n g  at  t h e  
ca thode .  

The  p o t e n t i a l  a t  t he  a n o d e  is e q u a l  to zero b y  
def in i t ion  acco rd ing  to  Eq. [14] .  The  p o t e n t i a l  a t  
t he  ca thode  is g iven  b y  Eq. [19] ,  

r  > a /2 ,  y = O) = 
( a + c )  Jo(,,,~) s i n [ T r x / ( a + c )  ] 

[ 1 4 ]  - -  c o s h  -~ [ 2 2 ]  
7r o- s in[~ra/2 ( aWc)  ] 

[15]  
F r o m  Eq. [19] and  O h m ' s  l a w  the  ne t  c u r r e n t  

[16] d e n s i t y  J ,  - -  J,,n,~) at  t he  anode  is o b t a i n e d  as 
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J,--J~.(,,,~> = - - ~ (  0~---y )ix1 < a/2, y = 0 

C O S  

= J '~"~  [s in~ (~ ra /2~  (--~-~c). [ ~x , ]1 /~ - -  1 . [23] 

T h e  v a l i d i t y  of Eq. [19]  to [23]  is r e s t r i c t e d  b e -  
cause  of t he  u n d e r l y i n g  a p p r o x i m a t i o n s .  F i r s t ,  i t  
m u s t  be  r e c a l l e d  t h a t  t he  ca thod ic  c u r r e n t  d e n s i t y  
is a con t inuous  func t ion  of t he  e l e c t r o d e  p o t e n t i a l  
in c o n t r a s t  to the  s tep  func t ion  sugges t ed  in Eq. [6]  
and  [7]  on w h i c h  Eq. [15] and  [16] a r e  based .  
Second,  c u r r e n t  l ines  s p r e a d  b e y o n d  Ixl ---- ( a W c ) / 2  
in c o n t r a d i s t i n c t i o n  to t he  b o u n d a r y  cond i t ion  in 
Eq. [18] u sed  i n s t e a d  of Eq. [16] .  Th i rd ,  anod ic  
p o l a r i z a t i o n  has  been  i g n o r e d  b u t  m u s t  be  con-  
s idered .  

If  c > >  a, i.e., a cco rd ing  to Eq. [21],  if 

o- A E / a J ~ ( , , a x ~  1 [24] 

mos t  of t h e  p o t e n t i a l  d r o p  in t he  e l e c t r o l y t e  occurs  
in f ron t  of t he  anode  w h e r e  c u r r e n t  l ines  a r e  
c rowded .  A p p r o x i m a t i o n s  used  for  t h e  c a l c u l a t i o n  of 
t h e  p o t e n t i a l  r fa r  a w a y  f rom the  anode,  e spec i a l l y  
at  x -->_ ( a §  are ,  t he re fo re ,  v i r t u a l l y  i r r e l e v a n t  
for  t he  v a l i d i t y  of Eq. [23].  Dev i a t i ons  f rom Eq. 
[23] a r e  m a i n l y  due  to anodic  po la r i za t ion .  P e r t i n e n t  
ca l cu la t ions  a r e  p r e s e n t e d  be low.  

If  c o n v e r s e l y  c < <  a, i.e., if 

o" AE/aJ~(,n,x~ < <  1 [25] 

most  of t he  p o t e n t i a l  d rop  in t he  
in f ron t  of t he  ca thodes  w h e r e  
c r o w d e d .  Consequen t ly ,  if  c < <  
ima t ions  a t  the  ou te r  b o u n d a r y  

e l e c t r o l y t e  occurs  
c u r r e n t  l ines  a r e  
a, use  of a p p r o x -  

of t he  ca thodes ,  
i.e., ]x] --~ ( a + c ) / 2  causes  a m u c h  g r e a t e r  e r r o r  t han  
in the  f o r m e r  case w h e r e  c > >  a. E v e n  if  c < <  a, 
h o w e v e r ,  Eq. [22] and  [23] y i e l d  the  co r rec t  o r d e r  
of m a g n i t u d e  of ~ and  J ,  n e x t  to t he  a n o d e - c a t h o d e  
b o u n d a r y  if  anodic  p o l a r i z a t i o n  is neg l ig ib le .  

S ince  c u r r e n t  l ines  end ing  at  t he  c a thode  a t  
[x I < (a+c)/2 spread beyond [x[ = (a+c)/2, the 
decrease of the potential along the cathode with 
increasing distance x is less steep than has been 
calculated from Eq. [19] based on Eq. [18] accord- 
ing to which current lines beyond ix I ~ (a-~c)/2 
are precluded. The magnitude of this error may 
be estimated by comparing the variation of the po- 
tential at the surface of a galvanic couple involving 
constant current densities J at the cathode and the 
anode of equal width b/2 for conditions indicated in 
Fig. 2a and 2b. The potential distribution in the 
electrolyte can be calculated readily by superimpos- 
ing the potentials resulting from line sources and 
sinks (11). In this way the change in the potential 
along the cathode of Fig. 2a without current lines 
beyond the boundaries of the electrodes is found 
to be 

r  = b / 2 )  - -  ~b(x ---- b )  

__ b J  [ y l n s i n ~ ? d ~ ? - - y l n s i n T / d ~ ]  [26]  
~r O" ~/4 o 

= 0.74 ( b J / ~ )  

O J  Elec t ro ly te  

\ \ \ \ \  \\y/////// 

ANODE I CATHODE 

x -- o b,/2 b 

(b) Electrolyte 

NODE I CATHODE! 
X = O b/2 b 

Fig. 2. GalvQnic couples for estimating the effect of side- 
wise spreading of current lines on the potential drop along 
the cathode according to Eq. [26] and [27]. 

w h e r e a s  for  cond i t ions  shown  in Fig.  2b w i th  c u r -  
r e n t  l ines  e x p a n d i n g  s idewise ,  

~ ( x  : b / 2 )  - -  r  = b)  
= [ ( 2  In 2)/~r] ( b J / ~ )  : 0 . 4 4 ( b J / ~ )  [27] 

The  r a t i o  of t he  va lues  c a l c u l a t e d  in Eq. [25] 
and  [26] is 1.7. Thus  cu t t i ng  off the  space  for  t he  
s p r e a d i n g  of c u r r e n t  l ines  b e y o n d  ix] = ( a + c ) / 2  
in Fig.  1 b y  us ing  Eq. [18] i n s t e a d  of Eq. [16] does 
no t  affect t he  o r d e r  of m a g n i t u d e  of t he  a b o v e  ca l -  
cu l a t i ons  even  if c < <  a as f a r  as t he  v i c i n i t y  of 
t he  a n o d e - c a t h o d e  b o u n d a r y  is concerned .  

A c c o r d i n g  to Eq. [23],  the  anod ic  c u r r e n t  d e n s i t y  
at  the  a n o d e - c a t h o d e  b o u n d a r y  x = a / 2  t ends  to 
in f in i ty  as in o t h e r  p r o b l e m s  w h e r e  p o l a r i z a t i o n  at  
a b o u n d a r y  is d i s r e g a r d e d  (2, 3, 8).  Thus  p o l a r i z a -  
t ion  m u s t  be t a k e n  in account  in o r d e r  to o b t a i n  
a r ea l i s t i c  r esu l t .  To this  end,  an a p p r o x i m a t e  
m e t h o d  i n d i c a t e d  in Fig.  6 of a p r e v i o u s  p a p e r  (8) 
m a y  be  e m p l o y e d  as is shown  in w h a t  fo l lows.  

Equa t i ons  [22] and  [23] h a v e  been  d e r i v e d  for  
van i sh ing  anod ic  po la r i za t ion .  If  anodic  p o l a r i z a -  
t ion  is c ons ide r e d  to be  a m i n o r  p e r t u r b a t i o n ,  Eq. 
[22]  and  [23] m a y  s t i l l  be  used  as f i r s t - o r d e r  a p -  
p r o x i m a t i o n s  e x c e p t  for  t he  i m m e d i a t e  v i c i n i t y  of 
t he  a n o d e - c a t h o d e  b o u n d a r y .  

F o r  each  of t he  l im i t i ng  cases  c > >  a and  c < <  a, 
one ob ta ins  f r o m  Eq. [22] and  [23] 

J . ( x  ~ a / 2 )  ---- A ( a / 2  - -  x)  ~ [28] 

~ ( x  --~ a / 2 )  = - -  B ( x  - -  a / 2 )  1/~ [29] 

The  s y m b o l s  --~ and  --~ m e a n  " s l i g h t l y  s m a l l e r  
t h a n "  and  " s l i g h t l y  g r e a t e r  t han , "  r e spec t ive ly .  The  
cons tan t s  A and  B a re  c a l c u l a t e d  b e l o w  in Eq. [39] 
and  [42] for  c > > a  and in Eq. [48] and  [52] for  
c < < a .  

Since anodic polarization does occur, the poten- 
tial at the anode is lowered by h,J.. In view of 
Eq. [14] 

r = -- h.J. if x < a/2 [30] 

Substitution of Eq. [28] in Eq. [30] yields 

r  --~ a / 2 )  ~ - - h . A / ( a / 2 - - x )  1/~ [31] 

In  Fig.  3 t he  p o t e n t i a l  in the  v i c i n i t y  of t he  a n o d e -  
c a thode  b o u n d a r y  is shown  as  c u r v e  I and  c u r v e  I I  
c a l c u l a t e d  f r o m  Eq. [31] and  [29] ,  r e spec t ive ly .  Two 
d i v e r g e n t  b r a n c h e s  a r e  ob ta ined .  This  d i v e r g e n c e  is 
due  to t h e  fac t  t h a t  t he  anodic  c u r r e n t  de ns i t y  t ends  
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Fig. 3. Potential r (x, y = O) near the anode-cathode 
boundary at x = a /2 .  

to inf in i ty  at x = a/2,  y = 0 if anodic  po la r iza t ion  
is d isregarded.  Actua l ly ,  the po ten t i a l  m u s t  be 
r ep re sen t ed  by  a smooth curve.  To ob ta in  an  ap-  
p rox imat ion ,  one m a y  d raw the  common t a n g e n t  
l ine  p e r t a i n i n g  to curves  I and  II, which  is ind ica ted  
by  the b roken  l ine  b e t w e e n  the coordinates  x~ and  x, 
in  Fig. 3. 

E q u a t i n g  the slopes of the  t a n g e n t  l ines at x = x, 
and  x = x, and  the  slope of the  b r o k e n  l ine  in  
Fig. 3, one ob ta ins  wi th  the  help of Eq. [29] and  [31] 

h , A  B 

2 ( a / 2  --  x~) ~j~ -- --2(x2 --  a /2 )  v~ 
--  B(x.~-- a /2 )  v~ + h , A / ( a / 2  --x~) v~ 

= [32] 
X e  - -  X 1  

U p o n  s o l v i n g  Eq.  [ 3 2 ]  f o r  ( a / 2  - -  x~) a n d  
(x= --  a / 2 ) ,  it follows tha t  

a/2 -- x~ = 3 v~ h,A/B [33] 

x.~ -- a/2 = 3 ~/~ h,A/B [34] 

With the help of Eq. [31] and [33] the potential 

at the cathode boundary is obtained as 

4 (x  = a/2,  y = 0) 
= q~(x = x~, y = 0) + ( a / 2 - -  x~) (3~/0 x)  .. . . . . . .  

--  (3~/'/2) (h~AB) ~/~ [35] 

Hence  the  anodic  c u r r e n t  dens i ty  at the  anode-  
cathode b o u n d a r y  (x = a /2 )  is found  to be 

J~ = --  ~ ( x  = a / 2 ) / h ,  ~ (3~/'/2) ( A B / h , )  v~ [36] 

Nex t  the  va lues  of A and  B for the  two l imi t ing  
cases c > >  a and  c < <  a are  calculated.  

1. If c > >  a, the  cosine in  Eq. [23] is n e a r l y  
equa l  to u n i t y  and  the  s ine func t ions  m a y  be ap -  
p r o x i m a t e d  by  the i r  a rgumen t s .  Hence  Eq. [23] be-  
comes 

(a + c) 
J~ ~ J~(~)  if c > >  a [37] 

~r ( a~/4 --  x "~) ~/'~ 

For  the v ic in i ty  of the  anode -ca thode  b o u n d a r y  
at  x ~ a/2,  it fol lows f rom Eq. [37] tha t  

a + c  
J. ~ J. , . , . )  

~r[a ( a /2  --  x)  ]v~ 

C 

= ~ [ a ( a / 2 -  x )  ]:'/~ Jr [ 3 8 ]  

Upon  compar ing  Eq. [28] and  [38] it fol lows tha t  

Jr C 
A ~ -  if c > >  a [39] 

,ff 31/2 

If c > >  a and  x ~ a/2,  the sine func t ions  in  Eq. 
[22] m a y  be a p p r o x i m a t e d  by  the i r  a rgumen t s .  Thus  

aq-c 
~ ( x  .~ a /2 ,  y = 0) ~ - -  J~(m,,,) cosh -* ( 2 x / a )  [40] 

~TO- 

For x ~ a/2, the inverse hyperbolic cosine func- 

tion has an argument close to unity and therefore 

may be approximated by 

cosh -~ ( 2 x / a )  = cosh -~ [1 + 2 ( x  ,-- a / 2 ) / a ]  

2 [ ( x  --  a / 2 ) / a ]  v~ [41] 

S u b s t i t u t i o n  of Eq. [41] in  Eq. [40] yields  Eq. 
[29] wi th  

2 (a + c) J~(,,,~) 
B - -  

~r (r a v~ 

2 c Jr 
~----- i f  c > >  a [ 4 2 ]  

~r o- a v'~ 

Upon  subs t i t u t i ng  Eq. [39] and  [42] in  Eq. [36], 
us ing  Eq. [21], and  omi t t ing  n u m e r i c a l  factors of 
the  o rder  of un i ty ,  the anodic  c u r r e n t  dens i ty  at  the  
anode -ca thode  b o u n d a r y  is found  to be 

J , ( x  = a /2 )  ~ • if c > >  a [43] 

2. If c ( <  a and  x ~ a/2,  the  t r igonomet r i c  f u n c -  
t ions in  Eq. [22] a nd  [23] ma y  be a p p r o x i m a t e d  
by  the  fo l lowing express ions  

s in -- cos 
a q---c a + c  

)] 
l(oa+c 2x)  

1 2 2 a ~- c [44] 

~ra/2 ( ~  c ) 21__ ( 2 a  c )~ sin =cos  --~ 1 --  [45] 
a + c  9. a ~ - c  + c  

~ x  ~ a 
C O S - - ~ C O S  

a W c  2 a W c  

~r C ~r C 
= sin [46] 

2 a + c  2 a + c  

U p o n  subs t i t u t i ng  Eq. [44] to [46] in  Eq. [23] 
a nd  omi t t i ng  t e rms  of h igher  order,  it  fol lows tha t  
the  c u r r e n t  dens i ty  Jo n e x t  to the  a node - c a thode  
b o u n d a r y  ( a /2  - -  x < <  c) is 

C 
J ,  - -  Jr [47] 

2 [ c ( a / 2  -- x)  ]v2 

Upon  compar ing  Eq. [28] and  [47], it fol lows 
tha t  

A = (cl/~/2) J~(,n.x) if c < <  a [48] 

S u b s t i t u t i o n  of Eq. [44] and  [45] in  Eq. [22] yie lds  
the po ten t i a l  at  the cathode n e x t  to the  ca thode-  
anode bounda r y ,  

r  ~-- a/2,  y = 0) 
(a + c) Jo,.~ 

: cosh -I f (x) [49] 
~TO" 
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1 [ ~r a + c - - 2 x  T 1--y 
f(x) ~ [50] 

1 2 2- a q - c  

If  c ~ a and  (x  -- a / 2 )  ~ c, f ( x )  m a y  be  a p -  
p r o x i m a t e d  b y  

l[ a+c 
f(x) -~1 - - - -~ -  " a ~ - c  

1 [ ~  c ] ~ 
a%c 

1 [ 7r~c(a /2- -x)  ] [51] 
1 - - - ~  (a  -t- c) ~ 

S u b s t i t u t i n g  Eq. [51] in Eq. [49] and  us ing  the  
first  t e r m  of a ser ies  e x p a n s i o n  for  the  i nve r se  h y -  
p e r b o l i c  cosine func t ion  i n v o l v i n g  an  a r g u m e n t  
close to un i ty ,  one ob ta in s  Eq. [29]  w i th  

B ~ - -  i f c < < a  [52] 
Er 

Upon  s u b s t i t u t i n g  Eq. [48] and  [52] in Eq. [36],  
us ing  Eq. [21] ,  and  o m i t t i n g  f ac to r s  of t he  o r d e r  of 
un i ty ,  t he  anodic  c u r r e n t  d e n s i t y  at  the  a n o d e -  
c a thode  b o u n d a r y  is found  to be  

J , ~ ( x = a / 2 )  ~- i f c < < a  [53] 
h,, 

F o r  t he  c u r r e n t  d e n s i t y  J,~ at  the  cen t e r  of the  
a n o d e  the  fo l lowing  r e l a t i ons  a r e  ob ta ined .  

1. I f  c > >  a, i t  fo l lows  f rom Eq. [37]  for  x = 0 
w i t h  t he  he lp  of Eq. [21] a n d  omiss ion  of fac to rs  of 
the  o r d e r  of u n i t y  t h a t  

2 (a  q- c) ~AE 
J~(x  = 0) --  J~.,.~) ~- [54] 

7ra a 

I f  c KK a, i t  fo l lows  f rom Eq. [23] and  [46] 2. 

t ha t  

J.~(x = 0) ~ J,.,,n,.~ [55] 

i.e., loca l  cel l  ac t ion  at  the  cen t e r  of a suff ic ient ly  
l a r g e  anode  is ins ign i f ican t  s ince  J~ t ends  to t he  
v a l u e  d e t e r m i n e d  b y  the  local  r a t e  of o x y g e n  supp ly .  

Discussion and Conclusions 

A c c o r d i n g  to t he  fo rego ing  cons ide ra t i ons  the  local  
c u r r e n t  d e n s i t y  J,~ for  d i s so lu t ion  of a m e t a l  m a y  be  
d e t e r m i n e d  

1. b y  the  r a t e  of o x y g e n  di f fus ion 

J. ~ J~,,,~ [56] 

in accord  w i th  Eq. [10],  or  
2. b y  the  p o t e n t i a l  d rop  in t he  e l e c t r o l y t e  ( r e -  

s i s tance  con t ro l )  c o r r e s p o n d i n g  to  t he  r e l a t i o n  

J ,  .~ o- •  [57] 

w h i c h  is deduced  in Eq. [54] for  t he  cen te r  of an  
a n o d e  of w i d t h  a w i t h  a d j a c e n t  ca thodes  if c ~ a, or  

3. b y  anod ic  p o l a r i z a t i o n  con t ro l  c o r r e s p o n d i n g  
to t he  r e l a t i on  

J~ = A E / h ~  [58] 

w h i c h  has  been  o b t a i n e d  above  as Eq. [13] for  
suff ic ient ly  n a r r o w  anodes  (a  ~ ~ ha). 

The  c u r r e n t  d e n s i t y  J~ a t  an  a n o d e - c a t h o d e  b o u n d -  
a r y  m a y  be  g iven  by  Eq. [43] if c ~ a and  thus  
be  equa l  to t he  g e o m e t r i c a l  m e a n  of t he  r i g h t - h a n d  
m e m b e r s  of Eq. [57] and  [58] c o r r e s p o n d i n g  to a 
combination of resistance and anodic polarization 
control. 

Alternatively, J. at an anode-cathode boundary 
may be given by Eq. [53] if c ~ a and thus be 
equal to the geometrical mean of the right-hand 
members of Eq. [56] and [58] corresponding to 
a combination of oxygen diffusion and anodic polar- 
ization control. 

The validity range of the various approximations 
is determined mainly by the values of two dimen- 
sionless groups, NI and N2, 

N1 -- a /k.  = a/o-h~ [59] 

N~ = AE/h,,J..~,I..,~ [60] 

The  g r o u p  N~ is the  r a t i o  of t he  w i d t h  a of the  
anode  and  the  cor ros ion  p a r a m e t e r  k,, w h i c h  in 
t u r n  is def ined  as the  p r o d u c t  of t he  c o n d u c t i v i t y  
and  the  s lope  h, of the  p o t e n t i a l - c u r r e n t  dens i ty  
cu rve  of t he  anodic  reac t ion .  The  cor ros ion  p a r a -  
m e t e r  k~ = ~h,  is equa l  to the  t h i ckness  of the  e lec -  
t r o l y t e  w h i c h  y ie lds  a p o t e n t i a l  d rop  equa l  to the  
o v e r p o t e n t i a l  v~ of the  anod ic  r eac t i on  a t  a g iven  
c u r r e n t  dens i ty .  The  v a l u e  of N~ = a / o - h ,  is dec is ive  
for  t he  u n i f o r m i t y  of t he  c u r r e n t  d e n s i t y  at  the  
anode.  I f  N~ < ~  1, the  anod ic  c u r r e n t  de ns i t y  is 
v i r t u a l l y  un i fo rm.  Conve r se ly ,  if N, ~ 1, the  anodic  
c u r r e n t  d e n s i t y  is much  h i g h e r  at  t h e  edges  of the  
a n o d e  t h a n  at  t he  center .  

The  g r o u p  N~ is the  r a t i o  of t he  p o t e n t i a l  d i f -  
f e r ence  AE def ined  in Eq. [8]  to the  o v e r p o t e n t i a l  
w = h ~ J ~ , , ~  p e r t a i n i n g  to an  anodic  c u r r e n t  d e n s i t y  
w h i c h  is e q u a l  to the  ca thod ic  c u r r e n t  d e n s i t y  J~m~. 
The  cor ros ion  r a t e  is s ign i f i can t ly  i n c r e a s e d  b y  local  
cel l  ac t ion  on ly  if N~ ~ 1, 

The  i n c r e a s e  in cor ros ion  r a t e  due  to local  cel l  
ac t ion  m a y  be  r e p r e s e n t e d  b y  the  r a t i o  Q of t he  
c u r r e n t  d e n s i t y  of m e t a l  d i s so lu t ion  w i t h  local  cell  
ac t ion  to t ha t  w i t h o u t  loca l  cel l  act ion.  I f  the  l a t t e r  
v a l u e  is equa l  to the  m a x i m u m  c u r r e n t  de ns i t y  of 
o x y g e n  r e d u c t i o n  in accord  w i th  Eq. [10] ,  the  v a l u e  
of Q be c ome s  

Q = J , , /J~ ,na~ [61] 

So far ,  l i m i t i n g  cases h a v e  been  cons idered ,  and  
i t  has  been  a s s u m e d  tha t  e i t h e r  N~ K K  1, or  N~ ~ 1, 
etc. S ince  the  a p p r o x i m a t e  f o r m u l a s  for  N~ K K  1 
and  N~ ~ 1 become  iden t i ca l  if N~ = 1, etc., it  is 
not  n e c e s s a r y  to s ta te  N, K K  1 or  N1 ~ 1 bu t  
s i m p l y  N~ K 1 or  N~ ~ 1. Thus  one has  fou r  p r i n c i p a l  
cases  l i s t ed  in  Tab le  I w h o s e  oc c u r r e nc e  is d e -  
t e r m i n e d  b y  t h e  va lues  of t he  d imens ion l e s s  g roups  
N~ and  N... F i g u r e  4 shows  t h e  r anges  of these  cases 
g r a p h i c a l l y .  

The  s u m m a r y  p r e s e n t e d  in  Tab le  I i nvo lves  con-  
s i d e r a b l e  s impl i f i ca t ions  s ince  fac tors  of  the  o r d e r  
of u n i t y  h a v e  been  omi t t ed .  Such  a s impl i f ied  r e p -  
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Table I. Limiting cases of local cell action for conditions shown in Fig. 1 

(N~ ~ a /~  h~; N~ = AE/h.J~<,~,,:o; Q -~ J./J~<~.:o) 

Case  I n I I I  I V  

Range N ~ < I  N , < I ; N = > I  N ~ > I ; N = > N ,  N , > I ; N . ~ < N ,  
c / a  - -  c > a  c > a  c < a  

AE aAE 
J .  (center)  J~ . , ,~  J~<,,,,,,o 

h= a 
AE ( ~ r ,z'~ AE ( J r  'z" 

h~, a h ,  h, 
Q (center) 1 N~ N J N ,  1 
Q (edge) 1 N~ N._./N, '/= N~ ~ 

r e sen t a t i on  seems to be  a d e q u a t e  for  most  purposes  
because  in p rac t i ce  the  basic da ta  for  a r a t iona l  
ana lys is  such as the  r a t e  of o x y g e n  supply  and the  
slope of the  anodic  po la r i za t ion  c u r v e  are, in g e n -  
eral ,  e s t ima ted  r a t h e r  t han  p rec i s e ly  known.  

To i l lus t ra t e  the  s ignif icance of the  va r ious  cases, 
r e p r e s e n t a t i v e  va lues  of N~ and N~ a re  ca lcula ted .  
The  va lue  of AE is of the  o rde r  of 1 v. The  v a l u e  of 
Jo,,.~> d e p e n d i n g  on convec t ion  of the  e l ec t ro ly t e  
can be expec t ed  to l ie  b e t w e e n  10 -~ and 10 -~ 
a m p / c m  -~. The  e lec t r i ca l  c o n d u c t i v i t y  ~ r anges  in 
mos t  cases b e t w e e n  5 x 10 -4 for  f r e sh  w a t e r  and 5 x 
10 ~ ohm-~cm -~ for  sea wate r .  The  slope h, = dE/dJ ,  
of the  anodic  po la r i za t ion  c u r v e  of a f a i r l y  r e a c t i v e  
m e t a l  such as zinc in a 1041V[ Zn  ~§ ion so lu t ion  is 
e s t ima ted  to be  of the  o rde r  of 10 ~ v / a m p  cm -~ co r -  
r e spond ing  to an e x c h a n g e  c u r r e n t  dens i ty  of 10 -4 
a m p / c m  ~, w h e r e a s  less r e a c t i v e  me ta l s  such as i ron  
or n icke l  exh ib i t  h ighe r  va lues  d e p e n d i n g  on the  
v a l u e  of J, .  

Fo r  r e a c t i v e  meta ls ,  N~ = AE/h,J~,.,~> lies, t h e r e -  
fo re  b e t w e e n  10 and 10 ', i.e., is g r e a t e r  t h a n  uni ty .  
Consequen t ly ,  cases II, III, and  IV a re  expec t ed  to 
occur.  Acco rd ing  to Tab le  I, Q ( e d g e )  = J , ( e d g e ) /  
J,.,,,~ is equa l  to N~, N~/N~ z~ and  N~ ~ for  cases II, 
III,  and  IV, r e spec t ive ly .  F o r  AE = 1 v, h,  = 10 ~ v /  
amp  cm -~, and J ~ , ~  ~ 10 -~ a m p / c m  ~ one obtains ,  
the re fo re ,  va lues  of Q ( e d g e )  b e t w e e n  10 and 100. 

To h a v e  a v a l u e  of N~ = a/o-h. < 1 co r r e spond ing  
to case II w i t h  u n i f o r m  corrosion,  the  w i d t h  a of 
t he  anode  m u s t  be less t han  5 x 10 ~ cm in f resh  
w a t e r  and less t han  5 cm in sea wate r .  O the rwise ,  
case II I  or IV i n v o l v i n g  a h i g h e r  cor ros ion  r a t e  at  
t he  edge  of the  anode  t h a n  at  t he  cen te r  occurs.  If  
N J N ~  = ~ AE/aJo...x~ > 1, case I I I  occurs.  I f  con -  
v e r s e l y  NJN~ ~ 1, case IV occurs.  Fo r  AE ~-- 1 v, 
and  J ~ < ~  = 10 _4 a m p / c m  ~, t he  w i d t h  of the  anode  
for  a t r ans i t ion  f r o m  case I I I  to case IV is a ~ 5 cm 

.E 

LOG N 2 

- -  L O O N ,  

r 

Fig. 4. Ranges of the dimensionless group N~ = a / r  
and N= = AE/h.J,.<.,,=~ for the limiting cases I, II, III, and 
IV listed in Table I. 

in f resh  w a t e r  and a ~ 500 cm in sea wate r .  If  the  
w i d t h  of the  anode  is less, i.e., case I I I  p reva i l s ,  the  
c u r r e n t  dens i ty  J ,  decreases  w i t h  inc reas ing  w i d t h  
a of the  anode  at  bo th  the  cen te r  and the  edge. If  
conve r se ly  the  w i d t h  of the  anode  exceeds  5 cm in 
f resh  wa te r ,  or 500 cm in sea wa te r ,  i.e., case IV p r e -  
vails,  J ,  ( cen te r )  t ends  to Jc<rn~ = 10 ~ amp  cm -~ and 
J . ( e d g e )  is found  to be 10 -~ amp cm -~ i n d e p e n d e n t  
of the  w i d t h  of the  anode  and  the  c o n d u c t i v i t y  of 
the  e l ec t ro ly t e  if h. = 10 ~ v / a m p  cm -~. 

The  fo rego ing  ca lcu la t ions  r e f e r  to a v a l u e  of  
Jo<m,x~ = 10 -4 a m p / c m  "~ as an a v e r a g e  r e p r e s e n t a t i v e  
value .  In v i e w  of a r a t h e r  l a rge  v a r i a b i l i t y  of Jo~m,x> 
w i t h  the  o x y g e n  concen t r a t i on  in the  b u l k  e l ec t ro -  
ly te  and  the  i n t ens i t y  of convect ion ,  the  d e p e n d e n c e  
of the  va r ious  p h e n o m e n a  on the  m a g n i t u d e  of Jo~m,~ 
is of special  in teres t .  If  N~ > 1 and  N~ > N~, i.e., 
Jo~m,~> < ~ AE/a,  case I I I  is rea l ized .  The  va lues  of J ,  
at  bo th  the  cen t e r  and the  edge of the  anode  are  
i n d e p e n d e n t  of J~,.,x~, i.e., the  r a t e  of o x y g e n  supply.  
On inc reas ing  the  o x y g e n  supply,  N~ becomes  less 
t h a n  N~ and, accord ing ly ,  case IV is rea l ized .  T h e n  
J , ( e d g e )  is p r o p o r t i o n a l  to the  squa re  root  of Jo~,~ 
and J , ( c e n t e r )  ~ J~,~,~, I t  is n o t e w o r t h y  tha t  J ,  
is found  to be v i r t u a l l y  i n d e p e n d e n t  of the  r a t e  of 
o x y g e n  supp ly  if the  supp ly  is low, in p a r t i c u l a r  if  
the  o x y g e n  concen t r a t i on  in the  e l e c t r o l y t e  is low. 
This  is an i m p o r t a n t  cha rac te r i s t i c  of local  cel l  ac-  
t ion c o n t r a r y  to usua l  ru les  of kinet ics .  T h e  l o w e r  
the  o x y g e n  concen t r a t i on  in the  e lec t ro ly te ,  t he  
g r e a t e r  is the  e f fec t ive  a rea  of the  ca thodes  to w h i c h  
o x y g e n  diffuses. In v i e w  of this  com pensa t i o n  the  
r a t e  of cor ros ion  for  cases II  and I I I  is con t ro l l ed  
not  by  o x y g e n  diffusion bu t  by  the  res i s tance  of 
the  e l ec t ro ly t e  and  by  anodic  po lar iza t ion .  

T h e  s c h e m e  in Tab l e  I and  Fig.  4 is not  s t r i c t ly  
app l i cab le  to less r e a c t i v e  me ta l s  such as i ron  or  
n icke l  i n v o l v i n g  h i g h e r  va lues  of h, = dE/dJ ,  w h i c h  
a re  not  cons tan t  bu t  d e p e n d  on J, .  U n d e r  these  
condi t ions,  on ly  ce r t a in  t r ends  can be  stated.  Firs t ,  
in the  case of me ta l s  exh ib i t i ng  a l a rge  ac t i va t i on  
o v e r p o t e n t i a l  on dissolving,  case I co r r e spond ing  to 
a v a l u e  of N~ < 1 is f avored ,  i.e., local  cell  ac t ion 
is not  l i ke ly  to enhance  corros ion of a m e t a l  such 
as n ickel .  Second,  if N.~ >1,  case II  i n v o l v i n g  u n i -  
f o r m  a t t ack  is e x p e c t e d  to occur  w i t h  anodes  of 
g r e a t e r  w i d t h  t h a n  has been  ca lcu la ted  above  for  a 
m o r e  r e a c t i v e  m e t a l  such as zinc s ince N~ = a/o-h.~ 
is i n v e r s e l y  p r o p o r t i o n a l  to h~ The  l o w e r  the  r e a c -  
t i v i t y  of a meta l ,  t he  l o w e r  is the  r a t e  of a t t ack  since 
J,, for  case II  is i n v e r s e l y  p ropo r t i ona l  to h,. Thi rd ,  
the  less r e a c t i v e  a meta l ,  the  l o w e r  is t he  effect  of 
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local cell ac t ion at  edges s ince J~(edge)  is i nve r s e l y  
p ropor t iona l  to h, 1/~ for cases III  and  IV according 
to Eq. [43] and  [53],  respect ively ,  if h, --= dE/dJa 
is constant .  

A l t h o u g h  local  cell ac t ion aggrava tes  corrosion,  
the  po ten t i a l  d a n g e r  is no t  u n l i m i t e d  as is shown  
by  the  foregoing discussion.  In  m a n y  prac t ica l  cases, 
the  effect of local  cell ac t ion is even  less severe, 
if in  con t r ad i s t inc t ion  to an  i m p o r t a n t  p resuppos i t ion  
i n t roduced  above,  solid corrosion products  are  
fo rmed  and  cons t i tu te  some k i n d  of p ro tec t ive  l ayer  
especial ly  at  locat ions i nvo lv ing  a h igh  in i t i a l  at tack.  

The  foregoing cons idera t ions  re fe r  to r educ t ion  
of oxygen  as the  cathodic react ion.  It  is i m p o r t a n t  
to recal l  tha t  evo lu t ion  of h y d r o g e n  is ano the r  
cathodic reac t ion  which  does occur in  pa ra l l e l  and  
m a y  p reva i l  u n d e r  ce r ta in  condi t ions .  The  char -  
acter is t ics  of local cell  ac t ion due  to oxygen  r e d u c -  
t ion  and  to h y d r o g e n  evo lu t ion  differ in  some r e -  
spects. In  pa r t i cu la r ,  in the  case of h y d r o g e n  evo lu -  
t ion  as the p r e d o m i n a n t  cathodic reac t ion  the cor-  
ros ion ra te  is increased  cons ide rab ly  by  smal l  areas  
of a ma te r i a l  i nvo lv ing  a low h y d r o g e n  ove rpo t en -  
t ia l  in  a m a t r i x  of a less nob le  me t a l  such as zinc 
at  which  the  h y d r o g e n  ove rpo ten t i a l  is high. In  
contras t ,  in  most  p rac t ica l  cases whe re  corrosion 
is due  to r educ t ion  of oxygen,  the  cathodic c u r r e n t  
dens i ty  is i n d e p e n d e n t  of the  n a t u r e  of the  solid 
conduc tor  because  Jo is close to the  l imi t ing  va l ue  
Jo~.nax, U n d e r  these condi t ions,  inc lus ions  of fore ign  
ma te r i a l s  affect the  corrosion ra te  on ly  to a m i n o r  

extent .  For  this  reason,  on ly  la rge  cathodic areas 
have  been  considered  above.  

The conclus ions  d r a w n  in  this pape r  differ in  
some respect  f rom those d r a w n  by  W a b e r  and  his 
associates (2-7, 12) because  the  ana lys i s  in  the 
p resen t  paper  presupposes  a l imi t ing  c u r r e n t  dens i ty  
of the  cathodic react ion,  whereas  Waber ,  et al. 
assume l i nea r  po la r iza t ion  curves  for both  the 
cathodic and  the  anodic  react ion.  Both approaches  
s u p p l e m e n t  each other. In  par t i cu la r ,  if hydrogen  
evo lu t ion  r a t h e r  t han  oxygen  r educ t ion  takes  place 
as the cathodic  react ion,  and  local dep le t ion  of hy -  
drogen  ions is no t  a decis ive factor, Wa be r ' s  analys is  
m a y  be cons idered  to be more  re levan t .  

Manuscr ipt  received Sept. 1, 1959. 

Any discussion of this paper will appear in  a Dis- 
cussion Section to be publ ished in  the December 1960 
JO~JRNAL. 
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Effect of Hydrogen Pressure on the Hydrogen 
Overvoltage on Bright Rhodium 

Sigmund Schuldiner 
U. S. Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

The effect of hydrogen pressure on the hydrogen overvoltage on bright, 
active rhodium was determined. The data indicated that  the overvoltage mech- 
anism was controlled by the 2H,ds ~ H~ step. Kinetic parameters  for the mech- 
anism were quant i ta t ive ly  determined including the surface coverage with ad- 
sorbed atomic hydrogen. A Langmui r  adsorption isotherm resulted from the 
relat ionship be tween surface coverage with atomic hydrogen at equi l ibr ium 
and the part ial  pressure of molecular  hydrogen above the solution. 

I t  has been  shown  in  a p rev ious  s tudy  of the  effect 
of h y d r o g e n  p re s su re  on the  overvo l t age  on b r igh t  
p l a t i n u m  (1) tha t  p re s su re  effects can be used to 
d e t e r m i n e  k ine t i c  p a r a m e t e r s  and  to es tabl ish  a r e a -  
sonable  reac t ion  mechan i sm.  In  the  inves t iga t ion  r e -  
por ted  here  p ressure  effects on h y d r o g e n  fo rma t ion  
and  ioniza t ion  reac t ions  on b r igh t  r h o d i u m  were  
s tudied.  By us ing  this  me t a l  in  r ap id ly  st i rred,  s t rong 
acid solut ion,  d i f fus ion effects we re  v i r t u a l l y  e l imi -  
na ted ,  and  it  was  possible  to m a k e  a q u a n t i t a t i v e  
d e t e r m i n a t i o n  of the  k ine t i c  pa rame te r s .  

Experimental 
Brei ter ,  K a m m e r m a i e r ,  and  K n o r r  (2) showed 

tha t  the  proper t ies  of an  "aged"  r h o d i u m  elect rode 

are d i f ferent  f rom those of a " ne w "  electrode.  This 
was conf i rmed by  this inves t iga t ion .  On a ne w  rho-  
d i u m  elect rode it was f ound  tha t  at  first the over -  
vol tage  was  r e l a t ive ly  high, bu t  tha t  on repea ted  
anodic  a nd  cathodic cycl ing to h igh pola r iza t ion  
va lues  (--0.4 v cathodic a nd  ~ 1 v anodic)  a repro-  
ducib le  e lec t rode  of h igh ac t iv i ty  was  obta ined.  

The genera l  e x p e r i m e n t a l  t echn iques  were  the  
same as those p rev ious ly  used  (3, 4) .  The  cell was  
cons t ruc ted  of Teflon a nd  is shown in  Fig. 1. The 
r h o d i u m  (99.5 ~- %) cathode was p r e p a r e d  by  m e l t -  
ing the  t ip  of a 0.025 in. th ick  r h o d i u m  wi re  wi th  a 
h y d r o g e n / o x y g e n  flame a nd  fo rming  a smal l  sphere.  
The wi re  was  t hen  inse r t ed  into the  0.02 in. hole 
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Fig. 1. Electrolyt ic cell 

~ P t  ANODE 

~RhCATHODE 

in  the  Teflon rod shown in  Fig. 1. A m o l t e n  p o l y e t h y -  
lene  seal was made  b e t w e e n  the  bo t tom of the  Teflon 
rod and  the  r h o d i u m  wire.  The  r e su l t i ng  r h o d i u m  
electrode t h e n  consisted of a bead  at  the  end  of a 2 
m m  exposed l eng th  of wire.  The tota l  a p p a r e n t  area  
of exposed r h o d i u m  was 0.10 em *. The  so lu t ion  was  
in  all  eases 1M H~SO~. Pur i f ied  gases cons is t ing  of 
e i ther  pu re  h y d r o g e n  or m i x t u r e s  of h y d r o g e n  a nd  
he l ium were  b u b b l e d  t h rough  the acid so lu t ion  in 
the  cell. The  me thod  of p r e p a r a t i o n  of the  gas m i x -  
tu res  and  the  d e t e r m i n a t i o n  of the  h y d r o g e n  par t i a l  
p ressure  are  descr ibed in  a prev ious  pape r  (1) .  

Af te r  the  so lu t ion  was  p re -e l ec t ro lyzed  and  the  
r h o d i u m  elect rode was  ac t iva ted  by  repea ted  anodic  
and  cathodic polar iza t ion,  r epea ted  m e a s u r e m e n t s  
were  t aken  at  each pa r t i a l  p ressure  of h y d r o g e n  
u n d e r  bo th  anodie  and  cathodic polar iza t ion.  O ve r -  
vol tages at each c u r r e n t  dens i ty  were  t ime  inde -  
penden t .  The  re fe rence  electrode to ca thode i n t e r -  
face IR drop was  d e t e r m i n e d  by  i n t e r r u p t e r  me a s -  
u r e m e n t s  (3) .  The  da ta  g iven  are  average  va lues  of 
i n d i v i d u a l  runs .  The  precis ion of an  i n d i v i d u a l  r e a d -  
ing was be t t e r  t h a n  0.5 mv.  The  m a x i m u m  devia t ion  
of the  average  va lues  was  -----0.5 m v  at  low over -  
vol tages  and  _--_2 m v  at  h igh overvol tages .  The t e m -  
p e r a t u r e  was  27 ~ •  ~ 

Experimental Results 

Concen t r a t i on  po la r iza t ion  effects were  min i mi z e d  
by  rap id  s t i r r ing  w i th  gas. F i g u r e  2 shows the  effect 
of s t i r r ing  ra te  on overvo l tage  for pu re  hydrogen .  The  
da ta  show tha t  a va lue  is r eached  af ter  which  the  
overvol tage  is i n d e p e n d e n t  of s t i r r ing  rate.  S t i r r ing  
ra tes  in  excess of these  va lues  were  used  for all  
measu remen t s .  

Cathodic  overvol tage ,  ~ ,  vs. log a p p a r e n t  c u r r e n t  
dens i ty  curves  at  d i f ferent  h y d r o g e n  pressures  are 
shown in  Fig. 3. F i g u r e  4 shows the  anodic  over -  
voltage,  ~,, vs. log a p p a r e n t  c u r r e n t  dens i ty  curves.  
At  low c u r r e n t  densi t ies  a l i n e a r  r e l a t ionsh ip  be -  
tween  the  anodic  and  cathodic overvol tages  and  
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STIRRING RATE (ML/MIN} 

Fig. 2. Ef fect  o f  s t i r r ing rate (P~2 : 1 a tm) on ~1~ and ~1= 

a p p a r e n t  c u r r e n t  dens i ty  was found  and  these  r e -  
sul ts  are shown in  Fig. 5. 

F r o m  the  e x p e r i m e n t a l  da ta  shown  in  Fig. 3-5, 
k ine t i c  p a r a m e t e r s  and  a reac t ion  m e c h a n i s m  can be 
de t e rmined .  

Calculation of Kinetic Parameters 
The Tafe l  slopes of ~0.0295 shown  in Fig. 3 i nd i -  

cate t ha t  the  reac t ion  m e c h a n i s m  is a fast  d ischarge  
of h y d r o n i u m  ions fol lowed by  a slow combina t ion  
of h y d r o g e n  atoms, H ..... to molecules ;  

H.O + + e- = H=d~ + H._,O [ 1 ] 

s l o w  

2H .... -> H~ [2] 

This  m e c h a n i s m  is conf i rmed by  the  l imi t ing  anodic  
c u r r e n t  densi t ies  f ound  in  Fig. 4. These  l im i t i ng  c u r -  
r e n t  densi t ies  wou ld  be caused by  the  coverage  of 
adsorbed  h y d r o g e n  a toms on the  r h o d i u m  surface  
d ropp ing  to zero. I t  wi l l  be shown  la te r  tha t  the  
l imi t ing  c u r r e n t  densi t ies  shown  in  Fig. 4 are  no t  
due  to a diffusion process. 
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s p e c t i v e l y ;  8 is  t h e  f r a c t i o n  of  a v a i l a b l e  s u r f a c e  c o v -  
e r e d  w i t h  a t o m i c  h y d r o g e n ;  80 is t h e  f r a c t i o n  of  
a v a i l a b l e  s u r f a c e  c o v e r e d  w i t h  a t o m i c  h y d r o g e n  at 
z e r o  c u r r e n t  d e n s i t y ,  ( e q u i l i b r i u m )  ; a n d  R, T, a n d  F 
are  t h e  gas  c o n s t a n t ,  a b s o l u t e  t e m p e r a t u r e  a n d  t h e  
F a r a d a y ,  r e s p e c t i v e l y .  

A t  o v e r v o l t a g e s  n e a r  e q u i l i b r i u m  8 ~ & a n d  Eq.  
[ 3 ]  a n d  [ 4 ]  can  be  s i m p l i f i e d  to: 

i~ = io,r [ e x p  (--2n~.F/RT)--I ] [ 3 8 ]  

i ,  = io., [1 - -  exp(--2~?.~F/RT) ] [4a ]  

T h e  v a l u e s  o f  io.r = - - i o , ,  can  t h e r e f o r e  be  d e t e r -  
m i n e d  for  v a r i o u s  v a l u e s  of  h y d r o g e n  p a r t i a l  p r e s -  
sure ,  Pu.~, b y  p l o t t i n g  io vs .  [ e x p  (--2v,F/RT)--I] a n d  
i ,  vs .  [ 1 -  exp(--2~?,F/RT)]. T h e s e  p lo t s  are  s h o w n  
in  Fig .  6. 

T h e  v a l u e s  of  80 a n d  8 can  be  d e t e r m i n e d  in  t h e  
f o l l o w i n g  w a y .  I f  o n e  p lo t s  i~ vs .  [ e x p  (--2v~F/RT)--I ] 
t h r o u g h o u t  t h e  e n t i r e  r a n g e  of  v a l u e s  d e t e r m i n e d ,  
t h e  c u r v e s  s h o w n  in  Fig.  7 are  o b t a i n e d .  T h e  d e v i a -  
t i o n  at h i g h e r  c u r r e n t  d e n s i t i e s ,  w h e r e  8 is s i g n i f i -  
c a n t l y  g r e a t e r  t h a n  80, f r o m  t h e  s t r a i g h t  l i n e  fit f o u n d  

1,60,  &-- 

1.20 
T h e  e q u a t i o n s  (1 )  for  t h i s  m e c h a n i s m  are:  ~" ~<. 0.80 

o_ 
(1 -- 8) ~ x 0.40 

{~ ---- {o,~ - -  [exp(--%0F/RT)--l] [3] .o 
( 1 -- 80) ~ o 

-0.40 

/ .-----/o. ( 1 - - 8 )  = _ [1--exp(--2~?=F/RT)] [ 4 ]  ~ - o . 8 o  
' ( i - - 8 o )  o 

"~ - 1.20 
w h e r e  i~, i ,  are  t h e  a p p l i e d  e ~ t h o d i e  a n d  a n o d i c  c u r -  ~ -L60 
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a n d  a n o d i c  e x c h a n g e  c u r r e n t  d e n s i t i e s ,  r e s p e c t i v e l y ;  -2.40 
~,., ~= are  t h e  c a t h o d i c  a n d  a n o d i c  o v e r v o l t a g e ,  r e -  

%(v) 

0.44 ATM 
0.095 028 / 

0.01 ~ ATM ~ ~q~ / 1.0 ATM 

-06  -04 -02 ~~> i o ( ~ / c ~ )  
.ic(MA>C 2 ) o ~ ~ ~  I f ~ 0.2 0.4 0.6 

M (l) k = 0.0095 rnhos 
. . . . ~ / / /  or __ -0.01 (2) k = 0.03 mhos 

(3) k = 0.05 mhos 
(4) k = 0J25 mhos 

"qc(V) 

r/a (v) 

0.~ !8 ~ "~ 

~ ~OO'b c~ 

~ "  0 (MA/CM2) 
I I I I I 

0.04 0.08 0.12 

o.01 

-0.12 -Q08 -0.04 

ic (M~/CM2) I ' 

"%(v) 

-0.01 

Fig. 5. Low current density relationships for ~1 vs. i 

I l t l  

l~ = ~3 ,X/o,4 4 - _ 

. -s x ; - O ~ . . _  
!0' ~ 0.4"4 ATM 

�9 \/ 

4~ ~ 1 . 0  ATM 
} I ! I I I I I ~  ! 

,.0 0.8 0.6 0.4 02 0 oz  0.4 0.6 0.8 ,.0 ,.2 ,.4 ,.6 ,.8 2.0 
B-e-2r/o F/RT] [e-2~?c F/RT_I] 

0.12 

< 0.08 
% 
.~ 0.04 
.o 0 

-0.04 ea 
~ -0.08 
<~ 

~o -032 
o 
,~,x -0.16 
.o 

-0.2~ 

16 

IO, c ~ 3 ~ - - 3 9  X 10-6__ 2 

~ e  0.095 

i ~ , I J i l l  ;'.2 L4 )6  ;!8 2 .0  Lo 0.8 0.6 0.4 ~2 0 012 0.4 0.6 ~8 Lo 
[l_e-2r)a F/RT] [e-2',?c F/RTH] 

~_1.2 
% 

~ 0.~ 

E 
-00. 4 

0.0 
0 

% 
> ~1 c~ 

,\%-ooo31 
ATM 

H2 

o 

~ ' ~  I T ~ I I i I i I i i i I i B 4 I i ~ i I i i i I 
40 80 120 160 200 240 280 

[e-2Vc F/RT_ (] 

Fig. 6. Values of io, c as determined by plotting i~ vs. 
[1 - -exp(--2 ~I~F/RT)] and ic vs. [exp(--2q~F/RT) - -1 ] .  



Vol. 107, No. 5 EFFECT OF H PRESSURE ON H OVERVOLTAGE 455 

-O20 

-0.16 

,~-0.12 
t) 
< 

o-008 

-004  

O.00 

~ : I . 0  ATM 

jJ A 

/ / ,//( ~: o ogs 

80 160 240 520 400 480 ~-560 
[e-2Vc F/RT-13 

Fig. 7. ir vs. [ exp ( - -2 tbF /RT)  - - ] ]  

at low c u r r e n t  dens i t ies  is a func t ion  of the  ra t io  
( 1 -  O ) V ( 1 - - 0 0 ) t  Hence  in o rde r  to l inea r i ze  these  
cu rves  one w o u l d  h a v e  to plot  i, vs. ( 1 - - 0 ) V ( 1 - - 8 0 )  = 
[ exp  ( - - 2 v , F / R T ) - - I ] .  One can t h e n  solve  for  (1 - -0 )~ /  
(1 - -8o )  ~ us ing  Eq. [3].  S ince  the  s low c o m -  

b ina t ion  step, Eq.  [2],  of the  r eac t i on  m e c h a n i s m  in 
the  absence  of a back  reac t ion  can be w r i t t e n  as 
fo l lows  

-> 

~ k  /o ~(/ 

and since 

i . . . . .  k~ 8~ = 
i , , / io :  = : / 0 2  [ 5 ] 

By s imu l t aneous  use of Eq. [3] and [5] one can 
so lve  for  00 and 0 w h e n  ~ > 0.03 v, t h e n  

and  

[ e x p  (--2~?oF/RT) --1 ] ~/~ --  (to~to,o) ~/~ 
8~ = [6] 

(i./io.~) 1/~{ [exp  ( - -2v , .F IRT)  --1 ]~/~--1} 

= (iJio,o)':=Oo [7] 

The  l imi t ing  ca thodic  c u r r e n t  densi t ies ,  {,~, w e r e  
d e t e r m i n e d  f r o m  Eq. [5].  W h e n  i~ = ir 0 = 1, hence  

i 2 i~.~ = o: /00 [8] 

The  l imi t ing  anodic  c u r r e n t  densi t ies ,  i,,~, w e r e  
d e t e r m i n e d  f r o m  Eq. [4].  W h e n  i, = i,.L, # ~ 0 and  
s ince  v, is a l a rge  pos i t ive  n u m b e r ,  e x p ( - - 2 v ~ F / R T )  

0, hence  
~.,~ = i o , . / ( 1  - e0)" [9 ]  

The  ra te  cons tants  for  the  o v e r - a l l  reac t ion ,  k = 
•  o ( the  sign is n e g a t i v e  for  the  ca thodic  

and  pos i t ive  fo r  t he  anodic  d i r ec t ions )  n e a r  e q u i -  
l i b r i u m  w h e r e  t he r e  is a l i nea r  r e l a t ion  b e t w e e n  
and  i w e r e  d e t e r m i n e d  f r o m  Fig.  5. The  s to i ch iome t -  

-0.08 

o~> "~ ~- -006 

-0.04 

~" -0.O2 

I I 
-5 -2 - I  0 

LOG PH2 (ATM) 

Fig. 8.  ~141o vs. log PH2 

r ic numbers , /~ ,  w e r e  ca l cu la t ed  f r o m  the  H or iu t i  (5) 
r e l a t i onsh ip  

= 2 i o : F / k R T  [10] 

Tab le  I l ists the  k ine t i c  p a r a m e t e r s  w h i c h  w e r e  
d e t e r m i n e d  as ind ica ted  above.  In  add i t ion  the  e x -  
p e r i m e n t a l l y  d e t e r m i n e d  va lues  of i,,~ a re  shown for  
com pa r i son  w i t h  the  ca lcu la ted  values .  

Discussion 
S e v e r a l  i nves t iga to r s  h a v e  es tab l i shed  (1, 6-11) 

t h a t  at  a g iven  c u r r e n t  dens i ty  in t he  l i n e a r  Ta fe l  
r eg ion  the  h y d r o g e n  o v e r v o l t a g e  on a ca thode  is 
r e l a t ed  to the  h y d r o g e n  p res su re  by the  exp re s s ion  

~? = ~?o + ( R T / 2 F )  In P,,~ [11] 

w h e r e  v, the  ove rvo l t age ,  is def ined as the  po ten t i a l  
d i f fe rence  b e t w e e n  the  w o r k i n g  e l ec t rode  and a r e -  
ve r s ib l e  h y d r o g e n  e l ec t rode  in the  same  solution,  vo 
is t he  o v e r v o l t a g e  at 1 a t m  of h y d r o g e n  and  PH= is the  
pa r t i a l  p r e s su re  of h y d r o g e n  above  the  solut ion.  A 
plot  of V--no  vs. log P ~  for  the  da t a  w h i c h  was  
t a k e n  at 27~ should  t h e r e f o r e  g ive  a s t r a igh t  l ine  
w i t h  a s lope of 0.0295 v. F i g u r e  8 shows such an e x -  
p e r i m e n t a l  p lo t  w i t h  a s lope of  0.0285 v. The  a g r e e -  
m e n t  is v e r y  good w h i c h  no t  on ly  conf i rms Eq. [11] 
bu t  also se rves  as a ver i f ica t ion  of the  h y d r o g e n  
pa r t i a l  p r e s su re  va lues .  

T h e  effects of c u r r e n t  dens i ty  on su r face  cove rage  
w i t h  a tomic  hydrogen ,  8, for  va r ious  P ~  va lues  a re  
shown in Fig. 9. H e r e  i~ is p lo t t ed  vs. 6 =. Acco rd ing  to 
Eq. [5] ,  w h e n  the  back  r eac t ion  is neg l i g ib l e  t h e r e  
shou ld  be a l inea r  r e l a t i o n  b e t w e e n  i~ and  #3 w i t h  a 
s lope of io.JSol As shown  by  Eq. [8] ,  w h e n  io = i~.L 
the  s lope is s imply  io.L. Since,  w h e n  the  back  r eac t ion  
is neg l ig ib le ,  the  su r f ace  c o v e r a g e  should  be on ly  a 
func t ion  of c u r r e n t  dens i ty  i n d e p e n d e n t  of P..~, a 
s lope of io.~ should  app ly  for  all  the  da t a  shown  in 
Fig.  9. The  a v e r a g e  io.~ va lues  of --1.49 a m p / c m  ~ 
g iven  in Tab le  I has  been  d r a w n  t h r o u g h  each  set of 
points  shown  in Fig.  9. As can be seen the  fit of this  

Table I. Kinetic parameters 

Pti~,  io, a = - -  io, e, 6o, a v e r a g e  C a l e .  E x p t .  i e ,L ,  k ,  
a t m  a n a p / c m  2 v a l u e s  ia,  L, a m p / c r n ~  i a , %  a t n p / c m  I a m p / c r a ~  m h o s / c m  ~ /L 

1.0 1.4 X 10 -~ 0.029 1.48 • 10 -~ 1.87 X 10 -3 --1.66 0.125 0.87 
0.44 6.0 X 10 _4 0.020 6.24 X 10-' 8.5 X 10 -4 --1.50 0.050 0.93 
0.28 3.7 X 10 -4 0.015 3.81 X 10-' 4.5 X 10-' --1.64 0.030 0.96 
0.095 1.0 X 10 -4 0.008 1.02 X 10 -4 1.9 X 10 -~ --1.56 0.0095 0.82 
0.028 39 X 10 -6 0.0053 39.4 X 10 -~ 35 X 10 -6 --1.40 0.0036 0.84 
0.0031 4.6 X 10 -6 0.0020 4.62 X 10 -6 N5 X 10 -6 --1.15 - -  

Avg  --1.49 0.88 



456 

-0,I  
0 

-0. I  
0 

-0 , I  
#"  o 

- 0.2 

t) 0 
- -0 .2  

-OA 
0 

-0.3 
-0.2 
-01 

0 

JOURNAL OF THE ELECTROCHEMICAL SOCIETY May 1960 

_ PH2= 0.0031ATM 

_ PHz=OO28ATM 

_ PH2 = 0,095 ATMM _ _ - ~  
o 

_ PH2=0,28 ATM 
0 

0 

-- PHz= 0.44 A T e - - -  - - - ~ ~ - - % o  

o 

- -  o 

- PHz = 1.0 ATM _ _ ~ . _ v _ _ t ~ - ~ ~ - ~  

I I I i J [ 

being  close to u n i t y  and  the  a g r e e m e n t  be t w e en  the  
e x p e r i m e n t a l  and  ca lcu la ted  anodic  l im i t i ng  c u r r e n t  
densi t ies  shown  in  Tab le  I. There  is a lways  a pos-  
s ib i l i ty  tha t  some hyd rogen  is dissolved in  the meta l  
nea r  the  surface,  a nd  this  wou ld  t e n d  to resu l t  in 
m a k i n g  the  e x p e r i m e n t a l  e r ror  in  the  d i rec t ion  of 
h igher  i,,~ values .  This is gene ra l l y  observed  in  Tab le  
I compar ing  the e x p e r i m e n t a l  i,,L va lues  wi th  the 
ca lcula ted  values.  

E r sh le r  (14) by  use of charg ing  curves,  Eucken  
and  Weblus ,  and  Brei ter ,  Knor r ,  and  VSlkl (15) 
f rom a-c  impedance  m e a s u r e m e n t s  have  concluded 
tha t  the sur face  of a p l a t i n u m  meta l  is covered la rge ly  
wi th  a tomic  hyd rogen  at  the  h y d r o g e n  e q u i l i b r i u m  

0 0.04 0,08 O J2 OA6 0.20 
8 z 

Fig. 9. Relations between i,~ and 0'-' 

slope t h rough  the  poin ts  at  O ~ va lues  below 0.06, 
which  corresponds  to a 0 va lue  of 0.245, is good. The 
poorer  fit at h igher  ~ va lues  is u n d o u b t e d l y  due  to 
the  a s sumpt ion  of a L a n g m u i r  i so the rm (12) in  the  
de r iva t i on  of Eq. [3] and  [4] .  A be t t e r  fit w ou l d  
p r o b a b l y  be ob ta ined  by  use of a T e m k i n  (13) iso- 
t h e r m  at  coverages above 0.2. However ,  the use of 
the  L a n g m u i r  i so therm for the  ca lcu la t ion  of k ine t ic  
p a r a m e t e r s  in  the  p resen t  pape r  is va l id  since 80, a nd  
i,,L r ep re sen t  low and  zero coverage,  respect ively ,  
whereas  to.,. r ep resen t s  fu l l  coverage.  The  L a n g m u i r  
i so the rm does app ly  to these  condi t ions.  

The  L a n g m u i r  i so the rm is 

0o~/( 1 - -  8o) = = KP-.~ [12] 

The data  for this i so the rm is p lo t ted  in  Fig. 10 and  
an  exce l len t  fit to a s t ra ight  l ine  in t e r sec t ing  the  zero 
po in t  is obta ined .  The  ca lcula ted  K va lue  is 0.0009. 
The L a n g m u i r  i so therm shown in  Fig. 10 confirms 
the fact  tha t  the a tomic h y d r o g e n  coverage of the  
r h o d i u m  surface at e q u i l i b r i u m  is low. It  also con-  
f irms the  e lect rode m e c h a n i s m  pos tu la ted  a nd  the  
me thod  of ca lcu la t ing  the  k ine t i c  paramete rs .  In  
addi t ion ,  since the anodic  pa r t  of the  curves  shown 
in Fig. 6 show a good l inea r  fit f rom zero ove r -  
vol tage  to abou t  the  po in t  whe re  the  l imi t ing  anodic  
c u r r e n t  dens i ty  is reached,  one can  conclude tha t  
8o < <  1. This is because  d u r i n g  anodic  po la r iza t ion  
the  va lue  of 8 mus t  r ange  f rom ~0 at e q u i l i b r i u m  to 
zero at the l imi t ing  c u r r e n t  densi ty .  If this r ange  of 
va lues  was  a s ignif icant  f rac t ion  of u n i t y  t hen  one 
could not  ob ta in  a l i nea r  fit us ing  Eq. [4a].  

A f u r t h e r  conf i rmat ion  of the app l icab i l i ty  of the  
ca lcula t ions  used is the s to ichiometr ic  n u m b e r ,  ~, 
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Fig. 10. Longmui r  adsorpt ion isotherm, OoS/(l - -0o)  ~ vs. P~2 

potent ia l .  The  resul ts  g iven  here  and  in  previous  
papers  f rom this  l abo ra to ry  (1, 16) have  shown tha t  
the  sur face  of p l a t i n u m  meta l s  is covered only  
sparse ly  w i th  atomic h y d r o g e n  at equ i l ib r ium.  I t  is 
conce ivab le  t ha t  both  resu l t s  m a y  be correct.  For  
example ,  a l ayer  of a tomic h y d r o g e n  m a y  exist  jus t  
be ne a t h  the  meta l  surface  or is so incorpora ted  in  
the me ta l  surface  tha t  it is in effect a par t  of the  
metal .  If this  a tomic h y d r o g e n  is no t  in  e q u i l i b r i u m  
wi th  the  molecu la r  h y d r o g e n  in  solut ion,  t hen  it m a y  
be detec ted  by  charg ing  curves,  or by  a-c  methods  
bu t  wou ld  no t  p lay  a part ,  except  poss ib ly  as a ca ta -  
lyst, in the  hyd rogen  surface  p o t e n t i a l - d e t e r m i n i n g  
reac t ion  at equ i l ib r ium.  I t  could be t ha t  such a l aye r  
is fo rmed  by  the ac t iva t ion  procedures  used wi th  
p l a t i n u m  meta l s  which  ge ne r a l l y  consist  of a l t e r -  
na te  anodic  and  cathodic t r e a tmen t .  Such a l ayer  
ma y  also exis t  even  at v e r y  low h y d r o g e n  pa r t i a l  
pressures .  It  i s  n o t e w o r t h y  tha t  the  a -c  impedance  
m e a s u r e m e n t s  of Brei ter ,  Knor r ,  and  VSlkl (15) 
gave v i r t u a l l y  the same high surface  coverage for 
P t  me ta l s  in  both  h y d r o g e n  and  n i t r o g e n  sa tu ra ted  
solutions.  The  t r ans i to ry  n a t u r e  of h igh ly  ac t ivated  
p l a t i n u m  (17-19) in h igh ly  purif ied solut ions  m a y  be 
due to such a layer  of a tomic h y d r o g e n  be ing  de-  
creased in t ime  ra the r  t h a n  to the a c c u m u l a t i o n  of 
impur i t i e s  on the  surface.  

Diffusion effects in this  inves t iga t ion  mus t  be 
neg l ig ib le  u n d e r  the e x p e r i m e n t a l  condi t ions  used. 
The reason  for this can be seen f rom the  fact tha t  
i .... va lues  are a lways  g rea te r  t h a n  i~ values.  If 
diffusion were  impor tan t ,  w h e n  8o < <  1, i,,,. va lues  
mus t  a lways  be smaller .  This  can be seen f rom the  
re la t ion  

1/ i , .~ ,  - -  (1 - -  Oo)~'/i~ + 1 / i  .... [13] 

where  L,, is the  so-cal led diffusion exchange  cu r r en t  
densi ty.  This means  tha t  for the sys tem repor ted  
here  i..d mus t  be much  la rger  t h a n  i .... 

A n o t h e r  ver i f icat ion of the  k ine t i c  analys is  used 
in this pape r  would  be an  e x p e r i m e n t a l  d e t e r m i n a -  
t ion of L.L. This  was imposs ib le  to achieve  wi th  the 
t echn ique  used in this  inves t iga t ion .  This  is due 
p r i m a r i l y  to the  large coverage  of the  m e t a l  surface  
wi th  h y d r o g e n  bubb le s  at  c u r r e n t  densi t ies  ap -  
p roach ing  0.5 a mp / c m<  New techn iques  are be ing  
cons idered  w i th  which  it is hoped tha t  this  difficulty 
m a y  be overcome and  a d e t e r m i n a t i o n  of ir m a y  be 
possible. 

Manuscript  received Aug. 27, 1959. 

Any discussion of this paper will appear in a Dis- 
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cussion Section to be published in the December 1960 
JOURNAL. 
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Technica  

Effect of Oxygen on the Active-Passive Behavior of Stainless Steel 
Norbert D. Greene 1 

M tals Research Laboratories, Union Carbide Metals Company, 
Division of Union Carbide Corporation, Niagara Falls, Now York  

The usefulness of potent iosta t ic  polar izat ion 
methods for s tudying pass iv i ty  of meta ls  has been 
demons t ra ted  (1-7) .  These techniques are used here  
to de te rmine  whether  dissolved oxygen has any ef- 
fect on the ac t ive-pass ive  behavior  of stainless 
steel. The pass iva t ing  inh ib i tor  mechanism p r o -  
posed by  Stern  (8) assumes tha t  the  presence of 
smal l  quant i t ies  of oxidizing agents  (or  pass ivators)  
does not affect apprec iab ly  the anodic dissolution 
kinetics of a metal .  This s tudy is a direct  test  of 
this assumption. Fur ther ,  it  is also useful  in test ing 
the va l id i ty  of theories which a t t r ibu te  pass iv i ty  to 
the re ta rda t ion  of anodic dissolution by  adsorbed 
oxygen f rom solution (9-11) .  

Type 430 stainless steel  in sulfuric acid was chosen 
for this s tudy because its ac t ive-pass ive  t rans i t ion  
is reproducib le  and does not va ry  wi th  time, and the 
cri t ical  anodic cur ren t  densi ty  is sufficiently high 
so tha t  spontaneous pass ivat ion does not occur in 
oxygen - sa tu ra t ed  solutions. 

Experimental 
Potent iosta t ic  anodic polar iza t ion  measurements  

were  conducted wi th  appara tus  and techniques de-  
scribed in detai l  e l sewhere  (7, 12). Electrodes were  
machined f rom Type 430 stainless steel (15.90% 
chromium, 0.30% manganese ,  0.054% carbon, 0.31% 
silicon, 0.005% phosphorus,  and 0.011% sulfur)  
furnace-cooled  af te r  1 hr  at  780~ Polar iza t ion  
measurements  were  conducted in hyd rogen -  and 
oxygen-sa tu ra ted  sulfur ic  acid solutions. 

1 Present  address: D e p a r t m e n t  of  Metallurgical  Engineering,  
Rennselaer  Polytechnic  Inst i tute ,  Troy,  N e w  York. 

Electrodes were  p re -exposed  to the test  solutions 
for 15 to 20 hr  pr ior  to polar iza t ion  measurements .  
Al l  tests were  per formed  at  24 ~ to 26~ 

Results 
Figure  1 shows anodic polar iza t ion  da ta  for  Type 

430 stainless steel  in h y d r o g e n - s a t u r a t e d  normal  
sulfuric  acid. The act ive corrosion potent ia l  is in-  
dicated on the ordinate.  This curve is typ ica l  of 
most ac t ive-pass ive  meta ls  (1-7) .  As the potent ia l  
is increased,  cur ren t  densi ty  increases to a m a x i -  
mum, here  cal led cri t ical  anodic current  density,  Io. 
The corresponding potent ia l  is called the  p r i m a r y  
passive potent ial ,  Epp. At  potent ia ls  more  noble 
than  Epp, current  decreases,  even tua l ly  to ve ry  
small  values,  and becomes t ime-dependen t .  Above 
app rox ima te ly  0.900 v, cur ren t  again increases wi th  
potent ia l  and oxygen evolut ion occurs. The current  
m a x i m u m  at 0.050 v is not significant in the pas -  
s ivat ion process and is not  considered fu r the r  here. 

Al though Fig. 1 is an appl ied  cur ren t  polar izat ion 
curve, other  studies, to be repor ted  later,  demon-  
s t ra te  tha t  it  closely approx imates  actual  anodic 
dissolution ra te  over  a wide range  of potent ials .  At  
potent ia ls  above revers ib le  oxygen potent ia l  (0.900 
v)  and wi th in  app rox ima te ly  50 mv of the  active 
corrosion potent ia l ,  significant dis tor t ion occurs be -  
cause of contr ibut ions  f rom oxygen and hydrogen  
evolution, respect ively.  

F igure  2 shows the polar iza t ion  of Type  430 
stainless steel  in o x y g e n - s a t u r a t e d  normal  sulfuric  
acid. In contrast  to the behav ior  in h y d r o g e n - s a t u -  
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All oxygen-saturated solutions exhibited cathodic 
loops during anodic polarization. Differences be- 
tween hydrogen-saturated and oxygen-saturated 
solutions shown in Table I are within the limits of 
experimental accuracy. 

Discussion 

F i g u r e s  1 and  2 and  Tab le  I d e m o n s t r a t e  t h a t  
oxygen ,  in suff icient  c o n c e n t r a t i o n  to m a i n t a i n  p a s -  
s i v i t y  of T y p e  430 s t a in less  s teel ,  does no t  affect  
anod ic  d i s so lu t ion  of th is  a l loy.  Thus,  p a s s i v i t y  c a n -  
no t  be  a t t r i b u t e d  to t h e  r e t a r d a t i o n  of anod ic  d i s -  
so lu t ion  b y  the  a d s o r p t i o n  of o x y g e n  f rom so lu t ion  
as p r o p o s e d  b y  s e v e r a l  i n v e s t i g a t o r s  (9 -11 ) .  A l -  
t h o u g h  o x y g e n  a d s o r p t i o n  u n d o u b t e d l y  occurs  on 
s ta in less  s tee l  sur faces ,  it  does no t  r e t a r d  d i s so lu -  
t ion.  The  fac t  t h a t  s t ab le  p a s s i v i t y  has  been  o b -  
s e r v e d  in t he  a bse nc e  of o x y g e n  (5)  offers a d d i -  
t i ona l  ev idence  t h a t  p a s s i v i t y  is no t  caused  b y  a d -  
so rbed  oxygen .  

The  p re sence  of o x y g e n  does no t  m e a s u r a b l y  a f -  
fect  d i s so lu t ion  k ine t i c s  of T y p e  430 s ta in less  s tee l  
in su l fu r i c  acid.  The re fo re ,  for  th i s  sys tem,  t h e  a s -  
s u m p t i o n  t ha t  anod ic  and  ca thod ic  p a r t i a l  p rocesses  
a r e  m u t u a l l y  i n d e p e n d e n t  ( 4 , 8 )  is correct .  F o r  
p r e d i c t i n g  b o t h  t he  e f fec t iveness  of p a s s i v a t i n g  
agen t s  and  t h e  r e l a t i v e  p a s s i v a t i n g  t endenc ie s  of 
a l loys ,  th is  a s s u m p t i o n  can p r o b a b l y  be  g e n e r a l l y  
app l i ed ,  as s h o w n  b y  the  success  of r ecen t  s tud ies  

Fig. 2. Anodic polar izat ion of Type 430 stainless steel in 
oxygen-saturated 1N sulfuric acid. 

r a t e d  acid,  th is  s y s t e m  d e m o n s t r a t e s  two  s t ab le  
m i x e d  p o t e n t i a l s  as  ev idence  b y  the  a p p e a r a n c e  of 
t he  ca thod ic  loop b e t w e e n  --0.300 and  0.100 v. In  
th is  e n v i r o n m e n t ,  T y p e  430 s ta in less  a l loy  can  ex is t  
in e i t he r  t he  ac t ive  s t a t e  a t  --0.517 v or  t he  pas s ive  
s t a t e  a t  0.100 v$ S ince  bo th  ac t ive  and  pas s ive  
s t a tes  a r e  s tab le ,  the  s y s t e m  does  no t  s p o n t a n e o u s l y  
t r a n s f o r m  f r o m  one to the  o ther .  H o w e v e r ,  t he  a l loy  
can  be  r e p e a t e d l y  t r a n s f o r m e d  f r o m  one s t a t e  to the  
o the r  b y  a p p l i c a t i o n  of su i t ab l e  anod ic  or  ca thod ic  
cu r ren t s .  Thus,  the  l i m i t i n g  d i f fus ion c u r r e n t  of 
o x y g e n  in an  o x y g e n - s a t u r a t e d  so lu t ion  is sufficient  
to m a i n t a i n  s t a b l e  p a s s i v i t y  b u t  insuff ic ient  to cause  
s p o n t a n e o u s  pas s iva t ion .  F o r  d e s c r i p t i o n s  of  c a t h -  
odic loops,  spon t aneous  pass iva t ion ,  and  o t h e r  
p h e n o m e n o l o g i c a l  f e a t u r e s  of a c t i v e - p a s s i v e  meta l s ,  
see (2, 5, 8, 14).  

S i m i l a r  e x p e r i m e n t s  w e r e  p e r f o r m e d  in 5 and  
10N su l fu r i c  ac id  and  a r e  s u m m a r i z e d  in T a b l e  I. 

2 A l t h o u g h  t he  i n i t i a l  p a s s i v e  p o t e n t i a l  of  t h i s  s y s t e m  wa s  0.100 v ,  
the  t i m e - d e p e n d e n c y  of p a s s i v e  d i s s o l u t i o n  (4, 7, 13) p r o d u c e d  a 
s low s h i f t  i n  t he  n o b l e  d i rec t ion .  A f t e r  48 h r  in  t he  p a s s i v e  con-  
d i t ion ,  th i s  p o t e n t i a l  i nc reased  to  0.345 v.  

Table I. Primary passive potentials (Epp) and critical anodic 
current densities (1~) of Type 430 stainless steel in sulfuric acid 

Potent ia l s  ~ v vs. SCE; cur ren t  = ma/cm-" 

Acid H y d r o g e n  s a t u r a t e d  O x y g e n  s a t u r a t e d  
concen-  
t r a t i o n  Epp Ic Epp Iv 

IN --0.420 17 --0.420 21 
5N --0.340 26 --0.340 29 

10N --0.260 40 --0.280 43 

of th is  n a t u r e  (2, 7, 8) .  
A l t h o u g h  a m e c h a n i s m  for  p a s s i v i t y  canno t  be  

d e d u c e d  f rom the  m e a s u r e m e n t s  p e r f o r m e d  here ,  
th is  s t u d y  f u r t h e r  conf i rms the  p h e n o m e n o l o g i c a l  
d e s c r i p t i o n  of p a s s i v i t y  p r o p o s e d  b y  S t e r n  (8 ) .  
S i m p l y ,  any  o x i d i z e r  c a p a b l e  of p r o d u c i n g  a m i x e d  
p o t e n t i a l  w i t h i n  t he  pas s ive  p o t e n t i a l  r eg ion  can 
p r o d u c e  s t ab le  pas s iv i ty .  In  th is  sense,  o x y g e n  
d e m o n s t a t e s  no specific p r o p e r t y ;  i ts  b e h a v i o r  is 
t y p i c a l  of a n y  s t rong  ox id iz ing  agent .  

Summary 

1. I t  is shown t h a t  t he  p r e s e n c e  of o x y g e n  has  no 
a p p a r e n t  effect on the  anodic  d i s so lu t ion  k ine t i c s  
of T y p e  430 s t a in less  steel .  The  p r i m a r y  pa s s ive  
p o t e n t i a l  and  the  c r i t i c a l  anodic  c u r r e n t  de ns i t y  a r e  
e s s e n t i a l l y  the  s a m e  in the  p r e s e n c e  or  absence  of  
d i s so lved  oxygen .  

2. The  p a s s i v a t i n g  i nh ib i t o r  t h e o r y  desc r ibed  b y  
S t e r n  is s u p p o r t e d  b y  this  s tudy .  

3. Resu l t s  of th is  s t u d y  a re  no t  cons is ten t  w i t h  
a d s o r b e d  o x y g e n  theo r i e s  of pa s s iv i t y .  
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A Controlled Diffusion Process for Indium in N-Type Germanium 
F. Barson, M. J. Dyett, C. Karan, and W. E. Mutter 

Product Development Laboratory, International Business Machines Corporation, Poughkeepsie, New York 

In  the f ab r i ca t ion  of NPN diffused base t r ans i s -  
tors, one conven t iona l  process s tar ts  wi th  N- type  
g e r m a n i u m  and  diffuses a P - t y p e  sk in  in to  its su r -  
face. A n  N - t y p e  emi t t e r  dot is t h e n  a l loyed into the  
diffused sk in  to comple te  the NPN s t ruc ture .  

One compl ica t ion  which  arises, p a r t i c u l a r l y  d u r -  
ing the diffusion process, is tha t  of t h e r m a l  c onve r -  
sion; tha t  is, w h e n  g e r m a n i u m  is hea ted  above about  
500~ and  cooled fa i r ly  rapid ly ,  add i t iona l  acceptor  
levels  appear  in the  b u l k  of the  crys ta l  (1).  The 
dens i ty  of these t h e r m a l  acceptors is of ten  grea t  
enough  tha t  N - t y p e  g e r m a n i u m  is comple te ly  con-  
ve r ted  to P - t ype .  

The cause of this  t h e r m a l  convers ion  in  ge rma-  
n i u m  is associated p r i m a r i l y  wi th  the  i n t roduc t ion  
of copper into the  mater ia l .  Copper  is a p p a r e n t l y  
u sua l ly  p re sen t  in t race  a m o u n t s  on the  surface 
and, due to its ve ry  h igh di f fus ivi ty  at e levated  
t empera tu res ,  spreads  r ap id ly  t h r o u g h o u t  the  b u l k  
of the g e r m a n i u m  where  it  acts as an  acceptor  cen-  
ter  (2, 3).  In  addi t ion,  quenches  f rom high t e m -  
pe ra tu res  m a y  in t roduce  acceptor  levels  of ano ther  
k ind,  which  are a p p a r e n t l y  due to q u e n c h e d - i n  
la t t ice  defects (4, 5). Except  w i th  v e r y  rap id  cool- 
ing rates,  however ,  this  l a t t e r  type  of t h e r m a l  ac- 
ceptor is no t  too t roublesome.  

Severa l  inves t iga tors  have  suggested mea ns  of 
m i n i m i z i n g  t h e r m a l  convers ion  due to copper  con-  
t amina t ion .  A n n e a l i n g  the  g e r m a n i u m  at 500~ 
prec ip i ta tes  the  copper  in  c lusters  which  are elec- 
t r i ca l ly  inac t ive  (2, 6) ;  however ,  s ince the  copper 
is no t  ac tua l ly  r emoved  f rom the sample  by  this 
method,  f u r t h e r  hea t ing  cycles m a y  cause conve r -  
sion to occur once more.  A v a c u u m  hea t  t r e a tmen t ,  
on the o ther  hand,  removes  the  poss ib i l i ty  of con- 
vers ion  b y  ac tua l l y  evapo ra t i ng  the  copper  f rom the 
sample,  m a i n t a i n i n g  its res i s t iv i ty  (7) .  A n o t h e r  
me thod  is to c lean  the  g e r m a n i u m  in  po tas s ium 
cyanide prior to any proposed heat treatment (8, 
9). The cyanide forms soluble complexes with cop- 
per, removing it before it can diffuse in and be 
troublesome. Finally, it has been shown that certain 
molten metals in contact with germanium, due to 
their high solubility for copper, act as getters which 
extract the copper from the germanium (10-12). 

It is this last method which has been employed 
in the present work to develop a practical process 

for diffusion into N-type germanium. By a proper 
choice of the getter metal, it has been found pos- 
sible not only to retain the original resistivity of the 
N-type germanium wafer, but also to use this metal 
as a source of acceptor impurities for the diffusion 
itself. 

Method and Results 
A p p r o x i m a t e l y  0.1 mi l  th ickness  of i n d i u m  me ta l  

was evapora ted  onto one side of the  N - t y p e  g e r m a -  
n i u m  wafers  to be  diffused. The  wafers  were  then  
placed,  i n d i u m  side down,  on a g raph i t e  s lab and  
hea ted  in  a w i r e - w o u n d  f u r na c e  u n d e r  an  a tmos-  
phere  of s lowly  f lowing f o r mi ng  gas. The  t e m p e r a -  
t u r e  used for the diffusion was 875~ At  this  t e m -  
pe ra tu re ,  the m o l t e n  i n d i u m  film u n d e r  the  g e r m a -  
n i u m  prov ided  enough  i n d i u m  vapor  in  the  fu rnace  
so tha t  a P - t y p e  skin  formed by  diffusion on the 
uppe r  sides of the wafer .  

In  this  way,  the  i n d i u m  served both  as a ge t te r  to 
r emove  copper  f rom the sample  a nd  also as a 
source of the acceptor  i m p u r i t y  for diffusion as 
well .  The th ickness  of the  P - t y p e  sk in  so fo rmed  
could be cont ro l led  by  the l eng th  of t ime  tha t  the  
sample  was  held  at h igh t e m p e r a t u r e .  Fo l lowing  
the  diffusion, the  samples  were  cooled a nd  the  
i n d i u m  film, p r e s u m a b l y  now  con t a in ing  a ny  copper  
o r ig ina l ly  p re sen t  in  the  g e r m a n i u m ,  was  r e moved  
f rom the bo t tom of the  wafers  by  lapping.  

The  res is t iv i t ies  of the wafers  we re  m e a s u r e d  by  
the  f o u r - p o i n t  p robe  me thod  p r io r  to the  evapo ra -  
t ion, and  aga in  af ter  the diffusion (on the  lapped,  
N- type  sur face) .  Se ldom was the  dens i ty  of t h e r m a l  
acceptors  i n t roduced  by  the  process found  to exceed 
1 x 101' cm -~. This me a ns  tha t  g e r m a n i u m  in  the  
r a nge  of 3-6 o h m - c m  suffered an  increase  in  res is-  
t iv i ty  of less t h a n  0.5 ohm-cm.  

The  j u n c t i o n  dep th  X~ for a diffusion was  m e a s -  
u r e d  by  beve l i ng  a por t ion  of the  sur face  at  a low 
ang le  a nd  loca t ing  the  j u n c t i o n  w i th  a t h e r m a l  
p robe  m o u n t e d  on  a sens i t ive  dep th  gauge.  To es t i -  
m a t e  Co, the  surface  concen t r a t i on  for the  i n d i u m  
diffusion, the  f ami l i a r  e r ror  f u n c t i o n  d i s t r i bu t ion  
was  eva lua t ed  at the j unc t i on :  

Cj = Co erfc X J 2 k / D t  

A s s u m i n g  a diffusion coefficient of 1.5 x 10 -~ cm"/ 
sec at 875~ Co was  ca lcu la ted  to be abou t  5 x 10 TM 
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Fig. 1. Impuri ty distr ibut ion in a transistor made by the 
process described. Shaded area represents fo ~ P dx. 
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cm -3. The  assumed diffusion coefficient is in  good 
a g r e e m e n t  w i t h  tha t  d e t e r m i n e d  by  severa l  ear l ie r  
inves t iga to rs  (13-15) ;  fu r the rmore ,  the  r e su l t ing  
Co was cons is tent  wi th  sheet  res i s tance  m e a s u r e -  
men t s  made  in a m a n n e r  s imi la r  to tha t  of Backeno 
stoss (16) for si l icon diffusions. 

I n  order  to po in t  out  a p rac t ica l  difficulty in  m a k -  
ing t r ans i s to r s  of the  i n d i u m - d i f f u s e d  m a t e r i a l  de-  
scr ibed above,  we recal l  tha t  the  f ab r i ca t ion  process 
is now to a l loy an  N - t y p e  emi t t e r  in to  the  P - t y p e  
skin.  This  resul t s  in  an  i m p u r i t y  d i s t r i bu t i on  some-  
w h a t  as shown  in  Fig. 1. The emi t t e r  efficiency for 
this  s t r uc tu r e  can be shown  to be (17) :  

1 
T ~  

/~,, ::P dx 
1+ 

~. L,eNo 

Notice tha t  the  in tegra l ,  which  r ep resen t s  the  shaded 
a rea  in  Fig. 1, should  have  a smal l  va lue  to give a 
h igh emi t t e r  efficiency. This means  tha t  if Co is 
large,  the  emi t t e r  m u s t  be  a l loyed v e r y  close to the  
col lector  j u n c t i o n  ( tha t  is, the  base  m u s t  be ve ry  
n a r r o w )  to p rese rve  a h igh emi t t e r  efficiency. This  
calls for v e r y  precise cont ro l  of a l loy ing;  for p lac ing  
the  emi t t e r  j u n c t i o n  at too sha l low a dep th  resul t s  
in  low emi t t e r  efficiency, whi le  p lac ing  it at too 
grea t  a dep th  resul ts  in  a l loy ing  comple te ly  t h rough  
to the  collector  junc t ion .  The re  are  severa l  ways  to 
lower  Co in  the  i n d i u m  diffusion process so as to 
decrease  the  slope of the  i m p u r i t y  d i s t r i bu t i on  and  
thus  a l low more  l eeway  in  the emi t t e r  a l loying  
process. A me thod  wh ich  was  both  s imple  and  ef-  
fect ive was  to use an  evapora t ed  film of bo th  i n -  
d i u m  and  t in  together  as a ge t te r - source  and  then  
to pe r fo rm  the  diffusion exac t ly  as descr ibed  in the  
or ig ina l  process, a s ing le -zone  fu rnace  sufficing. 

We recal l  that,  for an  ideal  solut ion,  the  vapor  
p ressure  of the  solute  is p ropor t iona l  to its mole  
f r ac t ion  in  the  solut ion (Raoul t ' s  l a w ) .  Hence,  we  
would  expect  tha t  as the  concen t r a t i on  of i n d i u m  
in the  evapora ted  t i n - i n d i u m  film was decreased,  
the  vapor  p ressure  of the  i n d i u m  at  diffusion t e m -  
pe ra tu re s  wou ld  s imi l a r ly  decrease,  and  wi th  it the  Co 
of the  diffusion process. Tha t  this  is ac tua l ly  the  case 
is i l l u s t r a t ed  in  Fig. 2 which  shows the  C~ for sev-  

015 
I o.I a s  I 5 Io so Ioo 

ATOM PERCENT INDIUM IN FILM 

Fig. 2. Surface concentration Co as a funct ion of the 
evaporated f i lm composition. 

era l  diffusions us ing  i n d i u m  a nd  t i n - i n d i u m  films 
on the  g e r m a n i u m  wafers.  The  va lues  of Co are 
based once more  on j u n c t i o n  depth  m e a s u r e m e n t s  
and  an  a s sumed  diffusivi ty  of D ---- 1.5 x 10 -2 cm~/ 
sec at 875~ The  l imi ts  of p robab le  e r ror  shown 
are  l a rge ly  due  to u n c e r t a i n t y  in  the  j u n c t i o n  depth  
m e a s u r e m e n t ,  which  was abou t  -- 0.02-0.03 mil.  
The t rend,  however ,  is clear,  d e m o n s t r a t i n g  the 
va r i a t i on  of Co which  is possible  w i th  the  me thod  
described.  

T in  was  selected as the second meta l  to d i lu te  the 
ind ium,  p a r t l y  because  it is r epo r t ed ly  ine r t  elec- 
t r i ca l ly  in  g e r m a n i u m  (18) and  p a r t l y  because,  due 
to its low vapor  pressure,  it  did no t  i tself  evapora te  
apprec iab ly  d u r i n g  the longer  diffusion runs .  It  
should pe rhaps  be poin ted  out  that ,  a l though  it is 
the  a tom pe r c e n t  of i n d i u m  in  the  evapora ted  film 
which  is p lo t ted  in  Fig. 2, the  ac tua l  m o l t e n  film 
d u r i n g  diffusion was  a t e r n a r y  so lu t ion  of ind ium,  
t in,  and  also g e r m a n i u m  dissolved at  the  diffusion 
t empe ra tu r e .  Thus  the data  p r e sen t ed  app ly  on ly  to 
the  case described,  in  which  the  film is in  phys ica l  
contact  w i th  the  g e r m a n i u m  d u r i n g  diffusion. 

Conclusion 
The e x p e r i m e n t a l  resul ts  p re sen ted  show that  

mol t en  i n d i u m  me ta l  in contact  wi th  g e r m a n i u m  can 
be used not  on ly  as a ge t te r  to p r e v e n t  t h e r m a l  con-  
vers ion,  bu t  also as a s i m u l t a n e o u s  source of i n d i u m  
vapor  for diffusion into the g e r m a n i u m .  F u r t h e r -  
more, by  d i l u t i ng  the  i n d i u m  wi th  tin, the  surface  
concen t r a t i on  of i n d i u m  in  the  diffused skin  can be 
reduced  con t ro l l ab ly .  This, p lus  the  fact tha t  on ly  a 
simple,  one -zone  diffusion f u r n a c e  is requi red ,  
makes  the  process an  easy a nd  prac t ica l  one for 
p roduc ing  diffused skins on g e r m a n i u m  for diffused 
base t r ans i s to r  m a n u f a c t u r e .  
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The Double Layer in Electrochemistry 1 

A. N. Frumkin 

Institute of Electrochemistry of the Academy of Sciences of the U.S.S.R., Moscow, U.S.S.R. 

In  every  group  of p h e n o m e n a  the re  is some spe-  
cific fea tu re  which  leaves its m a r k  on the science 
dea l ing  wi th  these  phenomena .  As it seems to me, a 
specific f ea tu re  of this  k ind  in  the  case of e lec t ro-  
chemical  processes is the ex is tence  of the  electr ic  
double  l ayer  at  the  m e t a l - s o l u t i o n  in terface .  P e r ha ps  
l am not  qu i te  impa r t i a l  in  this  s t a tement ,  as I, if I 
m a y  say so, stood at the  cradle  of the  double  l aye r  
theory,  bu t  sti l l  I t h i n k  tha t  the re  are m a n y  ele-  
men t s  of t r u t h  in  it. 

There  is no th i ng  excep t iona l  in  the  fact tha t  w h e n  
two phases  come into contac t  the re  appears  a double  
l aye r  at the  in terface .  The ions, as any  other  solute, 
t end  to be d i s t r ibu ted  b e t w e e n  the  phases  in  ac-  
cordance  wi th  the  difference in the i r  s t a n d a r d  c he m-  
ical potent ia ls .  But ,  as the i r  l a rge  electr ic  charges  
i nh ib i t  the  separa t ion  of ions in  cons iderab le  q u a n -  
ti t ies,  the  d i s t r i bu t ion  e q u i l i b r i u m  is secured  by  a t -  
t a i n ing  a ce r ta in  difference of electr ic  po ten t ia l s  
wi th  a s imu l t aneous  fo rma t ion  of a double  l aye r  at  
the  interface,  which  necess i ta tes  the  t r ans f e r  of bu t  
smal l  quan t i t i e s  of ions f rom one phase  to the  other,  
p rov ided  the a rea  of the in te r face  is no t  ve ry  great .  
The  laws gove rn ing  the  va lue  of this  e q u i l i b r i u m  
po ten t i a l  difference were  es tab l i shed  long ago by  
Gibbs  and  Helmhol tz ;  for the  fo rm of these  laws 
which  is f ami l i a r  to chemis ts  we  are indeb ted  to 
Ne rns t  and  Lewis.  The i m p o r t a n c e  of these r e l a -  
t ionships  canno t  be  overemphas ized ;  however ,  one 
m u s t  keep in  m i n d  tha t  they  te l l  us no th ing  about  
the  m e c h a n i s m  of the  e s t ab l i shmen t  of the  po ten t i a l  
difference or abou t  the s t r uc tu r e  of the  double  l aye r  
be ing  formed.  

l P a l l a d i u m  M e d a l  Addre s s  d e l i v e r e d  a t  t he  Ch icago  Mee t ing ,  
May  3, 1960. 

At the  p re sen t  t ime  we get our  know l e dge  abou t  
the  s t r uc t u r e  of the  double  l ayer  in the  first place 
f rom a-c  m e a s u r e m e n t s  of e lect rode capaci t ies  or 
by  o ther  s imi la r  methods.  Ear l i e r  da ta  which  I had  
to consider  w h e n  I be ga n  to s tudy  this  p rob l em 
(more  t h a n  40 years  ago) were  based on m e a s u r e -  
me n t s  of e lec t rocap i l l a ry  curves,  i.e., of the  r e l a t ion  
b e t w e e n  in te r fac ia l  t ens ion  ~ and  po ten t i a l  differ-  
ence ~b. In  order  to d e t e r m i n e  f rom these  da ta  the  
electr ic  p roper t ies  of the  in terface ,  one m u s t  use the  
L i p p m a n n - H e l m h o l t z  equa t ion  

0~ 
- -  - -~  [1] 

ar 

w he r e  e is the  charge dens i ty  on the  me ta l  surface.  
The appl ica t ion  of Eq. [1] to e x p e r i m e n t a l  da ta  

showed in  a n u m b e r  of cases a r a the r  complex  r e l a -  
t ionsh ip  b e t w e e n  r and  #. The  m a j o r i t y  of scient is ts  
of tha t  t ime  though t  tha t  the double  l ayer  should  be -  
have  as a flat condenser ,  i.e., t ha t  e should  be p ro -  
por t iona l  to r They  exp la ined  the  dev ia t ions  ob-  
served by  the  i naccu racy  of Eq. [1], a l t hough  the  
l a t t e r  is s t r ic t ly  deduced  f rom the  p r inc ip les  of 
t he r modyna mi c s .  E v e n  such an  a u t ho r i t y  in  the  field 
of chemica l  t h e r m o d y n a m i c s  as v a n  Laa r  held  this  
view. On ly  the  F r e n c h  physic is t  Gouy  found  a be t t e r  
approach  to the  t heo ry  of e lec t rocapi l la r i ty .  Bu t  
Gouy  worked  at a p rov inc ia l  u n i v e r s i t y  at N a n c y  
wh ich  he left  b u t  seldom, a nd  his  works  were  l i t t l e  

k n o w n  to scient is ts  in te res ted  in  phys icochemica l  
p roblems.  In  a n y  case, w h e n  I p r e sen t ed  a paper  
w i th  the e x p e r i m e n t a l  conf i rmat ion  of the  correc t -  
ness of Eq. [1] and  some cr i t ical  r e m a r k s  on the  
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theory  of v a n  Laar  to the "Zei t schr i f t  fLir p h y s i k a l -  
ische Chemic,"  it was  at first re jec ted  by  the  Editor .  

In  this  paper  the  electr ic  charges  were  d e t e r m i n e d  
f rom the  c u r r e n t  s t r eng th  necessa ry  for charg ing  a 
g rowing  m e r c u r y  drop, jus t  in  the  same way  as it is 
of ten done at the  p re sen t  t ime,  and  0~/0~ was ca l -  
cu la ted  f rom e lec t rocap i l l a ry  curves  (1) .  There  sti l l  
r e m a i n e d  a con t rad ic t ion  wh ich  could not  be r e -  
moved  for a long per iod  of t ime:  the double  l ayer  
capacit ies  as d i rec t ly  m e a s u r e d  by  Krfiger,  Bowden  
and  Rideal ,  E r d e y - G r u z  and  K r o m r e y  a lways  p roved  
to be m u c h  smal le r  t h a n  the  capaci t ies  ca lcu la ted  
f rom e lec t rocap i l l a ry  data  u s ing  Eq. [1] or found  
f rom e x p e r i m e n t a l  va lues  of c. This  d i sc repancy  
seemed to be so f i rmly es tab l i shed  tha t  even  a t -  
t empts  to give it a theore t ica l  exp l ana t i on  were  
made.  Thus  a hypothes is  was  suggested according to 
which  the  capaci ty  measu red  by  means  of an  a l t e r -  
n a t i n g  c u r r e n t  mus t  be exac t ly  equa l  to o n e - h a l f  the  
capac i ty  ob ta ined  f rom e lec t rocap i l l a ry  da ta  (2) .  
Howeve r  P r o s k u r n i n  and  F r u m k i n  showed in 1935 
(3) t ha t  the d iscrepancies  observed  were  caused b y  
a di f ferent  and  m u c h  more  t r iv i a l  c i rcumstance ,  viz., 
the  presence  of organic  impur i t i e s  which  p e n e t r a t e  
the  cap i l l a ry  of the  cap i l l a ry  e lec t romete r  slowly,  
bu t  easi ly  reach the  unp ro t ec t ed  surface  of a m e r -  
cu ry  electrode used in  capac i ty  measu reme n t s .  I t  
was  found  tha t  w h e n  such impur i t i e s  are ca re fu l ly  
e l imina t ed  both methods  of capaci ty  d e t e r m i n a t i o n  
give iden t ica l  resul ts .  Ove rcoming  the  difficulties 
connec ted  wi th  capaci ty  m e a s u r e m e n t s  in  d i lu te  
solut ions  enab led  us to find a capaci ty  m i n i m u m  at 
the  po in t  of zero charge,  wh ich  was  a s t rong confir-  
m a t i o n  of the theory  of the diffuse double  l ayer  (4) .  

Somewha~ la te r  G r a h a m e  adap ted  the  a-c  me thod  
to capaci ty  m e a s u r e m e n t s  on a g rowing  m e r c u r y  
drop (5) ,  which  pe rmi t t ed  the  r e q u i r e m e n t s  to be  
lowered  in respect  to solut ion p u r i t y  and  to increase  
the  prec is ion  of the  method.  

The d e m o n s t r a t i o n  of the  correctness  of the L ipp -  
m a n n - H e l m h o l t z  equa t ion  and  the  deve lopm e n t  of 
methods  of d i rect  capaci ty  m e a s u r e m e n t s  fo rmed  a 
sound  basis for the  i nves t iga t ion  of the  s t ruc tu re  of 
the double  l ayer  and  for the  ver i f icat ion of the  
theory  of the double  l ayer  on the  m e t a l - s o l u t i o n  
interface.  I shall  not  dwel l  here  on the w e l l - k n o w n  
h i s to ry  of the deve lopmen t  of this  theory  which  is 
associated wi th  the names  of Helmhol tz ,  Gouy,  and  
Stern .  Cons iderab le  advances  were  made  in  the pos t -  
wa r  per iod by  David  Grahame ,  whose u n t i m e l y  
dea th  was a great  b low to all  his f r iends  and  col- 
leagues.  By i n t roduc ing  the  concept  of a differ-  
ence in  the  dis tances  of closest approach  of an ions  
and  cat ions to the  me ta l  surface,  G r a h a m e  succeeded 
in g iv ing  a sa t is factory  p ic tu re  of the  r e l a t ionsh ip  
be tween  the  double  l ayer  s t r uc tu r e  and  the  concen-  
t r a t i on  of the  e lec t ro ly te  for the  case w h e n  ions are  
a t t r ac ted  by  coulombic  forces only,  i.e., w h e n  the  
p h e n o m e n o n  c o m m o n l y  cal led specific adsorp t ion  is 
absen t  (6) .  

Such an a g r e e m e n t  b e t w e e n  theory  and  expe r i -  
m e n t  is somewhat  surpr i s ing ,  as the  fact  tha t  the  
so lu t ion  side of the  double  l aye r  is composed of i n -  
d iv idua l  ions was no t  t aken  in to  cons idera t ion  in  the  
d e v e l o p m e n t  of the  theory,  or in  o ther  words,  the  

ionic charges  were,  so to say, smeared  pa ra l l e l  to the 
m e t a l - s o l u t i o n  interface.  Indeed,  the  theory  deve l -  
oped on this  basis canno t  account  for the  exper i -  
m e n t a l l y  observed  dependence  of the  double  layer  
s t ruc tu re  on the  concen t r a t i on  in  the  presence  of a 
m a r k e d  specific adsorp t ion  of anions.  On  m y  sug-  
gest ion Es in  and  his co l labora tors  (7) and  la ter  
Er sh le r  (8) a t t emp ted  to work  out  a theory  of a 
discrete  doub le  l ayer  a nd  to r emove  these  d iscrep-  
ancies. Ersh le r ' s  concepts r ecen t ly  were  developed 
fu r the r  by  G r a h a m e  (9) ;  severa l  papers  by  Parsons  
(10) also are concerned  wi th  this p roblem.  However ,  
despi te  the  efforts exerted,  in  m y  op in ion  we are not  
yet  in  possession of a fa i r ly  sa t is factory  q u a n t i t a t i v e  
theory  of the  double  l ayer  in  which  this  discrete 
s t ruc tu re  wou ld  be t a ke n  into account.  Some success 
in  this  d i rec t ion  was achieved r ecen t l y  by  Levich 
and  K i r y a n o v  (11 ). 

G r a h a m e  supposed, fo l lowing Gouy  in  this, tha t  
inorgan ic  cations, u n l i k e  anions,  do no t  d isp lay  any  
specific adso rbab i l i t y  on the  m e t a l - s o l u t i o n  i n t e r -  
face; in  the  case of cat ions  such an  adsorbab i l i ty  
was ascr ibed  only  to la rge  organic  cations.  The in -  
ves t iga t ions  car r ied  out in  the  past  years  at the Mos- 
cow U n i v e r s i t y  showed, however ,  tha t  this  a s sump-  
t ion is no t  qui te  just if ied (12).  Thus,  the adsorb-  
ab i l i ty  of the  T1 § ion on the  m e r c u r y  surface, as 
seen f rom Fig. 1, in  which  the  e lec t rocap i l l a ry  
curves  for solut ions  of H,~SO~ wi th  addi t ions  of TI~- 
SO~ are  shown,  can be compared  w i th  t ha t  of the  
Br- ion. A ce r t a in  adso rbab i l i t y  also is d i sp layed  b y  
the  lead ions and  a v e r y  small ,  a l t hough  a c lear ly  
de tec tab le  one, even  by  the  ions of the  a lka l i  me ta l  
Cs § (13).  These p h e n o m e n a  are m u c h  more  pro-  
nounc e d  in  the  case of cat ion adsorp t ion  on the  
surface of the  solid me ta l  p l a t i n u m  (14).  P rov ing  
the ex is tence  of a specific cat ion adsorp t ion  is, in 
m y  opinion,  i m p o r t a n t  in  connec t ion  w i t h  the role 
tha t  the  adsorbed  atoms (or  adions)  are  supposed 
to p lay  in  the e lec t rodeposi t ion  of me ta l s  (15-17) .  

The p resence  of a double  l ayer  at  the  m e r c u r y -  
so lu t ion  in te r face  affects a n u m b e r  of its propert ies ,  
for i n s t ance  in te r fac ia l  tension,  adhes ion  be tween  
meta l  and  solut ion,  and  others.  I shal l  discuss here  
only  one of these proper t ies ,  viz., m o b i l i t y  in  an 

0 ~ 
" 

41r 

",  

ibf\ 37C ~/[/ 

3511 , ] 

+0.1 - 0 . 1  - 0 - 3 - 0 - 5 - 0 - 7  - 0 - 9  

Fig. 1. Electrocapillary curves in N KNO~ -}- 0.01N HNO~ 
-k x N TINO~ solutions. Curves from top to bottom: x = 0; 
0.01; 0. I and 0.2 (NCE). 
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e lectr ic  field. W h e n  an  electr ic  field is appl ied,  the  
m e r c u r y  drop in  the  e lec t ro ly te  so lu t ion  comes in to  
motion.  The m e c h a n i s m  of this  mot ion,  first ob-  
served by  Chr i s t i an sen  (18),  e ssen t ia l ly  differs 
f rom t h a t  of the  w e l l - k n o w n  e lec t rok ine t ic  mot ion.  
Its veloci ty,  in  the  case of iden t ica l  field t ens ion  and  
so lu t ion  viscosi ty  for drops h a v i n g  a r ad ius  a of the  
order  of 1 mm,  m a y  exceed tha t  of e lec t rok ine t ic  
mot ion  by  five orders  of magn i tude .  The  m e c h a n i s m  
of these  m o v e m e n t s  is best  i l l u s t r a t ed  by  the  s im-  
ple examp le  of an  ideal  polar ized pos i t ive ly  charged 
drop wi th  a Helmhol tz  double  layer .  In  this  case, 
the  d i s t r i b u t i o n  of the  l ines  of force of the e x t e r n a l  
electr ic  field in  the  v i c in i ty  of the  drop (Fig. 2) is 
s imi la r  to the i r  d i s t r i bu t i on  in  the v i c in i ty  of an  
insula tor ,  in  other  words  they  are t a n g e n t i a l  to the  
drop. U n d e r  these condi t ions  the  electr ic  field acts 
on the  ou te r  sheet  of the  double  layer ,  b u t  no t  on 
the  i n n e r  one, as the  field t ens ion  w i t h i n  the  me ta l  
is equa l  to zero due  to its h igh  electr ic  conduc t iv i ty .  
Thus,  the  effect of the field on the  ou te r  sheet  of the  
double  l aye r  is no t  compensa ted  for (to be  more  
precise, it is compensa ted  by  the  forces appl ied  at 
a cons ide rab le  d i s tance  f rom poin ts  B and  D to the  
poles of the  drop A and  C).  U n d e r  the  inf luence  of 
these forces the  m e r c u r y  in  the  drop comes in to  a 
vor t ica l  mot ion ,  as is shown  in  Fig. 3, and  the  re-  
act ive  r epu l s ion  f rom the  s u r r o u n d i n g  m e d i u m  
causes the  drop to move  along the  field l ines.  The  
m a t h e m a t i c a l  theory  of this  mo t ion  deve loped  by  
Levich  and  myse l f  (19) gives the  fo l lowing  exp res -  

4- 
Fig. 3. Motion of a positively charged mercury drop in an 

electrolyte solution under the action of the electric field. The 
small arrows show the direction of the motion of the solution 
and mercury at any point, the big arrow, the direction of 
the motion of the drop as a whole. 
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Fig. 4. Relationship between the mobi l i ty  of mercury drops 
in a 0 .02N KBr solution in glycerol and the charge density e; 

= 1.9 X ]0-z; /~ ~ 2.8. ], Computed from Eq. [ 2 ] ;  2, ex- 
perimental data. /~ in cm/see v; e in cou lomb/cm 2. 

sion for the drop veloci ty  v, the field t ens ion  at a 
sufficient d i s tance  f rom the drop be ing  equa l  to E 

a c E  
v = [2] 

2/~-F 3~-F ~/K 

where F and K denote the viscosity and the electric 
conductivity of the solution and 12 the viscosity of 
mercury. 

Equation [2] was verified on mercury drops 
falling in a viscous glycerol solution and deflected 
by a horizontal electric field; definite electric 
charges were imparted to the drops before they 
broke off from the capillary (20). As seen from 
Fig. 4, the theoretical calculations are confirmed 
by experiments; the slight shift of the experimental 
curve is caused by the presence of oxygen traces 
which gradually made e somewhat more positive 
(it is very difficult to remove oxygen completely 
from the viscous solution). For small values of e, 
Eq. [2] gives mobility values of the same order as 
those which would be found in the case of a sphere 
having a free charge with the density e. At first 
sight, this seems surprising, as the charge of the 
metal side of the double layer is completely com- 
pensated by the charges with an opposite sign 
which are located in the ionic sheet of the double 
layer. However, as I have already mentioned, a 
compensation of charges does not lead to a com- 
pensation of forces. With increase of e, v increases, 
reaching a maximum at 

= ~J~(2/~ -F 3/2) v= [3] 

and  t h e n  decreases.  This  can  be accounted  for by  
the  fact  tha t  the  t r a n s f e r  of charges  by  the  m o v i n g  
m e r c u r y  sur face  resu l t s  in  an  electr ic  field d i rec ted  
opposi te  to the  impressed  field a nd  d i mi n i sh ing  its 
effect ( this  has no t  b e e n  t a k e n  in to  account  in  p lo t -  
t ing  Fig. 4, wh ich  there fore  holds t r u e  on ly  for  
smal l  va lues  of E). A s imi la r  i n h i b i t i n g  effect is also 
observed  in  the  case of a drop m o v i n g  u n d e r  the  
act ion of forces of a d i f ferent  na tu re ,  e.g., g rav i ty ,  
which  resu l t s  i n  a somewha t  unexpec t ed  r e l a t i o n -  
ship b e t w e e n  the  ve loc i ty  of the  fa l l ing  drop and  its 
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Fig. 5. Ratio of the rate of fall of a mercury drop in a 
glycerol solution saturated with Na2SO4 to that calculated by 
Stakes formula as a function of the charge density e; K 
8. I x ] 0  -~, /~ = 7.2. Solid curve, calculated values; circles, 
experimental data. 

cha rge  (21) .  A m o r e  d e t a i l e d  ana lys i s  p e r m i t s  us  
to conc lude  t ha t  in a v i scous  m e d i u m  an  u n c h a r g e d  
d rop  m u s t  f a l l  one a n d  a ha l f  t i m e s  f a s t e r  t h a n  a 
c h a r g e d  one. The  r e l a t i o n s h i p  b e t w e e n  t h e  ve loc i t y  
of t he  f a l l  and  the  c h a r g e  o b s e r v e d  e x p e r i m e n t a l l y  
is c o m p a r e d  in  Fig.  5 w i t h  the  t h e o r e t i c a l  d e p e n d -  
ence;  t he  ve loc i t i e s  of t he  f a l l  a r e  r e f e r r e d  to t h a t  
of a s t r o n g l y  c h a r g e d  d rop ,  w h i c h  is in  a cco rda nc e  
w i th  S tokes  l aw.  The  s l igh t  sh i f t  of t he  e x p e r i -  
m e n t a l  c u r v e  w i t h  r e s p e c t  to  t he  t h e o r e t i c a l  one  can  
be  a c c o u n t e d  for  q u a n t i t a t i v e l y ,  if t h e  d e p o l a r i z i n g  
effect  of t he  o x y g e n  t r aces  is t a k e n  into  c o n s i d e r a -  
t ion.  

The  e l e c t r o c a p i l l a r y  m o t i o n  of d r o p l e t s  w i t h  me-  
ta l l i c  c o n d u c t i v i t y  m a y  a r i se  in a n y  e l ec t ro ly t e .  A 
m e t h o d  was  p r o p o s e d  r e c e n t l y  to m a k e  use  of th is  
mot ion  in e x t r a c t i n g  sulf ide inc lus ions  f r o m  m o l t e n  
s lags (22) .  

E l e c t r o c a p i l l a r y  m o v e m e n t s  u n d e r l i e  t he  s o - c a l l e d  
p o l a r o g r a p h i c  m a x i m a .  The  t a n g e n t i a l  m o v e m e n t  
of the  d rop  su r f ace  cal ls  f o r t h  an  e x t r a  s u p p l y  of 
t he  d e p o l a r i z e r  which ,  acco rd ing  to L e v i c h  (23) ,  is 
p r o p o r t i o n a l  to t he  s q u a r e  roo t  of t he  t a n g e n t i a l  
ve loc i ty .  This  fac t  m a k e s  i t  poss ib l e  for  c u r r e n t s  in 
excess  of t h e  n o r m a l  l i m i t i n g  d i f fus ion cu r ren t ,  
w h i c h  can  be  c o m p u t e d  w i t h  t he  he lp  of I l kov ic ' s  
equa t ion ,  to pass  t h r o u g h  t h e  cell .  H o w e v e r ,  u n d e r  
the  u s u a l  w o r k i n g  cond i t i ons  of a d r o p p i n g  e lec -  
t rode,  the  e l ec t r i c  f ield caus ing  the  m o v e m e n t  of 
the  d rop  su r f ace  d e p e n d s  on c o m p l e x  g e o m e t r i c a l  
cond i t ions  a t  t h e  c a p i l l a r y  t i p ;  i t  is a tso in f luenced  
b y  the  effect of convec t ive  d i f fus ion of the  d e p o l a r -  
izer  on the  c o n c e n t r a t i o n  po la r i za t ion .  M o r e o v e r  
the  p o l a r i z a t i o n  c u r v e s  a r e  d i s t o r t e d  b y  ohmic  p o -  
t e n t i a l  d rops  in t he  solu t ion .  T h e r e f o r e  t he  d e v e l -  
o p m e n t  of a q u a n t i t a t i v e  t h e o r y  of p o l a r o g r a p h i c  
m a x i m a  p r e s e n t s  g r e a t  diff icult ies ,  w h i c h  accoun t  
for  the  chao t ic  s t a t e  of th is  p r o b l e m  in m o d e r n  
p o l a r o g r a p h i c  l i t e r a t u r e .  I sha l l  no t  d w e l l  h e r e  on 
the  a t t e m p t  m a d e  in th is  d i r ec t i on  b y  m y s e l f  a n d  
Levich ,  a l though ,  as i t  s eems  to me,  w e  succeeded  
in e x p l a i n i n g  the  bas ic  f e a t u r e s  of the  p h e n o m e n a  
o b s e r v e d  (24) .  I p r e f e r  to confine m y s e l f  to t he  
c ons ide r a t i on  of a case, w h e n  t h e  p o l a r o g r a p h i c  
m a x i m a  of t he  first  k i n d  may ,  so to  say,  be  o b s e r v e d  
in an idea l i zed  form.  To ach ieve  this  in t he  p l ace  of 
t he  m e c h a n i s m  of s e l f - g e n e r a t i o n  of mot ion ,  w h i c h  
is o p e r a t i v e  in the  case  of p o l a r o g r a p h i c  m a x i m a  of 
the  first  k ind ,  w e  m u s t  p r o v i d e  a p o s s i b i l i t y  to g e n -  
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Fig. 6. C.v. curves in 0.28x10 -~ N Hg~(CIO~)= -I- 0.002N 
KCIO~ corrected for charging current (NCE). 1, In the ab- 
sence of an external field, 2, with the external field applied, 
E = 0.47 v /cm. 

e r a t e  m o t i o n  b y  m e a n s  of an  e l ec t r i c  f ield w h i c h  
w o u l d  be  i n d e p e n d e n t  of t he  c u r r e n t  on the  drop .  
F o r  th is  p u r p o s e  a d r o p p i n g  m e r c u r y  e l ec t rode  was  
p l a c e d  in an  e l e c t r o l y t e  so lu t i on  a n d  an  e l ec t r i c  
f ield was  a p p l i e d  to the  l a t t e r  b y  m e a n s  of two  s u b -  
s i d i a r y  e lec t rodes ,  the  r a t i o  of t he  s u p p o r t i n g  e lec-  
t r o l y t e  and  of t he  d e p o l a r i z e r  c o n c e n t r a t i o n s  be ing  
chosen  in  such a w a y  t h a t  no  p o l a r o g r a p h i c  m a x i -  
m u m  of the  f irst  k i n d  shou ld  occur  u n d e r  n o r m a l  
cond i t ions  (25) .  The  r e su l t s  o b t a i n e d  w i t h  0.28N 
Hg~(C10~)2-F 0.002N KC10,  a r e  g iven  in Fig .  6. 
C u r r e n t - v o l t a g e  c u r v e  1 was  o b t a i n e d  w i t h o u t  t h e  
a p p l i c a t i o n  of an  e x t e r n a l  e l ec t r i c  field, c u r v e  2 
w i t h  t he  a p p l i c a t i o n  of a field h a v i n g  a g r a d i e n t  of 
0.47 v / c m .  This  curve ,  w h i c h  is of an  u n u s u a l  shape ,  
is in close a g r e e m e n t  w i t h  Eq. [2] .  I ts  l e f t - h a n d  
b r a nc h ,  c o r r e s p o n d i n g  to p o s i t i v e  va lue s  of ~, 
g r e a t l y  r e s e m b l e s  t he  pos i t i ve  p o l a r o g r a p h i c  m a x -  
i m a  of the  f irst  k ind ,  as t h e y  a r e  o b s e r v e d  w h e n  the  
c o n c e n t r a t i o n  of t h e  s u p p o r t i n g  e l e c t r o l y t e  is n o t  
too low. P o l a r o g r a m s  o b t a i n e d  u n d e r  n o r m a l  c o n d i -  
t ions,  howeve r ,  show no second  m a x i m u m  at  n e g a -  
t i ve  v a l u e s  of E. I c anno t  d i scuss  h e r e  t he  causes  
of th is  d i s c r epancy ,  which,  h o w e v e r ,  m a y  be  e x -  
p l a i n e d  on the  bas is  of t he  t h e o r y  m e n t i o n e d  a b o v e  
(24) .  

The  t h e o r e t i c a l  i n t e r p r e t a t i o n  of the  s o - c a l l e d  
m a x i m a  of t he  second  k ind ,  w h i c h  d e p e n d  on t h e  
flow of  m e r c u r y  o u t  of t h e  c a p i l l a r y ,  is m u c h  s i m -  
p l e r  t han  the  i n t e r p r e t a t i o n  of t h e  m a x i m a  of t h e  
f irst  k ind .  In  th is  case, i t  is of f u n d a m e n t a l  i m p o r t -  
ance  to t a k e  in to  c o n s i d e r a t i o n  the  s ame  i n h i b i t i o n  
of t he  su r face  m o t i o n  b y  the  d o u b l e  l a y e r  charges ,  
w h i c h  r e su l t s  in t h e  d e c r e a s e  of t h e  ve loc i t y  of a 
f a l l i ng  c h a r g e d  drop .  The  m a x i m a  of t he  second  
k i n d  p l a y  an  i m p o r t a n t  ro le  in  t he  t h e o r y  of t h e  
r o t a t i n g  m e r c u r y  d rop  e l e c t r o d e  of Kol thof f  and  
O k i n a k a  (26) .  

Of spec ia l  i n t e r e s t  is t he  ques t i on  abou t  t he  r e -  
l a t i onsh ip  b e t w e e n  the  doub le  l a y e r  s t r u c t u r e  a n d  
the  n a t u r e  of t he  meta l .  The  l a t t e r  m a y  h a v e  an  
effect  on the  c a p a c i t y  of t he  .Helmhol tz  l a y e r  as 
w e l l  as  on the  p o t e n t i a l  of ze ro  charge .  A t  the  p r e s -  
en t  t i m e  w e  a r e  in  possess ion  of sufficient  e x p e r i -  
m e n t a l  d a t a  on ly  on the  second  poin t .  L e t  us con -  
s ide r  first  l i qu id  me ta l s .  The  i n f o r m a t i o n  w h i c h  w e  
can  o b t a i n  on th i s  sub j e c t  f r o m  m e a s u r e m e n t s  in  
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Fig. 7. Electrocapillary curves of Te-TI alloys in LiCI -}- 
KCI. 1, Te; 2, 3.83 at. % TI; 3, 10.9%; 4, 22.1%; 5, 
42.3%; 6, 53.7%; 7, 65.2%; 8, TI. Reference electrode 
Pb, LiCI -f- KCI, 0.1% PbCI2. 

aqueous  so lu t ions  is n a t u r a l l y  l i m i t e d ;  w e  ge t  m o r e  
d a t a  w i t h  m o l t e n  e l ec t ro ly t e s .  E l e c t r o c a p i l l a r y  
p h e n o m e n a  in me l t s  h a v e  been  p a r t i c u l a r l y  i n v e s t i -  
g a t e d  at  t he  S v e r d l o v s k  U n i v e r s i t y  (27) .  E l e c t r o -  
c a p i l l a r y  c u r v e s  for  t he  Te-T1 sys tem,  p l o t t e d  f r o m  
m e a s u r e m e n t s  m a d e  b y  Kusnezov ,  et al., a r e  shown  
in Fig.  7. This  s y s t e m  is c h a r a c t e r i z e d  b y  an  e x c e p -  
t i o n a l l y  g r e a t  d i f fe rence  in t he  pos i t ions  of t h e  
e l e c t r o c a p i l l a r y  m a x i m a ,  i.e., of t h e  po in t s  of zero  
charge ,  w h i c h  is as l a r g e  as 1.25 v. The  d o u b l e  
l a y e r s  a t  t he  m e t a l - e l e c t r o l y t e  i n t e r f ace  a t  t he  
po in t  of zero c h a r g e  be ing  e l i m i n a t e d ,  t he  v a l u e  
g iven  is s i m i l a r  in m a n y  r e spec t s  to t h e  Vo l t a  
p o t e n t i a l  b e t w e e n  t h e  r e s p e c t i v e  m e t a l s  m e a s -  
u r e d  in  v a c u u m  (28) .  I f  t he  o r i e n t a t i o n  of m o l e -  
cules  of the  so lven t  and  the  specific a d s o r p t i o n  
of ions a r e  no t  t a k e n  into  cons ide ra t ion ,  th i s  v a l u e  
can  be  r e g a r d e d  as a k i n d  of Vo l t a  p o t e n t i a l  in  a 
m a t e r i a l  m e d i u m .  I h a v e  a l r e a d y  d e a l t  w i t h  th i s  
p r o b l e m  in a p a p e r  w h i c h  I p r e s e n t e d  a t  t h e  7th 
A n n u a l  S y m p o s i u m  on Col lo id  C h e m i s t r y  at  B a l t i -  
m o r e  a b o u t  30 y e a r s  ago. A t  t he  p r e s e n t  t i m e  a 
s i m i l a r  p o i n t  of v i e w  is he ld  b y  m a n y  e l e c t r o -  
chemis ts ,  e.g., T e m k i n  (29) ,  Rf ie tschi  a n d  D e l a h a y  
(30) .  In  m y  opinion,  t he  d e t e r m i n a t i o n  of zero  
cha rge  p o t e n t i a l s  g ives  t h e  mos t  d i r ec t  a n s w e r  to  
t he  ques t ion  a b o u t  t he  r e l a t i o n s h i p  b e t w e e n  the  d i f -  
f e r ence  of p o t e n t i a l s  b e t w e e n  t h e  po les  of a g a l -  
van ic  cel l  w i t h  e l ec t rodes  f r o m  d i f fe ren t  m e t a l s  a n d  
the  c o r r e s p o n d i n g  Vol ta  po t en t i a l ,  w h i c h  has  
g r e a t l y  a t t r a c t e d  the  a t t e n t i o n  of e l e c t r o c h e m i s t s  
s ince  t he  b e g i n n i n g  of t he  19th cen tu ry .  

H o w e v e r ,  t he  s i m i l a r i t y  b e t w e e n  the  d i f fe rences  
of  ze ro  c h a r g e  p o t e n t i a l s  a n d  Vo l t a  p o t e n t i a l s  does  
no t  n e c e s s a r i l y  r e s u l t  in  a c o m p l e t e  co inc idence  of 
these  va lues ,  as  t he  zero  c h a r g e  p o t e n t i a l s  m a y  be  
inf luenced in a v a r y i n g  d e g r e e  on t h e  two  e l e c t r o d e s  
b y  the  p r e f e r e n t i a l  a d s o r p t i o n  of one  of t h e  ions 
of the  m e l t  or  b y  t h e  o r i e n t a t i o n  of t h e  m o l e c u l e s  of 
t he  so lvent ;  t he  p r e s e n c e  of a m a t e r i a l  m e d i u m  m a y  

also h a v e  some effect  on the  d i s t r i b u t i o n  of t he  
e l ec t ron ic  c loud  in  t he  su r f ace  l a y e r  of t h e  me ta l .  

A s  a r e s u l t  of t h e s e  c ompl i c a t i ons  t h e  p o t e n t i a l  
d i f fe rence  b e t w e e n  w a t e r  and  m e r c u r y  a t  t h e  zero  
c h a r g e  p o i n t  of m e r c u r y  is no t  e q u a l  to t he  s u m  
of t h e  g a l v a n i - p o t e n t i a l s  a t  t he  w a t e r - g a s  a n d  
v a c u u m - m e r c u r y  in t e r f aces ,  bu t  exceeds  i t  b y  an  
a m o u n t  w h i c h  was  f o u n d  b y  m e  to be  e q u a l  to 0.30 
v (31) .  Us ing  m o r e  r e c e n t  v a l u e s  of t he  V o l t a -  
p o t e n t i a l  b e t w e e n  m e r c u r y  and  aqueous  so lu t ions  
(32) ,  and  of t he  ze ro  c h a r g e  p o t e n t i a l  of m e r c u r y  
(6)  w e  ge t  t he  v a l u e  0.26 v for  th i s  q u a n t i t y .  The  
a s s u m p t i o n  t h a t  t h e  d i f fe rence  b e t w e e n  the  p o t e n -  
t i a l s  of zero c h a r g e  of two  m e t a l s  co inc ides  w i t h  
the  V o l t a - p o t e n t i a l  b e t w e e n  t h e m  is e q u i v a l e n t  to 
t he  a s s u m p t i o n  t h a t  t h e r e  ex is t s  a r e l a t i o n s h i p  b e -  
t w e e n  the  zero  c h a r g e  p o t e n t i a l  a n d  the  e l ec t ron ic  
w o r k  func t ion  w, w h i c h  can  be  e x p r e s s e d  b y  t h e  
e q u a t i o n  (33) 

r - -  w = c o n s t a n t  [4 ]  

In  a c c o rda nc e  w i t h  t h e  fo rego ing  th is  r e l a t i o n s h i p  
can  on ly  be  a p p r o x i m a t e ;  i t  is no t  l i k e l y  t h a t  one 
can  m a k e  i t  m o r e  e x a c t  b y  i n t r o d u c i n g  a c e r t a i n  
coefficient be fo re  w, as has  some t imes  been  s u g g e s t e d  
(34) .  The  p r o b l e m  of t he  r e l a t i o n s h i p  b e t w e e n  r 
and  w was  r e c e n t l y  d i scussed  a lso  in A m e r i c a n  
l i t e r a t u r e  (30, 35, 36) .  In  t he  a u t h o r ' s  opinion,  in  
o r d e r  to v e r i f y  t h e s e  r e l a t i o n s h i p s  a t  t he  p r e s e n t  
t ime ,  f irst  i t  is n e c e s s a r y  to be  in possess ion  of m o r e  
e x a c t  e x p e r i m e n t a l  d a t a  bo th  on t h e  e l ec t ron ic  
w o r k  func t ion  a n d  e spe c i a l l y  on the  ze ro  c h a r g e  
po ten t i a l s .  

The  p r o b l e m  of i n v e s t i g a t i n g  t h e  d o u b l e  l a y e r  
s t r u c t u r e  becomes  m o r e  c o m p l i c a t e d  w h e n  d e a l i n g  
w i t h  sol id  me ta l s ,  a l t h o u g h  in t he  p l ace  of i n t e r -  
f ac ia l  t ens ion  m e a s u r e m e n t s ,  w h i c h  canno t  be  c a r -  
r i ed  out  in th is  case,  t h e r e  a p p e a r s  an  o p p o r t u n i t y  
to s t u d y  the  effect  of t h e  d o u b l e  l a y e r  on such  p r o p -  
e r t i e s  of  m e t a l s  as  h a r d n e s s  (37-39) ,  f r i c t i on  (40, 
41) ,  e l e c t r o k i n e t i c  p o t e n t i a l  (42) ,  s t a b i l i t y  of sus -  
pens ions  or  sols. U n f o r t u n a t e l y ,  t he  i n t e r p r e t a t i o n  
of r e su l t s  o b t a i n e d  f r o m  such m e a s u r e m e n t s  is no t  
a l w a y s  as u n a m b i g u o u s  as i t  is in  t h e  case  of e l ec -  
t r o c a p i l l a r y  m e a s u r e m e n t s .  V e r y  m u c h  was  e x -  
p e c t e d  f rom c a p a c i t y  m e a s u r e m e n t s  on so l id  e l ec -  
t rodes ,  in p a r t i c u l a r  f r o m  the  d e t e r m i n a t i o n  of zero  
c h a r g e  po t e n t i a l s  b y  m e a n s  of t he  l oca t i on  of t h e  
c a p a c i t y  m i n i m u m  in d i l u t e  so lu t ions  of e l e c t r o l y t e s  
(43) .  H o w e v e r ,  t h e  i n v e s t i g a t i o n s  c a r r i e d  out  
h i t h e r t o  h a v e  on ly  p a r t l y  jus t i f i ed  these  e x p e c t a -  
t ions,  as i t  is no t  a l w a y s  poss ib l e  to o b t a i n  w i t h  
sol id  m e t a l s  c a p a c i t y - p o t e n t i a l  (C,~b) cu rves  c o m -  
p a r a b l e  w i t h  t hose  for  m e r c u r y .  Such  a c u r v e  
for  t h e  su r face  of a Zn  m o n o c r y s t a l  in 0.1N KC1 
(44) ,  t o g e t h e r  w i t h  cu rves  for  Hg  and  l iqu id  G a  
(45) in t he  s a m e  e l e c t ro ly t e ,  is shown  in Fig .  8. The  
c a p a c i t y  of t he  Zn  m o n o c r y s t a l l i n e  su r f a c e  w i t h i n  
t h e  f r e q u e n c y  r a n g e  of  1-10 k i locyc les  c ha nges  b u t  
l i t t l e  w i t h  f r e q u e n c y  ( b y  5 -8% ) in c o n t r a s t  to w h a t  
is o b s e r v e d  in t he  case  of p o l y c r y s t a l l i n e  zinc. This  
m a k e s  us  suppose  t h a t  t he  d i spe r s i on  of t h e  capac i ty ,  
w h i c h  i n t e r f e r e s  w i t h  c a p a c i t y  m e a s u r e m e n t s  on so l id  
me ta l s ,  is a t  l e a s t  p a r t i a l l y  accoun ted  for  b y  the  u n -  
evennes s  of t he  s u r f a c e  and  the  p r e s e n c e  of m i c r o -  
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Fig. 8. Relationship between the differential capacity C 
and the potential r in 0.1N KCI (NHE). 1, Zn rnonocrystal; 
2, liquid Ga (according ta Grahame); 3, Hg. 

scopic cracks, although other explanations have been 
given to this phenomenon as well (46). 

A curious inference can be made from determina- 
tions of zero charge potentials by means of the 
capacity minimum in dilute solutions (as well as 
from the hardness maximum) in the case of Pb and 
PbO~ electrodes (47). The zero charge potential r 
of PbO2 is located at 1.8 v vs. NHE, the zero charge 
potential of Pb at --0.7; the difference between these 
two values is 2.5 v, which is even greater than the 
difference of potential between the poles of a lead 
storage cell. 

With the help of capacity measurements Leikis 
has studied in detail the behavior of a silver elec- 
trode. As shown in Fig. 9, a pronounced minimum is 
observed in a dilute solution of Na~SO4 on the C,r 
curve of silver; the silver wire had been subjected to 
cleaning with moist glass powder and boiling in an 
alkaline solution. This minimum disappears with an 
increase in solution concentration. The zero charge 
potential found in this way is equal to--0.7 v vs. 
NHE which coincides approximately with the results 
of electrocapillary measurments on molten silver 
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Fig. 9. Differential capacity of an Ag electrode in Na~_SO.~ 
solutions (NHE). 

(@N = -- 0.6), but not with other data in the litera- 
ture. The investigation of the effect of the solution 
concentration and of the presence of surface active 
anions and organic substances confirms the cor- 
rectness of this  ~v value .  

Leik is ' s  e x p e r i m e n t s  p r o d u c e d  a n o t e w o r t h y  r e -  
sult. In e l e c t rochem ica l  m e a s u r e m e n t s  w i d e  use is 
m a d e  of a t e c h n i q u e  for c l ean ing  e lec t rode  sur faces  
by means  of v igorous  ca thodic  polar iza t ion .  Bu t  if a 
s i lve r  e l ec t rode  is sub jec t ed  to ca thodic  po la r i za t ion  
in N Na~SO~ up to ~ = --  1.25 v vs. NHE,  the  condi -  
t ions of the  surface,  as it can  be in fe r red  f r o m  ca-  
pac i ty  m e a s u r e m e n t s ,  change  m a r k e d l y ,  and at  
r = -  1.35 v this  change  becomes  i r r eve r s ib le .  C,$ 
cu rves  ob ta ined  w i t h  such an e lec t rode  differ  w ide ly  
f r o m  n o r m a l  curves .  

T h e r e  exis ts  stil l  ano the r  r eason  w h y  care  mus t  
be  exe rc i sed  in i n t e r p r e t i n g  the  resul t s  of the  m e a s -  
u r e m e n t s  of C,~ cu rves  w h e n  solid e lec t rodes  are  
used. In the  p re sence  of adsorbed  h y d r o g e n  or o x y -  
gen on the  e lec t rode  su r face  a long wi th  the  double  
l aye r  capac i ty  a p seudocapac i t y  is measu red ,  the  
va lue  of w h i c h  depends  on the  e x c h a n g e  c u r r e n t  be -  
t w e e n  the  adsorbed  l a y e r  and  the  solut ion (48).  In 
these  cases t he  m i n i m a  o b s e r v e d  on C,r cu rves  m a y  
r ep re sen t  p seudocapac i t y  m i n i m a  and t h e r e f o r e  te l l  
us no th ing  about  the  zero cha rge  potent ia l .  A p -  
pa ren t ly ,  such is the  case w i t h  ac t ive  p l a t i n u m  elec-  
t rodes  (49),  and this accounts  for  the  re l a t ionsh ip  
obse rved  b e t w e e n  the  loca t ion  of the  m i n i m u m  on C,r 
curves  of P t  and the  pH  of the  solut ion (50).  Whi le  
m a k i n g  m e a s u r e m e n t s  in d i lu te  solut ions  at  h igh  f r e -  
quencies  K a b a n o v  and B i r i n z e v a  could find no ca-  
pac i ty  m i n i m u m  on p l a t i n u m  wh ich  could be i n t e r -  
p r e t e d  as co r r e spond ing  to the  most  diffuse s ta te  of 
the  double  l a y e r  at the  po in t  of zero cha rge  (51). 
This  is poss ib ly  due  to a m a r k e d  h e t e r o g e n e i t y  of 
the  sur face  of an ac t i va t ed  p l a t i n u m  elect rode.  

I t  is ev iden t  tha t  in the  case of an e x t r e m e l y  he-  
Lerogeneous sur face  the  m e a s u r a b l e  po ten t i a l  of zero 
cha rge  r ep re sen t s  a ce r t a in  m e a n  va lue  at w h i c h  oc- 
curs  the t r ans i t ion  f r o m  a p r e f e r e n t i a l  anion adso rp -  
t ion to a p r e f e r e n t i a l  ca t ion  adsorpt ion.  Such  a po-  
t en t i a l  of zero cha rge  does not  necessa r i ly  co r re -  
spond to the  most  diffuse s t r u c t u r e  of the  double  
layer .  

In the case of solid e lec t rodes  w i t h  a l a rge  surface,  
the  f o r m a t i o n  of the  doub le  l aye r  causes m a r k e d  
changes  in the  compos i t ion  of the  solution, w h i c h  are  
k n o w n  to p roduce  e r ro rs  in pH  m e a s u r e m e n t s  w i th  
the  help  of p l a t in i zed  p l a t i n u m  e lec t rodes  if  the  sys-  
t em is insuff ic ient ly  buffered.  The  d e t e r m i n a t i o n  of 
these  changes  in the  compos i t ion  can se rve  as a 
m e t h o d  fo r  t he  i nves t i ga t i on  of the  doub le  l a y e r  
s t ruc tu re .  Th is  m e t h o d  was  appl ied  success fu l ly  to 
such subs tances  as p l a t i n u m  and  a c t i v a t e d  carbon.  
T w o  resu l t s  ob ta ined  r e c e n t l y  m a y  be m e n t i o n e d  in 
this  connect ion.  As the  zero  cha rge  po t en t i a l  for  
p l a t i n u m  is m o r e  pos i t ive  t h a n  the  n o r m a l  h y d r o g e n  
potent ia l ,  th is  me ta l  is n e g a t i v e l y  cha rged  w h e n  
p laced  in a h y d r o g e n  a t m o s p h e r e  in acid solutions.  
The  f o r m a t i o n  of the  doub le  layer ,  for  ins tance  in an 
acidified N Na_~SO, solut ion,  is accompan ied  t h e r e -  
fore  by a t r a n s f e r  of h y d r o g e n  ions to the  solut ion 
and by an inc rease  in so lu t ion  acidi ty,  wh ich  can be 
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m e a s u r e d  if p la t in ized  electrodes are used. However ,  
in  the  presence  of sur face  act ive ha logen  anions,  the  
m e c h a n i s m  of the  e s t ab l i shmen t  of the  e q u i l i b r i u m  
po ten t i a l  difference is changed;  wi th  the  increase  of 
the  an ion  adso rbab i l i t y  the  double  l ayer  fo rmed  b y  
nega t ive  charges  on the  me ta l  surface  and  cat ions 
a t t rac ted  by  t h e m  is rep laced  by  a double  l ayer  w i th  
a nega t ive  sheet  fo rmed  by  adsorbed  anions.  In  the  
case of a N N a I - s o l u t i o n  acidified up  to p H -  3, as 
has been  found  by  Balashova  and  K a s a r i n o v  (52),  
the  po ten t i a l  difference due  to the  adsorp t ion  of 
an ions  becomes so grea t  tha t  at the  e q u i l i b r i u m  h y -  
d rogen  po ten t ia l  t he  sign of the  charge of the  p l a t i -  
n u m  is reversed.  U n d e r  these condi t ions  the  f o r m a -  
t ion  of the  double  l aye r  is accompanied  by  a de-  
crease in the  so lu t ion  acidity,  and  not  by  an increase  
in  the  lat ter .  

A hyd rogen  e lect rode wi th  a st i l l  be t t e r  deve loped  
surface  can be made  b y  deposi t ing  some p l a t i n u m  on 
the  surface of ac t iva ted  carbon.  Such  p la t in ized  
ca rbon  in  a h y d r o g e n  a tmosphere  adsorbs f rom 
n e u t r a l  solut ions of salts cons iderab le  amoun t s  of 
cations, which  are replaced  by  h y d r o g e n  ions. The 
m a g n i t u d e  of the  adsorp t ion  effect depends  on the  
f inal  pH of the  so lu t ion  jus t  as wou ld  be expected  
f rom the theory  out l ined,  if one assumes  tha t  ~ for 
" h y d r o g e n "  ca rbon  is equal  to 0.03 v (53).  

The idea according  to which  the  e lec t ro ly te  ad -  
sorpt ion on ac t iva ted  ca rbon  is a process connec ted  
w i th  the e s t ab l i shmen t  of the e q u i l i b r i u m  po ten t i a l  
difference was me t  w i th  opposit ion.  A n u m b e r  of 
scient is ts  p r e f e r r ed  to i n t e rp r e t  these  p h e n o m e n a  on 
the  same lines,  as is done in  the  case of adsorp t ion  
on ion exchange  resins,  i.e., w i t hou t  t ak ing  into ac-  
coun t  the  e lect ronic  conduc t iv i ty  of carbon.  H o w -  
ever,  the  "e lec t rochemica l"  t heo ry  of e lec t ro ly te  
adsorp t ion  on ca rbon  received r e c e n t l y  a conclus ive  
cor robora t ion  in  the  inves t iga t ions  car r ied  out  by  
St razhesko at  the U k r a i n i a n  A c a d e m y  of Sciences in  
K iev  (54).  S t razhesko found  tha t  the  acidif icat ion 
caused by  cat ion adsorp t ion  f rom solu t ion  increases  
m a r k e d l y  (2-3 t imes ) ,  w h e n  solut ions  in  n o n a q u e -  
ous solvents ,  e.g., acetone,  are used  ins tead  of a q u e -  
ous ones. Such a p h e n o m e n o n ,  qu i te  inexp l i cab le  on 
the  basis  of the  "chemica l"  theo ry  of e lec t ro ly te  ad -  
sorpt ion  on carbon,  can be in t e rp re ted ,  if one as-  
sumes  tha t  the  zero charge  po t en t i a l  of carbon,  as 
wel l  as tha t  of mercu ry ,  i s  shi f ted  toward  more  
posi t ive  va lues  w h e n  molecules  of acetone are s u b -  
s t i tu ted  for those of water .  In  this  case at the  r e -  
ve r s ib le  h y d r o g e n  po ten t i a l  the  ca rbon  surface  m u s t  
r ea l ly  ca r ry  a more  nega t i ve  charge in a n o n a q u e o u s  
solvent .  

A n  or ig ina l  me thod  for the  d e t e r m i n a t i o n  of the  
zero charge  po in t  of p l a t i n u m  was  proposed r e -  
cen t ly  (42, 55). The  presence  of the  diffuse double  
layer  causes two meta l l i c  surfaces  in  an  e lec t ro ly te  
so lu t ion  to repel  and  p r even t s  t h e m  f rom d r a w i n g  
together .  Voropaeva ,  Der j agu in ,  and  K a b a n o v  m e a s -  
u r ed  the  force necessa ry  for e s tab l i sh ing  at  di f fer-  
e n t  po ten t ia l s  a conduc t ing  contac t  b e t w e e n  two 
crossed p l a t i n u m  wires  i m m e r s e d  in  a d i lu te  KC1 
solut ion.  As seen in  Fig.  10, t he re  is a p r o n o u n c e d  
m i n i m u m  on the  cu rve  showing  the  r e l a t ionsh ip  
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Fig. ] 0. Relationship between the potential and the force 
F, which must be applied in order to establish a contact be- 
tween two platinum wires in KCI solutions. 

be t w e e n  the  force and  the po ten t ia l ,  at the  zero 
charge potent ia l .  The va l ue  of r found  in this  way  
is in  good a g r e e m e n t  wi th  the  resul t s  of adsorp t ion  
me a su r e me n t s .  I t  is no t  qu i te  clear  w h y  in  this  case 
we do not  meet  w i th  the  difficulties, wh ich  were  
encoun te r ed  dur ing ,  the  a t t empt s  to d e t e r m i n e  the  
locat ion of the zero charge  po ten t i a l  of p l a t i n u m  
f rom the  capaci ty  m i n i m u m  in  d i lu te  solut ions.  

W h e n  dea l ing  wi th  the  p r o b l e m  of poin ts  of zero 
charge,  the  supposed ex is tence  of an  essent ia l  d i f -  
fe rence  b e t w e e n  the case of a r eve r s ib l e  e lect rode 
and  tha t  of an  ideal  polar ized  one has been  some-  
t imes m e n t i o n e d  in  the  l i t e r a t u r e  (30, 56). I t  seems 
to me how e ve r  tha t  the re  are  no theore t ica l  g rounds  
for such a d i f fe ren t ia t ion  (39).  A l t h o u g h  the  mech -  
an i sm of the fo rma t ion  of the double  l aye r  in  these 
two cases is, gene ra l l y  speaking,  different ,  its s t ruc-  
tu re  and,  consequen t ly ,  the  phys ica l  m e a n i n g  of the  
zero charge  po ten t ia l  m u s t  be s imilar .  In  accord-  
ance  wi th  this  it was possible  to show tha t  the  
change  in  the  double  l ayer  capaci ty  w i th  e lec t ro ly te  
concen t r a t i on  at the  zero charge  po ten t i a l  of t ha l -  
l i u m  a m a l g a m s  in  d i lu te  solut ions  of e lec t ro ly tes  
proceeds in  confo rmi ty  w i t h  the  same laws as those 
for mercu ry ,  a l though  the  e q u i l i b r i u m  concen t r a -  
t ion  of T1 + ions in  the  so lu t ion  at the  zero charge 
po ten t i a l  reaches in  this  case a m e a s u r a b l e  va lue  
(57).  

The concept  abou t  the  ex is tence  of the  electr ic  
double  l aye r  was not  m a d e  use of in  the  first i n -  
ves t iga t ions  of the k ine t ics  of e lec t rochemica l  p roc-  
esses. This  could no t  h a v e  b e e n  expected,  since at 
the  t ime  the  ne t  ve loc i ty  of e lec t rochemica l  p roc-  
esses was  associated w i th  p u r e l y  chemical  or diffu-  
sion steps. On ly  af ter  the  idea of the  finite veloci ty  
of e lec t rochemica l  steps p rope r  and  of the i r  de-  
pendende  on the  in t e r rac ia l  po ten t i a l  difference had  
b e e n  in t roduced  in  the  theory  of e lect rode processes 
( A u d u b e r t ,  But ler ,  E rdey-Gruz ,  and  Vo lmer ) ,  did 
it  become possible  to combine  the  double  l aye r  
theory  and  the  p r inc ip les  of e lec t rochemica l  k i -  
netics.  The  first a t t e mp t  in  this  d i rec t ion  was  seem-  
ing ly  made  by  the  au tho r  (58) ;  it was  supposed 



468 

t h a t  the  r e a c t i n g  p a r t i c l e s  fo l low the  B o l t z m a n n  
d i s t r i b u t i o n  l a w  a n d  t ha t  on ly  a p a r t  of t he  p o t e n -  
t i a l  d i f fe rence  is e f fec t ive  in  d e t e r m i n i n g  the  r a t e  
of t he  process .  The  o r i g i n a l  conc lus ions  r e f e r r e d  to 
t h e  case  of t he  h y d r o g e n  ion d i scha rge .  I f  w e  g e n -  
e r a l i ze  t h e  e x p r e s s i o n  o b t a i n e d  fo r  t h e  case  w h e n  
an  e l ec t ron  is t r a n s f e r r e d  to a p a r t i c l e  c a r r y i n g  n 
charges ,  w h e r e  n can  be  e i t h e r  pos i t i ve  or  n e g a t i v e ,  
t he  r e s u l t  a s s u m e s  the  fo l l owing  f o r m  (59) 

i ---- K e x p  [ - -a ($ - -~1)  - -  nr F/RT [5]  

w h e r e  i is t h e  c u r r e n t  dens i ty ,  c t he  b u l k  c o n c e n -  
t r a t i o n  of t h e  r e a c t i n g  pa r t i c l e ,  if  n e c e s s a r y  c o r r e c t e d  
for  c o n c e n t r a t i o n  po la r i za t ion ,  a n d  a a c o n s t a n t  
s a t i s fy ing  t h e  cond i t i on  O < a < l .  T h e  p r o b l e m  of t he  
p h y s i c a l  i n t e r p r e t a t i o n  of t he  v a l u e  a is y e t  open  to 
d i scuss ion  a n d  in p r a c t i c a l  use  of t h e  equa t i ons  of 
e l e c t r o c h e m i c a l  k i n e t i c s  a m u s t  b e  cons ide r ed  as  an  
e m p i r i c a l  cons tan t .  A n  a c c u r a t e  d e t e r m i n a t i o n  of 
t he  m e a n i n g  of r is of g r e a t  i m p o r t a n c e .  The  v a l u e  
~1 was  r e g a r d e d  p r i m a r i l y  as t he  p o t e n t i a l  in t he  
c e n t e r  of t h e  c h a r g e  of the  r e a c t i n g  p a r t i c l e  a t  i ts  
e q u i l i b r i u m  loca t ion  in t he  H e l m h o l t z  l aye r ,  a l -  
t h o u g h  the  p o s s i b i l i t y  to r e f e r  i t  to t he  l oca t i on  of 
t h e  c h a r g e  c e n t e r  in t he  t r a n s i t i o n  s t a t e  of t h e  r e -  
ac t ion  shou ld  be  cons ide r ed  too. ~ As  was  s h o w n  b y  
t h e  e x p e r i m e n t s  of B a g o z k y  (62) and  others ,  Eq. 
[5]  e x p r e s s e s  e x a c t l y  t he  r e l a t i o n s h i p  b e t w e e n  the  
H~O § ion d i s c h a r g e  r a t e  in KC1 + HC1 so lu t ions  and  
t h e  c o n c e n t r a t i o n s  of t he  componen t s ,  if  t he  v a l u e  
~1 is cons ide r ed  as  t h e  p o t e n t i a l  in t he  p l a n e  of t h e  
c loses t  a p p r o a c h  of ca t ions  to t h e  e l e c t r o d e  su r f ace  
a n d  th is  p o t e n t i a l  is c o m p u t e d  on the  bas i s  of t he  
c lass ica l  t h e o r y  of t h e  dif fuse  doub le  l aye r .  Thus ,  
n e g l e c t i n g  t h e  de t a i l s  of t he  d o u b l e  l a y e r  s t r u c t u r e  
i n v o l v e s  no g r e a t  e r ro r s  in t he  case  w h e n  t h e  r e -  
a c t i n g  p a r t i c l e  is a n  H~O + cat ion,  r e p e l l e d  b y  K + or  
H30 + ca t ions  w h i c h  f o r m  the  ionic shee t  of t he  
d o u b l e  l aye r .  H o w e v e r ,  m u c h  g r e a t e r  di f f icul t ies  
w e r e  e n c o u n t e r e d ,  w h e n  a d i f f e ren t  g roup  of r e -  
ac t ions  was  cons ide red ,  i.e., t he  e l e c t r o r e d u c t i o n  
p rocesses  of  m u l t i v a l e n t  anions,  d u r i n g  w h i c h  the  
r e a c t i n g  p a r t i c l e s  a r e  a t t r a c t e d  b y  the  ions p r e s e n t  
in  t he  ionic  shee t  of t he  d o u b l e  l aye r .  These  r e a c -  
t ions,  w h i c h  h a v e  b e e n  s t ud i ed  in  de t a i l  in Moscow 
s ince  1949, a r e  c h a r a c t e r i z e d  b y  an  a n o m a l o u s  f o r m  
of c.v. cu rves  (59, 63).  N a m e l y ,  t h e  u s u a l  i n c r e a s e  in 
t he  cu r ren t ,  w h i c h  occurs  w h e n  t h e  ca thod ic  p o l a r i -  
za t ion  is i nc reased ,  is f o l l o w e d  b y  a s h a r p  f a l l i n g  
off, t a k i n g  p l a c e  at  p o t e n t i a l s  in t he  v i c i n i t y  of t he  
zero  c h a r g e  p o t e n t i a l  or  m o r e  n e g a t i v e  t h a n  t h e  
l a t t e r .  W h e n  the  po t en t i a l s  b e c o m e  s t i l l  m o r e  n e g a -  
t ive ,  t he  c u r r e n t  r i ses  aga in .  In  m a n y  b u t  no t  in  a l l  
cases  (64) t hese  a n o m a l i e s  d i s a p p e a r  w i t h  an  in -  
c rease  in t h e  c o n c e n t r a t i o n  of t h e  s u p p o r t i n g  e lec -  
t r o ly t e .  As  a n  e x a m p l e  of t h e s e  a n o m a l o u s  c.v. 
curves ,  a c u r v e  fo r  t he  r e d u c t i o n  of t h e  S~O8 ~- ion 
on an  a m a l g a m a t e d  r o t a t i n g  d i sk  e l ec t rode  in  t he  
p r e s e n c e  of 0.01N Na~SO, is s h o w n  in Fig .  1i .  

T h e  p e c u l a r i t i e s  of t h e  e l e c t r o r e d u c t i o n  of m u l t i -  
v a l e n t  an ions  a r e  e x p l a i n e d  b y  t h e  r e p u l s i o n  b e -  
t w e e n  t h e  r e a c t i n g  p a r t i c l e  a n d  the  n e g a t i v e l y  

~ A n  e q u a t i o n  s i m i I a r  to  ~q .  [5] and differing f r o m  t h e  l a t t e r  
o n l y  in  t h a t  1/2 is  s u b s t i t u t e d  f o r  ~x, w a s  r e c e n t l y  d e d u c e d  o n  a 
different bas i s ,  t h a t  o f  a t h e o r y  d e v e l o p e d  b y  M a r c u s  (60, 61) .  
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Fig. 1].  C.v. curves 'for the reduction of ]0  -s N K25~O8 in 
the presence of 10 -2 N Na=SO~ on a rotating amalgamated 
disk electrode. Rates of rotation: 1, 650; 2, 2800; 3,5000; 
4, 9000 rpm. 

c h a r g e d  e l e c t r o d e  sur face .  In  Eq.  [5]  th i s  effect is 
a ccoun ted  for  b y  the  t e r m  con ta in ing  r in fact ,  i t  
is ea sy  to show, t h a t  a t  n = - - 2  or  n = - - 3  and  
w i t h  a r e a s o n a b l e  v a l u e  a s s u m e d  for  a, Eq. [4]  
r e p r e s e n t s  a c.v. c u r v e  w i t h  a m i n i m u m  in t he  
r eg ion  of  po t e n t i a l s  c o r r e s p o n d i n g  to  n e g a t i v e  s u r -  
face  charges .  A l t h o u g h  in some cases  t he  e x p e r i -  
m e n t a l  c.v. curves ,  c o r r e c t e d  for  c onc e n t r a t i on  
po la r i za t ion ,  can  be  e x p r e s s e d  even  q u a n t i t a t i v e l y  
b y  m e a n s  of Eq. [5] ,  a m o r e  d e t a i l e d  s t u d y  of th is  
p r o b l e m  shows  t ha t  t h e  concepts  used  as a bas is  in 
t he  d e r i v a t i o n  of th is  e q u a t i o n  in th is  case  a r e  i n -  
sufficient.  As  i t  is b e y o n d  the  scope of th i s  p a p e r  to 
d iscuss  a l l  t he  a spec t s  of t he  p r o b l e m ,  which ,  m o r e -  
over ,  h a v e  been  d e a l t  w i t h  l a t e l y  in a n u m b e r  of 
r e v i e w s  (65) ,  I i n t e n d  to m e n t i o n  on ly  t he  f o l l o w -  
ing  poin t .  E q u a t i o n  [5]  is d e r i v e d  on t h e  a s s u m p -  
t ion t h a t  w i t h i n  t he  d o u b l e  l a y e r  t he  r e a c t i n g  p a r -  
t ic les  fo l low the  B o l t z m a n n  d i s t r i b u t i o n  law.  As  
L e v i c h ' s  c a l cu l a t i ons  h a v e  shown  (66) ,  th is  d i s t r i -  
bu t i on  canno t  be  r e a l i z e d  at  suff ic ient ly  h igh  
c u r r e n t  dens i t i e s  in t h e  case  w h e n  t h e  s ign of t he  
cha rge  of a r e a c t i n g  m u l t i v a l e n t  p a r t i c l e  is oppos i te  
to t h a t  of t he  cha rge  of t he  e l ec t rode  sur face ,  if t he  
d i s t r i b u t i o n  of p o t e n t i a l s  is in a c c o r d a n c e  w i th  t he  
c lass ica l  t h e o r y  of t he  d o u b l e  l ayer .  In  fac t  t he  r a t e  
of t he  p e n e t r a t i o n  of such  p a r t i c l e s  t h r o u g h  the  
doub le  l a y e r  and  t h e r e f o r e  t he  r a t e  of t h e i r  t r a n s f e r  
f r o m  t h e  b u l k  to t h e  e l e c t r o d e  su r f ace  u n d e r  t he  
cond i t ions  s t a t ed  w o u l d  be  insufficient .  M o r e o v e r  
t he  t h e o r e t i c a l  r a t e  v a l u e s  o b t a i n e d  u n d e r  these  as -  
s u m p t i o n s  a r e  s e v e r a l  o r d e r s  of m a g n i t u d e  l o w e r  
t han  those  obse rved .  

I t  s eems  to m e  t h a t  t he  on ly  w a y  to o v e r c o m e  th is  
d i f f icul ty  is to t a k e  in to  c o n s i d e r a t i o n  the  d i s c r e t e  
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s t ruc tu re  of the  ionic sheet  of the double  l ayer  and  
the in t e rac t ion  b e t w e e n  the  reac t ing  an ions  and  the  
ne ighbo r ing  cations.  A n o t h e r  so lu t ion  of this  p r ob -  
l em wou ld  be to assume tha t  not  those an ions  which 
are p r e d o m i n a n t  in  the  b u l k  of the  so lu t ion  react  
on the  cathode, bu t  ionic pa i r s  w i t h  a sma l l e r  
charge,  as, for ins tance ,  the  NIeS~O,- ions in  the  case 
of a Me~S~Os solution (66, 67) and Me~Fe(CN)j ions 
in the case of a IV[e3Fe(CN), solution. But dif~cul- 
ties are  e n c o u n t e r e d  if we are  to fol low this h y -  
pothesis  cons is ten t ly ,  i.e., i m p r o b a b l y  low va lues  
m u s t  be  ascr ibed to ~. F u r t h e r m o r e  the  th ickness  
of the reac t ion  l aye r  in  the case of react ions  of the 
type  

Me + + S~O~ = ~ MeS.~O,- [6] 

in all probability is so small that the formation of 
those ionic pairs which react on the electrode must 
take place within the double layer. Thus, if we ac- 
cept this assumption, we still must make an allow- 
ance for the interaction between oppositely charged 
ions within the double layer. 

It appears that in that range of potentials for 
which reliable determinations of the c.v. curves 
can be made, it is possible to account for the phe- 
nomena observed during the reduction of multi- 
valent anions by means of the theory of slow dis- 
charge, taking into account the formation of cationic 
bridges in the double layer. But involuntarily one 
is led to think that at sufficiently negative poten- 
tials a different mechanism of the electrode process 
is possible,  cons is t ing  of a t r a n s f e r  of e lec t rons  f rom 
the  electrode to par t ic les  located at  d is tances  com-  
pa r ab l e  w i th  the  th ickness  of the diffuse double  
layer .  As such a t r ans f e r  wou ld  r e m o v e  the  difficul- 
ties connec ted  w i th  the  r epu l s ion  of an ions  by  the  
electrode surface,  it  wou ld  seem tha t  in  the case of 
an ion  r educ t ion  the mos t  f avorab le  condi t ions  for 
such a m e c h a n i s m  are  real ized.  G u r n e y  was  the  
first to po in t  out  the  possible  role of such e lect ronic  
t r ans fe r s  in  d ischarge  processes (68) ,  a l though  the  
example  chosen by  h i m - t h e  h y d r o g e n  ion dis-  
c h a r g e - w a s  u n d o u b t e d l y  no t  sui table ,  as the  h igh 
va lue  of the  adsorp t ion  ene rgy  of the  p roduc t  of the  
r e a c t i o n - t h e  h y d r o g e n  a t o m - m a k e s  the  d ischarge  a t  
a d i s t ance  f rom the  me ta l  surface  energe t i ca l ly  u n -  
favorable .  We mus t  admi t  howeve r  t ha t  the  feas ib i l i ty  
of such t r ans fe r s  even  in the  case of a n i o n  reduc t ion  
has no t  h i the r to  been  cor robora ted  b y  exper imen t ,  
although we do not have sufficient reasons to deny 
their reality in the case when the cations of the 
electrolyte, as for example Li t cations, have a rela- 
tively low tendency to form ionic pairs. The re- 
search work in this direction must be continued, 
particularly taking into account what is known 
about the existence of solvated electrons in many 
solvents .  G e n e r a l l y  speaking ,  it m a y  be  said tha t  
the  s tate  of our  knowledge  about  the t r ans fe r  of 
e lec t rons  over  long dis tances  in  the  case of elec-  
t rode processes is abou t  the  same as in  the case of 
redox reac t ions  occur r ing  in  the  b u l k  of the  so lu-  
tion. 

The  idea of the  i m p o r t a n c e  of the  s t ruc tu re  of the  
double  l aye r  for the  k ine t ics  of e lect rode processes 
has g r a d u a l l y  become f i rmly es tab l i shed  in  e lec t ro-  
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chemis t ry ,  as for ins tance  is shown  by  the  r ev i ew  
of Brei ter ,  K l e i n e r m a n ,  a nd  De lahay  (69).  H o w -  
ever,  one m u s t  m e n t i o n  the  progress  made  in  r e -  
search in  another ,  at  first s ight  opposite,  direct ion.  
Inves t iga t ions  car r ied  out  a f te r  the  war ,  in  p a r t i c u -  
la r  in  Czechoslovakia,  have  show n  tha t  the  n e t  r a t e  
of a g rea t  n u m b e r  of e lect rode processes is d e t e r -  
mined by chemical reactions resulting in the forma- 
tion of a n  e lec t roact ive  subs t ance  f rom inac t ive  
componen t s  in  the  b u l k  of the  so lu t ion  a nd  the re -  
fore, as it  w ou l d  seem, i n d e p e n d e n t  of the  doub le  
l ayer  s t ruc ture .  A t  p re sen t  it  appears ,  however ,  t h a t  
such a con t rapos i t ion  of these  two concepts  would  
be incorrect ,  as in  a n u m b e r  of cases the  th ickness  
of the reac t ion  l ayer  becomes comparab l e  w i th  tha t  
of the diffuse double  l ayer  (70).  U n d e r  these  condi -  
t ions it  is necessa ry  to take  in to  cons ide ra t ion  the  
effect of the electr ic  field of the  double  l aye r  u p o n  
the  k ine t ics  of the  process, a l t hough  it  is a chemical  
and  not  an  e lec t rochemica l  one. U n f o r t u n a t e l y  we 
k n o w  as ye t  v e r y  l i t t le  how this  is to be done. 

I have  deal t  h i the r to  on ly  w i th  the d i rec t  effect 
of the  double  l ayer  on  the  reac t ions  on the  e lec-  

trode. Bu t  its ind i rec t  effects are  pe rhaps  of sti l l  
g rea te r  impor tance .  The  adso rp t ion  of sur face  ac-  
t ive  ions a nd  of n e u t r a l  molecules  depends  on the  
electr ic  field of the  double  l aye r  a nd  these ions and  
molecules ,  in  the i r  t u rn ,  m a y  act as ca ta lyzers  or 
inh ib i to r s  in  e lec t rochemica l  processes. I t  w ou ld  be 
beyond  the  scope of the p r e se n t  pape r  to dwel l  on 
this  p rob lem,  the  s tudy  of wh ich  has g iven  us m a n y  
conclus ive  proofs of the ex i s tence  of a close con-  
nec t ion  b e t w e e n  the s t ruc tu re  of the  in t e r f ace  and  
the  k ine t ics  of the  e lec t rode  processes (71 ,65 ) .  
However ,  I w a n t  to consider  at  least  one p a r t i c u l a r  
case, tha t  of the  adsorp t ion  of an ions  which  do not  
t ake  a di rect  pa r t  in  the  e lec t rode  process. I have  
chosen this case because  its cons ide ra t ion  b r ings  us, 
in  a sense, to the  l imi ts  w i t h i n  which  we m a y  use  
those ve ry  e l e m e n t a r y  concepts  on whose basis  Eq. 
[5] and  some other  s imi la r  r e l a t ionsh ips  were  de-  
duced.  In  accordance  wi th  Eq. [5] the  specific ad -  
sorpt ion  of an ions  mus t  shif t  the  ~ b l -  po ten t i a l  
t oward  more  nega t ive  va lues  and  c o n s e q u e n t l y  i n -  
crease the  ve loc i ty  of the  processes of ca t ion  r e -  
duct ion.  As migh t  be  easi ly  proved,  this  conclus ion 
holds  for  anodic  processes of cat ion fo rma t ion  as 
well .  I t  was  first conf i rmed in  the  w o r k  of Jofa,  
Kabanov ,  e t a L ,  for the  case of the  d ischarge  of 
h y d r o g e n  ions on a Hg cathode (72) and  l a t e r  for a 
n u m b e r  of o ther  react ions,  m a n y  of which  are  wel l  
k n o w n  f rom pola rographic  l i t e r a t u r e  (73).  H o w -  
ever,  at  p resen t ,  we  k n o w  t h a t  in  some cases the  
adsorp t ion  of an ions  on solid electrodes resu l t s  not  
in an  accelerat ion,  bu t  in  a r e t a r d a t i o n  of reac t ions  
of d ischarge  a nd  of f o r m a t i o n  of ca t ions  (74, 75).  
Thus,  the adsorp t ion  of the  Br-  ion and  p a r t i c u l a r l y  
of the  I- ion g rea t ly  re ta rds  the  ion iza t ion  of H, on 
a P t  e lect rode (76, 77), as we l l  as the  ion iza t ion  of 
the h y d r o g e n  on the  t9 phase  of the  P d - H  sys tem 
(78).  A ppa r e n t l y ,  the bond  b e t w e e n  the  adsorbed  
an ion  and  the  me ta l  surface  becomes so f irm in  
these  cases t ha t  it  is the  modif ica t ion of the  p rop -  
er t ies  of the  e lect rode sur face  b y  the  adsorbed  
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Fig. 12. Cathodic and anodic c.v. curves for stainless steel. 
1, 1 ~ 10N H~SO~; 2, 21 10N H2SO~ ~ 0.01N F, Br; 3, 3 ~ 10N 
HsSO, ~ 0.001N KI; 4, 4 ~ 10N H2SO~ -k 0.2N KI. The po- 
tentials are referred to a hydrogen electrode in 10N H~S04. 

anions,  w h i c h  r e su l t s  in a k i n d  of pa s s iv i t y ,  t h a t  is 
of p r i n c i p a l  i m p o r t a n c e  a n d  no t  t he  c h a n g e  in the  
d i s t r i b u t i o n  of t he  p o t e n t i a l  in t he  d o u b l e  l ayer .  
This  p a s s i v i t y  p r o b a b l y  is caused  b y  the  s a t u r a t i o n  
of t he  f r ee  va l enc i e s  of t h e  e l ec t rode  su r f ace  b y  
c h e m i s o r b e d  anions  and  is a c c o m p a n i e d  b y  a d e -  
c r ea se  in t he  doub le  l a y e r  c a p a c i t y  (79) .  The  fac t  
t h a t  th is  p h e n o m e n o n  is o b s e r v e d  w i t h  sol id  e l ec -  
t r odes  on ly  sugges t s  t h a t  i t  is connec t ed  s o m e h o w  
w i t h  t h e  p r e s e n c e  on the  e l ec t rode  su r f ace  of ac t ive  
cen te r s  w i t h  h igh  v a l u e s  of a d s o r p t i o n  ene rg ie s  
w h i c h  s t r o n g l y  inf luence  the  k ine t i c s  of t he  process .  
A n  i n t e r e s t i n g  e x a m p l e  of th is  k i n d  of ac t ion  of 
an ions  is seen  in t he  b e h a v i o r  of a s t a in less  s tee l  
w i t h  17% Cr  and  9% Ni  in  the  p r e s e n c e  of I- ions 
(80) .  As  s h o w n  in Fig.  12, t he  a d d i t i o n  of I- ions to 
10N H~SO, inc reases  t he  h y d r o g e n  o v e r v o l t a g e  and  
f ac i l i t a t e s  t he  anodic  p a s s i v a t i o n  of s teel .  The  in -  
h ib i t i on  of t he  ca thod ic  and  anodic  p rocesses  r e su l t s  
in a g r e a t  d i m i n u t i o n  (4000 t i m e s )  in  t he  r a t e  of 
t he  s p o n t a n e o u s  d i s so lu t ion  of th is  s tee l  in 10N 
H~SO~. T h e  d i s so lu t ion  r a t e  passes  t h r o u g h  a m i n i -  
m u m  at  a I- ion c o n c e n t r a t i o n  of a b o u t  0.01% and  
inc reases  aga in  w i th  f u r t h e r  i nc rea se  in t he  l a t t e r ,  
no t  a t t a in ing ,  h o w e v e r ,  i ts  o r ig ina l  va lue .  As  i t  
a p p e a r s  to me,  these  r e su l t s  show conc lu s ive ly  t ha t  
m e t a l  p a s s i v a t i o n  does  n o t  n e c e s s a r i l y  i n v o l v e  the  
cove r ing  of t he  su r f ace  w i t h  a p r o t e c t i v e  l a y e r  
f o r m i n g  a phase .  

The  i n v e s t i g a t i o n  of t h e  effect of an ions  on the  
k ine t i c s  of e l ec t rode  p rocesses  p e r m i t s  us  to  d r a w  
the  conc lus ion  tha t  t he  d e v e l o p m e n t  of t he  t h e o r y  
of t he  d o u b l e  l a y e r  on the  bas i s  of p u r e l y  e l e c t r o -  
s t a t i c  concep t s  m u s t  be  cons ide r ed  as on ly  a s tep  in 
the  b u i l d i n g  up  of a su r f ace  c h e m i s t r y  of m e t a l s  on 
a w i d e r  scale.  

M y  a d d r e s s  was  conce rned  w i t h  t he  d o u b l e  l a y e r  
on the  m e t a l - s o l u t i o n  in t e r f ace ,  b u t  in  o r d e r  to 
u n d e r s t a n d  t h e i r  e l ec t r i ca l  p r o p e r t i e s  i t  is e s sen t i a l  
to c o m p a r e  p h e n o m e n a  o c c u r r i n g  on d i f f e ren t  k i n d s  
of in te r faces .  In  a p a p e r  p r e s e n t e d  at  t he  7th  S y m -  
p o s i u m  on Col lo id  C h e m i s t r y  I g a v e  p a r t i c u l a r  con -  
s i de r a t i on  to t he  c o m p a r i s o n  b e t w e e n  the  o r i e n t a -  
t ion  of o rgan i c  mo lecu le s  on t h e  m e t a l - s o l u t i o n  and  
s o l u t i o n - g a s  in te r faces .  I t  is v e r y  i n s t r u c t i v e  as w e l l  
to c o m p a r e  t he  r e su l t s  of e l e c t r o c a p i l l a r y  m e a s u r e -  

m e n t s  in so lu t ions  con ta in ing  a r o m a t i c  c o m p o u n d s  
(71, 81) w i t h  t he  r e s u l t s  9 f  d e t e r m i n a t i o n s  of t he  
e l e c t r o n  w o r k  f u n c t i o n  in t he  p r e s e n c e  of a d s o r b e d  
l a y e r s  of m o l e c u l e s  of th is  k i n d  (82) .  G r e a t  a t t e n -  
t ion  has  b e e n  p a i d  l a t e l y  to t he  p r o b l e m s  of t h e  
s e m i c o n d u c t o r - v a c u u m  and  the  s e m i c o n d u c t o r -  
e l e c t r o l y t e  in t e r f aces .  The  a p p l i c a t i o n  of ideas  d e -  
ve lope d  in t he  i n v e s t i g a t i o n  of t h e  m e t a l - e l e c t r o l y t e  
i n t e r f a c e  to t h e  s t u d y  of these  i n t e r f aces  has  a l r e a d y  
g i v e n  i m p o r t a n t  r e su l t s  and  u n d o u b t e d l y  wi l l  be  
s t i l l  m o r e  f r u i t f u l  in  t h e  fu tu re .  
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Brief Communications 0 
Preparation of Solid Electrodes for Hydrogen Overpotential Studies 

A. C. Makrides and M. T. Coltharp ~ 

Metals Research Laboratories, Union Carbide Metals Company, 
Division of Union Carbide Corporation, Niagara Falls, New York 

The  i m p o r t a n c e  of m i n i m i z i n g  the  a m o u n t  of i m -  
p u r i t i e s  in  so lu t ion  in h y d r o g e n  o v e r p o t e n t i a l  m e a s -  
u r e m e n t s  has  been  s t r e s sed  r e p e a t e d l y  (1 ) .  F o l l o w -  
ing  the  e x a m p l e  of F r u m k i n  and  his c o - w o r k e r s  
(2) ,  p r e - e l e c t r o l y s i s  is u sed  e x t e n s i v e l y  to th is  end.  
In  pur i f i ed  solut ions ,  h y d r o g e n  o v e r p o t e n t i a l  on 
m e r c u r y  fo l lows  t h e  Ta fe l  e q u a t i o n  w i t h  c lose ly  
r e p r o d u c i b l e  e x c h a n g e  c u r r e n t  and  Ta fe l  s lope  (3 ) .  
Resu l t s  w i t h  sol id  e l ec t rodes  v a r y  w ide ly ,  howeve r .  
Dev ia t i ons  f rom Tafe l  b e h a v i o r  and  t ime  d e p e n d -  
ence  of  t he  o v e r p o t e n t i a l  a t  any  g iven  c u r r e n t  
dens i t y  h a v e  been  r e p o r t e d  f r e q u e n t l y  (4, 5) .  

W e  h a v e  m e a s u r e d  h y d r o g e n  o v e r p o t e n t i a l  on 
n i cke l  ( " s p e c t r o s c o p i c "  p u r i t y )  b y  the  d i r ec t  m e t h -  
od. U n l i k e  p r e v i o u s  w o r k  w i t h  th is  s y s t e m  (6) ,  r e -  
sul ts  w e r e  t i m e  i n d e p e n d e n t  and  co inc iden t  cu rves  
w e r e  o b t a i n e d  w i t h  i n c r e a s i n g  and  dec r ea s ing  c u r -  
r e n t  dens i t ies .  This  s t u d y  wi l l  be  r e p o r t e d  in d e t a i l  
l a t e r .  The  m e t h o d  used  to p r e p a r e  e lec t rodes ,  wh ich  
w e  b e l i e v e  a p p l i c a b l e  to  s i m i l a r  s tud ies  w i th  o t h e r  
me ta l s ,  is p r e s e n t e d  he re .  

N icke l  e l e c t r o d e s  w e r e  c l e aned  b y  i m m e r s i o n  in 
a c h r o m i c - s u l f u r i c  ac id  so lu t ion  ( " c l e a n i n g  so lu -  
t i o n " ) ,  f o l l owed  b y  w a s h i n g  w i t h  bo i l ing  c o n d u c t i v -  
i t y  w a t e r .  Upon  i m m e r s i o n  in a l k a l i n e  (0.1N N a O H )  
tes t  so lu t ions ,  e l e c t rodes  e x h i b i t e d  pas s ive  p o t e n -  
t i a l s  (>0 .200  v vs. h y d r o g e n  in t he  s a m e  so lu t ion ) .  
T h e y  w e r e  a c t i v a t e d  b y  ca thod ic  p o l a r i z a t i o n  at  2 
m a / c m  ~ for  a b o u t  5 min .  Res t  p o t e n t i a l s  w e r e  w i t h -  
in 2-3 m v  of t h e  r e v e r s i b l e  h y d r o g e n  po ten t i a l .  
A f t e r  a run ,  w h i c h  g e n e r a l l y  r e q u i r e d  abou t  100 
min,  t he  e l e c t r o d e  was  p a s s i v a t e d  b y  anodic  p o l a r i -  
z a t i on  a t  a b o u t  40 t~a/cm ~ a n d  l e f t  in  th is  cond i t ion  
u n t i l  t he  n e x t  r u n  w h e r e u p o n  t h e  e l ec t rode  was  
aga in  a c t i v a t e d  b y  ca thod ic  p o l a r i z a t i o n  as d e s c r i b e d  

1 P r e s e n t  a d d r e s s :  Depar tmen t  of Chemistry ,  Univers i ty  of Texas, 
Austin,  Texas. 

above.  R e p r o d u c i b l e  r e su l t s  w e r e  o b t a i n e d  ove r  a 
p e r i o d  of abou t  two  days .  F o r  l o n g e r  t imes ,  t h e  res t  
po t e n t i a l s  b e c a m e  i n c r e a s i n g l y  pos i t i ve  and  o v e r -  
po t e n t i a l s  b e c a m e  t ime  d e p e n d e n t ,  p a r t i c u l a r l y  at  
h i g h e r  c u r r e n t  dens i t ies .  I t  is p r o b a b l e  t ha t  for  the  
l onge r  t imes  a d s o r b e d  i m p u r i t i e s ,  p r o b a b l y  d i s -  
so lved  glass,  w e r e  no t  r e m o v e d  b y  p a s s i v a t i o n  
( anod ic  p o l a r i z a t i o n  to 1.0 v ) .  

The  Tafe l  s lope  was  0.110 v a t  30~ no t  m u c h  
d i f fe ren t  f rom tha t  r e p o r t e d  b y  Bockr i s  and  P o t t e r  
in t h e i r  s t u d y  of  h y d r o g e n  o v e r p o t e n t i a l  on n i cke l  
(6) .  Howeve r ,  t he  e x c h a n g e  c u r r e n t  in 0.1N N a O H  
was  1.5 x 10 ~ a m p / c m  2, i.e., a b o u t  30 t imes  l a r g e r  
t h a n  5 x 10 -7 a m p / c m  ~ g iven  in (6) .  

The  pos s ib i l i t y  t ha t  these  r e su l t s  can be  a t t r i b u t e d  
to a f i lm of h igh  specific a r e a  f o r m e d  b y  r e d u c t i o n  
of t he  pas s ive  l a y e r  was  r u l e d  ou t  b y  runs  in  0.1N 
HC1. In  th is  so lu t ion  n i cke l  a c t i v a t e s  spon taneous ly ,  
t h e  ox ide  a p p a r e n t l y  d i s so lv ing .  The  e l ec t rode  was  
in  so lu t ion  fo r  a b o u t  4 hr .  I t  c o r r o d e d  a t  a r a t e  of 
a b o u t  4 x 10 -~ a m p / c m  ~ w i t h  a r e s t  p o t e n t i a l  of 
--0.014 v a g a i n s t  h y d r o g e n .  The  e q u i v a l e n t  of a b o u t  
300 su r face  l a y e r s  ( ~  180 x 1016 a toms)  d i s so lved  
d u r i n g  this  t ime .  Resu l t s  w e r e  e n t i r e l y  ana logous  
to those  in a l k a l i n e  so lu t ions ,  i.e., o v e r p o t e n t i a l s  
w e r e  t ime  i n d e p e n d e n t  and  a scend ing  and  d e s c e n d -  
ing  curves  a g r e e d  closely.  T h e  Ta fe l  slope, 0.100 v, 
was  e s sen t i a l l y  t h a t  r e p o r t e d  in (6) w h i l e  t he  e x -  
c h a n g e  c u r r e n t  w a s  5 x 10 -~ a m p / c m  2, or  a b o u t  40 
x t he  v a l u e  1.2 x 10 -~ g i v e n  in  r e f e r e n c e  (6)  

The  t ime  d e p e n d e n c e  of t h e  o v e r p o t e n t i a l ,  t h e  in -  
a b i l i t y  to r e t r a c e  a p o l a r i z a t i o n  c u r v e  w i th  t he  s ame  
e lec t rode ,  t h e  d e v i a t i o n  f r o m  t h e  Tafe l  r e l a t i o n  of 
t he  s t e a d y - s t a t e  curves ,  and  t h e  l ow e x c h a n g e  c u r -  
r e n t s  r e p o r t e d  in  (5)  a n d  (6)  m u s t  t h e r e f o r e  be  
a t t r i b u t e d  to i m p u r i t i e s  a d s o r b e d  on the  e lec t rode ,  



Vol.  107, No. 5 SOLID ELECTRODES FOR H OVERPOTENTIAL 473 

p robab ly  pr ior  to its exposure  to solution. Elec- 
t rodes were  p re t r ea t ed  in (6) by  hea t ing  in hyd ro -  
gen at about  350~ 

Common methods of p repar ing  solid electrodes 
involve e i ther  etching or hea t ing  in hydrogen  at 
t empera tu re s  below the softening point  of borosi l i -  
cate glass (6). Etching does not remove all  im pur i -  
ties, a fact demons t ra ted  by  the existence of a 
va r i e ty  of compounds which inhibi t  dissolution. 
Heat ing  in vacuum or in hydrogen  appa ren t ly  is 
not effective unless t empera tu res  approaching the 
mel t ing point  of the meta l  are  used ("f lashing")  
(7).  In the method presented  here  the electrode is 
exposed to h ighly  oxidizing conditions. Impur i t i es  
are  p robab ly  displaced by negat ive  ions at  the l a rge  
posi t ive  potent ia ls  ( >  1.0v)  a t ta ined.  Fur ther ,  it 
is genera l ly  found tha t  organic impur i t ies  are ad-  
sorbed to a smal ler  ex tent  on oxides than on me t -  
als; at  the same time, they  are  adsorbed less 
s t rongly  in the oxidized than  in the reduced form 
(8).  I t  is expected,  therefore,  tha t  on reducing or 
dissolving the passive l aye r  a "clean" electrode 
surface is produced.  

"Act ive,"  reproducib le  p l a t inum electrodes .have 
been obtained by  anodic polar izat ion (9).  Recently,  
Wa lke r  and Adams  (10) cleaned p la t inum elec-  
t rodes for po larographic  studies in a manner  s imi-  
lar  to tha t  p resented  here. This method can be em-  
p loyed wi th  al l  meta ls  which do not dissolve 

m a r k e d l y  under  h ighly  oxidizing conditions and 
which can be ac t iva ted  by a cathodic current .  The 
surface can be regenera ted  af ter  one or more runs  
if the meta l  passivates  in the test  solution at small  
anodic cur ren t  densi t ies  (for example ,  nickel  in 
0.1N NaOH).  

Manuscript received Dec. 7, 1959. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1960 
JOURNAL. 
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Periodic Phenomena at a Nickel Electrode in Sulfuric Acid 
J i i rg  O s t e r w a l d  1 a n d  H e i n z - G e r h a r d  F e l l e r  2 

Corrosion Laboratory, Department oS Metallurgy, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 

In connection wi th  e lect rochemical  invest igat ions  
of n ickel -copper  and ch romium-n icke l - i ron  alloys 
we observed posi t ively  and nega t ive ly  damped  
oscil lat ions occurr ing at  the n ickel  e lectrode in 
sulfur ic  acid. This type  has not ye t  been descr ibed 
in the l i te ra ture ,  a l though per iodic  phenomena  at  
a nickel  electrode are known (1, 2). Al though in-  
vest igat ions of this  new type  could not be com- 
p le ted  dur ing our s tay in the Uni ted  States,  we 
should l ike to summarize  the most  impor tan t  ex-  
pe r imen ta l  resul ts  obta ined so far. 

The polar izat ion curve for t ranspass ive  nickel  in 
1N sulfuric  acid at  25~ obta ined potent ios ta t ica l ly  
is shown in Fig. 1. If one tr ies  to measure  the same 
curve galvanosta t ica l ly ,  this  is only possible for 
cur ren t  densi t ies  below A. Above  A the electrode 
poten t ia l  does not  become stable, but  oscil lations 
occur. Near  A these oscil lations are a lmost  s inoidal  
(see r ight  pa r t  of Fig. 2b),  whi le  they  become more 
and more deformed wi th  h igher  cur ren t  densities.  
If  one increases the cur ren t  dens i ty  beyond B, the 
potent ia l  jumps  to a va lue  ly ing  above C on the 
other  b ranch  of the polar iza t ion  curve. This phe-  
nomenon is r emarkab le ,  because usual ly  the other 

1 P r e s e n t  a d d r e s s :  M a x - P l a n c k - I n s t i t u t  f i i r  p h y s i k a l i s c h e  C h e m i e ,  
C ~ t t i n g e n ,  G e r m a n y .  

2 P r e s e n t  a d d r e s s :  I n s t i t u t  f f i r  M e t a l l k u n d e  d e r  T e c h n i s c h e n  U n i -  
v e r s i t ~ t ,  B e r l i n ,  G e r m a n y .  
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Fig. 1. Polar izat ion curve of nickel in the tronspassive 
region at  25~ obtained potentiostat ical ly.  

branch  of a polar iza t ion  curve can only  be reached 
by app ly ing  a cur ren t  densi ty  g rea te r  than  the 
value  re la ted  to the maximum.  

As a l r e a dy  mentioned,  a constant  po ten t ia l  is ob-  
ta ined below A under  galvanosta t ic  conditions, but  
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Fig. 2. Oscillations of potent ial  under galvanostat ic condi- 
tions (original oscillogroms); T = 25~ a, Damped oscilla- 
tions, c.d. ~ 2.26 mo/cm~; b, negat ively damped and steady 
oscillations, c.d. = 2.87 ma /cm ~. 

a s m a l l  pos i t i ve  or  n e g a t i v e  a d d i t i o n a l  c u r r e n t  
p u l s e  s t i m u l a t e s  d a m p e d  osc i l l a t ions  (Fig .  2a ) .  
W i t h  t he  e x c e p t i o n  of t he  first  osc i l l a t ions  a f t e r  t he  
s t i m u l a t i n g  pu l se  t he  d e v i a t i o n  AU f r o m  the  s t e a d y -  
s t a t e  p o t e n t i a l  m a y  be  d e s c r i b e d  b y  the  fo l lowing  
e q u a t i o n :  

AU = • e -x' cos ( 2 ~ t  + ~) 

AUo d e p e n d s  on the  he igh t  of t h e  pulse ,  w h i l e  t h e  
d a m p i n g  c o n s t a n t  h a n d  t h e  f r e q u e n c y  v a r e  on ly  
func t ions  of t he  c u r r e n t  d e n s i t y  a p p l i e d  c o n t i n u -  
ously .  The  p h a s e  a n g l e  8 d e p e n d s  on the  zero  p o i n t  
of t he  t i m e  scale.  

In  t he  r eg ion  a b o v e  A, osc i l l a t ions  occu r r ing  w i t h  
i nc r ea s ing  a m p l i t u d e  or, in o t h e r  words ,  w i t h  n e g a -  
t i ve  va lue s  of h can  be  o b s e r v e d  b y  m e a n s  of a 
spec ia l  t echn ique .  A p o t e n t i a l  of t he  r eg ion  a b o v e  
A is a p p l i e d  p o t e n t i o s t a t i c a l l y  to the  e lec t rode .  
T h e n  the  g a l v a n o s t a t i c  c i r cu i t  is a d j u s t e d  to a cu r -  
r e n t  d e n s i t y  equa l  to t h a t  w h i c h  c o r r e s p o n d s  to t he  
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p o t e n t i o s t a t i c a l l y  a p p l i e d  po ten t i a l .  I f  one  now a p -  
p l ies  th is  c u r r e n t  d e n s i t y  to t he  ce l l  i m m e d i a t e l y  
a f t e r  h a v i n g  d i s c onne c t e d  i t  f r o m  t h e  po t en t i o s t a t i c  
c i rcui t ,  one obse rves  s ino ida l  p o t e n t i a l  osc i l la t ions ,  
w h i c h  e v e n t u a l l y  t u r n  to s t e a d y  osc i l la t ions .  F i g u r e  
2b g ives  an  e x a m p l e .  The  a r r o w  m a r k s  t he  po in t  a t  
w h i c h  the  cel l  was  s w i t c h e d  f rom the  p o t e n t i o -  
s t a t i c  to t h e  g a l v a n o s t a t i c  c ircui t .  

Us ing  t h e  same  t e c h n i q u e  w e  f o u n d  t ha t  a b o v e  
B'  in Fig.  1 aga in  s t e a d y  osc i l l a t ions  occur  u n d e r  
g a l v a n o s t a t i c  condi t ions ,  wh i l e  a b o v e  A '  d a m p e d  
osc i l l a t ions  can  be  obse rved .  

W i t h  de c r e a s ing  ac id  c o n c e n t r a t i o n  the  who le  
r eg ion  b e t w e e n  A and  A '  becomes  sma l l e r ,  u n t i l  
first  t he  r eg ion  b e t w e e n  B and  B'  d i s a p p e a r s  and  
f ina l ly  a t  a p p r o x i m a t e l y  0.3N su l fu r i c  acid  on ly  
d a m p e d  osc i l l a t ions  occur .  The  d a m p i n g  cons tan t  X, 
h o w e v e r ,  has  a m i n i m u m  at  a c e r t a i n  c u r r e n t  
dens i ty ,  to  w h i c h  a m a x i m u m  of t h e  f r e q u e n c y  
c o r r e s p o n d s  a p p r o x i m a t e l y .  

A m o r e  q u a n t i t a t i v e  d e s c r i p t i o n  of the  p h e -  
n o m e n a  and  an a t t e m p t  a t  a t h e o r e t i c a l  e x p l a n a t i o n  
w i l l  b e  g iven  a f t e r  f u r t h e r  i n f o r m a t i o n  has  been  
ob ta ined ,  e spec i a l l y  for  the  d y n a m i c  b e h a v i o r  of 
the  n i c k e l  e l ec t rode  u n d e r  p o t e n t i o s t a t i c  or o the r  
t han  g a l v a n o s t a t i c  condi t ions .  
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Conductivity of Silver Iodide Pellets for Solid-Electrolyte Batteries 
J. N. Mrgudich 1 

Laboratory for Insulation Research, Massachusetts Institute of Technology, Cambridge, Massachusetts 

ABSTRACT 

Silver amalgam electrodes were found to provide polarization-free con- 
tacts for the measurement of the conductivity of compressed AgI powder 
pellets. Correlation of the conductivity data with x-ray  diffraction studies 
established the presence of a deformed hexagonal phase as an important factor 
in determining pellet conductivity. Deformation can be induced by compres- 
sion, but care must be taken to avoid transformation into the face-centered 
cubic phase with some resultant decrease in conductivity. Preliminary evi- 
dence is presented that hexagonal deformation can be induced by suitable 
thermal or mechanical pretreatment of the AgI powder. 

Lehovec and Broder (1) showed that thin sec- 
tions of certain solid ionic conductors can serve as 
electrolytes of electrochemical bat tery  systems. Such 
"solid-electrolyte" batteries, because of inherently 
easier control and confinement of the electrolyte, 
promise significant improvement  over conventional 
batteries using liquid electrolytes. 

Some of the advantages are illustrated by a cell 
made by the author in December 1952. Its active 
components were a sheet of Ag foil as anode, a 
pellet of compressed AgI powder as electrolyte, and 
a pellet of 50% AgI and 50% African MnO~ as cath- 
ode. Cross-section diameter was 1.27 cm and over-  
all volume was about 0.15 cc. Despite this small 
volume the open-circuit  voltage, after near ly  six 
years of unsealed storage at ambient room tempera-  
ture, dropped by only 4% (from 0.56 to 0.54 v) 
since February  1953. The short-circuit  flash cur-  
rent remained substantially constant at 17 ~amp. 
The Ag electrode, except at its per iphery where 
atmospheric oxygen resulted in tarnishing, remained 
uncorroded. 

The most serious shortcoming of such solid-elec- 
trolyte systems is their very low flash current,  usu-  
ally measured in ~amp/cm ~ of electrode area. This 
manifestation of high internal resistance follows 
directly from the fact that  the room-tempera ture  
conductivity of even the best solid ionic conductors 
lies six to eight orders of magnitude below that  of 
conventional bat tery  electrolytes. In consequence, 
unless the room-tempera ture  conductivity of suit- 
able solid ionic conductors can be increased by at 
least four orders of magnitude, the practical use of 
the otherwise eminently promising solid-electrolyte 
batteries will be limited to microwatt  power appli- 
cations. 

The purpose of this investigation was to study 
and develop methods for increasing the room-tem-  
perature  ionic conductivity of AgI. Silver iodide was 
chosen because of its reported relatively high room- 
temperature  ionic conductivity, its apparent ly  sim- 
ple conduction process which involves only Ag § ions 
moving through a fixed I--ion lattice, and the sub- 
stantial absence of interfering electronic conduction. 

1 PreserLt  a d d r e s s "  U.S.  A r m y  S i g n a l  R e s e a r c h  a n d  D e v e l o p m e n t  
L a b o r a t o r y ,  F o r t  M o n m o u t h ,  N.  J'. 

Unfortunately AgI is not easily prepared in the 
form of single crystals stable at room temperature,  
and there is today little theoretical interest in con- 
ductivity measurements on compressed powders. 
Nevertheless, in view of eventual applications which 
will of necessity resort to the use of multicrystalline 
electrolyte in the form of compressed powders, 
evaporated films, chemical deposits, or painted 
layers, measurements on such powders and efforts 
to increase their ionic conductivity are meaningful  
in a practical sense. Furthermore,  multicrystalline 
electrolytes profit f rom increased ionic mobility 
along interracial surfaces so that, even if single 
crystals were available, there would be a need for 
study of the conductivity of compressed powders. 

Polarization Phenomena in Measurements 
of Ionic Conductivity 

It  is well known that  if a d-c voltage is applied 
across an ionic conductor, the resultant flow of cur-  
rent decreases with time (2, 3). To avoid such po-  
larization effects, a-c voltage (usually 1000 cps), 
four-probe sample holders, pulse techniques, or 
combinations thereof are applied. These measures 
may  be adequate when sample temperature  is high 
or when sample conductivity is low. However,  
blocking layer  effects become more pronounced as 
the temperature  drops or as conductivity increases. 
Brennecke (4), for example, confirming earlier 
work by Lehfeldt  (5), found that d-c  conduction 
through various alkali halides obeys Ohm's law at 
high temperatures  but begins to deviate as tem-  
perature decreases. Johnston (6), studying AgBr at 
room temperature,  reported that  the a-c  conduc- 
tivity was a function of frequency (even up to 10,000 
cps) and that  this dependence increased with sam- 
ples of higher conductivity (about 10 -~ ohm -1 cm-1). 
There is thus no certainty that  conventional meth-  
ods for minimizing polarization are adequate for a 
study whose objective is the synthesis of materials 
exhibiting extraordinari ly high ionic conductivities 
(about 10 -~ or better) at room temperatures.  

Use of Amalgamated Silver Electrodes 
In the course of some prel iminary studies it was 

found that  application of quite small d-c  voltages 
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across  an  A g I  pe l l e t  b e t w e e n  i d e n t i c a l l y  a m a l g a -  
m a t e d  A g  e l ec t rodes  y i e l d e d  a r e m a r k a b l y  s t ab le  
c u r r e n t  flow. This  c o n s t a n c y  l ed  to efforts  to use  
such  a m a l g a m a t e d  e l ec t rodes  in t he  d e v e l o p m e n t  
of an a p p a r e n t l y  p o l a r i z a t i o n - f r e e  d - c  m e t h o d  for  
the  m e a s u r e m e n t  of t he  c o n d u c t i v i t y  of A g I  pe l le t s .  

The  a m a l g a m a t e d  e l ec t rodes  w e r e  p r e p a r e d  b y  
r u b b i n g  Hg onto d i sks  of c l ean  and  po l i shed  Ag  
sheet  (1.525 cm d i a m e t e r ,  a p p r o x i m a t e l y  0.15 cm 
t h i c k ) .  J u s t  be fo re  use  t he  e l ec t rodes  w e r e  w i p e d  
c lean  and  r e s i d u a l  s cum r e m o v e d  b y  r in s ing  the  
su r f ace  w i t h  c lean,  d i s t i l l ed  Hg d r o p p i n g  f rom a 
bu re t t e .  

Pe l l e t s  of A g I  (1.525 cm d i a m e t e r )  w e r e  m a d e  
b y  compres s ion  in a h a n d - a c t u a t e d  l a b o r a t o r y  p ress  
( c a p a c i t y  1120 k g / c m  ~, 16,000 ps i ) .  S ince  the  ob -  
j ec t i ve  was  to c a r r y  out  e x t e n s i v e  tes ts  of t he  r e -  
p r o d u c i b i l i t y  of a n e w  me thod ,  we  r e q u i r e d  r e a d y  
a v a i l a b i l i t y  of a r e l a t i v e l y  l a r g e  a m o u n t  of u n i f o r m  
AgI .  Most  of th is  w o r k  used  two  d i f fe ren t  g r ades  
of p o w d e r e d ,  c o m m e r c i a l  A g I  m a d e  h o m o g e n e o u s  b y  
t h o r o u g h  m i x i n g  a f t e r  pa s s ing  t h r o u g h  a 35 -mesh  
screen.  A f t e r  compress ion ,  t he  pe l l e t s  w e r e  g e n t l y  
smoo thed  w i t h  3 /0  e m e r y  p a p e r  to r e m o v e  p e r i -  
p h e r a l  f e a t h e r i n g  and  su r f ace  glaze.  Then  t h e y  w e r e  
p l aced  b e t w e e n  i d e n t i c a l l y  a m a l g a m a t e d  A g  e lec -  
t rodes  b a c k e d  b y  P t  e l e c t rodes  to p r e v e n t  so lde r  
c o n t a m i n a t i o n  of t he  a m a l g a m a t e d  e l ec t rodes  
(Fig .  1). 

The  vo l t age  across  t he  a r r a y  could  be  change d  b y  
a d j u s t i n g  the  v a l u e  of the  d e c a d e - b o x  r e s i s t ance  R.~. 
T h r e e  v o l t a g e  r a n g e s  (0.0001, 0.001, and  0.01 v )  
sufficed for  mos t  of t he  work .  The  g a l v a n o m e t e r  
(Leeds  and  N o r t h r u p ,  D ' A r s o n v a l ,  0.008 ~ a / m m  d e -  
f lect ion at  1 m e t e r )  was  c a l i b r a t e d  for  each  v o l t a ge  
r a n g e  b y  use of a s t a n d a r d  c a l i b r a t e d  decade  r e -  
s i s tance  r e p l a c i n g  the  a r r a y .  S w i t c h  S s e rved  as an  
ea sy  m e a n s  for  r e v e r s a l  of c u r r e n t  d i r ec t ion  to 
check  for  the  p r e s e n c e  of po la r i za t ion .  

F i g u r e  2 c o m p a r e s  the  r e su l t s  of c o n d u c t i v i t y  
m e a s u r e m e n t s  on a g iven  p e l l e t  of A g I  b e t w e e n  
clean,  po l i shed  Ag  e l ec t rodes  be fo re  and  a f t e r  e l ec -  
t r o d e  a m a l g a m a t i o n .  The  s l igh t  u p w a r d  t r e n d  of t he  

_ _  E = I . S v o l t s  

Fig. 1. Exploded view of conducting array, with circuit used 
to permit easy reversal of applied d-c voltage. 
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Fig. 2. Elimination of polarization through use of amal- 
gamated silver electrodes. 

a m a l g a m a t e d - e l e c t r o d e  cu rve  is u n d o u b t e d l y  due  to 
an  o b s e r v e d  I~  r i se  in r o o m  t e m p e r a t u r e  d u r i n g  
the  64 -min  run .  The  lesser  f luc tua t ions  w i t h i n  each  
16 -min  run  fa l l  ea s i ly  w i t h i n  t he  e r r o r s  i nduced  b y  
sma l l  r a n d o m  v a r i a t i o n s  of the  g a l v a n o m e t e r  zero. 
These  f luctuat ions ,  h o w e v e r ,  a r e  t r i v i a l  w h e n  
v i e w e d  in the  p e r s p e c t i v e  of Fig .  2 and  its v e r y  
s t rong  ev idence  of a b se nc e  of p o l a r i z a t i o n  w i t h  
a m a l g a m a t e d  e lec t rodes .  

C o n s i d e r a b l e  t ime  and  effor t  w e r e  spen t  in d e m -  
o n s t r a t i n g  t ha t  th is  m e t h o d  a l lows  for  the  r e p r o -  
duc ib l e  d e t e r m i n a t i o n  of t he  c o n d u c t i v i t y  of AgI  a t  
r oom t e m p e r a t u r e s .  R e p e a t e d  a s sembly ,  m e a s u r e -  
ment ,  d i sas sembly ,  e l e c t r o d e  r e a m a l g a m a t i o n ,  and  
r e m e a s u r e m e n t  on the  same  pe l l e t ,  and  v a r i a t i o n s  
of pe l l e t  d imens ions  showed  tha t  the  c o n d u c t i v i t y  
is bo th  r e p r o d u c i b l e  and  i n d e p e n d e n t  of pe l l e t  
th ickness ,  i.e., t h a t  i t  compl i e s  w i t h  Ohm's  l a w  
( T a b l e  I ) .  

In  a f u r t h e r  e v a l u a t i o n  of t he  me thod ,  W e s t p h a l  ~ 
c a r r i e d  out  some a - c  m e a s u r e m e n t s  of c o n d u c t i v i t y  
as  a func t ion  of f r e que nc y .  H e  s h o w e d  (Tab l e  I I )  

~ W .  B.  W e s t p h a l ,  L a b o r a t o r y  f o r  I n s u l a t i o n  R e s e a r c h ,  M a s s a -  
c h u s e t t s  I n s t i t u t e  of  T e c h n o l o g y ,  C a m b r i d g e ,  M a s s .  

Table I. Conductivity of silver iodide--test of reproducibility 
and compliance with Ohm's law 

D e v i -  
C a m -  a r i a n  

P e l -  p r e s s i o n  T h i c k -  C o n d u c t i v i t y  A v e r -  f r o m  
M a t e -  l e t  p r e s s u r e  h e s s  ( o h m - l c m - 1 )  a g e  m e a n  

r i a ]  No .  ( k g / c m S )  ( c m )  x 10+~ v a l u e  % 

1.28, 1.31, 1.28 
AgI* 68 281 0.1068 1.27, 1.28 1.28 1.0 
AgI* 58 702 0.0986 1.50, 1.48, 1.48~ 

59 702 0.1944 1.47 I 1.51 1.9 
60 702 0.3834 1.54, 1.57 
61 702 0.7675 1.50 

AgI t  54 702 0.0969 0.98 7 
55 702 0.1894 1.02 t 1.00 1.7 
56 702 0.3813 0.99 
57 702 0.7692 1.02 

* M a l l i n c k r o d t  C h e m i c a l  W o r k s .  
t A l l i e d  C h e m i c a l  a n d  D y e  C o r p o r a t i o n .  
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Table II. Comparison of conductivitles at various frequencies 
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Table Ill. Conductivities of pellets as function of compression 
pressure at different temperatures 

E l e c t r o d e s  A g  a m a l g a m  A g  p a i n t  E v a p .  A g  

Pellet thickness 0.384 0.763 0.385 0.762 0.383 0.763 
(cm) 

Frequency (cps) 
100 1.54 1.53 1.00 1.29 1.43 1.46 
300 - -  - -  1.35 1.51 1.45 1.52 

1,000 1.54 1.53 1.46 1.58 1.44 1.56 
3,000 - -  - -  1.50 1.60 - -  1.58 

10,000 1.54 1.53 1.52 1.60 1.48 1.59 
100,000 1.54 1.54 1.54 1.58 1.48 1.62 
300,000 - -  - -  1.55 1.61 1.49 1.62 

1,000,000 1.55 1.52 1.58 1.62 1.50 1.63 

A l l  e o n d u c t i v i t i e s  a r e  g i v e n  in  ( o h m - l c m - l ) x  10§ P e l l e t s  w e r e  
m a d e  of M a l l i n c k r o d t  s i l v e r  i o d i d e  p o w d e r  c o m p r e s s e d  a t  702 k g / c m  2 
a n d  w e r e  a p p r o x i m a t e l y  16 d a y s  old a t  t h e  t i m e  of m e a s u r e m e n t .  

t ha t  w i th  Ag pa i n t  or evapora ted  Ag electrodes the 
a-c conduct iv i t i es  approached  cons tancy  on ly  above 
10,000 cps and  even  then  y ie lded  va lues  tha t  va r ied  
wi th  sample  th ickness .  I t  wil l  be  no ted  tha t  s imi la r  
a-c m e a s u r e m e n t s  us ing  a m a l g a m a t e d  electrodes 
gave conduct iv i t i es  i n d e p e n d e n t  of bo th  f r eq ue nc y  
and  sample  th ickness .  

The ma jo r  p r ecau t i on  tha t  m u s t  be t a k e n  wi th  
a m a l g a m a t e d  electrodes  is avo idance  of scum. W h e n  
this is real ized,  the  resul ts  are r ead i ly  r ep roduc ib le  
and  the pellet ,  even  af ter  w e e k - e n d  contac t  wi th  
the electrodes,  shows no discolora t ion or ev idence  of 
reac t ion  wi th  Hg ( fo rma t ion  of HgI2 or Ag2HgL). 
Addi t ion  of weights  to the assembled  ver t i ca l  a r r a y  
is of no s ignif icant  effect up to 100 g. Beyond  this  
point  the  conduc t iv i ty  decreases by  abou t  6% at  200, 
13% at 500, and  19% at 1000 g. This  effect seems to 
be due to squeez ing  out  of a mobi le  a m a l g a m  i n t e r -  
face. 

W h e n  an  a m a l g a m a t e d  a r r a y  is first assembled,  it 
exhib i t s  a va r i ab l e  t r a n s i e n t  vol tage  tha t  dies a w a y  
to a f rac t ion  of a microvol t  w i t h i n  abou t  10 rain.  
A l though  this  m a y  be due to a s l ight  difference in  
the  t e m p e r a t u r e  of the  two electrodes  [Re inho ld  (7) 
has shown tha t  a difference of I~  in  the  re la t ive  
t e m p e r a t u r e s  of the  electrodes of an  A g - A g I - A g  a r -  
r ay  n e a r  room t e m p e r a t u r e  can resu l t  in  a vol tage  
difference of abou t  1000 ~v],  it  is more  l i ke ly  tha t  
a m a l g a m  red i s t r i bu t i on  is i nvo lved  since the  top 
electrode is a lways  in i t i a l ly  nega t i ve  w i th  respect  to 
the bot tom. Care fu l  conduc t iv i ty  measu remen t s ,  of 
course, m u s t  awai t  prac t ica l  d i sappea rance  of these 
t rans ien ts .  

Effect  of Compression Pressure on Pel let  Conduct iv i ty  

A l t h o u g h  descr ip t ion  of a d -c  me thod  for m e a s -  
u r e m e n t  of the  conduc t iv i ty  of AgI  is the  m a j o r  ob-  
jec t ive  of this  paper ,  a few v e r y  p r e l i m i n a r y  app l i -  
cat ions have  been  made.  

Tab le  I I I  gives the  room t e m p e r a t u r e  conduc -  
t ivi t ies  of pel le ts  of Mal l inckrod t  AgI  compressed 
at va r ious  p ressures  and  t empera tu re s .  The  l o w -  
t e m p e r a t u r e  compress ions  were  made  by  quick  com-  
press ion of p r e - a s s e m b l e d  cavity,  plug,  sample,  and  
p l u n g e r  af ter  ch i l l ing  the  p ressure  c h a m b e r  and  
sample  ove rn igh t  at  - -10~  Likewise,  the  h igh -  

Compression pressures C o m p r e s s i o n  t e m p e r a t u r e s ,  ~ 

k g / c m  2 ps i  -- 10 ~ 2 7  ~ 9 5  ~ 

140 2,000 0.43 0.65 0.96 
281 4,000 1.08 1.23 1.17 
421 6,000 1.38 1.36 1.31 
562 8,000 1.43 1.37 1.31 
702 10,000 1.56 1.48 1.27 
843 12,000 1.58 1.55 2.30 
983 14,000 1.61 0.89 - -  

1220 16,000 1.80 0.74 2.66 

A l l  c o n d u e t i v i t i e s  a r e  g i v e n  in  ( o h m - l c m - 1 ) x  10+4. P e l l e t s  c o m -  
p r e s s e d  a t  - - 10~  a n d  27~ w e r e  24 d a y s  o ld  a t  t h e  t i m e  of m e a s -  
u r e m e n t ;  t hose  a t  95~ w e r e  4 d a y s  old.  

t e m p e r a t u r e  compress ions  were  made  on p rehea ted  
assemblages .  

The  most  i n t e re s t ing  f ea tu re  of Tab le  I I I  is the  
conduc t iv i ty  "b reak"  observed  beyond  843 k g / c m  2 
in  the r o o m - t e m p e r a t u r e  series. This  b r e a k  was con-  
f irmed wi th  a second r u n  of Ma l l i nck rod t  AgI  and  
was also observed us ing  the Al l ied  Chemica l  m a -  
ter ial .  

Suspec t ing  tha t  a phase  change  was  associated 
w i th  the conduc t iv i ty  break ,  x - r a y  diffract ion tech-  
n iques  (Norelco di f f ractometer ,  f i l tered Cu r ad i a -  
t ion, s cann ing  speed of I ~  char t  speed of 1.27 
c m / m i n )  were  appl ied  to a s tudy  of the  second 
r o o m - t e m p e r a t u r e  p ressure  series us ing  unpolished 
Mal l inck rod t  petlets.  I t  is k n o w n  tha t  the re  exis t  at  
least  th ree  modif icat ions  of AgI  (8) .  The 7 phase, 
yel low,  s table  up  to abou t  137 ~ is f ace -cen te red  
cubic w i th  ao ~ 6.502A. The fl phase,  orange,  s table  
f rom 137 ~ to about  146~ bu t  a p p a r e n t l y  m e t a s t a -  
ble at room t e m p e r a t u r e ,  is hexagona l  wi th  ao = 4.59 
a nd  C o -  7.49A. The  a phase,  b rown ,  s table  on ly  
above 146~ is b o d y - c e n t e r e d  cubic  wi th  ao 
5.044A. I t  is p a r t i c u l a r l y  in t e res t ing  to note  tha t  
the ax ia l  ra t io  for the  he xa gona l  phase  is ve ry  close 
to the  1.633 v a l u e  charac te r i s t ic  of ideal  close pack -  
ing. As Manson  (9) po in ted  out, this  me a ns  tha t  all  
s t rong  "/-cubic l ines  wi l l  face at n e a r l y  the  same 
posi t ions  as s t rong he xa gona l  l ines  a l though  the re  

! 
I ,  

SO 

Hexagona l ,  B - Ag I 

_~ : _ ~ o  ~ ~ ' '  

F,c cublc, y - A o I  

!o' 
Molhnckrodt AgZ 

, i I 
3'o s'o do 7'o do 9 o  

20~ 

Fig. 3. X-ray diffraction angles and relative intensities of p 
and 3' silver iodide. 
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UNCOMPRESSED POWDER 
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~'-220 + ~-110 

~-I00 I! "Y 3 1 1 +  .8.-112 

/ 

t,o t,o 3,o ~p 4,o , ;  ,,o 

140KG/CM 2 PELLET 

2p *2 s~ "2 ; '  

Fig. 4. Structural changes associated with initial compres- 
sion of Agl powder. 
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843 KG/CM 2 PELLET  
(BEFORE CONDUCTIVITY BREAK) 

983 KG/CM 2 PELLET  
(AFTER CONDUCTIVITY BREAK) 

2S 30 ~ 40 41 ~ o  - , 

Fig. 5. Diffraction traces of pellets before and after con- 
ductivity break. 

will  be lines in the hexagonal  pa t t e rn  not present  
in the  0,-cubic. The two upper  char ts  of Fig. 3 (p rac -  
t ica l ly  pure  0' and fl mater ia l s  obta ined from Mr. 
Manson ~) i l lus t ra te  these line coincidences. The bot -  
tom char t  shows tha t  the Mal l inckrodt  ma te r i a l  is 
essent ia l ly  ~,-cubic wi th  easi ly detec table  amounts  
of f l -hexagonal .  

F igu re  4 i l lus t ra tes  diffraction differences be -  
tween uncompressed Mal l inckrodt  powder  and a 
pel le t  compressed at  room t empera tu re  at  140 k g / c m  ~ 
(2000 ps i ) .  There is a sharp increase in the ~,(111) 
+ fl(002) intensi ty,  all  fl l ines tend to disappear ,  the  
ent i re  region be tween 28 values of 39-46 ~ becomes 
abnorma l ly  fogged (shaded a rea ) ,  and all  cubic 
lines tend to broaden  wi th  asymmetr ic  ta i l ing of the  
base. 

The sharp increase in y ( l l l )  + fl(002) in tens i ty  
indicates  a p ressu re - induced  or ienta t ion of grains  
of one or both phases. The other  three  effects can 
be expla ined  on the basis tha t  pressure  broadens all  
hexagonal  lines. Such l ine broadening  is indicat ive  
of s trong deformat ion of hexagonal  crys ta l l i tes  a n d /  
or pronounced grain  f ragmenta t ion .  The fact tha t  
l ine broadening  occurs at  r e l a t ive ly  low pressure  
(even at  35 k g / c m  ~, 500 psi)  and the logical  a ssump-  
tion tha t  gra in  deformat ion  precedes  gra in  f r ag -  
menta t ion  favor  acceptance of the  l a t t i ce -de fo rma-  
tion viewpoint .  

X - r a y  traces of pel le ts  compressed at  pressures  up 
to 843 k g / c m  ~ (12,000 psi) were  essent ia l ly  the same 
as for the  140 k g / c m  ~ (2000 psi) pellet .  Re la t ive ly  
marked  changes took place, however,  in the pressure  
range corresponding to the conduct ivi ty  b reak  
(Fig. 5). There was a decrease  in the  ~/(111) + 
B(002) intensi ty,  a decrease in shaded-a rea  fogging, 
and an increase in l ine s y m m e t r y  wi th  some indica-  
tions of l ine sharpening.  These changes in the d i f -  
f ract ion pa t te rns  may  be due to a p ressu re - induced  

8 A i r  Fo rce  C a m b r i d g e  R e s e a r c h  Center ,  Bed fo rd ,  Mass.  

tendency for the d i sappearance  of deformed hexa-  
gonal phase, p robab ly  by  conversion to ~,-cubic. The 
associated drop in conduct iv i ty  is strong evidence 
of the impor tance  of the deformed hexagonal  phase 
as a conduc t iv i ty - impar t ing  ionic "solder."  

At  higher  pressure  (1,220 k g / c m  ~, 16,000 psi) ,  
shaded-a rea  fogging, whi le  st i l l  present ,  diminishes 
in a manner  consistent wi th  the s l ight ly  lowered 
conduct ivi ty  (cf. Table  I I I ) .  

Some Exploratory Measurements 
It has been found tha t  the  conduct ivi ty  of pel lets  

decreases s lowly wi th  time. There  is a l inear  re la -  
t ionship be tween  log specific conductance and log 
time. This is reminiscent  of the l inear  re la t ionship  
known to exis t  in meta l  deformat ion  where  per  cent 
recovery  of y ie ld  stress var ies  l inear ly  wi th  log t ime 
and can be construed as evidence suppor t ing  the 
l a t t i ce -deformat ion  concept. 

Using a special  sample holder  (Fig. 6) which em-  
ployed pools of l iquid s i lver  amalgam,  it was possi-  
ble to make a p r e l im ina ry  s tudy of the effect of 
increasing t empera tu re  on the conduct ivi ty  of a 
pel le t  compressed at  702 k g / c m  ~ (10,000 psi)  at  

Platinum wire ~,- Glass-impregnated teflon 
to circuit ~ Thermocouple 

e 

S i l v e r - a m a l g a m  p o o l  , i I 

0 1" 
S C A L E  

I 
Fig. 6. Conductivity cell using liquid amalgam pools 
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r o o m  t e m p e r a t u r e .  E v i d e n c e  of a t e m p e r a t u r e - a c -  
c e l e r a t e d  r e l i e f  of h e x a g o n a l  d e f o r m a t i o n  w a s  n o t e d  
d u r i n g  an  o v e r n i g h t  s t a n d  at  a b o u t  75~ F u r t h e r  
t e m p e r a t u r e  i n c r e a s e  r e s u l t e d  in a t r e m e n d o u s  i n -  
c rease  in conduc t i v i t y ,  f r o m  7.2 x 10-' o h m  -1 c m  -1 a t  
132~ to 9 ohm -1 c m  -1 a t  138~ P e l l e t  co lor  c h a n g e d  
f r o m  g reen i sh  y e l l o w  to s p e c k l e d  o r a n g e  w i t h  l i t t l e ,  
if any ,  c h a n g e  in p e l l e t  d imens ions .  I t  seems  p r o b -  
a b l e  t h a t  a p h a s e  t r a n s i t i o n  f r o m  e s s e n t i a l l y  7 - c u b i c  
to e s s e n t i a l l y  e q u a l l y  dense  f l - h e x a g o n a l  t ook  p lace .  
O v e r n i g h t  s t a n d b y  a t  138~176 r e s u l t e d  in a d r o p  
in c o n d u c t i v i t y  to 1.2 ohm -1 c m  -1. F u r t h e r  i nc rea se  
in  t e m p e r a t u r e  r e s u l t e d  in  a drop to  a b o u t  1.0 x 10 -1 
ohm -1 cm -1 at  146~ b e y o n d  w h i c h  t e m p e r a t u r e  t h e  
p e l l e t  co lor  c h a n g e d  f r o m  s p e c k l e d  o r a n g e  to sol id  
t a n - b r o w n  ( p r o b a b l y  a t r a n s f o r m a t i o n  of B - h e x a -  
gona l  to  a - c u b i c )  w i t h  no s ign i f ican t  i n c r e a s e  in  
conduc t iv i ty .  The  p e l l e t  u n d e r w e n t  s h a r p  expans ion .  
F o r  a l l  p r a c t i c a l  p u r p o s e s  th i s  e x p a n s i o n  conc luded  
the  t e m p e r a t u r e  run .  Cool ing  to  r o o m  t e m p e r a t u r e  
gave  a c a n a r y - y e l l o w  p e l l e t  ( c o m p a r e d  to t h e  o r i g i -  
n a l  g r e e n i s h - y e l l o w )  a n d  a c o n d u c t i v i t y  e s t i m a t e d  
at  1 x 10 -7 ohm -1 cm -1. R e p e a t e d  t e m p e r a t u r e  cyc l ing  
( r o o m  t e m p e r a t u r e  to  180~ w i t h  t h e  e x p a n d e d  
p e l l e t  showed  t h a t  p e l l e t - c o l o r  changes  w e r e  r e -  
m a r k a b l y  cons i s ten t ;  i n v a r i a b l y  c a n a r y  y e l l o w  b e -  
l ow  137 ~ s p e c k l e d  o r a n g e  b e t w e e n  137~ ~ a n d  
t a n - b r o w n  a b o v e  146~ F u r t h e r m o r e ,  t he  c o n d u c -  
t i v i t y  c h a n g e d  s h a r p l y  o n l y  a t  a b o u t  137~ i n d i c a t -  
ing t h a t  t he  t r a n s i t i o n  f r o m  ~,-cubic to  B - h e x a g o n a l  
is p r o b a b l y  m o r e  i m p o r t a n t  w i t h  r e s p e c t  to  c o n d u c -  
t i v i t y  t h a n  t h a t  f r o m  the  f l - h e x a g o n a l  to  a - cub ic .  

T i m e  was  no t  a v a i l a b l e  for  t h e  p r e p a r a t i o n  of t h e  
l a r g e  quan t i t i e s  of p u r e  ~, and  ~ A g I  n e e d e d  fo r  a 
c a r e fu l  s t u d y  of t he  effect  of c o m p r e s s i o n  t e m p e r a -  
t u r e  a n d  p r e s s u r e  on s t r u c t u r a l l y  h o m o g e n e o u s  
phases .  I t  has  b e e n  shown,  h o w e v e r ,  t h a t  pe l l e t s  of 
M a n s o n ' s  p u r e s t  ~, a n d  B m a t e r i a l s ,  a t  r o o m - t e m -  
p e r a t u r e  c o m p r e s s i o n  p r e s s u r e s  of 281 k g / c m  ~ (4000 
p s i ) ,  gave  c o n d u c t i v i t i e s  of 1.9 a n d  3.5 x 10 -~ o h m  -1 
cm -1, r e spec t i ve ly .  Bo th  of t h e s e  a r e  s ign i f i can t ly  
l o w e r  t h a n  the  281 k g / c m "  p e l l e t  of t h e  M a l l i n c k r o d t  
7-B m i x t u r e  at  12.3 x 10 -~ o h m  -1 cm -1. A poss ib l e  e x -  
p l a n a t i o n  of th i s  a n o m a l y  of a m i x t u r e  h a v i n g  a 
c o n d u c t i v i t y  h i g h e r  t h a n  e i t he r  of i t s  two  c o m p o -  
n e n t s  m a y  l ie  in  t h e  r e s i d u a l  d e f o r m a t i o n  p r e s e n t  in  
t he  u n c o m p r e s s e d  M a l l i n c k r o d t  p o w d e r  (cf. s h a d e d  
area ,  top  t r ace  of F ig .  4) and  a b s e n t  in  t h e  M a n s o n  
p u r e - h e x a g o n a l  m a t e r i a l .  

X - r a y  e x a m i n a t i o n  of  A l l i e d  C h e m i c a l  A g I  s h o w e d  
i t  to be  ( l i k e  t h e  M a l l i n c k r o d t  m a t e r i a l )  a m i x t u r e  
of ~, and  fl phases .  G r i n d i n g  in a m e c h a n i c a l  m o r t a r  
for  2 h r  r e s u l t e d  in  t h e  l ine  t a i l ing ,  a b n o r m a l  f o g -  
g ing,  and  l ine  b r o a d e n i n g  c h a r a c t e r i s t i c  of h e x a -  
gona l  d e f o r m a t i o n .  T h e  conduc t i v i t i e s  of 281 k g / c m  s 
pe l l e t s  of g r o u n d  a n d  u n g r o u n d  m a t e r i a l s  w e r e  22.4 
and  8.0 x 10 -~ o h m  -1 cm -1, r e s p e c t i v e l y ,  i n d i c a t i n g  
the  p o s s i b i l i t y  of  i n d u c i n g  h e x a g o n a l  d e f o r m a t i o n  
b y  m e c h a n i c a l  p r e t r e a t m e n t  of t h e  s t a r t i n g  m a t e r i a l .  

In  a q u i c k  a n d  i n c o m p l e t e  s t u d y  of  t h e  effect  of  
h e a t i n g  and  coo l ing  of A l l i e d  C h e m i c a l  A g I  i t  w a s  
f o u n d  t h a t  h e a t i n g  the  p o w d e r  in  a i r  to  140 ~ , 165 ~ , 
and  200~ f o l l o w e d  b y  s low cool ing  to r o o m  t e m -  
p e r a t u r e ,  r e s u l t e d  in  no s ign i f ican t  c h a n g e  in  t h e  
x - r a y  t races .  H o w e v e r ,  a s a m p l e  h e a t e d  to  200~ 

for  2 h r  and  t hen  q u e n c h e d  b y  s p r i n k l i n g  in to  a poo l  
of  l i qu id  a i r  d i d  show d e f o r m a t i o n  of  t h e  h e x a g o h a l  
phase .  No c o n d u c t i v i t y  m e a s u r e m e n t s  h a v e  been  
m a d e  thus  far ,  b u t  t h e r m a l  shock  t r e a t m e n t  of p o w -  
de r s  seems  p romis ing .  

Prognosis 
The  w o r k  h e r e  r e p o r t e d  d e m o n s t r a t e s  t h a t  t h e  

c o n d u c t i v i t y  of a p e l l e t  of c o m p r e s s e d  A g I  can  be  
i n c r e a s e d  s u b s t a n t i a l l y .  I t  does  no t  a p p e a r  p r e m a -  
t u r e  to p r o g n o s t i c a t e  c o n d u c t i v i t i e s  a t  l eas t  one 
o r d e r  of m a g n i t u d e  h i g h e r  (i.e., ca. 10 ~" o h m  -1 cm -1) 
t h a n  a n y  y e t  obse rved .  A t  th i s  v a l u e  t he  c o n d u c t a n c e  
of  a p e l l e t  of  1 cm ~ a r e a  and  0.01 cm th i cknes s  w o u l d  
c o r r e s p o n d  to an  " e l e c t r o l y t e "  r e s i s t ance  of a b o u t  10 
ohm. I g n o r i n g  o t h e r  r e s i s t a nc e  sources  w i t h i n  t h e  
cel l ,  th i s  e l e c t r o l y t e  r e s i s t a nc e  w o u l d  p e r m i t  a f lash 
c u r r e n t  of a b o u t  50 m a m p  w i t h  a cel l  of 0.5 v o p e n -  
c i r cu i t  vo l tage .  Such  c u r r e n t  ou tpu t s  w o u l d  def i -  
n i t e l y  w i d e n  the  a p p l i c a b i l i t y  of s o l i d - e l e c t r o l y t e  
ba t t e r i e s .  

H o w e v e r ,  a v a i l a b i l i t y  of a h i g h l y  c o n d u c t i v e  sol id  
e l ec t ro ly t e ,  a l t h o u g h  neces sa ry ,  is no t  a suff icient  
cond i t i on  fo r  s a t i s f a c t o r y  b a t t e r y  ope ra t ion .  F o r  e x -  
ample ,  t h e  c o n d u c t i v i t y  of t h e  ca thod ic  d e p o l a r i z e r  
m u s t  also b e  high,  bo th  f r o m  t h e  s t a n d p o i n t  of ions  
e n t e r i n g  t h r o u g h  the  e l e c t r o l y t e  f r o m  the  a n o d e  
and  of e l ec t rons  e n t e r i n g  t h r o u g h  t h e  e x t e r n a l  c i r -  
cuit .  F u r t h e r m o r e ,  v o l u m e t r i c  changes  a s soc ia t ed  
w i t h  d i s c h a r g e  ( a n o d e  c o n s u m p t i o n  and  d e p o l a r i z e r  
e x p a n s i o n )  r e q u i r e  some c o m p e n s a t i n g  p h y s i c a l  
m o b i l i t y  of t h e  e l e c t r o l y t e  or  s u i t a b l e  des ign  c h a r a c -  
te r i s t ics .  These  p r o b l e m s  need  f u r t h e r  s tudy .  
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ABSTRACT 

An ins t rument  has been developed which measures the voltage of a bat tery 
dur ing discharge, e l iminat ing its ohmic component.  The ins t rumen t  is portable 
operated on 60 cycle a l te rnat ing  current  and features direct meter  readings 
(instead of an oscilloscope). Its simplicity and ruggedness make it especially 
suited for development  and production control tasks. Results of measure-  
ments  on different types of cells are presented to i l lustrate the wide applica- 
bi l i ty of the ins t rument .  

The i n t e n t i o n  of the au thors  was to develop a s im-  
ple and  re l i ab le  i n s t r u m e n t  for the  eva lua t i on  of 
ba t t e ry  pe r fo rmance  u n d e r  load condi t ions.  The 
me thod  of m e a s u r i n g  po la r i za t ion  and  i n t e r n a l  r e -  
s is tance va lues  by  means  of periodic  c u r r e n t  i n t e r -  
r up t i on  was  chosen because  these p a r a m e t e r s  are 
ve ry  charac te r i s t ic  for a b a t t e r y  system. 

Square  w a v e  genera to r s  have  been  used f re -  
q u e n t l y  to s tudy  the charac ter i s t ics  of e lectrodes of 
ga lvan ic  systems.  The l i t e r a tu r e  repor ts  m a n y  of 
these devices, some of t h e m  qui te  usefu l  in  research  
and  d e v e l o p m e n t  laborator ies .  However ,  most  of 
these i n s t r u m e n t s  are complex,  use an oscilloscope, 
and  are  not  su i tab le  for rugged  p e r f o r m a n c e  con-  
dit ions.  F u r t h e r m o r e ,  they  r equ i r e  h igh ly  ski l led 
pe r sonne l  for i n t e r p r e t a t i o n  of the  m e a s u r e m e n t s  
( I - 3 ) .  

The p r inc ip l e  of a c i rcui t  which  enab les  us to sub -  
ject  a cell to a per iod ica l ly  i n t e r r u p t e d  d ischarge  
(pulse  c u r r e n t  load)  and  measu re  the  vol tage  of the 
cell b e t w e e n  the  d ischarge  per iods is shown in  Fig. 
1 (4) .  In  pos i t ion  one, 1, the double  pole v i b r a t o r  
switch,  S, connects  the  cell on test  to a d ischarge  
ci rcui t  cons is t ing  of a va r i ab l e  resistor,  R, and  an  
ammete r ,  A. In  posi t ion two, 2, of the switch,  the  
cell is cha rg ing  a capacitor ,  C, to the  po ten t i a l  ex is t -  
ing d u r i n g  the  c u r r e n t  off- t ime.  A high res i s tance  
vo l tmete r ,  V~, indica tes  this  voltage.  If the  v i b r a t o r  
swi tch operates  at a f r e q u e n c y  of at  least  50 cycles, 
the  po la r i za t ion  of the  cell reaches a s t e ady - s t a t e  
va lue  cor respond ing  to the load cu r r en t  ind ica ted  
by  the  ammete r .  A booster  b a t t e r y  p r even t s  the  dis-  
charge  c u r r e n t  f rom chang ing  too much  w h e n  the 

1 P r e s e n t  a d d r e s s :  W r i g h t  A i r  D e v e l o p m e n t  C e n t e r ,  D a y t o n ,  Ohio ,  
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Fig. 2. Effect of square or sine wove pulses on a battery 
system. 

cell vol tage  changes.  The vol tmeter ,  V2, indicates  
the  t e r m i n a l  vo l tage  of t h e  cell be ing  tested. 

F igu re  2 shows in an  ar t i s t ' s  sketch the oscil lo- 
graphic  curves  ob ta ined  f rom a b a t t e r y  sys tem s u b -  
jec ted  to a pu lse  cu r ren t .  First ,  on ly  square  w a v e  
pulses  shal l  be discussed in connec t ion  wi th  the jus t  
m e n t i o n e d  v i b r a t o r  swi tch circuit .  The c u r r e n t  
pulses  are p i c tu red  in  the uppe r  section of the  
sketch.  Wi th  an  equa l  "off" and  "on"  t ime  (1/120 
sec) the  average  c u r r e n t  is one hal f  of the peak  cu r -  
rent .  The ga lvan ic  cell responds  to this  average  cu r -  
r en t  ind ica ted  by  a mov ing  coil i n s t r u m e n t  of the  
common  d-c  a m m e t e r - t y p e .  In  the lower  par t  of the  
sketch, the effect of the  c u r r e n t  pu lse  on the vol tage  
of the cell is shown.  On ly  a few pulses  are shown 
in  the  d rawing ,  b u t  it  should be under s tood  tha t  the  
sys tem wi l l  reach a ce r ta in  s teady state, e.g., a f ter  1 
rain of closing the  circuit ,  the read ings  m a y  be 
t aken .  The vol tage  of the  cell w i t h o u t  the  res is tance  
component ,  R ~ e  V, is r ep re sen t ed  by  the  top level  of 
the  pulse  curves.  The t e r m i n a l  vol tage,  CCV, is r e p -  
r e sen ted  b y  the ave rage  va lue  of the  pulses  (~/2 of 
the  square  pu l se ) .  The  difference b e t w e e n  the OCV 
and  the  R~re~ vol tage  indicates  the  sum of all  slow 
polar iza t ion  effects in  the  cell sys tem (• the  
difference b e t w e e n  the  highest  poin ts  and  the  lowest  
poin ts  Of the pu lse  curves  represen t s  the  res is tance  
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vol tage  drop caused by  the  co r respond ing  peak  cu r -  
rent .  The res is tance  va lue  in  ohms is ca lcu la ted  by 
d iv id ing  AV~[~ by  the  c u r r e n t  i peak  [2. It  is i m p o r -  

t a n t  to no te  tha t  the  same va lue  is ob ta ined  by  
d iv id ing  the  difference b e t w e e n  the  R~,,~ vol tage  
and  the CCV(AV~ average)  by  the  ave rage  cur ren t .  
The  circui t  shown in  Fig. 1 p rov ided  me te r  ind ica -  
t ions  of iA .. . .  ~o, R~,o~ Voltage, the  in i t i a l  OCV and  the  
l a t e r  CCV. F r o m  these figures one can  ca lcula te  the  
po la r i za t ion  and  res i s tance  componen t s  of the  vo l t -  
age drop caused by  the  load condi t ion  (AVFo~ and  R) .  
The  pulse  f r e q u e n c y  can be chosen f rom a r ange  
b e t w e e n  30 and  400/sec in  which  no  differences have  
been  found  in  prac t ica l  cell tes t ing.  Mechanica l  v i -  
b ra to rs  opera te  in  the 50-100 cycle range,  the  la te r  
discussed e lec t ronic  switch c i rcui t  uses the l ine  f r e -  
q u e n c y  of 60 cycles. A too low pulse  f r e q u e n c y  
causes dev ia t ion  due  to r e c u p e r a t i o n  effects d u r i n g  
the  "off" t ime;  too high f requenc ies  in t roduce  ca-  
pac i t ance  errors.  However ,  if we consider  tha t  the  
accuracy  of c o m m o n  good me te r s  is no t  be t t e r  t h a n  
one half  of a per  cent, we do not  need  a be t t e r  r e -  
p roduc ib i l i t y  of our  m e a s u r e m e n t s  t h a n  -----5 m v  (for  
a 1-v  cel l) .  This  is the  case w i t h  all  depolar izers  
tes ted  ( m a n g a n e s e  dioxide, n i cke l  oxides, lead di -  
oxide, s i lver  oxides)  and  wi th  most  of the ava i l ab le  
anodes  (zinc, cadmium,  lead) .  

The  v ib r a to r  c i rcui t  of Fig. 1 has been  used in  b a t -  
t e ry  tes t ing  c i rcui ts  wi th  the  m a i n  objec t ive  of 
s t udy ing  the  po la r iza t ion  charac ter i s t ics  of cells 
u n d e r  heavy  load condit ions.  P o w e r f u l  depolar izers  
such as s i lver  or n icke l  oxides polar ize  to such a 
smal l  ex ten t  tha t  res i s tance  va r i a t i ons  obscured  the  
m e a s u r e m e n t s  of po la r iza t ion  effects (5) .  

Mechanica l  swi tch ing  p roved  to be i n a d e q u a t e  
for high cur ren t s ;  contact  b o u n c i n g  somet imes  
caused e r roneous  me te r  indicat ions .  The  p roduc t ion  
of exact  square  waves  b y  m e a n s  of m e r c u r y  switches  
or e lect ronic  circui ts  could not  be  solved wi th  a s im-  
ple  appara tus .  The  i n h e r e n t  c a p a c i t a n c e - r o u n d i n g  
of square  waves  and  the "cable  r ing"  effects wi th  
longer  leads were  add i t iona l  reasons  for  i nves t iga t ing  
a c i rcui t  emp loy ing  rectified sine wave  pulses  for 
tes t  purposes.  

The  sine wave  pulses  needed  for the  po la r i za t ion  
of the  cell are  c o n v e n i e n t l y  t a k e n  f rom the  60- 
cycle a-c  l ine.  F igu re  2 shows the  effect of ha l f -  
w a v e  sine pulses  of the  same m e a n  c u r r e n t  va lue  
as the  square  wave  pulses.  The  ac tua l  d ischarge  
c u r r e n t  is o n e - t h i r d  of the peak  c u r r e n t  in  accord-  
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Fig. 3. Sine WQVe pulse current tester 

ance w i th  ca lcula t ions  of the m e a n  va lues  of rectified 
waves.  The factor  for the ideal,  n o n - t r u n c a t e d  ha l f -  
s ine wave  for the per iod  0-360 ~ is 1/~r. In  a mov ing  
coil i n s t r u m e n t  wi th  D ' A r s o n v a l  m o v e m e n t  the  
t o rque  on the coil is p ropor t iona l  to the  c u r r e n t ;  
the re fore  the  me te r  reads  the average  va lue ,  which  
cor responds  to the coulometr ic  va lue  of the  cur ren t .  
A hot wire,  d y n a m o m e t e r  or other  square  law 
(RMS)  i n s t r u m e n t  canno t  be used in  this  case be -  
cause its deflection represen t s  I'-'R, in  our  case about  
1.45 t imes  la rger  t h a n  the average  c u r r e n t  (6) .  

F i g u r e  3 shows the  c i rcui t  d i a g r a m  of one of the 
most  versa t i l e  vers ions  of the  tes t  i n s t r u m e n t .  A 
powers t a t  t r a n s f o r m e r  circuit ,  TI, produces  a 12-v 
a l t e r n a t i n g  c u r r e n t  which  is rectified a nd  used as 
a s ing l e -phase  pulse  c u r r e n t  to d ischarge  the  test  
cell. The  c u r r e n t  is r egu la t ed  at the  i n p u t  of the  
power s t a t  and  also by  me a ns  of a v a r i a b l e  resis tor  
R. The  a -c  vol tage  should be at least  six t imes  the  
cell vo l tage  to assure  a c lean s ine w a v e  shape. The 
average  va l ue  of the  c u r r e n t  is ind ica ted  by  the  a m -  
me te r  A. In  order  to connect  the  vo l tmete r ,  V, to the  
cell b e t w e e n  the c u r r e n t  pulses  ( same p r inc ip le  as 
the  v i b r a t o r  c i rcui t  in  Fig. 1) a ga t ing  c i rcui t  is em-  
p loyed  r ep re sen t ed  by  a second smal l  t r a n s f o r m e r  
T.~ and  a double  diode br idge.  This  ga t ing  ci rcui t  
has the  purpose  of p roduc ing  a l t e r n a t i n g l y  a ve ry  
low res i s tance  pa th  and  an  e x t r e m e l y  high res is t -  
ance connec t ion  be t w e e n  the ( + )  t e r m i n a l  of the  
vo l t me t e r  and  the  cathode of the test  cell. The  ( - - )  
t e r m i n a l  of the  vo l tme te r  is con t i nuous ly  connected  
to the  anode  of the  cell (or a r e fe rence  electrode,  if 
des i red) .  The  p roper  t im ing  of the  ga t ing  c i rcui t  is 
enforced  by  an a l t e r n a t i n g  c u r r e n t  i n t roduced  in to  
the  b r idge  by  means  of t r a n s f o r m e r  T~. This a l t e r -  
n a t i n g  c u r r e n t  does no t  add or sub t r ac t  a ny  po t en -  
t ia l  b e t w e e n  the  cen te r  tap  of the  t r a n s f o r m e r  and  
the  tap  of the  ba l a nc i ng  po ten t iomete r ,  b u t  it 
"opens"  or "closes" the  two diodes in  the  b r idge  
c i rcui t  in  opposite phase  to the  c u r r e n t  pulses  of the  
t r a n s f o r m e r  c i rcui t  T1. The vo l t me t e r  V indicates  
the  vo l tage  of the  capaci tor  which  is charged  on ly  
d u r i n g  "off c u r r e n t "  periods. The p rope r  va lue  of 
the  capaci tor  is d e p e n d e n t  on the res i s tance  of the  
vo l tmete r ,  bu t  not  cr i t ical ly.  The  ga t ing  diodes 
should  be of a v e r y  h igh  f o r w a r d / b a c k w a r d  c u r r e n t  
rat io,  p r e f e r a b l y  over  1000: 1. T r a n s f o r m e r  T~ m a y  
be rep laced  by  an  add i t iona l  w i n d i n g  on T~, bu t  in  
prac t ice  it t u r n e d  out  to be far  more  c o n v e n i e n t  to 
use a separa te  smal l  t r a n s f o r m e r  for the  ga t ing  uni t ,  
which  can be separa ted  comple te ly  f rom the  power  
sect ion in  cases where  it is desired to subjec t  m a n y  
cells in  series to the  pulse  c u r r e n t  bu t  me a su re  the  
R~ro~ vol tages  of i n d i v i d u a l  cells. 

A re fe rence  electrode can be used for the  i nde -  
p e n d e n t  m e a s u r e m e n t  of the  po la r i za t ion  of ca th -  
odes or anodes.  The posi t ion  of the  re fe rence  elec-  
t rode  is no t  cr i t ical  because  e lec t ro ly te  res i s tance  
effects are also e l imina ted .  

In  some cases where  an  ex tens ion  to h igher  pulse  
f requenc ies  was  des i red (e.g., in  s tudies  of m a g -  
n e s i u m  electrodes showing  pass iva t ion  effects) we 
used  an  audio genera to r  to p roduce  the  pu lse  c u r -  
rents .  For  work  on high res i s tance  ba t te r ies  (organic  
depolar izers ,  solid e lec t ro ly te  cells) we  changed  the  
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s i l icon  d iodes  of t he  ga t i ng  c i r cu i t  to v a c u u m  tubes  
a n d  t h e  20,000 ~ / v  m e t e r  to a v a c u u m  t u b e  m e t e r  
( t he  c a p a c i t o r  across  t he  v o l t m e t e r  shou ld  t h e n  be  
in  t h e  r a n g e  of I-i0 F F ) .  

The  p r i n c i p a l  c i r cu i t  has  been  u sed  b y  the  a u t h o r s  
for  e l i m i n a t i n g  the  d i s t u r b i n g  ohmic  r e s i s t ance  c o m -  
p o n e n t  in  o x y g e n  sens ing  e l e m e n t s  o p e r a t i n g  on the  
a i r - d e p o l a r i z e d  cel l  p r inc ip l e ,  a n d  in  connec t ion  
w i t h  fue l  ce l l  s tud ies  a s i m i l a r  c i r cu i t  was  d e s c r i b e d  
a t  t h e  E l e c t r o c h e m i c a l  Soc i e ty  M e e t i n g  in October ,  
1956 (7) .  V a r i a t i o n s  of i t  h a v e  b e e n  e m p l o y e d  for  
e x p e r i m e n t a l  s t a t e  of. c h a r g e  d e t e r m i n a t i o n  of N i -  
Cd b a t t e r i e s  (8 ) .  

The  d a t a  o b t a i n e d  w i t h  ou r  i n t e r r u p t e r  h a v e  been  
c h e c k e d  m a n y  t imes  aga in s t  a p r e c i s i o n  s q u a r e  w a v e  
( e l e c t r o n i c a l l y )  s w i t c h i n g  i n s t r u m e n t ,  = and  as  f a r  as  
a n y  u se fu l  b a t t e r y  s y s t e m  was  conce rned ,  no d e v i a -  
t ion  could  be  de tec t ed .  W i t h  m o d e r n  rec t i f ie r  a n d  
t r ans i s to r s ,  t he  w h o l e  i n s t r u m e n t  can  be  m a d e  
sma l l - s i z ed ,  t he  l a r g e s t  c o m p o n e n t s  be ing  t h e  t r a n s -  
f o rmer ,  t h e  a m m e t e r ,  and  v o l t m e t e r .  T h e r e  is no 
l i m i t a t i o n  to t he  c u r r e n t  or  v o l t a g e  r a n g e  of t h e  
b a t t e r i e s  to be  t e s t ed ;  t he  c i r cu i t  can  be  a d a p t e d  
e a s i l y  to  a n y  tes t  r e q u i r e m e n t .  

I n  o r d e r  to d e m o n s t r a t e  t he  v e r s a t i l i t y  of t h e  i n -  
s t r u m e n t  e x a m p l e s  of t es t  r e su l t s  w i t h  d i f f e ren t  
b a t t e r y  sy s t ems  a r e  g i v e n  in  t h e  f o l l o w i n g  f igures.  
Di f fe rences  in d e p o l a r i z e r  m i x  f o r m u l a t i o n  (Fig .  4) ,  
in f luence  of g e o m e t r i c a l  c o n s t r u c t i o n  (Fig .  5) ,  and  
s y s t e m  v a r i a t i o n s  (Fig .  6) e x p r e s s  t h e m s e l v e s  in  
c h a r a c t e r i s t i c  p o l a r i z a t i o n  and  r e s i s t ance  curves .  

In  Fig.  4 (Lec lanch~  ce l l s )  Cel l  A is a r e g u l a r  
D - s i z e  cel l  a n d  ce l l  B is a D - s i z e  pho to f lash  cell .  Bo th  
cel ls  h a v e  been  d i s c h a r g e d  w i t h  a 500 m a  p u l s e  c u r -  
r e n t  a n d  the  Rf, . .  v o l t a g e  and  the  CCV a re  s h o w n  as  
o b t a i n e d  on a s i m u l t a n e o u s  r eco rd ing .  The  ohmic  
r e s i s t ance  va lue s  a r e  c a l c u l a t e d  f r o m  the  d i f f e r -  
ences.  The  ca thode  of cel l  A is m a n u f a c t u r e d  m a i n l y  
f r o m  n a t u r a l  ore,  t h e  b o b b i n  of cel l  B con ta ins  a 
l a r g e  p e r c e n t a g e  of a r t i f i c ia l  MnO,  a n d  m o r e  g r a p h -  
ite.  T h e  g r a d u a l  loss of d e p o l a r i z i n g  p o w e r  or  t h e  
i n c r e a s e  of cel l  r e s i s t ance  on l i gh t  i n t e r m i t t e n t  d u t y  
or  a f t e r  long  s t o r age  pe r i ods  shows  up  in a s i m i l a r  
w a y  if  pe r iod i c  checks  (e.g.,  1 - m i n  t e s t s )  a r e  m a d e  
d u r i n g  the  l i fe  t i m e  of the  cel ls  (5, 8) .  

F i g u r e  5 shows  the  c h a r a c t e r i s t i c s  of two  D-s i ze  
a l k a l i n e  MnO,  cel ls  w i t h  p o w d e r  zinc anodes .  Cel l  

2 Constructed  b y  Professor  E. Y e a g e r ,  Western Reserve  Univers i ty ,  
for  the  Research  Laboratory of  U n i o n  Carbide Consumer  Products  
C o m p a n y .  
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A con ta ins  a s l eeve  t y p e  ca thode ,  cel l  B is m a d e  w i t h  
a b o b b i n  t y p e  ca thode .  In  these  d i a g r a m s  on ly  t he  
R~,ee v o l t a g e s  and  the  r e s i s t a nc e  v a l u e s  a r e  p lo t t ed  
vs. t ime .  The  a v e r a g e  d i s c h a r g e  c u r r e n t  is 500 ma.  
H e r e  t h e  R~,ee vo l t a ge  c u r v e s  a r e  n a m e d  " p o l a r i z a -  
t ion  c u r v e s ; "  t h e y  a r e  m e a s u r e d  a g a i n s t  a zinc r e f -  
e rence  e l e c t r o d e  pos i t i oned  b e t w e e n  ca thode  and  
anode.  This  gave  the  p o s s i b i l i t y  to r e c o r d  t h e  anod ic  
p o l a r i z a t i o n  c u r v e  also. 

F i g u r e  6 shows  a co l lec t ion  of p e r f o r m a n c e  d a t a  
c h a r a c t e r i s t i c  for  d i f fe ren t  t y p e s  of h y d r o g e n - o x y -  
gen  fue l  cel ls .  Rf,eo v o l t a g e  cu rves  a r e  s h o w n  on the  
l e f t  s ide  of  t h e  f igure  a n d  CCV cu rves  a r e  shown  
on the  r i g h t  s ide  of the  f igure.  The  c u r r e n t  dens i t y  
is on a l o g a r i t h m i c  scale  to cover  a w i d e r  range .  I t  
d e m o n s t r a t e s  h o w  i m p o r t a n t  i t  is to k n o w  the  R~,ee 
v o l t a g e  c u r v e s  to j u d g e  p e r f o r m a n c e  cha rac te r i s t i c s .  
F r o m  t h e  t e r m i n a l  vo l t ages  ( r i gh t  s ide)  one w o u l d  
say  t h a t  ce l l  C is t he  bes t ,  cel l  D the  wors t ;  b u t  a 
l ook  at  t h e  c o r r e s p o n d i n g  cu rves  on the  l e f t  s ide i n -  
d ica tes  t h a t  E has  t he  l o w e s t  p o l a r i z a t i o n  drop,  A 
t h e  h ighes t .  T h e  o b s e r v e d  d i f fe rences  a r e  p a r t i a l l y  
d u e  to g e o m e t r y  fac to rs  a n d  p a r t i a l l y  caused  b y  
d i f fe ren t  o p e r a t i n g  condi t ions .  The  Rf,ee vo l t age  
cu rves  of  F ig .  6 a g r e e  v e r y  w e l l  w i t h  t h e  v a l u e s  ca l -  
c u l a t e d  f r o m  i n d e p e n d e n t  a - c  b r i d g e  m e a s u r e m e n t  
of cel l  r e s i s t ances .  The  a d v a n t a g e  of u s ing  a pu l se  
c u r r e n t  i n s t r u m e n t  for  such  s tud ies  is t h e  f r e e d o m  
of v a r i a t i o n  caused  b y  u n c o n t r o l l e d  r e s i s t ance  
changes  d u r i n g  the  d u r a t i o n  of t h e  tes t .  L e a d  w i r e  
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Fig. 5. D-size alkaline MnO= cells on 500 ma. Discharge 
(constr. A and B). 
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and  con tac t  r e s i s t a n c e  e r r o r s  a r e  e l i m i n a t e d .  T h e  
" t r u e "  v o l t a g e  of t he  c h e m i c a l  s y s t e m  is d i r e c t l y  
i n d i c a t e d  on the  v o l t m e t e r .  

The  p u l s e  c u r r e n t  t e s t e r  d e s c r i b e d  has  a lso  been  
used  for  c h a r g e  con t ro l  pu rposes .  The  R~,ee v o l t a g e  
r e a d i n g  is a b e t t e r  i n d i c a t i o n  of t he  s t a t e  of c h a r g e  
t h a n  the  CCV because  i t  is no t  in f luenced  b y  con-  
d u c t i v i t y  changes  in  t he  e l e c t r o l y t e  or  gas  f i lm p h e -  
n o m e n a  in t h e  gass ing  p e r i o d  of t h e  c h a r g i n g  p r o -  
cedure .  The  use  as a sens ing  c i r cu i t  for  a u t o m a t i c  
cons t an t  v o l t a g e  c h a r g i n g  un i t s  has  been  p r o p o s e d  
(5) .  The  g a t i n g  c i r cu i t  can  be  used  in  connec t ion  
w i th  t h y r a t r o n s  and  m a g n e t i c  c u r r e n t  r e g u l a t o r s  
(8 ) .  A d a p t a t i o n  to fu l l  w a v e  rec t i f i e r  c i r cu i t s  is 
a c h i e v e d  b y  a C - R  p h a s e  sh i f t  a r r a n g e m e n t  in t he  
ga t i ng  b r idge ,  " c o n n e c t i n g "  t he  v o l t m e t e r  on ly  d u r -  
ing  the  v e r y  sho r t  c u r r e n t  off p e r i o d  b e t w e e n  the  
two  rec t i f ied  h a l f - w a v e s  ( the  coun t e r  v o l t a g e  of t h e  
cel l  causes  t r u n c a t e d  s ine  p u l s e s ) .  

Manuscr ip t  rece ived  Nov. 4, 1959. This paper  was 
p repa red  for  de l ivery  before  the  Columbus Meeting, 
Oct. 18-22, 1959. 

A n y  discussion of this  p a p e r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  December  1960 
JOURNAL. 
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An Investigation of the Reaction between Aluminum and Water 
Walter J. Bernard and John J. Randall, Jr. 

Sprague Electric Company, North Adams, Massachusetts 

ABSTRACT 

It  was found tha t  the  film formed on a luminum by the action of w a t e r  be-  
tween 80 ~ and 100~ consists of a h y d r a t e  of a luminum oxide conta ining as 
much as 32% water ,  r a the r  than s to ichiometr ic  AI~O~-H~O, as p rev ious ly  r e -  
por ted  in the l i te ra ture .  The react ion is not  ins tantaneous  but  is de layed  by  the 
presence of the  na tu ra l  oxide film on the metal .  I t  was also concluded that  
hyd ra t ed  oxide g rowth  does not depend  on the movement  of a luminum ions 
th rough  the film. 

W h e n  p u r e  a l u m i n u m  is i m m e r s e d  in bo i l ing  
Water ,  t h e r e  is an  i n i t i a l  p e r i o d  d u r i n g  w h i c h  no 
v i s ib l e  r e a c t i o n  occurs ,  f o l l o w e d  b y  h y d r o g e n  e v o l u -  
t ion  a n d  t h e  p r o d u c t i o n  of an  a d h e r e n t  l a y e r  of h y -  
d r a t e d  oxide .  The  d i s c h a r g e  of gas  occurs  a t  f irst  a t  
s e v e r a l  w i d e l y  s e p a r a t e d  po in t s  a n d  t hen  q u i c k l y  
s p r e a d s  ove r  t he  e n t i r e  su r f ace  of t h e  me ta l .  The  
r a t e  of h y d r o g e n  e v o l u t i o n  soon dec reases  and  is 
b a r e l y  p e r c e p t i b l e  a f t e r  10 m i n  or  so, a l t h o u g h  
w e i g h t  m e a s u r e m e n t s  show t h a t  o x i d a t i o n  of  t he  
m e t a l  con t inues  b e y o n d  th is  poin t .  C o n s i d e r a b l e  
l i t e r a t u r e  ex is t s  on t h e  s u b j e c t  of th is  ox ida t ion ,  b u t  
w e  a r e  u n a w a r e  of a n y  p r e v i o u s  m e n t i o n  of t he  
ex i s t ence  of t h e  i n h i b i t i o n  per iod .  In  th i s  p a p e r  w e  
a re  sugges t i ng  an  e x p l a n a t i o n  for  th i s  i nh ib i t i on  
p e r i o d  and  p r e s e n t  some  n e w  ev idence  for  t he  c o m -  
pos i t i on  of t he  ox ide  f i lm w h i c h  is fo rmed ,  as w e l l  
as  some o b s e r v a t i o n s  on t h e  m e c h a n i s m  of f i lm f o r -  
ma t ion .  

Experimental 
The  m e t a l  u sed  was  0.003 in. t h i c k  h i g h - p u r i t y  

Alcoa  a l u m i n u m  foil,  w i t h  a g u a r a n t e e d  m i n i m u m  A1 
con ten t  of 99.986%. R e p r e s e n t a t i v e  s a m p l e s  of th is  
m a t e r i a l  (A lcoa  a n a l y s i s ) ,  g a v e  t h e  fo l l owing  con-  
c e n t r a t i o n  of i m p u r i t i e s :  10 p p m  Cu, 10 p p m  Fe,  10 

p p m  Si, a n d  40 p p m  Zn. S p e c i m e n s  used  h a d  a s u r -  
f ace  a r e a  of 100 c m  ~. 

D e g r e a s e d  spec imens  w e r e  p r e p a r e d  b y  soak ing  
in  t r i c h l o r o e t h y l e n e ,  r i n s ing  in  benzene ,  and  t hen  
d r y i n g  u n d e r  va c uum.  

Fo i l  spec imens  w e r e  e l e c t r o p o l i s h e d  in  a b a t h  r e c -  
o m m e n d e d  b y  J a q u e t  (1)  for  a p e r i o d  of 2 m i n  at  
a c u r r e n t  d e n s i t y  of 9 m a / c m  ~. The  so lu t ion  was  
cooled  in an  ice b a t h  and  c o n s t a n t l y  s t i r r e d  w i t h  a 
m a g n e t i c a l l y  d r i v e n  s t i r r i n g  b a r  d u r i n g  pol i sh ing .  
The  foi l  was  w a s h e d  t h o r o u g h l y  w i t h  d i s t i l l ed  w a t e r  
in  o r d e r  to r e m o v e  the  l as t  t r a ce s  of t he  e l e c t r o -  
po l i sh ing  solut ion ,  s ince  t he  p r e s e n c e  of m i n u t e  i m -  
p u r i t i e s  m a y  affect  t h e  s u b s e q u e n t  r e a c t i o n  w i t h  
w a t e r  (2 ) .  

H y d r a t i o n s  a t  100~ w e r e  c a r r i e d  out  in  P y r e x  
b e a k e r s  w h i c h  w e r e  c l e a ne d  s c r u p u l o u s l y  b e f o r e  
each  run .  S p e c i m e n s  w e r e  s u s p e n d e d  in t h e  w a t e r  
f r o m  P y r e x  rods .  The  p r e s e n c e  of  g lass  h a d  no  
n o t i c e a b l e  effect  on t h e  r e a c t i o n  even  a f t e r  a r e a c -  
t i on  t i m e  of 1 hr ,  as s h o w n  b y  t h e  fac t  t h a t  a f ew  
p a r a l l e l  e x p e r i m e n t s  in  Teflon b e a k e r s  gave  e s s e n -  
t i a l l y  t h e  s ame  resu l t s .  The  r e a c t i o n  w a t e r  h a d  a 
c o n d u c t i v i t y  of a b o u t  1.2 x 10 -~ ohm -1 cm -1 a n d  was  
p r e b o i l e d  for  15 ra in  b e f o r e  us ing  in  o r d e r  to e x p e l  
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Fig. 1. Rate of removal of hydrated aluminum oxide from 
the surface of aluminum by CrO~-HsP04 stripping solution at 
85~ Reaction time with water was 1 hr at 100~ 

dissolved gasses. React ions  a t  lower  t e m p e r a t u r e s  
we re  made  in  flasks kep t  in  a t h e r m o s t a t t e d  bath.  
The wa t e r  was  not  m a i n t a i n e d  in  an  ine r t  a tmos-  
phere.  For  these r u n s  the  foil was held in  a per fo-  
r a ted  glass cup wh ich  was  jo ined  to an  ex tens ion  of 

a 45/50 $ joint .  The  assembly  could be r emoved  
easi ly  and  qu ick ly  at  the end  of the  reac t ion  to be 
quenched  in  r o o m - t e m p e r a t u r e  water .  

The ex t en t  of the  reac t ion  was d e t e r m i n e d  by 
weight  changes  i nvo lv ing  the  d issolu t ion  of the  hy -  
d ra t ed  oxide film in  a so lu t ion  of 2% CrO8 and  5% 
H,PO, at 85~ the  a t tack  of this  so lu t ion  on the 
u n d e r l y i n g  me ta l  is r epor ted  to be e x t r e m e l y  slow 
(3).  The  behav io r  of the  s t r ipp ing  so lu t ion  for a 
typ ica l  h y d r a t e d  spec imen is shown  in  Fig.  1. Af te r  
all  the  oxide is r emoved  the  ra te  of a t tack  on the 
base me ta l  is on ly  0.2 ~ g / c m ' / m i n  which  is suffi- 
c ien t ly  slow for our  purposes.  The method  was  cal i -  
b r a t ed  by  checking the weigh t  loss of anodic  films 
of k n o w n  weight .  

A source of e r ror  in  this  me thod  wou ld  resu l t  if 
the  h y d r a t e d  oxide were  not  comple te ly  s table  d u r -  
ing reac t ion  and  if pa r t  were  lost by  d i sso lu t ion  or 
t h rough  m e c h a n i c a l  action. However ,  we were  u n -  
able  to detect  the p resence  of a l u m i n u m  in the  wa te r  
af ter  a reac t ion  t ime  of 60 rain. On the o ther  hand,  
we observed  that ,  if the  wa t e r  had been  used for r e -  
act ion for a per iod of some hours ,  a s u b s e q u e n t  oxi -  
da t ion  gave  s l ight ly  h igher  resul ts  t h a n  were  ob-  
t a ined  in  f resh ly  p r epa red  water .  The  reason  for this 
is no t  clear. 

H y d r a t e d  oxide was ob ta ined  free of me ta l  by  dis-  
solving the  a l u m i n u m  in a hot solut ion of b r o m i n e  
in  me thano l .  I t  was necessa ry  to wash  the  oxide 
t ho rough ly  in  order  to r emove  the products  of the  
react ion.  This  w a s  accompl ished by  re f lux ing  the 
oxide in  severa l  changes  of methanol .  The final 
p roduc t  was  dr ied  at 80~ for 2 hr. 

T h e r m o g r a v i m e t r i c  ana lys i s  was car r ied  out  on 
a C h e v e n a r d  Recording  Ba lance  which  was  used 
wi th  a m a x i m u m  sens i t iv i ty  of 0.5 m g / m m  of chart .  
The m a x i m u m  t e m p e r a t u r e  a t t a inab l e  was  1000~ 
and  the  h e a t i n g  ra te  was  2 .5~ 

Dens i ty  m e a s u r e m e n t s  were  made  hydros t a t i ca l ly  
in  to luene .  

The  m e a s u r e m e n t  of the  h y d r o g e n  evolved  in  the  
reac t ion  of the  hyd ra t e  and  the u n d e r l y i n g  me ta l  

was made  in  an  a l l -g lass  appara tus .  A 10 ml  gas 
bu r e t t e  was  connec ted  by  cap i l l a ry  t ub ing  to a 12 
m m  reac t ion  t u b e  con ta in ing  the  sample.  The t u b e  
was sealed a nd  the  en t i re  sys tem was flushed wi th  
a rgon  before  react ion.  The sample  was  hea ted  
qu ick ly  to 600~ a nd  held  at t ha t  t e m p e r a t u r e  for 
an hour  before  r e m o v i n g  the  fu rnace ;  P y r e x  glass 
was sa t is factory  u n d e r  these condi t ions.  Wate r  f rom 
the  hyd r a t e  was  absorbed  in  a P~O~ t rap  at the exi t  
of the  fu rnace  and,  therefore ,  did no t  con t r ibu te  to 
the  vo lume  change  in  the system. This was ve r i -  
fied by  decomposing  NiSO4-6H~O u n d e r  the same 
condit ions,  w h e r e b y  the  wa te r  was  absorbed q u a n -  
t i ta t ive ly .  A sample  of the isolated hyd r a t e  of a l u m -  
ina  was also decomposed in  this  m a n n e r  and  gave 
no vo lume  increase  in  the  appara tus .  

D e b y e - S c h e r r e r  powder  p a t t e r n s  were  made  wi th  
samples  m o u n t e d  in  a 57.3 m m  Phi l l ips  powder  
camera ,  us ing  CuK.~ radia t ion .  Exposure  t imes  were  
of the  order  of 16 hr.  

Al l  we igh ings  were  made  on a B r i n k m a n n - S a r -  
tor ius  Microba lance  to the  nea re s t  10 tLg. 

Results and Discussion 
Composition oi the film.--It is gene ra l l y  accepted 

tha t  the p roduc t  of the  reac t ion  above  80~ is boeh-  
mite,  a-AI~O~.H~O; the  charac ter i s t ic  e lec t ron d i f -  
f rac t ion  p a t t e r n  of this  compound  has been  ob-  
served by  H a r r i n g t o n  and  Nelson (4) ,  Ha r t  (5) ,  and  
K e r r  (6) .  Some of the charac ter i s t ic  l ines  of the  
boehmi te  p a t t e r n  have  also been  ob ta ined  by us by  
x - r a y  diffraction.  The  ve ry  diffuse pa t t e rn s  ob ta ined  
by  us and  o thers  ind ica te  a poor  degree  of c rys -  
t a l l in i ty .  This ev idence  is not  sufficient to es tabl ish  
the reac t ion  p roduc t  as pu re  boehmite ,  a l though  
f u r t he r  suppor t  for this  composi t ion  is g iven by  
B r y a n  (7) ,  whose  g rav ime t r i c  ana lys i s  led to the  
conclus ion tha t  the  surface p roduc t  consists of 
n e a r l y  s to ichiometr ic  A1,O.~.H,O. B r y a n ' s  ana ly t i ca l  
method  is sub jec t  to cri t icism, however ,  on the basis  
of some of our  f indings  and  there  is ev idence  to show 
tha t  the reac t ion  p roduc t  conta ins  wa te r  cons ider -  
ab ly  in  excess of tha t  r equ i r ed  for the  monohydra te .  
B r y a n  repor ted  the  w a t e r  con ten t  of the film to be 
15.5%, as compared  to 15.0% for the theore t ica l  
va lue  for the monohydra t e .  This  was  d e t e r m i n e d  by  
hea t ing  the  me t a l  to 600~ af ter  r eac t ion  a nd  meas -  
u r i n g  the  we igh t  loss. However ,  we have  found  tha t  
this  leads to low resul t s  because  pa r t  of the wa t e r  
in the  film reacts  wi th  the base me ta l  du r ing  h e a t -  
ing to produce  more  oxide. If, ins tead,  the h y d r a t e d  
p roduc t  is sepa ra ted  f rom the  me t a l  by  d issolv ing 
the  a l u m i n u m  in  m e t h a n o l - b r o m i n e  solut ion (8) 
and  then  dehydra ted ,  we  find tha t  the  wa te r  con ten t  
m a y  be as h igh as 32%. The same resul t s  m a y  be 
ob ta ined  by  we igh ing  the foil before  and  af ter  r e -  
act ion and  t h e n  r e m o v i n g  the reac t ion  products  by  
dissolving in  a chromic  ac id-phosphor ic  acid so lu-  
t ion  a nd  reweigh ing .  By the use of the  appropr i a t e  
ca lcu la t ions  the  t h r e e  m e a s u r e m e n t s  lead to the  

to ta l  we igh t  of h y d r a t e d  oxide and  the a m o u n t  of 
wa te r  present .  This  l a t t e r  p rocedure  is a more  con-  
v e n i e n t  me thod  a nd  has been  used for the m e a s u r e -  
me n t s  of the  ra tes  of reac t ion  discussed below. 
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We have  also shown  tha t  the  h y d r a t e d  sur face  
oxide reacts  wi th  the  base me ta l  d u r i n g  hea t ing  by  
m e a s u r i n g  the v o l u m e  of hyd rogen  evolved u n d e r  
these  condit ions.  In  a typica l  expe r imen t ,  a sample  
of a l u m i n u m  wi th  an  area  of 100 cm 2, which  had  
been  t r ea ted  wi th  bo i l ing  wa t e r  for 60 min,  p ro -  
duced 1.5 ml  of h y d r o g e n  w h e n  hea ted  to 600~ for 
1 hr  in  an  ine r t  a tmosphere .  This corresponds  to 1.2 
mg of water ,  which  wou ld  not  have  been  detected 
by  B r y a n ' s  method,  out  of a total  h y d r a t e d  oxide 
weight  of 10.9 mg and  a wa te r  con ten t  of 3.0 mg. 
A more  p r o n o u n c e d  effect was ob ta ined  by  the use 
of e tched foil, for which  the  t rue  surface  area is no t  
precise ly  k n o w n  bu t  is several  t imes  grea te r  t h a n  
for smooth foil. Wi th  this  mate r ia l ,  v o l u m e  increases  
of 5-6 ml  were  observed  u n d e r  the same condit ions.  

F ina l ly ,  the  m e a s u r e d  dens i ty  of the  oxide was  
found  to be 2.4 •  g / c m  "~, as compared  to 3.0 for 
pu re  boehmi te  (9) .  

The  fo rm in  which  the  excess w a t e r  is combined  
in  the  surface p roduc t  is no t  known .  The  composi -  
t ion  of the film most  f r e q u e n t l y  app rox ima te s  tha t  
of a d ihydra te ,  bu t  this  p r o b a b l y  has no signif i-  
cance. It  could be pos tu la ted  tha t  the  con t r i bu t i on  of 
an apprec iab le  q u a n t i t y  of t r i h y d r a t e  would  give the  
observed  composi t ion  bu t  there  is no phys ica l  ev i -  
dence  to show the  presence  of e i ther  of the two 
k n o w n  t r ihydra tes .  T h e r m o g r a v i m e t r i c  ana lys i s  
shows tha t  a l a rge  f rac t ion  of the  wa t e r  is loosely 
b o u n d  and  is lost before  the expected  r ange  of de-  
composi t ion of boehmite .  This  is shown by  the  com-  
par i son  of the  t h e r m o g r a m s  of the  h y d r a t e d  oxide 
and  pu re  boehmi te  1 in  Fig. 2. The  t h e r m o g r a m  
shown  here  was  ob t a ined  f rom the  oxide fo rmed  at  
100~ Near ly  iden t ica l  t races  were  observed for the  
products  fo rmed  at 80 ~ and  90~ 

Reaction mechanism.--Hart (5) has suggested 
tha t  the g rowth  of the  h y d r a t e d  oxide occurs by  
o u t w a r d  m i g r a t i o n  of a l u m i n u m  f rom the  me t a l  and  
offers as evidence  the  obse rva t ion  tha t  anodic  films 
which  have  been  s t r ipped  f rom the  me ta l  and  t h e n  
t rea ted  wi th  boi l ing  wa t e r  do not  give the e lec t ron  
diffract ion p a t t e r n  of boehmite .  K e r r  (6) has mod i -  
fied this e x p e r i m e n t  so tha t  pa r t  of the u n d e r l y i n g  
me ta l  was a l lowed to r e m a i n  in  contact  wi th  the  
anodic  film and  then  car r ied  out  the  h y d r a t i o n  reac -  
t ion. E lec t ron  diffract ion t hen  ind ica ted  the  p re s -  
ence of boehmi te  on ly  in  the  v i c in i ty  of the  i s lands  
of metal .  Accord ing  to these  observat ions ,  the m e c h -  

1 O b t a i n e d  f r o m  A l c o a  R e s e a r c h  L a b o r a t o r i e s .  
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Fig. 2. Thermograms of: A. boehmite; B. reaction product 
of aluminum and water at IO0~ 

R E A C T I O N  B E T W E E N  A L U M I N U M  A N D  W A T E R  485 

Table I. Comparison of x-ray diffraction data of boehmite 
(ASTM) and hydrated anodic films* 

A S T M  H y d r a t e d  a n o d i c  f i lms  

d R e l a t i v e  i n t e n s i t y  d R e l a t i v e  i n t e n s i t y  

6.11 100 6.28 Strong (very diffuse) 
3.16 65 3.18 Strong (diffuse) 
2.35 53 2.35 Strong (diffuse) 
1.98 6 1.97 Weak 
1.86 32 1.86 Strong (diffuse) 
1.77 6 
1.66 13 
1.53 6 1.54 Weak 
1.45 16 1.43 Weak 
1.43 9 1.40 Weak 
1.38 6 1.36 Weak 
1.31 15 1.31 Weak 

* O n l y  t h e  12 s t r o n g e s t  d i f f r a c t i o n  l i n e s  of b o e h m i t e  a r e  l i s t e d .  

a n i sm  of boehmi te  f o r ma t i on  mus t  invo lve  the  
m o v e m e n t  of a l u m i n u m  to the  o x i d e - w a t e r  i n t e r -  
face, since the anodic  oxide i tself  does no t  appear  to 
become hydra ted .  

On the  other  hand ,  Spooner  (10) has shown  by  
x - r a y  diffract ion p a t t e r n s  tha t  bo i l ing  w a t e r  t r a n s -  
forms isolated oxide to boehmite ,  and  M a c L e n n a n  
(11) has repor ted  tha t  the re  is no essent ia l  differ-  
ence in  the impedance  charac ter i s t ics  b e t w e e n  iso- 
l a ted  a nd  non i so la t ed  oxide films which  have  been  
exposed to boi l ing  water .  Both  of these obse rva t ions  
have  been  made  wi th  n o n b a r r i e r  films ( formed in  
su l fur ic  acid) ,  bu t  we have  also conf i rmed Spooner ' s  
resul ts  us ing  ba r r i e r  films fo rmed  to 100 v in  a m -  
m o n i u m  bora te  solut ion,  t ak ing  grea t  care to r e -  
move  the  u n d e r l y i n g  me t a l  complete ly ,  and  h y d r a t -  
ing for 20 m i n  at 100 ~ This  has also been  conf i rmed 
by Hinde,  Kel le t ,  and  Har r i s  (12).  A compar i son  of 
our  x - r a y  diffract ion data  for a h y d r a t e d  anodic  film 
and  ASTM data  for boehmi t e  is g iven in  Tab le  I. 
F u r t h e r m o r e ,  t h e r m o g r a v i m e t r i c  ana lys i s  of this  
subs tance  gave resul t s  which  are ident ica l  to those 
ob ta ined  f rom the h y d r a t e  in  Fig. 2. These obse rva -  
t ions are in  direct  con t rad ic t ion  to those of K e r r  and  
Hart ,  bu t  r epea ted  and  carefu l  s tudy  leaves  no 
doub t  tha t  the  presence  of meta l l i c  a l u m i n u m  is no t  
necessa ry  for the  convers ion  of anodic  oxide to 
"boehmi te . "  

In  the a t t e mp t  to d e t e r m i n e  the k inet ics  of the  
di rect  reac t ion  be t w e e n  a l u m i n u m  and  water ,  we 
have  made  the a s sumpt ion  tha t  the fo rma t ion  of 
oxide occurs at the  m e t a l - o x i d e  interface.  This  is 
based on the  discussion in  the  p reced ing  pa ragraph ,  
the  phys ica l  n a t u r e  of the  f inal  p roduc t  a nd  the  ra te  
at which  the  consecut ive  r e a c t i o n - - t h e  h y d r a t i o n  of 
the  oxide-occurs .  

The  final h y d r a t e d  oxide is comple te ly  u n l i k e  the  
coheren t  film formed by  anodic  oxidat ion,  consis t ing 
of loosely connec ted  part ic les .  This  is shown  by  ex -  
a m i n a t i o n  of the  oxide af ter  r emova l  of the  u n d e r l y -  
ing metal .  W h e n  in  contact  wi th  the  me ta l  this  oxide 
is p r o b a b l y  of a h igh ly  porous  n a t u r e  and  could be 
p e n e t r a t e d  easi ly by  water ,  thus  m a k i n g  it u n n e c e s -  
sary  to consider  an  ionic m e c h a n i s m  for oxide growth.  

A f u r t h e r  condi t ion  wh ich  m u s t  be me t  for the  
reac t ion  to occur at the  m e t a l - o x i d e  in te r face  is tha t  
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Fig. 3. Weight of aluminum reacted vs. t ime of immersion 
in water at 80 ~ 90 ~ and ]00~ Data corrected for amount 
of pre-existing oxide on degreased foil. 

the  h y d r a t i o n  step take  place as soon as the  oxide 
is formed.  The re  is some jus t i f ica t ion  for this  belief,  
since, as shown  in  the  fo l lowing  section, anod ica l ly  
fo rmed  films are  h y d r a t e d  at a v e r y  rap id  rate.  Ca l -  
cu la t ions  show tha t  the ra te  is g rea te r  t h a n  the  ra te  
of h y d r a t e d  oxide fo rma t ion  on the metal .  The re  is, 
of course, no evidence  to show tha t  the t r a n s i t o r y  
oxide fo rmed  in  the  wa te r  reac t ion  is iden t ica l  to the 
anodica l ly  fo rmed  oxide, bu t  the  phys ica l  s imi -  
lar i t ies  of the  f inal  h y d r a t e d  p roduc t  of each wou ld  
lead one to be l ieve  tha t  this is the  case. 

In  v iew of these  cons idera t ions  it wou ld  be ex-  
pected tha t  the  r a t e - d e t e r m i n i n g  process wou ld  be 
the  diffusion of wa t e r  t h rough  the  film, a l though  the 
k ine t ics  m a y  be compl ica ted  to an  u n k n o w n  ex ten t  
by  the  ra te  at which  evolved hyd rogen  is t r a n s -  
por ted  f rom the reac t ion  surface.  It  should also be 
recognized tha t  the  ra te  of oxide g rowth  is also 
s t rong ly  inf luenced by  the  specific impur i t i e s  p re sen t  
in  the  meta l ;  the  absolu te  data  p resen ted  here,  
therefore ,  app ly  on ly  to a l u m i n u m  of the composi -  
t ion  descr ibed ear l ier .  

If the process occurs u n i f o r m l y  over  the  surface  
of the  me ta l  and  if the ra te  of diffusion of wa te r  is 
d e p e n d e n t  on the  th ickness  of the  film, a parabol ic  
law would  be expected to gove rn  the  g rowth ;  i nde -  
pendence  of film th ickness  wou ld  resu l t  in a l i nea r  
ra te  law. In  the  cited paper  by  Har t  a cons tan t  
g rowth  ra te  is repor ted,  bu t  this  is open to ques t ion  
since the  change  in  th ickness  was  fol lowed for on ly  
2 min .  The  in i t i a l  ra te  is e x t r e m e l y  rap id  and  could 
p r o b a b l y  be fi t ted to a l i nea r  plot, b u t  it  soon de -  
creases, as shown  in  Fig. 3. However ,  a parabo l ic  
l aw also fai ls  to fit the  observed  data  over  a r e a -  
sonable  per iod of t ime.  In  Fig. 3 the  we igh t  of a l u m -  
i n u m  reac ted  at  100~ is p lo t ted  as a logar i thmic  
func t i on  of t ime. In  this plot  the  weigh t  of a l u m i -  
n u m  reacted,  r a t h e r  t h a n  the  weight  of the  oxide or 
the  total  we igh t  of p roduc t  formed,  is used in  order  
to avoid the  a s sumpt ion  of a cons tan t  composi t ion  of 
product ,  s ince the ca lcula ted  a m o u n t  of wa t e r  in  the  
surface  film was found  to v a r y  f rom 23% to 32%. 

We have  also p lo t ted  some of the data  ob ta ined  
f rom e x p e r i m e n t s  at 80 ~ and  90~ Resul ts  for longer  
reac t ion  t imes  are  not  inc luded  because  of the  fa i l -  
u r e  to ob ta in  sa t i s fac tor i ly  r ep roduc ib le  resul ts .  The 
observa t ions  are anoma lous  in some respects.  There  
is a m a r k e d  increase  in  the  i nh ib i t i on  per iod w i th  de-  

creas ing t empe ra tu r e ,  bu t  about  10 m i n  af ter  reac-  
t ion  s tar ts  there  is l i t t le  difference in  ra tes  for the  
first 2 hr. Af te r  t ha t  t ime  the  ra te  at  100 ~ is signifi-  
can t ly  grea te r  t h a n  at  the  lower  t empera tu res .  

At  100~ an  a p p a r e n t  logar i thmic  ra t e  law is ob-  
served for the first 30 ra in  or so, fol lowed by  a r ea -  
sonable  fit to a pa rabo l i c  law up to abou t  250 min.  
The  n a t u r e  of the  h y d r a t i o n  process w ou l d  not  lead 
us to be l i eve  tha t  a t r u e  logar i thmic  l aw of the  type  
discussed by  Uhl ig  (13) is opera t ing  here,  bu t  r a the r  
tha t  the  a p p a r e n t  logar i thmic  dependence  is fo r tu i -  
tous. The  fact t ha t  a s imple  parabol ic  dependence  
is not  observed  over  the  en t i r e  t ime  i n t e r v a l  s tudied 
suggests  tha t  a un i fo rm,  homogenous  reac t ion  l ayer  
is not  formed,  at least  in  the  beg inn ing ,  or tha t  the  
evo lu t ion  of h y d r o g e n  complicates  the  k ine t ics  to a 
grea te r  ex ten t  t h a n  was  assumed.  I t  is also possible 
tha t  a fo rm of l a t e ra l  growth,  pos tu la ted  by  Evans  
(14), may explain this behavior. 

The thicknesses of the films are greater than re- 
ported by Hart from his electron diffraction meas- 
urements. After 1.5 rain (on electropolished speci- 
mens) he observed a film thickness of 100/k, whereas 
our calculated thickness under the same conditions, 
based on the weight of the film and the measured 
density, is 1500A. 

Inhibition period.--The prev ious ly  u n r e p o r t e d  in -  
h ib i t ion  per iod is be l i eved  to be due to the presence  
of the  exis t ing  oxide fi lm on the meta l ;  foil which  
has been  e lect ropol ished shows a m u c h  smal le r  i n -  
h ib i t ion  period. The t ime  requ i red  for hydrogen  to 
be evolved on degreased  foil at 100~ is about  20-22 
sec, on foil c leaned  in  cold H.~SO,-K~Cr~O7 solut ion 
it is 15-18 sec, and  on e lect ropol ished foil 5-11 sec. 
The  fact tha t  the e lec t ropol ished spec imens  do not  
show an  inh ib i t i on  t ime  of zero is a resul t  of the  
ve ry  t h in  film which  is formed on the foil du r ing  the  
w a sh i ng  per iod af ter  r e mova l  f rom the  e lect ropol-  
i shing bath.  Th in  films of a l u m i n u m ,  v a c u u m - d e -  
posi ted on glass, show an  appa ren t  i nh ib i t i on  per iod 
of 1-2 sec if t r a n s f e r r e d  r ap id ly  f rom the  v a c u u m  ap-  
pa ra tus  to boi l ing  water ,  bu t  it is difficult to observe  
the  effect because  the  boi l ing  wa te r  t ends  to r u p t u r e  
the  t h i n  meta l  film. However ,  w h a t  appears  to be 
an  i n s t a n t a n e o u s  reac t ion  wi th  boi l ing  wa te r  is ob-  
served wi th  a l u m i n u m  which has been  f reshly  
ab raded  wi th  a s ta in less  steel point.  

The proper t ies  of the n a t u r a l  oxide film on a lu -  
m i n u m  have  not  ye t  been  e luc ida ted  complete ly .  
The th ickness  of the film is d e p e n d e n t  on the h i s tory  
of the  meta l  and  its e n v i r o n m e n t ;  a s u m m a r y  of 
the  m a n y  inves t iga t ions  of this sub jec t  has been  
g iven  by  Har t  (15).  I t  is gene ra l ly  agreed  that  af ter  
an  in i t i a l  rap id  g rowth  of oxide on the  pure  meta l  
f u r t h e r  g rowth  occurs at  a ve ry  slow ra te  at room 
t empera tu re ,  and  tha t  the  th ickness  of the  film p rob -  
ab ly  n e v e r  exceeds 100A. In  the course of our  work  
we have  m a d e  direct  m e a s u r e m e n t s  of the film 
weigh t  (on ac id -c l eaned  foil) by  the  s t r ipp ing  
me thod  and  have  found  it to be 4.0 --+0.4 # g / c m  ~. If 
the film were  to consist  of ~-A1208, the  densest  fo rm 
of a lumina ,  the oxide film would  be  100A thick. 
Since there  is l i t t l e  doub t  tha t  the  film does no t  
consist  of ~-ALO~, bu t  of some less dense  form of 
a lumina ,  it mus t  be cons ide rab ly  th icker  t han  100A. 
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Fig. 4. Inhibition time for the reaction of electropolished 
aluminum foil with water vs. the thickness of anodic oxide on 
the foil. 

H u n t e r  and  F o w l e  (16) cons ide r  t he  f i lm to consis t  
of a b a r r i e r  l a y e r  a b o u t  10A t h i c k  on the  m e t a l  s u r -  
face, w i t h  a porous  l a y e r  a b o v e  the  b a r r i e r ,  b u t  i t  
is diff icult  to r econc i l e  th is  m o d e l  w i t h  our  o b s e r v a -  
t ions  of t he  i n h i b i t i o n  per iod .  I f  e l e c t r o p o l i s h e d  a l u -  
m i n u m  foi l  is a n o d i c a l l y  ox id i zed  to a specific v o l t -  
age,  up  to 25 v, and  t hen  s u b j e c t e d  to the  ac t ion  of 
bo i l ing  w a t e r ,  t he  en t i r e  ox ide  f i lm is e v e n t u a l l y  
p e n e t r a t e d  and  v i s ib le  h y d r o g e n  evo lu t i on  occurs .  
The  t ime  r e q u i r e d  to p e n e t r a t e  t he  film, in a d d i -  
t ion to the  i nh ib i t i on  p e r i o d  c h a r a c t e r i s t i c  of t he  
foil  p r e t r e a t m e n t ,  is a p p r o x i m a t e l y  p r o p o r t i o n a l  to 
t he  t h i ckness  of t he  a n o d i c a l l y  f o r m e d  l aye r .  This  
is s h o w n  in Fig.  4. A t  the  c u r r e n t  d e n s i t y  used  (0.1 
m a / c m  "~) t he  t h i cknes s  of the  anod ic  ox ide  is 
l l . 9 A / v  (17) ,  and  the  p e n e t r a t i o n  (or  h y d r a t i o n )  
r a t e  of the  ox ide  is, t he re fo re ,  a b o u t  12/k/sec.  The  
p r e - e x i s t i n g  f i lm on a c i d - c l e a n e d  foil,  on the  o t h e r  
hand ,  is p e n e t r a t e d  on ly  a t  t he  r a t e  of 0 .7A/sec  if  
t he  b a r r i e r  p o r t i o n  a lone  of t h e  f i lm is r e s p o n s i b l e  
for  the  i nh ib i t i on  per iod .  If th is  is t rue ,  t hen  the  
n a t u r a l l y  f o r m e d  b a r r i e r  f i lm m u s t  be  p h y s i c a l l y  
qu i t e  d i f fe ren t  f r o m  the  a n o d i c a l l y  f o r m e d  a m o r -  
phous  films. On the  o t h e r  hand ,  if t he  porous  p o r t i o n  
of t he  f i lm also c o n t r i b u t e s  to the  i nh ib i t i on  per iod ,  
i t  w o u l d  be  e x p e c t e d  to become  h y d r a t e d  d u r i n g  t h e  
process .  This  w o u l d  r e s u l t  in an  eas i ly  d e t e c t a b l e  
w e i g h t  change.  No such w e i g h t  change  occurs ,  and  
w e  have  conc luded  t h a t  t he  p r e - e x i s t i n g  f i lm is p r o b -  
a b l y  p e n e t r a t e d  w i t h o u t  h y d r a t i o n  d u r i n g  the  i n -  
h ib i t i on  per iod .  

In  connec t ion  w i t h  t h e  h y d r a t i o n  of a n o d i c a l l y  
f o r m e d  a l u m i n u m ,  an  i n t e r e s t i n g  o b s e r v a t i o n  w a s  

m a d e  conce rn ing  the  s p a t i a l  r e l a t i o n s h i p  of t he  two  
oxides .  D e g r e a s e d  foi l  shows  no w e i g h t  ga in  d u r i n g  
the  first  18-sec i m m e r s i o n  in  bo i l ing  w a t e r ,  bu t  t he  
s ame  foi l  w h i c h  has  been  a n o d i c a l l y  f o r m e d  to 25 v 
be fo re  r e a c t i n g  w i t h  w a t e r  shows  a w e i g h t  ga in  of 
1.5 ~ g / c m  ~ d u r i n g  the  f irst  18 sec. E l e c t r o p o l i s h e d  
foil,  w h i c h  has  been  s i m i l a r l y  fo rmed ,  showed  the  
s ame  w e i g h t  ga in  u n d e r  t hese  condi t ions .  This  i n -  
d ica tes  t h a t  anod ic  f o r m a t i o n  occurs  on the  so lu t ion  
s ide  of t he  p r e - e x i s t i n g  o x i d e  film, and  t h a t  anodic  
g r o w t h  t a k e s  p lace  b y  a l u m i n u m  ion m o v e m e n t  
t h r o u g h  the  film. This  is in a g r e e m e n t  w i t h  t he  con-  
c lus ion  of L e w i s  and  P l u m b  (18) and  is ana logous  to 
e x p e r i m e n t s  m a d e  b y  Y o u n g  (19) on t a n t a l u m .  
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ABSTRACT 

Pure  Ni-Cr alloys containing up to 29% Cr and Co-Cr alloys containing up 
to 23% Cr were prepared in vacuum. Corrosion rates in sulfuric and nitr ic 
acids, corrosion potentials, and critical current  densities for passivity were 
determined at 25~ It  is concluded that  specific al loying proportions of passive 
compositions are better  evaluated in  relat ion to electron configuration of the 
alloy system by critical cur ren t  densities than by potential  or corrosion rate 
measurements.  

Much w o r k  on the corrosion behav io r  of i ron -  
c h r o m i u m  alloys has been  pub l i shed  and  is use fu l  to 
an  u n d e r s t a n d i n g  of condi t ions  favor ing  pass iv i ty  in  
a l loy systems. S imi la r  da ta  for the  c o b a l t - c h r o m i u m  
sys tem have  not  been  reported.  For  n i c k e l - c h r o m i u m  
alloys most  of the  p rev ious  work  invo lved  r a the r  
i m p u r e  me ta l s  and  of ten i l l -def ined  e x p e r i m e n t a l  
condi t ions .  Da ta  repor ted  by Rohn  (1) and  P i l l ing  
and  A c k e r m a n  (2) indica te  tha t  as Cr con ten t  is i n -  
creased, corrosion ra tes  of the  N i -Cr  al loys in  oxi -  
d iz ing media  are  decreased.  G r u b e  (3) showed tha t  
in  1N HNO~, the  al loys become passive and  the i r  
corrosion ra tes  reach a m i n i m u m  at  about  10% Cr. 

In  the  p re sen t  work,  r e l a t ive ly  pu re  N i - C r  and  
Co-Cr  al loys were  inves t iga ted  for the  low Cr solid 
so lu t ion  range .  P a r t i c u l a r  a t t en t i on  was paid  to the  
q u a n t i t a t i v e  a l loy ing  propor t ions  r equ i r ed  to achieve 
passivi ty .  

Experimental Procedure 
Alloys  were  p r epa red  f rom h i g h - p u r i t y  Cr p u r -  

chased f rom the  Electro Meta l lu rg ica l  Company ,  
c a rbony l  Ni (99.93% Ni) f u rn i shed  by  cour tesy  of 
the I n t e r n a t i o n a l  Nickel  Company ,  and  h i g h - p u r i t y  
Co (99.97% Co) suppl ied  by  cour tesy  of the  Cobal t  
I n f o r m a t i o n  Cen te r  at Bat te l le  Memor ia l  Ins t i tu te .  
I n d u c t i o n  me l t i ng  was car r ied  out  u n d e r  a v a c u u m  
of 10 -'~ m m  Hg, wi th  the me l t  con ta ined  in  a "Mor-  
gan i te"  h i g h - p u r i t y  a l u m i n u m  oxide crucible .  No 

deoxidizers  were  added. Samples  were  cast in  a he -  
l i u m  a tmosphe re  by  d r a w i n g  the  me l t  in to  8 m m  
d iame te r  "Vycor"  tubes  and  p l u n g i n g  the ingots  into 
water .  The h e l i u m  was purif ied by  passage over  Mg 
chips at 640~ and,  in  la te r  exper imen t s ,  over  Ti 
sponge at 800~ In  both  cases the  h e l i u m  was 
passed t h rough  a t r ap  s u r r o u n d e d  by  l iqu id  n i t r ogen  

before  e n t e r i n g  the  furnace .  
Homogen iza t ion  of cast ings was car r ied  out  at 

l l 0 0 ~  for 12 hr  in  silica tubes  us ing  a h e l i u m  a t -  
mosphere  fo l lowed by  a wa t e r  quench.  The  Co-Cr  
alloys, which  were  ha rd  and  r a t h e r  br i t t le ,  we re  
used in  the  a s -homogen ized  condi t ion,  whi le  the  
N i -Cr  ingots  were  cold ro l led  to a th ickness  of 2.5 

�9 P r e s e n t  a d d r e s s :  D i a m o n d  F u z e  L a b o r a t o r y ,  W a s h i n g t o n ,  D. C. 
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Fig. 1. Cell for measuring corrosion rates by weight loss 
and solution analysis. 

mm, g iven  a 15 -min  a n n e a l  at 1000~ and  wa t e r  
quenched.  Compos i t ion  of each al loy was  de t e rmined  
by  chemical  analysis .  

Corrosion rate  m e a s u r e m e n t s  were  carr ied  out in  
an  air  t he rmos ta t  m a i n t a i n e d  at 25 ~ --+0.5~ us ing  
2000 ml  cells of the  type  shown in Fig. 1. Labo ra to ry  
compressed air, f i l tered by  means  of glass wool and  
charcoal,  was b u b b l e d  th rough  the cells at the ra te  
of 40 m l / m i n  as d e t e r m i n e d  by a f low-mete r  p ro -  
v ided for each cell. Solu t ions  were  p repa red  f rom 
l abo ra to ry  dis t i l led  w a t e r  and  r eagen t  grade  chem-  
icals. 

Spec imens  of N i - C r  al loys for corrosion ra te  de-  
t e r m i n a t i o n s  were  cut  as r e c t a n g u l a r  coupons meas -  
u r i ng  a p p r o x i m a t e l y  3 cm long, 0.5-1 cm wide, and  
0.2 cm thick.  A hole 0.3-0.4 cm in  d iamete r  was  
dr i l led  n e a r  one end  so tha t  the  sample  could be 
h u n g  f rom a glass hook. These spec imens  were  
ab raded  smooth, f in ishing wi th  600 gr i t  sil icon car -  
b ide  we t  pol i sh ing  paper .  Af ter  w a sh i ng  wi th  d is -  
t i l led  w a t e r  and  w i p i n g  dry, specimens  were  i m -  
mersed  in bo i l ing  b e n z e n e  for 5 rain. This was fol-  
lowed by  p ick l ing  in  hot  6N H~SO4. P ick l ing  was  
con t inued  u n t i l  the  sur face  was  suff icient ly etched 
to revea l  the m i c r o s t r u c t u r e  of the  metal .  Af te r  
p ickl ing,  samples  we re  t ho rough ly  washed  wi th  
dis t i l led w a t e r  a nd  dr ied  in  a desiccator.  
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Corrosion ra tes  were  m e a s u r e d  by  color imetr ic  
ana lys i s  of a l iquots  of the  test  so lut ion in  which  
specimens  were  immersed .  By per iodic  sampl ing ,  
cor responding  weight  loss was ca lcu la ted  as a f u n c -  
t ion  of t ime. For  Ni the d i m e t h y l g l y o x i m e  me thod  
(4) was used, and  for Co the  th iocyana te  me thod  
(4).  C o n v e n t i o n a l  g rav ime t r i c  we igh t  loss m e a s u r e -  
men t s  were  also made  and  checked wi th  weigh t  
losses ca lcu la ted  f rom analys is  of the  solut ion.  Al l  
r u n s  were  con t i nued  for sufficient t ime  to reach a 
cons tan t  corrosion rate.  

Electrodes  for po la r iza t ion  m e a s u r e m e n t s  we re  
s imi la r  in  size and  shape to the  corrosion ra te  speci-  
mens.  Nickel  wi re  was  s i lver  soldered to a s tem 
which  was  m a c h i n e d  on the  electrode.  A Teflon 
gasket  b e t w e e n  the electrode and  a P y r e x  t ube  was  
compressed by  means  of a n u t  and  mach ine  screw 
s i lver  soldered to the n icke l  wire ,  in  order  to ex -  
c lude the  e lec t ro ly te  f rom contac t  w i th  a n y  me t a l  
o ther  t h a n  the  e lect rode proper .  

Po ten t i a l  m e a s u r e m e n t s  we re  made  us ing  a po r t -  
able  po ten t iome te r  in  series w i th  an  e lect ronic  pH 
m e t e r  employed  as a h i g h  res i s tance  ga lvanomete r .  
A n  Ag-AgC1, 0.1N KC1 electrode was  the  re fe rence  
electrode.  Cons tan t  po la r iza t ion  c u r r e n t  was sup-  
pl ied by  30 d ry  cells in  series wi th  an  ad ju s t ab l e  
resis tance.  

Cri t ical  c u r r e n t  densi t ies  for pass iv i ty  were  de-  
t e r m i n e d  in  a cell fitted wi th  two a u x i l i a r y  P t  elec-  
t rodes and  a r r a n g e d  so tha t  the a l loy electrodes 
could be p ickled  w i t h i n  the cell wi th  1:1 H=SO4, 
washed,  and  the  test  e lec t ro ly te  i n t roduced  w i t hou t  
exposure  to air. Test  so lut ion and  dis t i l led  wa t e r  for 
wash ing  were  con ta ined  in  5-gal  carboys  connected  
to the  cell by  glass tub ing .  Deae ra t ion  was accom-  
p l i shed by  prepur i f ied  grade  n i t r o g e n  which  had  
been  passed over  copper t u r n i n g s  at  450~ The 
L u g g i n  cap i l l a ry  of the  sal t  b r idge  filled wi th  the  
test  so lut ion was placed ad jacen t  to the al loy elec-  
trode.  

Cri t ical  c u r r e n t  densi t ies  for pass iv i ty  were  me a s -  
u r ed  b y  two methods.  For  N i - C r  alloys, the " ind i -  
rect"  me thod  was  used. This  consisted of app ly ing  
a series of cons tan t  anodic  cu r r en t s  s l ight ly  above 
the  cr i t ical  c u r r e n t  dens i ty  and  m e a s u r i n g  the t imes  
r equ i r ed  to reach the  pass ive  potent ia l .  C u r r e n t  d e n -  
si ty i was  t h e n  p lo t ted  agains t  the  rec iprocal  of t ime  
t for pass iv i ty  in  accord w i th  the  r e l a t ion  i -  io = 
K/t,  where  io is the  cr i t ica l  c u r r e n t  dens i ty  (5, 6).  
This  r e l a t ion  is l i nea r  for c u r r e n t s  no t  exceeding  the  
cr i t ica l  c u r r e n t  dens i ty  by  more  t h a n  a factor  of 2 
or 3, and  can  thus  be e x t r a p o l a t e d  to rec iprocal  
t ime  ---- 0 to ob ta in  it. The  va lue  K rep resen t s  the  
n u m b e r  of coulombs per  u n i t  a rea  r equ i r ed  to 
achieve  passivi ty .  

For  the  Co-Cr  alloys, the  "d i rec t"  me thod  was  
used (7) .  This  consis ted of a p p l y i n g  a g iven  c u r r e n t  
and  obse rv ing  the  potent ia l .  The lowest  c u r r e n t  
which  pass iva ted  the  electrode was  t a k e n  as the  
cr i t ical  c u r r e n t  densi ty .  At  cu r r en t s  be low the  cr i t i -  
cal, po la r iza t ion  was  con t inued  un t i l  the  po ten t i a l  
changed  at a ra te  less t h a n  2 m v / m i n .  The  two 
methods  give comparab le  va lues  for i~, as was d e m -  
ons t r a t ed  by  s imi la r  m e a s u r e m e n t s  for the  F e - C r  
al loys (8) .  

CORROSION BEHAVIOR OF Ni-Cr ALLOYS 
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Fig. 2. Corrosion rotes of Ni-Cr olloys in Qeroted H.2SO~, 
25~ 4-dey runs. 

Corrosion poten t ia l s  were  also m e a s u r e d  in  the  
above cell. The electrodes were  p r epa red  in  the 
same w a y  as spec imens  for the corrosion ra te  de t e r -  
mina t ions .  

Experimental Results 
NickeZ-chromium.--Corrosion ra tes  were  m e a s -  

u red  in  severa l  media .  In  deae ra t ed  1.1N ( 5 % )  
H2SO~, 25~ 10 day  runs ,  corrosion ra tes  we re  low, 
be ing  of the  order  of 1 mdd,  and  sho.wed l i t t le  v a r i -  
a t ion  wi th  c h r o m i u m  content .  

In  Fig. 2 the  resu l t s  of 4 - da y  r u n s  in  ae ra ted  1.1, 
0.1, and  0.01N H~SO4 are  shown.  I t  can be seen tha t  
the  corrosion ra tes  of the act ive  al loys are  all  the  
same w i t h i n  e x p e r i m e n t a l  error,  the  s t anda rd  de-  
v ia t ion  be ing  6.3 mdd  as d e t e r m i n e d  f rom repl icates .  
However ,  al loys con t a in ing  more  t h a n  a cr i t ical  
a m o u n t  of Cr show a corrosion ra te  of p rac t i ca l ly  
zero, cor responding  to the passive condi t ion.  These 
passive al loys somet imes  showed an  in i t i a l  we igh t  
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Fig. 3. Corrosion rQtes of Ni-Cr alloys in HNO,, 25~ l -  
day runs. 
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Ioss as d e t e r m i n e d  b y  c o l o r i m e t r i c  ana lys i s ,  a f t e r  
w h i c h  a n y  f u r t h e r  c h a n g e  was  v e r y  s l ight .  I t  shou ld  
be n o t e d  tha t  h i g h e r  ac id  c o n c e n t r a t i o n  sh i f t s  t he  
p a s s i v i t y  l imi t  to h i g h e r  c h r o m i u m  conten ts .  

F i g u r e  3 shows  cor ros ion  r a t e s  of t he se  a l loys  in 
1.0 and  0.1N HNO~ as d e t e r m i n e d  b y  o n e - d a y  runs .  
Conf idence  l imi t s  ( 9 5 % )  w e r e  c a l c u l a t e d  b y  s t a n d -  
a r d  s t a t i s t i ca l  m e t h o d s  (9) .  I t  can  be  seen tha t  t he  
in i t i a l  Cr  add i t i ons  h a d  l i t t l e  effect on the  cor ros ion  
ra te ,  caus ing  on ly  a s l igh t  decrease .  F u r t h e r  a d d i -  
t ions caused  a m a r k e d  increase ,  w i t h  a p e a k  o c c u r -  
r i ng  a r o u n d  7% Cr. This  t y p e  of b e h a v i o r  was  a lso  
o b s e r v e d  by  Rohn  (1)  and  P i l l i n g  and  A c k e r m a n  
(2 ) ,  w h i l e  G r u b e  (3)  found  on ly  a h o r i z o n t a l  a r r e s t  
b u t  no t  a peak .  T h e  t r a n s i t i o n  f r o m  a c t i v i t y  to 
p a s s i v i t y  is qu i t e  a b r u p t ,  coming  b e t w e e n  7.1 and  
8.9% Cr in 0.1N HNO~, and  b e t w e e n  8.9 and  11.7% 
Cr in 1.0N HNO3. 

Cor ros ion  r a t e s  w e r e  also d e t e r m i n e d  in 1N 
H~SO, to w h i c h  was  a d d e d  25 g of h y d r a t e d  f e r r i c  
su l f a t e  pe r  l i te r .  In  th is  case on ly  one  r u n  was  made ,  
a l l  s a m p l e s  be ing  p l a c e d  in t he  s ame  cell .  The  d a t a  
of T a b l e  I show t h a t  th is  so lu t ion  is much  m o r e  
s t r o n g l y  co r ros ive  t o w a r d  the  two  a l loys  w h i c h  r e -  
m a i n e d  ac t ive  t h a n  is 1.0N HNOs. The  in i t i a l  m a j o r  
c r i t i ca l  pass ive  compos i t i on  is sh i f t ed  to l o w e r  Cr  
conten t ,  now ly ing  b e t w e e n  4.2 and  6.6% Cr. These  
co r ros ion  r a t e s  w e r e  d e t e r m i n e d  b y  the  c o n v e n t i o n a l  
w e i g h t  loss m e t h o d  only ,  s ince  t he  h igh  c o n c e n t r a -  
t ion  of i ron  in t he  so lu t ion  i n t e r f e r e s  w i t h  the  co lo r i -  
m e t r i c  d e t e r m i n a t i o n  of n ickel .  H o w e v e r ,  s ince  in 
o t h e r  ox id iz ing  m e d i a  s tud ied ,  these  a l loys ,  w h e n  
in t he  ac t ive  condi t ion ,  e x h i b i t e d  a cons t an t  c o r r o -  
s ion r a t e  f rom the  b e g i n n i n g  of t he  run ,  i t  s eems  
r e a s o n a b l e  t ha t  th is  was  also t r u e  in th is  case. The  
ac t i ve  a l loys  w e r e  l e f t  in t he  so lu t ion  6 hr ,  t he  
o the r s  for  2 days .  

Cor ros ion  p o t e n t i a l s  of N i - C r  a l loys  in d e a e r a t e d  
(H~-sa tu ra t ed )  1.1N H~SO, s h o w e d  no s y s t e m a t i c  
v a r i a t i o n  w i th  c h r o m i u m  con ten t  and,  in fact ,  t h e  
po t en t i a l s  of t he se  a l loys  w e r e  no t  f a r  r e m o v e d  f r o m  
the  p o t e n t i a l  of t he  r e v e r s i b l e  h y d r o g e n  e lec t rode .  
Cor ros ion  po t en t i a l s  in 0.1 and  1.0N HNO:., a r e  s h o w n  
in Fig .  4. T h e r e  is a m o r e  or  less  con t inuous  e n -  
n o b l i n g  of  t he  cor ros ion  p o t e n t i a l  w i t h  i n c r e a s i n g  
c h r o m i u m  con ten t  w i t h  a s l igh t  p e a k  be ing  o b s e r v e d  
in t h e  r eg ion  of 4 - 6 %  Cr. 

Cr i t i ca l  c u r r e n t  dens i t i e s  for  p a s s i v i t y  w e r e  d e -  
t e r m i n e d  for  these  a l loys  in N~-sa tu ra t ed  1.1N H.~SO~ 
b y  the  i nd i r ec t  me thod .  The  r e su l t s  a r e  shown  in 
Fig.  5 and  6. These  cu rves  h a v e  s i m i l a r  shape ,  b u t  
w i t h  t he  abso lu t e  va lue s  of c r i t i ca l  c u r r e n t s  con-  
s i d e r a b l y  l a r g e r  in 1 . IN t h a n  in  0.01N H~SO,. I t  a p -  
p e a r s  t h a t  in bo th  cases  t he  c r i t i ca l  c u r r e n t  d e n s i t y  
dec reases  s h a r p l y  as Cr is i n c r e a s e d  to the  v i c i n i t y  
of 14%, a f t e r  w h i c h  t h e  d e c r e a s e  in c r i t i ca l  c u r r e n t  
d e n s i t y  becomes  m u c h  less s teep.  Cou lombs  p e r  
s q u a r e  c e n t i m e t e r  for  p a s s i v i t y  in 1.1N H2SO, r a n g e  
f r o m  0.3 for  h igh  Cr a l loys  to 2.0 for  low Cr a l loys .  

Table I. Corrosion rates of Ni-Cr alloys in 1.0N H.~SO4 plus 25 g 
Fe=(SO4)~'9H20/liter, aerated, 25~ 

% Cr 1.8 4.2 6.6 8.9 11.7 15.1 18.i 

todd 8259 6950 6 9 0 0 0 
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Fig. 4. Corrosion potentials of Ni-Cr alloys in HNO3, 25~ 

C o b a l t - c h r o m i u m . - - I n  c o n t r a s t  to the  N i - C r  sys -  
tem,  t h e  C o - C r  a l loys  do no t  h a v e  a s ing le  phase  
s t ruc tu re .  P u r e  coba l t  i t se l f  in the  a n n e a l e d  cond i -  
t ion  is a m i x t u r e  of h e x a g o n a l  c l o s e - p a c k e d  and  
f a c e - c e n t e r e d  cubic  phases ,  and  th is  b e h a v i o r  is r e -  
f lected in t h a t  of the  a l loys .  T h e r e  is some d i s a g r e e -  
m e n t  as to the  C o - C r  p h a s e  d i a g r a m  (10, 11), bu t  
t h e r e  is a g r e e m e n t  t ha t  a t  the  a n n e a l i n g  t e m p e r a -  
t u r e  of l lO0~  al l  a l loys  used  in th is  w o r k  w o u l d  be 
in a s ing le  phase  field�9 Also,  W e v e r  ( i 0 )  r e p o r t e d  
tha t  x - r a y  d a t a  r e v e a l e d  on ly  t he  f a c e - c e n t e r e d  
cubic  and  h e x a g o n a l  c l o s e - p a c k e d  phases  in a l loys  
of 20 a n d  30% Cr q u e n c h e d  f rom 1000~ Since the  
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Fig. 5. Critical current densities for passivity of Ni-Cr alloys 
in N,~-saturated 1.iN H,~SO4, 25~ 
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t empe ra tu r e  of the t rans format ion  is r e la t ive ly  low 
(500~176 and the equi l ibr ium two-phase  field 
between the h igh-  and l o w - t e m p e r a t u r e  modifica- 
tions is narrow,  it appears  that  very  l i t t le  diffusion 
would take  place dur ing quenching. Therefore,  it is 
p robable  tha t  the two phases present  in the al loys as 
tested had the same chemical  composition. 

KrShnke and Masing (12) studied the corrosion 
potent ia l  and anodic and cathodic polar iza t ion  be-  
havior  of face-centered  cubic and hexagonal  close- 
packed Co in 0.1 and 2.0N HC1. They found the 
two crys ta l l ine  modifications to behave  ident ical ly.  
One of us also found tha t  body-cen te red  and face-  
centered cubic 18-8 stainless steels corrode at essen- 
t ia l ly  the same rates  in several  media  (13). F rom 
this it  appears  reasonable  to conclude tha t  the be-  
havior  of the Co-Cr al loys was not  g rea t ly  affected 
by the presence of two different  crys ta l l ine  forms. 
Metal lographic  examinat ion  showed that  the micro-  
s t ructures  of all  these al loys are s imilar  and that  the 
observed changes in e lectrochemical  behavior  do not 
correspond to any change in microstructure .  

Corrosion rates of the Co-Cr  alloys in 0.1 and 1.0N 
HNO~ are  shown in Fig. 7. Time of test  ranged from 
hours to days depending on whe ther  the corrosion 
ra te  was high or low. Uniform corrosion was ob- 
served in all  cases. Pure  Co has a corrosion ra te  
about 10 t imes higher  than  pure  Ni, and the active 
al loys also show higher  rates  than do the Ni -Cr  a l -  
loys. The shapes of the corrosion ra te-composi t ion  
curves also differ for the two al loy systems in that  
the ini t ia l  Cr addi t ion causes a m a r k e d  decrease 
in corrosion of the Co alloys and no max imum is 
found. There is, however,  a d iscont inui ty  in slope 
in the  region from 2 to 4% Cr, s imi lar  to the more 
pronounced change in the  Ni -Cr  system. The onset 
of pass iv i ty  in HNO~ begins at about  12% Cr, since 
alloys containing more Cr corroded at a ra te  of 0 
todd in 0.1 N HNO~ and 0 to 7 mdd in 1.0N HNO.~. 

Corrosion potent ia ls  of these al loys in 1.0N HNO~ 
are  shown in Fig. 8. A pronounced shift  toward  

l I J k I 
6 

xlO 4 

5 

E 
1,0 N HNO 3 

O, I N  H N 0 3  - ~ _ _ ~  

b 
5 I0 15 

Wt Per Cent Chromium 

o l  c~ 
20 

Fig. 7. Corrosion rates of Co-Cr alloys in HNO~, 25~ 

0.2 

o > 

z 0,1 

@ 

@ 
o 

,•-•$• I P I r _ 

-0 ,  I - -  N~ 

I I I 1 �9 
5 I 0 I 5 20 

Wl,. Per Cent Chromium 

Fig. 8. Corrosion potentials of Co-Cr alloys in 1 .ON HNOs, 
25 ~ 

more  noble potent ia ls  is observed as Cr content  is 
increased,  but  it  is not possible on the basis of these 
da ta  alone to d raw any conclusions regard ing  cr i t i -  
cal composition l imits  for passivi ty .  

F igure  9 is a plot  of cr i t ical  current  densit ies 
wi th  composition, obta ined by  the direct  method. 
Pure  Co, as wel l  as al loys containing up to 6.2% Cr, 
have  very  high cri t ical  currents ,  whi le  a sharp drop 
occurs in the  v ic in i ty  of 8% Cr, fol lowed by  a leve l -  
l ing off again. These data  give a clear  indicat ion of 
a cr i t ical  composit ion in the v ic in i ty  of 8% Cr, as 
well  as indicat ing tha t  for al loys of this or h igher  
Cr content  the  cri t ical  cur rent  dens i ty  (~1  m a / c m  ~) 
is low enough for se l f -pass iva t ion  of the  al loys to be 
possible in s t rongly  oxidizing media.  

D i s c u s s i o n  

Nickel-chromium alloys.--In deaera ted  1.1N 
H2SO~ the corrosion of Ni and Ni -Cr  al loys appears  
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to be l a rge ly  u n d e r  anodic  control .  This  is suggested 
by  the  fact  tha t  the corrosion po ten t ia l s  are  not  far  
r emoved  f rom poten t ia l s  of the  r eve r s ib l e  h y d r o g e n  
electrode.  This  means  tha t  the  local  cathodes are  
on ly  s l igh t ly  polarized.  

On the  o ther  hand,  in  aera ted  su l fur ic  acid the  
corrosion ra tes  of the  act ive al loys appear  to be 
cont ro l led  by  diffusion of dissolved oxygen  to the 
me ta l  surface.  This is ind ica ted  by the  fact  tha t  the 
corrosion ra tes  of the act ive spec imens  are essen-  
t i a l ly  i n d e p e n d e n t  both  of al loy composi t ion  and  
acid concen t ra t ion .  I t  is also ind ica ted  by  corre-  
spondence  of the  corrosion ra te  (140 todd = 5.3 x 
10 -~ a m p / c m  ~) to the l im i t i ng  diffusion c u r r e n t  d e n -  
si ty for oxygen,  i.e., in  accord wi th  the  equa t ion  i = 
(DnFc/~), where  D-=  2 x l 0  ~ cmVsec, n =  4, F = 
96,500 cou lombs /equ iv . ,  c = 2.5 x 10 -~ moles  dis-  
solved OJcc ,  and  ~ the th ickness  of the  s t agnan t  
diffusion l ayer  is a ssumed  equa l  to 0.035 cm. The 
l a t t e r  va lue  of 8 is cons is ten t  wi th  observed values.  

Tha t  the corrosion ra tes  of the act ive al loys should 
be anod ica l ly  cont ro l led  in  deaera ted  acid and  ca- 
thodica l ly  cont ro l led  in  ae ra ted  acid is in  no w a y  
se l f -con t rad ic to ry .  In  deae ra ted  acid, the  cathodic 
process is r educ t ion  of h y d r o g e n  ions to gaseous hy -  
drogen,  whi le  in aera ted  acid the cathodic reac t ion  
involves  r educ t ion  of dissolved oxygen  by  hyd rogen  
ions to fo rm water .  The s t a n d a r d  free e n e r g y  change  
for the  l a t t e r  reac t ion  is much  grea te r  t h a n  tha t  of 
the former ,  so tha t  in ae ra ted  so lu t ion  the  difference 
b e t w e e n  the  open circui t  anode and  cathode po ten -  
t ials is m u c h  grea te r  t h a n  in  deae ra t ed  solut ion.  
Thus  a ve ry  large c u r r e n t  wou ld  be necessa ry  to 
polar ize  the  local anodes  to the  open c i rcui t  cathode 
potent ia ls ,  and  long before  this  happens  the l imi t ing  
diffusion c u r r e n t  for oxygen  is reached and  becomes 
the  r a t e - d e t e r m i n i n g  step. 

In  all  the  oxidiz ing media  used in  this  work  the  
Ni-Cr alloys exhib i ted  a cr i t ical  composi t ion,  tha t  
is, al loys con ta in ing  less t h a n  the  cr i t ical  a m o u n t  of 
c h r o m i u m  for pass iv i ty  corroded r e l a t i ve ly  r ap id ly  
compared  to those con ta in ing  more  t h a n  the  cri t ical  
percent .  The  t e rm  passive,  as used in this  discussion, 
is l imi ted  to the case of a me ta l  which  is polar ized 
to a po t en t i a l  more  nob le  t han  its F l ade  po ten t i a l  
in  the  g iven  e n v i r o n m e n t  and  has an  accompany ing  
compara t i ve ly  low corrosion rate.  In  the  case of 
those al loys which  are pass ive  u n d e r  a g iven  set of 
condi t ions,  it  can be assumed f rom prev ious  discus-  
sions (7, 14-16) tha t  the  local anodic  c u r r e n t  p ro -  
duced by  corrosion of the  act ive  a l loy  exceeded the  
cr i t ical  c u r r e n t  dens i ty  for passivi ty .  In  this w a y  
the  low corrosion ra te  of the  pass ive  s tate  follows 
in sequence  the h igher  corrosion ra te  of the  act ive 

state. 
It  appears  to be a genera l  ru le  tha t  w h e n e v e r  

the c u r r e n t  dens i ty  e q u i v a l e n t  to the  corrosion ra te  
approaches  the cr i t ical  c u r r e n t  dens i ty  pass iv i ty  is 

es tabl ished.  The p resen t  da ta  bear  out  this  r e la -  
t ionship.  The corrosion c u r r e n t  densi t ies  a re  a lways  
less t h a n  the  cr i t ical  c u r r e n t  densi t ies  to an  ex ten t  
d ic ta ted  by  the  anode -ca thode  area  ratio,  a low rat io 
accoun t ing  for a g rea te r  observed difference be -  
t w e e n  the  two va lues  t h a n  a h igh ratio.  

Based on the  fact tha t  the pass ive  film on Fe, Cr, 
and  C r - F e  al loys is equ iva l en t  to abou t  0.01 cou-  
l omb/cm"  (8) or less, the  va lue  of 0.3 to 2 c o u l o m b /  
cm ~ for N i - C r  al loys indicates  tha t  anodic  d isso lu-  
t ion  of the a l loy precedes passivi ty .  The same is t r ue  
of i ron the va lue  for which  is about  1 coulomb/cm ~, 
a nd  as F r a n c k  (6) showed, an  i n su l a t i ng  fi lm of 
pe rhaps  FeSO, forms first, f avor ing  high c u r r en t  
densi t ies  w i t h i n  pores of this  film necessary  to 
achieve the pass ive  state. This s i tua t ion  is also borne  
out  by  a r e l a t i ve ly  low in i t i a l  slope of po ten t i a l  vs. 
t ime  at cons tan t  appl ied  c u r r e n t  dens i ty  for N i -Cr  
al loys p reced ing  a rap id  fal l  of po ten t i a l  to the 
nob le  passive value ,  whereas  for s ta inless  steels 
which  pass iva te  w i thou t  in i t ia l  salt  film format ion ,  
the po ten t i a l  fal l  is immedia te ,  and  coulombs for 
pass iv i ty  are a di rect  measu re  of the a m o u n t  of 
passive film subs tance  on the surface.  

The r a the r  wide  va r i a t ion  in  the  a m o u n t  of Cr 
needed  to pass iva te  these al loys in  different  med ia  is 
a resul t  of the  di f ferent  corrosion rates,  a n o d e - c a t h -  
ode area ratios,  and  cri t ical  c u r r e n t  densi t ies  which  
p reva i l  in these  media.  In  the  case of ae ra ted  su l -  
fur ic  acid, on ly  the  cr i t ical  cu r r en t s  and  not  the  cor-  
rosion ra tes  of the  act ive  al loys were  reduced as the 
acid concen t r a t i on  was reduced.  Decreases in  acid 
concen t ra t ion  co r respond ing ly  lowered  the  cr i t ical  
a m o u n t  of Cr r e q u i r e d  for pass iv i ty  because  cr i t ical  
c u r r e n t  dens i ty  decreases w i th  increas ing  Cr. Since 
the  cr i t ical  Cr composi t ions  fal l  in a region  where  
cr i t ical  c u r r e n t  dens i ty  is changed  only  s lowly wi th  
Cr content ,  smal l  changes  in  the  cr i t ical  c u r r e n t  
dens i ty  for pass iv i ty  by  means  of decreas ing acid 
concen t r a t i on  shif ted the cr i t ical  Cr con ten t  m a r k -  
edly. 

In  n i t r i c  acid, corrosion ra tes  as wel l  as cr i t ical  
cu r r en t s  were  raised as acid concen t ra t ion  was in -  
creased. The increase  in corrosion ra te  is p r o b a b l y  
due to increase  in concen t ra t ion  of n i t r a t e  ion, which  
is reduced  at  the  local cathodes, whi le  increase  in 
hyd rogen  ion concen t ra t ion  increases  observed cr i t i -  
cal  c u r r e n t  densi t ies .  The observed  increase  in  Cr 
necessary  to p roduce  pass iv i ty  in  these al loys on 
increas ing  acid concen t ra t ion  indicates  tha t  the 
h igher  cr i t ical  c u r r e n t  dens i ty  b rough t  about  by  in -  
creased acid concen t ra t ion  outweighs  the effect of 
increased  corrosion cur ren t .  By  add ing  ferr ic  ions 
to 1N H~SO4, a corrosion ra te  h igher  t h a n  tha t  in 
1N HNO3 was ob ta ined  at a p p r o x i m a t e l y  the same 
hyd rogen  ion concen t ra t ion ,  so tha t  the cr i t ical  
a m o u n t  of Cr was  decreased f rom abou t  12 to 6.6% 
Cr as is seen f rom da ta  of Table  I and  Fig. 3. 

In  re t rospect ,  al l  the  data  show tha t  pass iv i ty  
l imi ts  for these  al loys as ob ta ined  f rom corrosion 
data  reflect no t  on ly  the basic proper t ies  of the al loy 
system, bu t  also depend  s t rong ly  on the e n v i r o n -  
ment .  I m p o r t a n t  are  the  n a t u r e  of the  anion,  de-  
polar izer  concentration, surface  pH, degree  of s t i r -  
r ing,  etc. This  is especial ly  t r ue  of a sys tem such as 
Ni-Cr ,  because  cri t ical  c u r r e n t  densi t ies  do not  v a r y  
as sha rp ly  w i th  composi t ion  as they  do in  %he C r - F e  
al loys as shown,  for example ,  by  data  of K i n g  and  
Uhl ig  (8) .  

The va r i a t i on  of cr i t ical  c u r r e n t  dens i ty  wi th  al loy 
composi t ion  appea r s  to be the  i m p o r t a n t  f u n d a -  
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m e n t a l  p r o p e r t y  of a l loys  c a p a b l e  of b e c o m i n g  
pass ive .  The  shape  of the  c r i t i ca l  c u r r e n t - c o m p o s i -  
t ion c u r v e  is found  to be n e a r l y  the  s ame  in 1.1 and  
0.01N H~SO4 (Fig .  5 and  6) even  t h o u g h  the  c r i t i ca l  
c u r r e n t s  a r e  much  s m a l l e r  for  the  l o w e r  ac id  con-  
cen t r a t ion .  In  bo th  cases a change  in  s lope  occurs  or  
a p r a c t i c a l  m i n i m u m  is r e a c h e d  in t he  v i c i n i t y  of 
14% Cr. This  is t he  f igure  w h i c h  i t  w o u l d  p r o b a b l y  
be mos t  p ro f i t ab l e  to c o m p a r e  w i t h  t he  p r e d i c t i o n  of 
a c r i t i ca l  compos i t i on  at  8.2% Cr m a d e  b y  one of us 
(17) b a s e d  on e l ec t ron  conf igura t ion  in t he  a l l oy  
sys tem.  O t h e r  t h a n  the  s impl i f ied  a s s u m p t i o n s  m a d e  
in t he  t h e o r e t i c a l  ca lcu la t ion ,  d i f fe rence  b e t w e e n  
t h e o r y  and  o b s e r v a t i o n  m a y  also be a r e s u l t  of e x -  
p e r i m e n t a l  fac tors ,  such  as a poss ib le  d i f f e rence  b e -  
t w e e n  su r f ace  compos i t ion  f rom b u l k  compos i t i on  of 
the  a l loys  caused  b y  p r e f e r e n t i a l  cor ros ion  of one of 
the  a l l oy  componen t s .  

Cobalt-chromium alloys.--The b e h a v i o r  of t he  
C o - C r  s y s t e m  was  s im i l a r  to  t he  N i - C r  sys t em,  as 
m i g h t  be  expec t ed .  Di f fe rences  in shape  of the  co r -  
r o s i o n - c o m p o s i t i o n  curves  in n i t r i c  ac id  i nd i ca t e  t h a t  
Cr a l l o y e d  w i t h  Co, even  in s m a l l  amoun t s ,  d e -  
c reases  t he  cor ros ion  r a t e  (Fig .  7),  w h i l e  in t he  
N i - C r  sys tem,  Cr m a r k e d l y  inc reases  t h e  co r ros ion  
r a t e  j u s t  sho r t  of the  pas s ive  compos i t i on  (Fig .  3) .  
This  m a y  be  r e l a t e d  to the  p o s s i b i l i t y  t h a t  Co is a 
b e t t e r  c a t a l y s t  t h a n  Ni  for  r e d u c t i o n  of NO~-, w h i c h  
in t u r n  is cons i s t en t  w i t h  a m u c h  h i g h e r  cor ros ion  
r a t e  of p u r e  Co t h a n  p u r e  Ni  in HNO~. This  b e i n g  the  
case, if Cr  is an i n t e r m e d i a t e  ca ta lys t ,  an  a d d i t i o n  
of Cr  to Co wi l l  i nc rea se  ca thod ic  p o l a r i z a t i o n  of 
C o - C r  a l loys  w h i l e  dec r ea s ing  i t  for  N i - C r  a l loys .  

The  effect of Cr  on the  c r i t i ca l  c u r r e n t  dens i t i e s  of 
t h e  C o - C r  a l loys  (Fig .  9) was  m u c h  m o r e  p r o -  
nounced  t h a n  in t h e  N i - C r  s y s t e m  (Fig .  5, 6) .  In  th is  
respec t ,  b e h a v i o r  of C o - C r  a l loys  is s i m i l a r  to t he  
b e h a v i o r  r e p o r t e d  for  F e - C r  a l loys  (8 ) .  The  c r i t i ca l  
c u r r e n t  dens i t i e s  for  t he  Co a l loys  c o n t a i n i n g  m o r e  
t h a n  10% Cr  w e r e  a b o u t  t he  same  or  s o m e w h a t  

l o w e r  t h a n  those  of t he  c o r r e s p o n d i n g  N i - C r  a l loys ,  
bu t  t he  low C o - C r  a l loys  and  p u r e  Co had  m u c h  
h i g h e r  c r i t i ca l  c u r r e n t  dens i t ies .  F o r  th is  reason ,  t he  
c r i t i ca l  compos i t ion  is c l e a r l y  i n d i c a t e d  as close to 
8% Cr. This  is in  r e a s o n a b l e  a g r e e m e n t  w i t h  t he  
6.2% Cr p r e d i c t e d  b y  t h e  e l ec t ron  conf igura t ion  
t h e o r y  (17) .  

Acknowledgment 
The authors are grateful for support of this re- 

search by the Office of Naval Research. 

Manuscript received Dec. 3, 1959. This paper was 
prepared for delivery before the Houston Meeting, Oct. 
9-13, 1960. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1960 
JOURNAL. 

REFERENCES 
1. W. Rohn, Z. Metallkunde*, 18, 387 (1926). 
2. N. B. Pilling and D. E. Ackerman, Trans. Am. Inst. 

Mining Met. Engrs., 83, 248 (1929). 
3. G. Grube,  Z. Metallkunde, 19, 438 (1927). 
4. E. B. Sandel l ,  "Color imetr ic  Determina t ions  of 

Traces of Metals ,"  In tersc ience Publ ishers ,  Inc., 
New York  (1944). 

5. W. Shut t  and A. Walton,  Trans. Faraday Soc., 30, 
914 (1934). 

6. U. F. Franck ,  Z. Naturforsch., 4A, 378 (1949). 
7. H. H. Uhlig and G. Woodside,  J. Phys. Chem., 57, 

280 (1953). 
8. P. F. King and H. H. Uhlig, J. Phys. Chem., 63, 

2026 (1959). 
9. W. J. Youden, "Sta t is t ica l  Methods for Chemists ,"  

John Wi ley  8: Sons, Inc., New York  (1951). 
10. F. Wever  and V. Hashimato,  Mitt. Kaiser Wilhelm 

Inst., Eisen~orsch. DiisseldorS, 11, 293 (1929). 
11. A. R. Elsea, A. B. Westerman,  and G. K. Manning,  

Trans. Am. Inst. Mining Met. Engrs., 180, 579 
(1949). 

12. G. K r J h n k e  and G. Masing, Werkstof]e und Korro- 
sion, 4, 86 (1953). 

13. H. H. Uhlig, Trans. ASM, 30, 947 (1942). 
14. H. H. Uhlig and P. F. King,  This Journal, 106, 1 

(1959). 
15. M. Stern,  ibid., 105, 638 (1958). 
16. N. Tomashov, Corrosion, 14, 229t (1958). 
17. H. H. Uhlig, Z. Elektrochem., 62, 700 (1958). 

Dissolution of Nickel in Acid Ferric and Ceric Solutions 
Phoebus M. Christopher and Cecil V. King 

Department of Chemistry, New York University, New York, New York 

ABSTRACT 

Dissolution rates of nickel cylinders rotated in acidified solutions of FeCl, 
and Ce (SO4)2 have been measured. The rates are transport-controlled, but the 
Ni surface becomes extremely rough, and first-order constants are obtained 
only if a uniform degree of roughness is maintained during runs. The values 
of the rate constants then depend on the structure of the metal, e.g., whether 
it has been annealed, mechanically worked, etc. 

The rate of dissolution of nickel in ferric alum 
solutions was measured by Van Name and his co- 
workers (i), who found it to be approximately the 
same as that of several other metals in the same re- 
agent. The authors regarded the dissolution to be 
controlled by diffusion, or by convective-diffusive 
transport, of ferric ion to the metal surface~ 

The present study shows that a polished nickel 

surface becomes very rough in acidified ferric and 
ceric solutions, more so in the former than in the 
latter. This is at least partly due to preferential dis- 
solution at grain boundaries and at flaws in the 
mechanically worked metal. It indicates that, while 
the cathodic reaction (reduction of ferric or ceric 
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ions)  p r o b a b l y  occurs equa l ly  wel l  at a n y  poin t  on 
the  surface,  the  anodic  reac t ion  ( fo rma t ion  of a que -  
ous Ni §247 is no t  u n i f o r m l y  d is t r ibu ted .  The rough  
surface  of a ro t a t ing  cy l inde r  increases  t u r b u l e n c e  
in  the  solut ion,  at  least  n e a r  the  in terface ,  which  re -  
sul ts  in  l a rger  d i sso lu t ion  ra tes  t h a n  are found  wi th  
smooth  cyl inders .  The  effect of roughness  has been  
s tud ied  by  Makr ides  and  H a c k e r m a n  in  the  d issolu-  
t ion  of steel (2) .  These au thors  decided tha t  r o u g h -  
ness m a y  increase  the  effective surface area  at h igh 
ro t a t iona l  speeds, w h e r e  the effective th ickness  of 
the  b o u n d a r y  l ayer  is small .  

Experimental 
Cyl inders  we re  cut  f rom a n icke l  anode  ba r  (99.6% 

Ni, suppl ied  by  I n t e r n a t i o n a l  Nickel  Co.) which  had  
been  rol led to an  e l l ip t ica l  cross section. They  were  
2.52 cm long  and  1.9-1.7 cm in  d i a m e t e r  w h e n  in  
use. T h e y  were  m o u n t e d  on a shaft  wi th  on ly  the  
pe r iphe ra l  surfaces exposed to the solutions.  Some 
spec imens  were  a n n e a l e d  by  hea t ing  at 850~ for 2 
hr  in  a rgon  and  cooling over  a per iod of 4-5 hr  in  the  
same gas. 

The  reac t ion  vessel  was  a square  bot t le  (which  
has the  effect of baffles in  the  so lu t ion) ,  equ ipped  
wi th  a tube  pass ing  t h rough  a hole in  one side to 
admi t  n i t rogen .  The so lu t ion  vo lume  was 400 ml  in 
all  cases. Solu t ions  were  deaera ted  since p r e l i m i -  
n a r y  r u n s  showed tha t  oxygen  is r educed  freely.  Al l  
expe r imen t s  were  car r ied  out  at 18~176 C.P. 
FeCl~ was used d i rec t ly  whi le  U.S.P. C e ( S O J :  was  
rec rys ta l l i zed  twice.  Al l  ferr ic  solut ions  were  m a d e  
up wi th  1M HC1 and  all  ceric solut ions  wi th  1M 
H:SO,. Disso lu t ion  was  fol lowed by  we igh ing  the  cy l -  
inders  af ter  2- to 10 -min  runs .  

Results and Discussion 

The first e x p e r i m e n t s  were  car r ied  out wi th  
spec imens  which  were  pol ished wi th  2/0 e me r y  
paper  in i t ia l ly ,  bu t  no t  repol ished w h e n  they  were  
r emoved  and  weighed.  At  3000 r p m  the  surface  ve ry  
qu ick ly  became rough,  and  the weigh t  loss increased  
in  successive equa l  t ime  in t e rva l s  in  the  same solu-  
t ion;  for example  in  0.05M FeCI~ ( in i t i a l ly )  the dis-  
so lu t ion  ra te  had  doub led  af ter  ha l f  the  ferr ic  ion 
had  been  reduced.  F i g u r e  1 is a plot  of log ( a - x )  
for two u n a n n e a l e d  cy l inders  r u n  in  this m a n n e r .  In  
0.02M Ce(SO,)~ the ra t e  became f i r s t -order  af ter  
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Fig. 1. Unannealed cylinders, polished in i t ia l ly  and al- 
lowed to roughen with time. A, 0.05M FeCI3 -I- I M HCI. B, 
0.02M Ce(SO~)~ + IM H~SO~. 

25 min,  whi le  in  0.05M FeCI~ a somewhat  longer  
t ime  was requi red .  Values  of k ( f rom the slopes, see 
Eq. [1] be low)  var ied  f rom 0.39 to 1.9 c m / m i n  in  
the  ferr ic  solut ion,  and  f rom 0.34 to 0.71 c m / m i n  in  
the ceric solut ion.  E x a m i n a t i o n  showed tha t  the  su r -  
face became roughe r  in  the FeCI~. 

Therea f t e r  r u n s  were  made  in  two ways:  (a) the 
cy l inder  was pol ished in i t i a l l y  and  af ter  each short  
immers ion ,  to keep  it  as smooth  as possible;  or (b)  
the specimen was  etched before  use un t i l  the re  was 
no f u r t he r  effect on the rate. In  both  cases cons is ten t  
ra te  cons tants  k were  ob ta ined  wi th  the f i r s t -order  
equa t ion :  

2.3 V a 
k -- - -  log ~ [1] 

A t  a - - x  

w h e r e  V is in  cm ~, A in  cm ~ ( the  a p p a r e n t  or p ro -  
jec ted  a rea) ,  a nd  the  o ther  symbols  have  the i r  u sua l  
meanings .  Since the meta l  cy l inde r s  dissolved at  a 
s teady  ra te  of 0.5 m g / 1 0  m i n  in  the  1M HC1 solut ion 
af ter  all  ferr ic  ion had been  reduced,  a cor respond-  
ing correct ion was  appl ied  to all  weight  losses. Dis-  
so lut ion in 1M H~SO, af ter  ceric ion was reduced  
was  negl igible .  

Tab le  I gives m e a n  va lues  of k for several  r u n s  of 
60- or 70 -min  d u r a t i o n  wi th  u n a n n e a l e d  cyl inders .  
It  is ev iden t  tha t  the  exact  va lues  of k ob ta ined  wi th  
pol ished samples  depend  on the  t ime  period chosen 
for immers ion  b e t w e e n  pol ish ings ;  the va lue  0.78 
for FeC13 is twice  tha t  found  f rom the in i t ia l  slope 
of the  log (a --  x )  plot  in  Fig.  1 This  does not,  h o w -  
ever,  apply  to the  ceric solut ion.  

In  addi t ion  to the  u n c e r t a i n t y  of r ep roduc ib i l i ty  
wi th  pol ished cyl inders ,  it became ev iden t  tha t  
d i f ferent  u n a n n e a l e d  cy l inders  reached dif ferent  
m a x i m u m  rates  af ter  e tching.  This  was p r o b a b l y  
due  to lack of u n i f o r m i t y  of s t ruc tu re  of the anode 
ba r  f rom which  t hey  were  cut. P a r t  of the roughness  
took the form of i r r egu la r  grooves a long the  l e n g t h  
of the  cyl inders ,  in  the  d i rec t ion  in  which  the  bar  
had  been  rolled,  and  the  appea rance  var ied  f rom 
one cy l inder  to another .  For  these  reasons some of 
the  cy l inders  were  annea l ed  in order  to ob ta in  more  
u n i f o r m  s t ruc ture .  On etching,  the  surface  appeared  
m u c h  roughe r  t h a n  t ha t  of u n a n n e a l e d  specimens,  
and  dissolut ion ra tes  were  h igher  in most  cases. 
Table  II  gives some va lues  of k f rom single  short  
r u n s  des igned to test  the  effect of solut ion concen-  
t ra t ion .  

The ra te  cons t an t  in  FeC1, a p p a r e n t l y  can v a r y  
f rom about  1.0 to a m a x i m u m  of 2.2 c m / m i n  u n d e r  
these condit ions,  depend ing  on the  past  h i s tory  of 
the metal ,  bu t  for a ny  one spec imen  it is r ep roduc i -  
ble  and  is i n d e p e n d e n t  of r eagen t  concent ra t ion .  In  
Ce(SO,)~ it is possible  tha t  the  degree  of roughness  
reached  depends  somewhat  on concent ra t ion .  The 
d issolu t ion  in 0.05M FeCl~ of an  annea l ed  specimen,  

Table I. Mean values of k in cm/min. Peripheral speed of 
cylinders, 17,000 cm/min. 

0.05M FeC13 0.02M Ce (SOD 2 
+ 1M HC1 + 1M H2SO~ 

Polished 0.78 0.33 
Etched 1.83 0.78 



Vol. 107, No. 6 D I S S O L U T I O N  O F  Ni  I N  F E R R I C  S O L U T I O N  

Table II. Values of k in cm/min for etched cylinders in FeCI~ 2.0 
(-kHCI) at 17,000 cm/min and Ce(SO~)~ (-I-H.404) 

at 18,000 cm/min 

FeC13 FeCla Ce (SO4) s 
Conc,  M u n a n n e a l e d  a n n e a l e d  u n a n n e a l e d  

0.02 1.08 2.16 0.82 
0.04 1.10 2.21 0.87 
0.06 1.06 2.22 1.01 
0.08 1.14 2.17 1.00 
0.10 1.06 2.11 1.05 

pol ished in i t ia l ly ,  was  s imi la r  to tha t  shown in  Fig. 
1, bu t  m a x i m u m  roughness  had  not  been  reached  
af ter  55 m i n  in the  same solut ion.  

A few runs  were  made  in 0.02M FeC13 at  o ther  
ro ta t iona l  speeds, and  va lues  of k are p lot ted  in  Fig. 
2. Whi le  the va lues  are cons is tent  among  themselves ,  
it wil l  be seen tha t  these cy l inders  had the i r  own  
character is t ic  rates.  

The fo l lowing empi r ica l  equa t ion  represen ts  d is -  
so lut ion ra tes  for smooth  cy l inders  in  a n u m b e r  of 
cases (3) : 

k = 0.010 V (DIv) ~ [2] 

where  U is pe r iphe ra l  speed, D, diffusion coefficient, 
and  ,, k i nema t i c  viscosity.  The lower  dashed l ine  
of Fig. 2 represen t s  this  equat ion ,  us ing  D ---- 7 x 10 -~ 
cm2/sec for  FeCI~ (4) and  v = 9.36 cm2/sec ( the  
va lue  for 1M HC1). The equa t ion  is of course i n -  
adequa te  in  this  case. At  17,000 c m / m i n  it gives 
k = 0.54; for a smooth copper cy l inde r  in FeC18 K i n g  
and  W e i d e n h a m m e r  (4) found  0.56 c m / m i n .  

For  r oughened  cy l inders  Makr ides  and  H a c k e r -  
m a n  (2) proposed the  equa t ion :  

k = (1.25 q- 5.76 log d/h)  -~ U (D/v)  ..... [3] 

whe re  d is the  cy l i nde r  d i ame te r  and  h is the  a v e r -  
age he ight  of sur face  i r regular i t i es .  Microscopic e x -  
a m i n a t i o n  of a n n e a l e d  Ni cyl inders ,  e tched in  FeCl~ 
to m a x i m u m  dissolu t ion  rate,  showed a fa i r ly  u n i -  
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Fig. 2. Rate constant vs peripheral speed in O.02M FeCI~ -k 
1M HCI. A, annealed cylinder. B, unannealed. Lower dashed 
line, Eq. [2].  Upper dashed line, Eq. [3].  

form groove depth  at  g r a i n  bounda r i e s  of abou t  0.05 
cm. The uppe r  dashed l ine  of Fig. 2 represen t s  Eq. 
[3] us ing  this  va lue  of h a nd  wi th  D a nd  v as before.  
I t  obv ious ly  gives a m u c h  be t t e r  p red ic t ion  of the  
m a g n i t u d e  of the e x p e r i m e n t a l  values .  The e x p o n e n t  
0.644 on the inverse  of the  P r a n d t l  n u m b e r  D/v has 
not  been  verified, and  the  func t i on  is qu i te  sens i t ive  
to this exponen t ;  e.g., w i th  a va lue  of 0.8, Eq. [3] 
gives a lmost  the  same slope as the  lower  dashed l ine  
of Fig. 2. Also, Eq. [3] predic ts  tha t  k should  v a r y  
w i th  cy l inde r  d iameter ,  bu t  this  has not  been  tested.  

Manuscript  received Dec. 31, 1959. 

Any discussion of this paper  will  appear in a Discus- 
sion Section to be published in the December 1960 
J O U R N A L .  
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Oxidation of Niobium in the Temperature Range 350~176 
D. W .  Aylmore, S. J. Gregg, and W .  B. Jepson 

Department of Chemistry, University of Exeter, Exeter, England 

ABSTRACT 

The kinetics of the oxidation of n iobium in dry oxygen at 1 atm pressure 
have been measured at temperatures  in  the range 350~176 with some addi-  
t ional measurements  at 0.1 arm. At 350~ in  tests lasting 270 hr, the oxidation 
is protective, bu t  at 400~ and above the metal  oxidizes, apart  from an ini t ial  
period, at a constant  rate with a second breakaway reaction (rate t ransi t ion) 
at 450 ~ and 500~ but  not at higher temperatures.  The anomalous tempera ture  
coefficient of the l inear  rate has been confirmed. The specific surface of the 
oxide scale has been measured and, apart  from an anomaly at 400~ is shown 
to decrease with increasing tempera ture  of oxidation and this is ascribed to 
sintering. The oxidation kinetics of a purer  batch of n iobium were also in -  
vestigated. The effect of moisture is to decrease the rate at 400 ~ and 450~ 
whereas at 600~ the rate is unchanged.  

There  have  been  a n u m b e r  of k ine t ic  s tudies  of 
the oxida t ion  of n i o b i u m  both  in  air  and  in  oxygen.  
Inouye  (1) has inves t iga ted  the  ox ida t ion  in  d ry  

and  in  mois t  a ir  at a tmospher i c  p ressure  at t e m p e r a -  
tu res  in  the r ange  400~176 and  has found  tha t  
the effect of mois tu re  was  to increase  the  l i nea r  ra te  
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at 400~ and  to decrease  it at 600~ Klopp,  Sims, 
and  Jaffee (2) have  measu red  the  ra te  of ox ida t ion  
in  bo th  d ry  oxygen  and  o r d i n a r y  air  at t e m p e r a t u r e s  
in  the  r ange  600~176 and  have  inves t iga ted  the  
p e n e t r a t i o n  of oxygen  into the  metal .  The compr e -  
hens ive  s tudy  by  Bridges  and  Fassel l  (3) has deal t  
wi th  the  ox ida t ion  in  oxygen  at p ressures  f rom 1 to 
41 a tm at t e m p e r a t u r e s  over  the  r ange  400~176 
the  l i nea r  r a t e  of ox ida t ion  was  found  to be p res -  
sure  d e p e n d e n t  and  the t e m p e r a t u r e  coefficient of 
the reac t ion  was  shown to be nega t ive  f rom 550 ~ to 
650~ G u l b r a n s e n  and  A n d r e w  have  deal t  w i th  the  
k ine t ics  at 0.1 a rm of oxygen  in  two separa te  i n -  
ves t iga t ions  (4, 5) cover ing  the  t e m p e r a t u r e  r anges  
250~176 and  375~176 respec t ive ly ;  at  t e m -  
pe ra tu re s  up  to 375~ the  me ta l  oxidized accord-  
ing to a pa rabo l i c  r a t e  l aw over  the first 2 hr,  the  
per iod  of the  studies,  bu t  at  h ighe r  t e m p e r a t u r e s  the  
react ion,  af ter  an  in i t i a l  p ro tec t ive  stage, u n d e r -  
w e n t  a b r e a k a w a y  [ G u l b r a n s e n  and  A n d r e w  (5) use 
" ra te  t r a n s i t i o n " ]  and  the  ra te  of ox ida t ion  i n -  
creased up  to the  cons tan t  value ,  tha t  of the  l i nea r  
rate .  The  l i n e a r  ra te  was found  to be a lmos t  i n -  
d e p e n d e n t  of t e m p e r a t u r e  b e t w e e n  550 ~ and  625~ 
More recent ly ,  Cathcar t ,  Campbel l ,  and  Smi th  (6) 
have  conf i rmed the  b r e a k a w a y  and  shown it to be  
associated wi th  the  d e v e l o p m e n t  of small ,  b l i s t e r -  
l ike  cracks in  the  oxide film. Goldschmid t  (7) ,  fol-  
lowing  ear l ie r  w o r k  by  B r a u e r  (8) ,  has r e - i n v e s t i -  
gated the po lymorph ic  forms of the  oxide product ,  
n i o b i u m  pentoxide ,  and  shown  tha t  there  are  in  fact 
two, and  not  three ,  such forms, viz., the ~-  or " low-  
t e m p e r a t u r e "  modif icat ion which  t r ans fo rms  spon-  
t aneous ly  to the  fl- or " h i g h - t e m p e r a t u r e "  modif ica-  
t ion  even  at room t empera tu r e .  

The p re sen t  work  const i tu tes  an  inves t iga t ion  of 
the  ox ida t ion  k ine t ics  at t e m p e r a t u r e s  in  the  r ange  
350~176 in  oxygen  at p ressures  of 1 a tm  wi th  
some add i t iona l  m e a s u r e m e n t s  at 0.1 atm. The 
anomalous  t e m p e r a t u r e  coefficient of the  reac t ion  
has been  confirmed,  and  a second b r e a k a w a y  has 
been  found  to occur both at 450 ~ and  at  500~ bu t  
not  at h igher  t e m p e r a t u r e s ;  this  absence of second 
b r e a k a w a y  is be l i eved  to be due to a s in t e r ing  of the  
oxide, which  is conf i rmed to some ex ten t  by  m e a s -  
u r e m e n t s  of the  specific surface  of the  oxide scale. 
A p p r o x i m a t e  ca lcula t ions  f rom these  m e a s u r e m e n t s  
lead to a va lue  for the average  crys ta l l i te  size which  
is in  good a g r e e m e n t  wi th  tha t  found  by  Go ld -  
schmidt  (7) us ing  x - r a y  methods .  The  resu l t s  for 
the k inet ics  in  mois t  oxygen  are  in  d i s ag reemen t  
wi th  those of I n o u y e  (1) for mois t  air;  the  course 
of the ox ida t ion  differs l i t t le  f rom tha t  in  d ry  oxy -  
gen. 

Experimental 
The m a i n  k ine t i c  s tudy  was  car r ied  out  by  g rav i -  

met r ic  d e t e r m i n a t i o n  of the  weigh t  gain  of the  s a m -  
ple on a t h e r m a l  ba l ance  in  an  oxygen  p res su re  of 
1 atm.  The  n i o b i u m  sample  was  con ta ined  in  a b a s -  
ket  of p l a t i n u m  gauze (to hold any  f r a g m e n t s  of 
oxide spa l l ing  f rom the  me ta l )  which  was  suspended  
in  the reac t ion  chambe r  by  a l e n g t h  of p l a t i n u m  
wi re  hooked to the  unde r s ide  of the  ba lance  pan ;  at  
the  s tar t  of the  r u n  the furnace ,  p r e - se t  to reac t ion  
t empe ra tu r e ,  was  ra ised into posi t ion r o u n d  the  r e -  

act ion c ha mbe r  a nd  t h e r m a l  e q u i l i b r i u m  was 
reached w i t h i n  abou t  10 min.  The a r r a n g e m e n t  was 
s imi la r  to tha t  p rev ious ly  descr ibed (9) ,  except  tha t  
the oxygen  was  add i t i ona l l y  dr ied  by  pass ing  it  over  
"Linde"  molecu la r  sieves (10).  

In  addi t ion,  severa l  r u n s  were  car r ied  out at 0.1 
a tm us ing  a quar tz  sp r ing  ba lance  of conven t iona l  
design, whi le  the  ea r ly  stages of the  ox ida t ion  at two 
t e m p e r a t u r e s  were  e x a m i n e d  us ing  a low sens i t iv i ty  
quar tz  mic roba lance  (11, 12) (precis ion:  4 ~g);  wi th  
both  these  techniques ,  oxygen  was admi t t ed  to the  
outgassed sample  at r eac t ion  t empe ra tu r e .  

The b u l k  of the w o r k  was  car r ied  ou t  w i th  m a -  
t e r i a l  ( n i o b i u m  A) ob ta ined  f rom M u r e x  Ltd. in  the 
form of 1/16 in. th ick  sheet  (analys is :  C, 0.1%; A1, 
0.03%; St, 0.02%; Fe, 0.03%; Cr < 0.01%; Mn < 
0.01%; C1 < 0.01%; P b  ~ 0.01% and  Ta 0.3 to 
0 .4%).  Samples  in  the  fo rm of a r ec t ang le  (4 x 1.5 
cm) were  cut f rom the  sheet  and  ab raded  down to 
Grade  00 e me r y  u n d e r  pe t r o l e um e ther  and  f inal ly  
degreased in  be nz e ne  vapor .  Some add i t iona l  runs  
were  also car r ied  out  w i th  a pu re r  m a t e r i a l  (n io -  
b i u m  B) in  the fo rm of 0.010 in. th ick  sheet  ( a n a l -  
ysis: C, 0.0162%; Ta, 0.143%; Fe, 0.008%; Zr, 
0.65%; Ti, 0.013%; N, 0.028%; O, 0.107%).  This 
la t te r  was  k i n d l y  dona ted  by  Dr. K. F. A n d r e w  and  
was of the  same ba tch  as tha t  used in his s tudy  (5) 
wi th  Dr. E. A. G u l b r a n s e n .  

Results 
Oxidation of Niobium A in Dry Oxygen  

At 350~ the  first t e m p e r a t u r e  s tudied,  the weight  
gain  of a sample  exposed for 265 hr  was  only  0.5 mg 
cm -2, and  as far  as could be judged,  the  ra te  of oxi -  
da t ion  decreased w i th  t ime.  

Curves  for the  increase  in  weight  ( m g / c m  ~ of geo- 
met r ic  surface)  aga ins t  t ime  were  ob ta ined  for t e m -  
pe ra tu re s  at 50 ~ i n t e rva l s  in  the r a nge  400~176 
and  the  r u n s  were  con t inued  at al l  t empera tu res ,  
except  400 ~ , un t i l  the  sample  had been  oxidized to 
complet ion.  

The course of the  ox ida t ion  at 400~ is shown in  
Fig. 1; the  ra te  increases  over the b r a n c h  OA be-  
coming cons tan t  af ter  abou t  8 hr  in  a g r e e me n t  wi th  
ear l ie r  work  (3) .  R u n s  at  this t e m p e r a t u r e  were  
con t inued  for 230 hr ,  a f te r  which  t ime  about  25% 
of the me ta l  was oxidized, and  the ra te  of oxidat ion 
was cons tan t  over  this  period.  At 450 ~ , however ,  the 
ra te  increased  on ly  for the  first 30 min ,  af ter  which  
it decreased (AB of Fig. 2), becoming  cons tan t  af ter  

IO 20 

TIME IN HOURS 

30  

Fig. 1. Oxidation of niobium in dry and in moist oxygen 
at 400~ (% dry oxygen; o, moist oxygen). 
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Fig. 2. Oxidation of niobium at 450~ in dry and in moist 
oxygen and at 500~ in dry oxygen. (e, dry oxygen; o, moist 
oxygen). 
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Fig. 3. Oxidation of niobium at 450~ and 0.1 atm oxygen 
showing the first breakaway at X. 

4 hr ;  the  ea r ly  s tages  of the  ox ida t ion  at  this  t e m -  
p e r a t u r e  w e r e  i nves t i ga t ed  in m o r e  de ta i l  on the  
m ic roba l ance  at 7.6 cm o x y g e n  pressure .  F r o m  the  
c u r v e  of Fig. 3 w h i c h  is typical ,  it is seen tha t  a f t e r  
b r e a k a w a y  at X the  r a t e  increases  to a m a x i m u m  
v a l u e  (1.4 mg cm -~ h r  -1) at A and t h e n  decreases .  
P r e s u m a b l y  if the  r u n  could h a v e  been  ca r r i ed  out  
for a longer  per iod,  the  r a t e  wou ld  u l t i m a t e l y  h a v e  
become  cons tan t  as in Fig. 2. The  w e i g h t  ga in  of 70 
~g cm -~ at wh ich  b r e a k a w a y  occu r r ed  is in a g r e e m e n t  
w i th  ea r l i e r  w o r k  (5) .  The  c u r v e  co r respond ing  to 
comple t e  ox ida t ion  of the  me ta l  is shown in Fig.  4, 
and it can be seen tha t  the  l inear  b r a n c h  BC pers is ts  
for  only about  20 hr ;  at  C the  r a t e  of ox ida t ion  in -  
creases,  so tha t  a second b r e a k a w a y  can be said to 
h a v e  occurred ,  and t h e n  decreases  un t i l  at  D a f u r -  
t he r  sect ion of the  m e t a l  unde rgoes  a second b r e a k -  
a w a y  reac t ion  and the  m e t a l  oxidizes  to comple t ion .  

A t  500~ the  m a t e r i a l  ox id ized  at  a cons tan t  r a t e  
f r o m  the  s ta r t  of t he  r u n  (Fig.  2) for  a pe r iod  of 
about  6 hr,  a f t e r  w h i c h  it began  to inc rease  (Fig.  5) ; 
t o w a r d  the  end of the  r u n  t he r e  was  a second b r e a k -  
a w a y  reac t ion  and the  me ta I  t h e n  ox id ized  to c o m -  
p le t ion  at a m u c h  h i g h e r  rate.  At  550 ~ and 600~ 
the  k ine t ics  aga in  c o n f o r m e d  to the  l i nea r  r a t e  l aw  
f r o m  the  s tar t  of the  run ;  now t h e r e  was  no second 
b r e a k a w a y  and the  l inea r  r a t e  was  m a i n t a i n e d  un t i l  
abou t  75% of the  m e t a l  had  been  consumed,  a f t e r  
wh ich  the  ra te  began  to fal l  off (Fig.  5).  This  was  
p r o b a b l y  due  to a dec rease  in t he  a rea  of m e t a l  
u n d e r g o i n g  oxidat ion .  The  b e h a v i o r  at 650~ was  
r a t h e r  s imilar ,  excep t  tha t  the  dec rease  in r a t e  oc-  
c u r r e d  a f te r  only  25% of the  m e t a l  had  been  o x i -  
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Fig. 4. Oxidation of niobium at 450~ in dry and in moist 
oxygen. (e, dry oxygen; o, moist oxygen). 
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Fig. 5. Oxidation of niobium at 500 ~ , 550 ~ , 700 ~ and 
750~ in dry oxygen. 

dized, and cannot  t h e r e f o r e  be due  to a dec rease  
of sample  area.  

At  700~ the  ox ida t ion  c u r v e  showed  no c lear  
l inea r  b r a n c h  (Fig. 5) ;  a f t e r  dec reas ing  for  the  first 
5 hr, the  ra te  inc reased  and  t h e n  s lowly  dec reased  
again.  At  t e m p e r a t u r e s  of  550~ and above,  no sec-  
ond b r e a k a w a y  was  ob ta ined  in any  of the  runs.  

At least  t h r ee  runs  w e r e  ca r r i ed  out  at  each t e m -  
pe ra tu re ,  and the  l inear  ra tes  at  400~ and at t e m -  
p e r a t u r e s  f r o m  500 ~ to 650~ w e r e  in good a g r e e -  
ment ,  o f ten  w i t h i n  2-3% of the  mean ;  at  450~ the  
spread  in va lues  of the  r a t e  was  w i d e r  ( abou t  15%) .  
The  t imes  for  wh ich  second b r e a k a w a y  occur red  
(450 ~ and 500~ agreed  w i t h i n  about  10% of the  
mean.  The  a v e r a g e  l i n e a r  ra tes  for  each  t e m p e r a -  
t u r e  are  g iven  in Tab le  I and are  p lo t t ed  in Fig.  6 

Table I. Oxidation rates of niobium in dry oxygen 

R a t e ,  R a t e ,  
T e m p ,  ~ m g  cm-eh.  -1 T e m p ,  ~ m g  em-~h.-I  

400 0.163 600 35.7 
450 1.31 650 8.72 
500 4.0 700 16.9' 
550 8.52 750 64* 

* A p p r o x i m a t e  v a l u e s  only .  
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Fig. 6. Summary graph showing the change of linear rate 
with temperature, the data are plotted in the Arrhenius form 
[triangles, this work. o, Bridges and Fassell (3); e, Gulbronsen 
and Andrew (5)]. 
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Fig. 7. Negative temperature coefficient of the reaction 
from 600 ~ to 650~ o, ascending temperatures; e, de- 
scending temperatures; A, data from Table I. 

in the  A r r h e n i u s  fo rm;  v a l u e s  f rom the  l i t e r a t u r e  
(1, 5) a r e  i n c l u d e d  for  compar i son .  

As  wi l l  be  seen, the  r a t e  a t  650~ is less  t h a n  t ha t  
a t  600~ and  in o r d e r  to conf i rm the  a p p a r e n t  n e g a -  
t i ve  t e m p e r a t u r e  coefficient of t he  r e a c t i o n  b e t w e e n  
these  two  t e m p e r a t u r e s ,  two  a d d i t i o n a l  e x p e r i m e n t s  
w e r e  c a r r i e d  out.  In  the  first,  a s a m p l e  was  ox id i zed  
for  10 min  at  635~ and  the  l i n e a r  r a t e  m e a s u r e d ,  
t h e  t e m p e r a t u r e  was  t hen  r a i s ed  in s teps  of 10 ~ up  
to 695~ and  the  l i nea r  r a t e  m e a s u r e d  at  each  t e m -  
p e r a t u r e ;  in t he  second,  t he  l i n e a r  r a t e  was  m e a s -  
u r e d  at  a n u m b e r  of t e m p e r a t u r e s  in the  r a n g e  685 ~ 
595~ the  t e m p e r a t u r e  be ing  l o w e r e d  s t epwise .  The  
resul t s ,  w h i c h  a r e  g iven  in Fig .  7, show t h a t  ove r  
the  r a n g e  600~176 the  l i n e a r  r a t e  does in  fac t  d e -  
c rease  w i t h  i nc rea s ing  t e m p e r a t u r e  of ox ida t i on .  

The  Oxide  Produc t  

The  w e i g h t  ga in  c o r r e s p o n d i n g  to c o m p l e t e  ox i -  
d a t i o n  of  t h e  m e t a l  a g r e e d  to  w i t h i n  0.01%, a f t e r  
m a k i n g  due  a l l o w a n c e  for  o x i d a t i o n  of the  i m p u r i t y  
e l emen t s ,  w i t h  t ha t  c a l c u l a t e d  for  n i o b i u m  p e n t o x i d e  
(1) .  

The  p r o d u c t  o b t a i n e d  on ox id iz ing  the  m e t a l  to 
comp le t i on  at  450~ cons i s t ed  of a m i x t u r e  con-  
t a i n ing  a p p r o x i m a t e l y  equa l  we igh t s  of sca le  and  of 

fine p o w d e r ,  the  l a t t e r  be ing  composed  of pa r t i c l e s  
wi th  d i a m e t e r s  up  to 50~, w i th  the  m a j o r i t y  in t he  
5-10~ range .  S ince  the  p r o d u c t  o b t a i n e d  on ox id iz ing  
a s a m p l e  to a w e i g h t  g a i n  c o r r e s p o n d i n g  to  a p o i n t  on 
b r a n c h  BC (Fig .  4) was  composed  on ly  of scale,  i t  
m a y  be  conc luded  t h a t  t he  p o w d e r e d  ox ide  on ly  
fo rms  a f t e r  the  second  b r e a k a w a y  (po in t  C) .  Mic ro -  
scopic e x a m i n a t i o n  of t he  m e t a l  su r f ace  a f t e r  second 
b r e a k a w a y  r e v e a l e d  t h e  p re sence  of deep  c r a t e r s  
which  in some cases  e x t e n d e d  to t he  oppos i te  face  
(Fig .  8) .  

The  p e r c e n t a g e  b y  w e i g h t  of scale  in the  p r o d u c t  
r e s u l t i n g  f rom c o m p l e t e  ox ida t i on  of the  m e t a l  i n -  
c r ea sed  w i t h  i n c r e a s i n g  t e m p e r a t u r e  of ox ida t ion ,  
and  at  550~ the  l o w e s t  t e m p e r a t u r e  at  w h i c h  sec-  
ond b r e a k a w a y  d id  not  t a k e  place ,  t he  p r o d u c t  con-  
t a i ned  90% scale.  The  ox ide  o b t a i n e d  at  each  t e m -  
p e r a t u r e  was  c a r e f u l l y  s i eved  t h r o u g h  p l a t i n u m  
gauze  (80 m e s h / l i n e a r  in.)  to s e p a r a t e  t he  p o w d e r  
f r o m  the  scale,  and  t h e  specific su r f ace  of the  l a t t e r  
was t hen  m e a s u r e d  b y  the  m e t h o d  of k r y p t o n  s o r p -  
t ion (13) ;  for  t he  400~ sample ,  w h i c h  was  on ly  
p a r t i a l l y  oxid ized ,  a f r a g m e n t  of scale  was  d e t a c h e d  
f rom the  m e t a l  for  t he  specific su r face  m e a s u r e m e n t .  
P r e v i o u s  w o r k  (13) has  shown  t h a t  r e p e a t  d e t e r -  
m i n a t i o n s  of the  specific su r face  a g r e e  w i t h i n  --+1%. 
As can  be seen f r o m  Fig.  9, the  specific su r face  S of 
the ox ide  scale  v a r i e s  ove r  a c o m p a r a t i v e l y  w i d e  
range ,  f r om 0.9 m" g-~ to 19.8 m ~ g_l for  the  ox ides  
f o r m e d  at  750 ~ and  450~ r e spec t ive ly .  

A n  a p p r o x i m a t e  e s t i m a t e  of the  size of the  i n -  
d i v i d u a l  c r y s t a l l i t e s  m a k i n g  up  the  scale  can be o b -  
t a i n e d  b y  a r b i t r a r i l y  a s s u m i n g  the  l a t t e r  to be  m a d e  
up  of e q u a l - s i z e d  cube l e t s  of e d g e - l e n g t h  1. Us ing  
the  e x p r e s s i o n  (14) 

6 l x  
Sp 

w h e r e  p is the  d e n s i t y  of the  oxide ,  the  450 ~ and  
750~ p r o d u c t s  t h e n  c o r r e s p o n d  to c r y s t a l l i t e  sizes 
of 0.061~ and  0.68~, r e spec t i ve ly .  These  va lues  a re  in 
r e a s o n a b l e  a g r e e m e n t  w i t h  those  f o u n d  b y  G o l d -  
s c h m i d t  (7)  us ing  x - r a y  analys is .  The  dec rease  of 
specific su r f ace  w i t h  i nc r ea s ing  t e m p e r a t u r e  of ox i -  
d a t i o n  f rom 450~ u p w a r d s  (Fig .  9) po in t s  to t h e  
scale  h a v i n g  s i n t e r e d  a f t e r  i t  has  been  fo rmed .  This  
is s u b s t a n t i a t e d  b y  an  e x p e r i m e n t  w h e r e  the  sca le  

Fig. 8. Characteristic appearance of the metal surface after 
second breakoway, oxidized at 450~ for 47 hr. Magnifica- 
tion 200X before reduction for publication. 
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Fig. 9. Specific surface of the oxide scale as a function 
of oxidation temperature. The times of oxidation were 247 
hr (400~ 122 hr (450~ 29 hr (,500~ 24 hr (550~ 5 hr 
(600~ 20 hr (650~ 11 hr (700~ 4.5 hr (750~ 

fo rmed  at 500~ was hea ted  for a per iod of 5 hr  
in  oxygen  at 700~ w h e n  the  specific surface  fell  
f rom 11.3 to 5.9 m 2 g_l. The  ra te  of s in t e r ing  of the 
scale wil l  depend  both  on the  t ime  and  t e m p e r a t u r e  
of hea t ing ,  and  since the  r a t e  of ox ida t ion  is not  
a s i n g l e - v a l u e d  func t ion  of t e m p e r a t u r e  (see Fig. 
6), the  fact tha t  a smooth cu rve  canno t  be  d r a w n  
th rough  the  e x p e r i m e n t a l  points  of Fig.  9 is read i ly  
unders tood.  Thus,  the  specific surface  of the  600~ 
product  is a p p a r e n t l y  too large wi th  respect  to the 
550 ~ and  650~ products ,  bu t  the  ox ida t ion  t ime  was 
on ly  5 hr  for the  first, as compared  wi th  24 and  20 
hr, respect ively ,  for the  last  two products .  

Tha t  s in t e r ing  should occur is h a r d l y  surpr i s ing ,  
for the  t e m p e r a t u r e  of ox ida t ion  expressed  as f rac-  
t ion  of the  me l t i ng  poin t  (7) of the oxide (1733~ 
ranges  f rom 0.39 to 0.59, and,  as is wel l  k n o w n  (15),  
so l id-s ta te  processes are  g rea t ly  accelera ted at t e m -  
pe ra tu re s  above a cr i t ical  va lue  Tr charac ter i s t ic  of 
the  solid bu t  ly ing  w i t h i n  the  r ange  0.39Tf to 0.53Tf, 
where  T~ is the  me l t i ng  poin t  of the solid. 

Oxidation of Niobium A in Moist Oxygen  

Samples  of n i o b i u m  were  oxidized in  mois t  oxy-  
gen s a tu ra t ed  at  25~ (1.8 wt  %) ,  at  400 ~ 450 ~ and  
600~ At  each t e m p e r a t u r e  the  course of the  oxi -  
da t ion  was  ve ry  s imi la r  to tha t  in  dry  oxygen  (Fig. 
1 and  2) a l though  at  400~ (Fig.  1) 13 hr  e lapsed 
before  the  ra te  of ox ida t ion  became  cons tant ,  whi le  
at  450~ (Fig. 4) the  second b r e a k a w a y  was  r e -  
tarded.  The  l inea r  ra tes  at 400 ~ and  450~ viz., 
0.133 and  0.97 mg cm -~ hr  -1, are  somewha t  less t h a n  
the  cor responding  va lues  for d ry  oxygen  (0.163 and  
1.31 mg em -2 h r  -1, r e spec t ive ly ) ,  whi le  a t  600~ the  
l i nea r  ra te  in  the  mois t  gas was  the same, w i t h i n  
e x p e r i m e n t a l  error,  as tha t  in the  dry.  

The p resen t  resul t s  are in  m a r k e d  d i sag reemen t  
wi th  those of Inouye  (1) for mois t  a ir  (1.39 wt  %)  
who found  tha t  the ra te  at  400~ was increased  by  a 
factor  of abou t  30 and  the  ra t e  decreased at  600~ 
by  some 40%. 

Oxidation of Niobium B in Dry Oxygen  

Samples  of the  p u r e r  mate r ia l ,  n i o b i u m  B, were  
oxidized at a n u m b e r  of selected t e m p e r a t u r e s  in  
order  to compare  both  the  shape of the ox ida t ion  
curve  and  the  l i nea r  ra te  w i th  those of n i o b i u m  A. 
The  oxida t ion  behav io r  of the  two batches  of m e t a l  

differed m a r k e d l y  in  tha t  second b r e a k a w a y  and  the  
associated f o r ma t i on  of powdery  oxide occurred  
m u c h  more  r ead i ly  wi th  n i o b i u m  B. Thus  at 600~ 
second b r e a k a w a y  occurred  wi th  n i o b i u m  B af te r  
ox ida t ion  for 1 hr  and  the oxide p roduc t  was l a rge ly  
made  up  of powder  (84%)  whereas  wi th  n i o b i u m  A 
no second b r e a k a w a y  was  detected;  the two p rod -  
ucts  also differed in  appea rance  (Fig. 10); m o r e -  
over  the  l i nea r  ra te  for B (30 mg cm ~ hr  -~) is s ig-  
n i f ican t ly  less t h a n  for n i o b i u m  A (35.7 mg cm -" 
hr-1). At  650~ second b r e a k a w a y  occurred (Fig. 
11) af ter  abou t  10 m i n u t e s '  ox ida t ion  and  the l inear  
ra te  could no t  be measured .  

At  550~ and  0.1 a tm of oxygen  the  l inear  ra te  
of ox ida t ion  of n i o b i u m  B was aga in  less t h a n  tha t  
of n i o b i u m  A (1.9 compared  w i th  2.2 m g  cm -'~ hr-1), 
and  second b r e a k a w a y  occurred (Fig. 12) af ter  
abou t  45 m i n u t e s '  oxidat ion.  A compar i son  of the 
l i nea r  ra te  for n i o b i u m  A at  550~ a nd  0.1 a tm oxy-  
gen p ressure  wi th  t h a t  for 1 a t m  oxygen  pressure  
shows tha t  the ra te  is p ressure  dependen t .  

Fig. 10. Comparison of the products obtained on oxidizing 
niobium to completion at 600~ left, niobium A; right, 
niobium B. 
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Fig. 12. Comparison of the oxidation of niobium A (o) with 
that of niobium B (e) at 550~ and 0.1 atm oxygen. Second 
breakaway has occurred at C with niobium B. 
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Fig. 11. Comparison of the oxidation of niobium A (o) with 
that of niobium B (e) at 650~ and 1 atm oxygen. Second 
breakaway has occurred at C with niobium B. 
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Discussion 
I t  wou ld  appear  tha t  at  350~ the  ox ida t ion  of 

n i o b i u m  is p ro tec t ive  a l though  e x p e r i m e n t s  of m u c h  
longer  d u r a t i o n  are needed  to set t le  this  po in t  con-  
c lus ive ly  in  v iew of the  fact  tha t  the  weigh t  ga in  of 
the  sample  af ter  270 hr  (500 ~g cm -2) is cons ide rab ly  
l a rger  t h a n  tha t  for which  b r e a k a w a y  occurs at the 
h igher  t empera tu re s .  At  400~ and  above,  the  oxi -  
da t ion  is nonpro t ec t i ve  and  the m e t a l  oxidizes un t i l  
it is al l  consumed.  G u l b r a n s e n  and  A n d r e w  (5) were  
u n a b l e  to detect  a first b r e a k a w a y  (cf. Fig. 3) at  
525~ and  above;  s imi l a r ly  in  the  p re sen t  work  a 
r u n  on the  mic roba lance  at 550~ and  7.6 cm oxy-  
gen p ressure  fai led to show a b r e a k a w a y .  This  is 
p r o b a b l y  because  the  ra te  of ox ida t ion  is so la rge  
t h a t  b r e a k a w a y  occurs before  the  first r ead ing  can 
be t a k e n  on the mic roba lance ;  thus  af ter  90 sec the  
we igh t  ga in  was 150 /zg cm -~, a va lue  wh ich  is con-  
s ide rab ly  grea te r  t h a n  the 70 ~g cm -'~ for which  
b r e a k a w a y  occurred  at 450~ 

In  a recen t  e lec t ron  microscope study,  Cathcar t ,  
Campbel l ,  and  Smi th  (6) have  shown  tha t  b r e a k -  
away,  and  therefore  the  onset  of nonpro t ec t i ve  oxi -  
dat ion,  is associated w i th  the  fo rma t ion  of b l i s t e r -  
l ike cracks in  the  oxide film. They  suggested tha t  
the  oxide layer  th i ckened  by  an ion ic  diffusion and  
tha t  the  vo lume  expans ion  r e su l t i ng  f rom the  b u i l d -  
up  of new  oxides at the  m e t a l / o x i d e  in te r face  p ro -  
duced compress ive  stresses which  u l t i m a t e l y  caused 
the  oxide to f rac ture .  P r e s u m a b l y  oxygen  gas then  
is able  to en te r  the n e w l y  fo rmed  crack and  al low 
a n e w  con t inuous  oxide l ayer  to fo rm and  to th i cken  
un t i l  the compress ive  stresses reach the f rac tu re  
s t r eng th  of the oxide, w h e n  a f u r t h e r  crack appears.  
This  process wi l l  be  occur r ing  at poin ts  all  over  the 
me ta l  surface, and  a l though  the th ickness  of u n -  
c racked oxide wi l l  n e v e r  be  un i fo rm,  it can be r e -  
ga rded  as s ta t i s t ica l ly  m a i n t a i n i n g  a cons tan t  t h i ck -  
ness and  so act ing as a ba r r i e r  film. 

The  specific surface  m e a s u r e m e n t s ,  together  wi th  
ear l ie r  m e a s u r e m e n t s  of pore v o l u m e  (14), show 
the  oxide scale to be porous  to oxygen,  so tha t  the 
ra te  of ox ida t ion  m u s t  be con t ro l led  e i ther  by  the  
ra te  of diffusion of r eac t an t  across the  ba r r i e r  film 
or else by  the  ra te  of so lu t ion  of r eac t an t  in  the 
la t ter .  Since the ox ida t ion  ra te  is p ressure  de pe nd -  
en t  the  ba r r i e r  film mode l  would  (on the  basis  of 
the  W a g n e r  theory  of parabol ic  ox ida t ion)  r equ i re  
the  ox ida t ion  to proceed e i ther  by  diffusion of oxy-  
gen ions be tween  in te r s t i t i a l  posi t ions  or by diffu-  
sion of Nb ~'+ ions b e t w e e n  vacan t  cat ion sites. Be-  
cause of the large posi t ive  charge of the  Nb 5+ ion, 
an ionic  diffusion seems the  more  l ikely.  However ,  
e i ther  poss ib i l i ty  wou ld  r equ i r e  a meta l -de f ic ien t  
oxide, whereas  n i o b i u m  pen tox ide  i tself  is in  fact 
oxygen  deficient, a l though  n i o b i u m  con t a in ing  com-  
p a r a t i v e l y  large a m o u n t s  of t a n t a l u m  ( ~ l . 4 % )  
gives an  oxide p roduc t  which  conta ins  grea te r  t h a n  
the s to ichiometr ic  con ten t  of oxygen  at  t e m p e r a -  
tu res  n e a r  to 450~ (16) ( n i o b i u m  A conta ins  0.3- 

0.4% t a n t a l u m ) .  I t  m u s t  howeve r  be r e m e m b e r e d  
tha t  the  s t ruc tu re  and  composi t ion  of the ba r r i e r  
film m a y  differ g rea t ly  f rom tha t  of the  scale; the  
fo rmer  m a y  in  fact  be the  a d h e r e n t  b lack  sub -  

s t ra te  f ound  by  Klopp, Sims,  and  Jaffee (2) and  
shown to con ta in  both NbO a nd  Nb2Os. 

It  is also i m p o r t a n t  to rea l ize  tha t  the m a r k e r  ex-  
p e r i m e n t  of Cathcar t ,  Campbel l ,  and  S m i t h  (6) does 
not  p rov ide  evidence  for an ionic  diffusion, in  tha t  
the  condi t ions  (4 hr  ox ida t ion  at 450~ were  such 
tha t  b r e a k a w a y  had occurred so tha t  the sample  was 
p r e s u m a b l y  covered wi th  a l ayer  of porous  oxide; 
and  the m a r k e r  would  be expected to r e m a i n  on the 
outer  sur face  of the scale i r respec t ive  of the type  
of diffusion th rough  the  b a r r i e r  film. In  o ther  words, 
a m a r k e r  e x p e r i m e n t  wil l  no t  d i s t ingu i sh  be tween  
the passage of oxygen  gas a nd  the  diffusion of oxy-  
gen ions. Marke r  e xpe r i me n t s  on the  oxide layer  
before  b r e a k a w a y  would  be usefu l  in  es tab l i sh ing  
the  type  of diffusion, a l though  the e x p e r i m e n t a l  
difficulties wou ld  be cons iderab le  (17,18) in  v iew 
of the  smal l  th ickness  of fi lm involved .  

Conce rn ing  the shape of the  ox ida t ion  curves,  the 
in i t i a l  increase  in  ra te  at 400~ ( b r a n c h  OA, Fig. 1) 
is cons is ten t  wi th  the model  discussed above, and  
a lmost  ce r t a in ly  corresponds  to a progress ive  ex-  
tens ion  of the area of me t a l  u n d e r g o i n g  n o n p r o -  
tect ive oxidat ion ,  the po in t  A deno t ing  the  comple-  
t ion of this  process. S imi la r ly ,  the  increase  at 450~ 
( f rom X to A of Fig. 3) p r o b a b l y  arises f rom the 
same cause bu t  the m a r k e d  decrease a long AB (Fig. 
2) indica tes  tha t  the b a r r i e r  film is inc reas ing  in 
th ickness ;  poss ib ly  the d e v e l o p m e n t  of cracks in 
the b a r r i e r  film is inf luenced by  the  th ickness  of 
scale above  it. Tha t  the r a t e  of ox ida t ion  at t e m -  
pe ra tu res  of 500~ and  above is cons tan t  f rom the 
s tar t  is c lear ly  because  the  ra te  had  become con-  
s tan t  before  the weight  gain  of the  sample  was suffi- 
c ient  to be detected on the  t h e r m a l  balance .  Cer-  
t a in ly  the  resul t s  of G u l b r a n s e n  and  A n d r e w  (5),  
and  also the  p resen t  resul t s  at 550~ a nd  0.1 atm, 
c lear ly  show tha t  the ra te  does in fact decrease  to a 
cons tan t  value .  

The fact  t ha t  the l i nea r  ra tes  of oxidat ion ,  w h e n  
plot ted  in  the  A r r h e n i u s  form, do not  fall  on a 
s t ra ight  l ine  (Fig. 6) is p r o b a b l y  the most  s t r ik ing  
fea tu re  of the  ox ida t ion  of n iob ium.  Nei the r  n io -  
b i u m  (19) nor  n i o b i u m  pen tox ide  (7) shows any  
phase changes  in  the  t e m p e r a t u r e  r ange  of the pres -  
ent  inves t iga t ion ,  so tha t  a ny  e x p l a n a t i o n  along 
these l ines  can be d iscounted .  The reason  w hy  the 
l inear  ra te  decreases f rom 600 ~ to 650~ is not  clear, 
though  this effect could come about  as the  resul t  of 
a change  in  the  type  of diffusion th rough  the  ba r r i e r  
fihn from, say, anionic  to cationic.  The t e m p e r a t u r e  
coefficient of e i ther  process wi l l  be posit ive,  bu t  
f rom 600 ~ to 650~ the type  of diffusion could be 
mixed,  the  p ropor t ion  of the  one inc reas ing  at the 
expense  of the  other  w i th  inc reas ing  t empera tu re .  
S i m u l t a n e o u s  cationic and  an ionic  diffusion has r e -  
cen t ly  been  pu t  forward,  for example ,  to i n t e rp re t  
da ta  for the  ox ida t ion  of z i r con ium (20).  

I t  is k n o w n  tha t  the ox ida t ion  of n i o b i u m  is ac- 
compan ied  by  diffusion of oxygen  into the  u n d e r l y -  
ing me ta l  and  tha t  the p e n e t r a t i o n  increases  wi th  
t ime  (2) .  Second b r e a k a w a y  could thus  come about  
a long the l ines  suggested by  Pems le r  (21) for z i r -  
con ium oxida t ion :  n a m e l y  by  d e t a c h m e n t  of the  
ba r r i e r  film f rom the me ta l  in  consequence  of the 
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c h a n g i n g  s t resses  p r o d u c e d  in i t  b y  the  e m b r i t t l e -  
m e n t  of the  m e t a l ;  some ev idence  for  th is  is p r o -  
v i d e d  b y  the  o b s e r v a t i o n  t ha t  w i t h  n i o b i u m  B the  
b l a c k  f i lm is f o u n d  a d h e r i n g  to t he  ox ide  scale  a f t e r  
b r e a k a w a y  has  t a k e n  place .  This  m o d e l  is cons i s t -  
en t  w i t h  t he  absence  of second b r e a k a w a y  a t  550~ 
and  above ;  indeed ,  the  r e a d y  s i n t e r i n g  of  the  ox ide  
scale  a t  t he se  t e m p e r a t u r e s  po in t s  to a h igh  d e g r e e  
of p l a s t i c i t y ,  w h i c h  m i g h t  be  e x p e c t e d  to be  p r e s e n t  
in t h e  b a r r i e r  f i lm i tself .  

The  r e a c t i o n  m e c h a n i s m  a f t e r  t he  second  b r e a k -  
a w a y  is not  c lear ,  b u t  t he  p o w d e r y  f o r m  of the  ox ide  
sugges t s  t ha t  i n d i v i d u a l  g r a in s  of m e t a l  h a v e  b e -  
come s epa ra t ed ,  pos s ib ly  because  of p e n e t r a t i o n  of 
o x y g e n  d o w n  the  g r a i n  bounda r i e s .  C e r t a i n l y  t he  
s a t u r a t e d  v a p o r  p r e s s u r e  of n i o b i u m  a t  450~ is so 
s m a l l  (22) ( an  e x t r a p o l a t i o n  f r o m  2000 ~ g ives  10 -'~ 
m m )  as to exc lude  c o m p l e t e l y  a n y  poss ib le  r e a c -  
t ion b e t w e e n  n i o b i u m  v a p o r  and  oxygen ,  a m e c h -  
a n i s m  w h i c h  has  been  sugges t ed  (9)  to e x p l a i n  the  
r e a c t i o n  fo l lowing  the  second  b r e a k a w a y  of m a g -  
n e s i u m  in oxygen .  

The  fac t  t ha t  the  course  of t he  o x i d a t i o n  of n i o -  
b i u m  in mois t  o x y g e n  is e s s e n t i a l l y  t he  s ame  as in 
t he  d r y  gas  ( e x c e p t  for  sma l l  changes  in t he  l i n e a r  
r a t e )  is cons i s t en t  w i t h  the  fac t  t h a t  n i o b i u m  p e n t -  
o x i d e  does  no t  f o r m  a n y  h y d r a t e s  so t h a t  on ly  a 
s m a l l  f r ac t i on  of t he  s i tes  a t  t he  o x i d e / g a s  i n t e r f ace  
is l i k e l y  to be  occup ied  b y  c h e m i c a l l y  a d s o r b e d  
w a t e r ,  and  as a consequence  the  a m o u n t  of " w a t e r "  
e n t e r i n g  the  b a r r i e r  f i lm wi l l  be  smal l .  W i t h  m a g -  
n e s i u m  (9) ,  on the  o t h e r  hand,  the  effect  of w a t e r  is 
to i n c r e a s e  t he  l i n e a r  r a t e  ove r  t h a t  in  t h e  d r y  gas  
b y  as m u c h  as t en fo ld  and  to supp re s s  second  b r e a k -  
a w a y ,  fac ts  cons i s t en t  w i t h  the  ex i s t ence  of the  h y -  
d r o x i d e  Mg(OH)~  a n d  the  c o n s e q u e n t  s t r o n g  a d -  
s o r p t i o n  of w a t e r  on m a g n e s i u m  oxide .  

A ques t ion ,  w h i c h  has  a l r e a d y  a t t r a c t e d  some in -  
t e r e s t  (7 ) ,  is w h e t h e r  o x i d a t i o n  for  a shor t  p e r i o d  
a t  a m u c h  h ighe r  t e m p e r a t u r e  w i l l  a n n e a l  out  t he  
c o m p r e s s i v e  s t resses  in the  ox ide  film, and  so p r e -  
ven t  f irst  b r e a k a w a y .  This  po in t  has  been  t e s t ed  b y  
Go ldschmid t ,  who  found  t ha t  b r e a k a w a y  s t i l l  oc-  
c u r r e d ;  p r e s u m a b l y  the  r a t e  a t  w h i c h  the  s t r e s sed  
ox ide  is f o r m e d  is g r e a t e r  t h a n  the  r a t e  a t  w h i c h  
the  s t resses  a r e  a l l ev i a t ed .  This  v i e w  is s u p p o r t e d  b y  
the  fac t  t h a t  b r e a k a w a y  occurs  a f t e r  a s m a l l e r  
w e i g h t  ga in  t h e  h i g h e r  t he  o x i d a t i o n  t e m p e r a t u r e .  I f  
t he  ox ide  f i lm w e r e  a n n e a l e d  in t he  absence  of  
t h i c k e n i n g ,  t h a t  is to say  in vacuo,  i t  is conce ivab le  

tha t  b r e a k a w a y  could  not  t a k e  place .  H o w e v e r ,  in 
an  e x p e r i m e n t  w h e r e  a s a m p l e  was  ox id i zed  at  450~ 
for  10 rain,  a n n e a l e d  in vacuo for  170 h r  a t  900~ 
and  t hen  r e - e x p o s e d  to o x y g e n  at  450~ b r e a k a w a y  
s t i l l  occur red ,  the  c u r v e  of o x i d a t i o n  be ing  the  s ame  
in shape  as t ha t  for  the  u n - a n n e a l e d  spec imen ,  w i t h  
the  l i nea r  r a t e  a c t u a l l y  g r e a t e r  b y  some 50%. 
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ABSTRACT 

Zirconium dissolving in hydrofluoric acid exhibi ted a posit ive difference 
effect of such an efficiency that  the hydrogen vo lume developed by the in ternal  
polarizat ion current  was completely  overbalanced by the effect. As with  other  
metals  the effect was independent  of the concentrat ion of the acid and was ac- 
companied by a strong shift  in potential  of the Zr electrode toward noble 
values (passivat ion).  Similar  potent ial  changes were  also recorded in pres-  
ence of salts or more noble metals  whi le  they were  displaced by the Zr. S imul -  
taneously, the rate  of dissolution of Zr dropped (near ly  to zero with  Pt  4§ addi-  
tions). In the lat ter  case the black hydr ide  film on the surface disappeared 
and the Zr turned bright  and shiny (passive Zr) .  A decrease in format ion of 
the hydr ide  film was observed in other cases of anodic polarization. The ac- 
t iv i ty  of Zr re tu rned  when  the anodic cur ren t  was cut off. As the effect of 
local currents,  due to anodic polarization is reduced to a minimum, the high 
rate  of dissolution of Zr is explained by direct  chemical  action of Zr wi th  
molecular  HF. 

Only  t h r ee  me ta l s  h a v e  been  inves t i ga t ed  in the  
au thors '  l abora to r i e s  for  the  d i f fe rence  effect e x -  
h ib i t ed  in acids: zinc, t i t an ium,  and a l u m i n u m .  The  
resu l t s  ob ta ined  wi th  a f o u r t h  meta l ,  z i rconium,  are  
s u m m a r i z e d  in the  p re sen t  ar t ic le .  

As discussed p r e v i o u s l y  (1) the  d i f ference  effect 
p rov ides  i n f o r m a t i o n  about  the  po la r i zab i l i t y  of a 
meta l ,  w i t h o u t  m a k i n g  po ten t i a l  m e a s u r e m e n t s .  I t  
r evea l s  the  t rue  pass iva t ion  ab i l i ty  of the  m e t a l  in 
a ce r ta in  so lven t  be ing  u n d e r  an  anodic  cur ren t .  

Z i r c o n i u m  in HF  exh ib i t s  a pos i t ive  effect, m e a n -  
ing tha t  the  r a t e  of d isso lu t ion  V1 of z i rconium,  as 
m e a s u r e d  by  the  r a t e  of h y d r o g e n  deve lopmen t ,  is 
decreased  to V~, whi l e  an anodic  c u r r e n t  is pass ing  
the  sur face  of the  z i r c o n i u m  e lec t rode  (Eq. [ 1 ] ) :  

a = v ~ - v 2  [13 

Thus, the  d i f fe rence  effect, 4, exp res sed  in m m  ~ cm -~ 
rain-',  h a v i n g  the  d imens ions  of a rate,  is in this 
case posi t ive.  A c t u a l l y  t he  effect  indica tes  the  de -  
c rease  in ra te  of d issolut ion of the  m e t a l  wh i l e  u n d e r  
an anodic  cur ren t .  

Procedure and Materials 
The m e a s u r e m e n t  of the  d i f fe rence  effect was  ca r -  

r ied  out as p r e v i o u s l y  desc r ibed  (2) .  H o w e v e r ,  a 
l a rge r  t h r e e - n e c k e d  boi l ing  flask of 500 cm'  capaci ty ,  
ho ld ing  300 cm ~ of acid, was  used  ins tead  of the  
sma l l e r  flask, and a s t i r r e r  r o t a t i ng  about  200 r p m  
was  added.  The  s t i r r ing  r a t e  had  l i t t le  inf luence on 
the  d i f ference  effect i tself .  A z i r c o n i u m  e l ec t rode  (3) 
of 1 cm "~ a rea  exposed  to the  acid, was  a lways  p laced  
5 m m  f r o m  a p la t in ized  p l a t i n u m  e lec t rode  (3) .  The  
r eac to r  flask was  i m m e r s e d  in a t h e r m o  r e g u l a t e d  
w a t e r  ba th  of 25 ~ _+0.1~ The  h y d r o g e n  evo lved  
was  col lec ted  in a gas bure t t e .  
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The  r a t e  of d issolu t ion  V, in m m  "~ cm -~ rain- '  of the  
z i r c o n i u m  e lec t rode  was  d e t e r m i n e d ;  t hen  the  c i r -  
cui t  f r o m  this  e l ec t rode  to tha t  of p l a t i n u m  was  
closed ( t h r o u g h  a m i l l i a m m e t e r  and  a res i s tance) ,  
the  c u r r e n t  I f lowing t h r o u g h  the  cel l  was r eg i s -  
tered,  and the  ra te  V.~ was  d e t e r m i n e d  f r o m  the to ta l  
r a t e  V,: V~ = V , -  6.97I, w h e r e  6.97 is the  v o l u m e  
of H,_. in m m  ~ p roduced  by  1 m a / m i n .  Subs t i t u t i ng  in 
Eq. [ 1 ] the  va lues  for  V~, A can be ca lcu la ted :  

= Y l -  ( Y , -  6.97I) [2] 

H i g h - p u r i t y  z i r c o n i u m '  was  used  for  the  anodes.  
It  con ta ined  O..,-0.11, N~-0.05, Fe-0.04,  and Hf-0 .01% 
by weigh t .  Af t e r  ro l l ing  the  m e t a l  the  stress was  
r e l i e v e d  by  annea l ing  in v a c u u m  for  30 min  at 
700~ F r o m  this sheet ,  a p p r o x i m a t e l y  1.6 m m  thick,  
squa re  anodes  of 1 and 3.8 cm ~ a rea  w e r e  cut. R e -  
agen t  g rade  H F  (48%)  was  used for  the  p r epa ra t i on  
of so lu t ions  of seven  normal i t i e s .  A l l  opera t ions  w i t h  
the  acid w e r e  p e r f o r m e d  in po lye thy l ene ,  p o l y -  
st irole,  or w a x  l ined glass vessels.  

The Difference Effect 
U n l i k e  t i t a n i u m  the  r eac t ion  of z i r c o n i u m  wi th  HF  

(neg lec t ing  f luoride complexes )  p roceeds  accord ing  
t o E q .  [3] (4 ) :  

Zr  + 4HF--> ZrF4 -6 2H~ [3] 

This  r eac t ion  was r e c h e c k e d  seve ra l  t imes  for  Zr/H~ 
ra t io  and  was  found  to be qu i te  a ccu ra t e  (5, 6). One 
g r a m  Zr  deve lops  491.43 cm" of h y d r o g e n  at s t and -  
a rd  condit ions,  or  1 m m  ~ of the  gas cor responds  to 
0.002035 m g  Zr. 

A l t h o u g h  the  ra tes  of se l f -d i s so lu t ion  of Zr in H F  
are  w e l l  r ep roduc ib l e  (w i th in  a f e w  p e r  cent)  (5),  

1 O b t a i n e d  f r o m  U. S. B u r e a u  of Mines ,  A l b a n y ,  Oregon .  
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Table I. Positive difference effect on Zr in 0.3N HF at 25~ 
surface area 3.8 cm 2. H2 volumes reduced to STP 

T~t, I, 6.971, Vt, A. K, 
T i m e ,  m i n  m r n 3 / c m 2  m i n  m a / c m ~  m m a / c m  2 m i n  m m S / c m ~  r a i n  m r a a / c m Z  m i n  m m a / m a  r a i n  

0 - -  ~ . . . .  

5 410 0 . . . .  
10 419 0 . . . .  
15 - -  16.8\* 3 7 5 \  
20 - -  17.3J 118.8 366 ~ 158.3 9.28 
25 401 O . . . .  
30 397 O . . . .  
35 - -  5.30\ 392~ 
40 - -  5.30f 36.9 397 j  43.9 8.28 
45 388 0 . . . .  
50 375 0 . . . .  
55 375 0 . . . .  
60 370 0 . . . .  
65 - -  7.90\ 366-~ 
70 - -  7.90/ 55.1 361J 72.6 9.19 
75 392 0 . . . .  
80 370 0 . . . .  
85 366 0 . . . .  
90 - -  17.6\* 343\ 
95 - -  17.9f 124 335J 146.5 8.23 

lOO 357 0 . . . .  
105 366 0 . . . .  

Average  8.75 __+ 0.53t 

* M a x i r a u m  c u r r e n t  ( n o  e x t e r n a l  r e s i s t a n c e ) .  
t L a r g e s t  d e v i a t i o n .  

this  is not  at al l  essent ia l  in d e t e r m i n i n g  the  d i f fe r -  
ence  effect. The  i n d e p e n d e n c e  of the  effect f r o m  the  
ra te  fo l lows f r o m  the  fact  tha t  the  same v a l u e  for  
the  effect is ob ta ined  in va r ious  concen t r a t ions  of 
the  acid, in w h i c h  the  ra tes  of se l f -d i s so lu t ion  v a r y  
vas t ly .  H o w e v e r ,  to ob ta in  c o n f o r m a b l e  resul ts ,  a 
cons tan t  ra te  of d issolu t ion  is of impor t ance .  T h e r e -  
fore,  the  m e a s u r e m e n t s  of the  effect w e r e  s t a r t ed  
on ly  then  when,  a f t e r  the  i r r e g u l a r  in i t i a l  per iod,  
the  ra te  of se l f -d i s so lu t ion  b e c a m e  f a i r l y  constant ,  
r each ing  the  m a x i m u m .  F u r t h e r m o r e ,  r a t e  d e t e r -  
m ina t ions  w e r e  m a d e  be fo re  and a f t e r  app l i ca t ion  
of the  anodic  cu r r en t ;  the  ad j acen t  ra tes  w e r e  t a k e n  
as an a v e r a g e  for  the  se l f -d i sso lu t ion .  To show the  
m a g n i t u d e  of the  f igures i n v o l v e d  and the  p r o c e d u r e  
of ca lcula t ions ,  da ta  ob ta ined  in 0.3N .I-IF are  s u m -  
m a r i z e d  in Tab l e  I. The  cons tan t  K,  w h i c h  shows the  
r e p r o d u c i b i l i t y  of  /~-measurements ,  was  ca lcu la ted  
f r o m  (8) 

A = K I  [4] 

by subs t i tu t ing  K I  for  the  A in Eq. [2] :  

V 1 -  V~ 
K ----- 6.97 -t- [5] 

I 

As shown in Tab le  I all  m e a s u r e m e n t s  r e su l t ed  in 
a pos i t ive  A-effect,  but  un l ike  p r ev ious  s tudies  V1 
was  a lways  l a r g e r  t h a n  Vt (Eq. [5 ] )  r e su l t i ng  in K 
va lues  app rec i ab ly  l a r g e r  t han  6.97 m m ~ / m a  min,  
the d i f ferences  e x c e e d i n g  the  l im i t  of e r ro r  of the  
de t e rmina t ions .  To e l imina t e  the  poss ib i l i ty  of a 
sys t ema t i c  er ror ,  add i t iona l  runs  in the  same ap -  
pa ra tus  w e r e  m a d e  us ing  a Ti  e l ec t rode  ins tead  of 
Zr. H o w e v e r ,  the  a v e r a g e  v a l u e  of K, w h i c h  was  
sma l l e r  t han  6.97 (V~ was  l a r g e r  t han  V1) ag reed  
w i t h i n  2% w i t h  tha t  p r ev ious ly  ob ta ined  (2).  This  
was an ind ica t ion  tha t  no sys t ema t i c  e r ro r s  w e r e  in -  
v o l v e d  in the  de te rmina t ions ,  and m e a s u r e m e n t s  

w e r e  con t inued  w i t h  Zr  in 6 o ther  concen t ra t ions  of 
HF. As a resul t ,  the  A-effect ,  ca lcu la ted  f r o m  Eq. [2] 
and p lo t t ed  aga ins t  the  anodic  c u r r e n t  densi ty ,  gave  
a s t r a igh t  l ine  (Fig.  1), the  inc l ina t ion  of w h i c h  
was  i n d e p e n d e n t  of the  concen t r a t ion  of the  acid 
exac t ly  as obse rved  for  Ti (2),  A1 [ in  acid (1) and 
in base ( 7 ) ]  and Zn (8) .  The  v a r i a t i o n  of the  e lec -  
t rode  a rea  (3.8 cm ~ anodes  w e r e  used  for  runs  in 0.2 
and 0.3N H F )  had  no a p p a r e n t  effect on the  resul t .  
F igu re  1 also shows tha t  the  A-effect  is p ropo r t i ona l  

.= 

E 

I: 

_z 

5 I0 20 30 40  50 
- - ~  CURRENT DENSITY IN nla/c/112 / -  

60 

Fig. 1. Dif ference ef fect  on Zr  vs. current density in 7 
d i f ferent  concentrations of  HF at 25~ Effects on Zn, AI, and 
Ti are given far  comparison. The dashed line shows the rate 
of  H= ( ~  6.971) evolut ion at the cathode by the current. 
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to c u r r e n t  dens i ty  (Eq. [4 ] ) .  The  K - v a l u e s  ca lcu-  
la ted  were  as follows. In  0.15N HF:  8.09, 13.8, 3.56, 
and  9.17; in  0.2N HF:  7.72 and  8.07; in  0 .3N--see  
Tab l e  I;  in  0.5N: 8.68 and  6.17; in  0.6N: 8.68, 21.0, 
7.73, and  8.65; in  0.75N: 9.21, 9.50, and  8.73; in  
0.9N: 9.93, 22.9, and  8.74 m m  ~ m a  -1 m i n  -1. Despi te  
the  r e l a t ive ly  la rge  f luc tuat ions  in  the K-va l ue s ,  
which  m a y  be a t t r i b u t e d  to sudden  changes  in  the  
ra tes  of se l f -d i sso lu t ion  whi le  the  Zr electrode was  
u n d e r  the  anodic  cu r ren t ,  the re  are on ly  two con-  
s tan ts  less t h a n  6.97. The m e a n  f rom all  m e a s u r e -  
m e n t s  is 9.8; d i s r ega rd ing  the less p robab le  va lues  
(3.56, 13.8, 21.0, and  22.9), K = 8.6 wi th  an  a ve r -  
age dev ia t ion  of -----0.7 is obta ined .  If the difference 
f rom 6.97 had  resu l ted  f rom er rors  of e x p e r i m e n t a l  
n a t u r e  one wou ld  expect  a r a n d o m  d i s t r i bu t ion  of 
K va lues  be low 6.97. 

The  average  va lue  of K ---- 8.6 _ 0.7 m m  ~ m.a -1 m i n  -~ 
for Zr  dissolving in  HF  means  tha t  the ra te  of self-  
d issolu t ion  of Zr  is r educed  by  8.6 m m  ~ by each 
m i l l i a m p e r e  m i n u t e  f lowing  anodica l ly  t h ro ugh  1 
cm ~ of the electrode.  As 1 ma  ra in  produces  (on the  
ca thode)  only  6.97 m m  ~ Ha, t hen  the  cu r r en t  (deve l -  
oped by  the Zr  e lect rode i tse l f ) ,  no t  on ly  ann ih i l a t e s  
this  volume,  bu t  even  decreases the  ra te  of self-  
d issolu t ion  by  an  add i t iona l  1.6 m m t  This is a be -  
havior  not  an t i c ipa ted  p rev ious ly  (1).  Never the less  
the  jus t  m e n t i o n e d  23% difference is real ;  it resu l t s  
f rom a large  n u m b e r  of measu remen t s ,  which  in  the  
average  were  r ep roduc ib le  w i t h i n  i 0 % ,  as could be 
shown  by  para l l e l  e x p e r i m e n t s  in  0.15N HF. Thus,  
an anodic  c u r r e n t  s t rong ly  pass iva tes  the Zr  e lec-  
trode,  and  any  m e a n s  (see be low)  which cause c u r -  
r en t s  should pass iva te  such an  electrode.  

Potent ia ls  and Rates 

Poten t ia l  o~ z i r c o n i u m  in pure  H F . - - B e f o r e  m a k -  
ing a s tudy  of the inf luence  of an  anodic  c u r r e n t  on 
the po ten t ia l  of a Zr  electrode,  the  behav io r  of the  
electrode in pu re  HF  was explored  by m e a s u r i n g  
the emf of the cell 

Zr[HF,  salt  b r idge  (sat. KC1 sol.),  1N KC1, Hg2CI~IHg 

and  reduc ing  the  m e a s u r e d  po ten t i a l  of the Zr  elec-  
t rode  to the h y d r o g e n  scale by  add ing  +0.242 v. The  
HF  solut ion was a lways  s t i r red  (300 r p m ) .  

The  genera l  t r e n d  is tha t  the dissolut ion po ten t i a l  
(e') of the Zr  e lect rode is ve ry  nega t ive  ( a r o u n d  
--0.90 v in  0.5N HF)  r igh t  af ter  the  immers ion ,  bu t  
qu ick ly  becomes more  posi t ive  wi th  t ime, approach-  
ing a s teady po ten t i a l  in abou t  1 hr  or more.  It  b e -  
comes more  nega t ive  w i th  inc reas ing  concen t r a t i on  
of the acid (5) .  The  po t en t i a l - ac id  concen t r a t i on  
curve  is ve ry  s imi la r  to tha t  ob ta ined  wi th  Ti or 
A1 in  HF (1) .  However ,  the  po ten t i a l  is sens i t ive  to 
any  change  occur r ing  on the  sur face  of the electrode,  
l ike film fo rma t ion  or b r eakdown .  Thus,  the  sepa-  
ra te  m e a s u r e m e n t s  m a d e  in  the same concen t r a t i on  
of acid at  d i f ferent  t imes  do not  agree too well .  
Never theless ,  the  effect of addi t ions  of ions of more  
nob le  salts to the  acid upon  the  d issolu t ion  po ten t i a l  
of Zr  is so p r o n o u n c e d  tha t  the re  is no doub t  abou t  
the  rea l i ty  of such m e a s u r e m e n t s .  

Potent ia ls  in  presence  of mo~e noble  m e t a l  s a l t s . -  
Sal t  addi t ions  of PtCL, AgNO~, and  AuCI~ to the  
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Fig. 2. Effect of salt additions on the potential of Zr dis- 
solving in 0.1N HF, hydrogen scale. 

0.1N HF (300 cm ~) were  made  to give 0.001M solu-  
t ions for each salt. As shown  in  Fig. 2 the  po ten t ia l  
of the  Zr  e lectrode shifts cons ide rab ly  toward  more  
nob le  va lues  i m m e d i a t e l y  af ter  the  add i t ion  of the  
salts, as w i th  A1 (9). This  shift  was  cons iderab ly  
h igher  in  the  case of P t  and  Ag (Fig. 2; A, C). Direct  
obse rva t ions  of the Zr e lect rode showed tha t  af ter  the  
add i t ion  of nob le  me ta l  sal ts  the in i t i a l ly  b lack  su r -  
face (Zr  hydr ide  film) (10) t u r n e d  shiny,  the ra te  
of d isso lu t ion  (H~-evolut ion)  dropped,  a nd  the b lack  
(whi te  in  the case of AgNO~) loose deposi t  of the  
displaced me t a l  s ta r ted  to appear  on the  z i r con ium 
surface.  The po ten t ia l  of the  me ta l  r e m a i n e d  noble  
as long as the re  were  nob le  me ta l  ions (P t  '§ Au  ~+, 
Ag +) in  the  solution.  However ,  the  loose deposit  did 
no t  adhere  wel l  to the sh iny  z i r con ium surface and  
g r a d u a l l y  broke  off. W h e n  there  was  no longer  any  
r e p l a c e m e n t  of the deposi t  f rom the solut ion,  the  
po ten t i a l  of the  Zr  s t a r t ed  to drop (Fig. 2, D) and  
the  ra te  of d issolut ion increased  again.  Thus, the  
behav io r  of Zr  is jus t  opposi te  to tha t  of other  act ive 
meta l s  (Zn,  Cd, Fe, A1 in  HC1): as long as there  is 
a deposit  on its surface, the  me ta l  is pass ive;  its ac-  
t iv i ty  ( in  HF)  r e t u r n s  w h e n  the deposi t  is gone. 
A l u m i n u m  in HF behaves  somewhat  s imi l a r ly  as its 
ra te  of d issolu t ion  is r e t a rded  by  Ag +, P t  '§ and  other  
ions, bu t  is increased  by  A u  ~+ and  Ni 2+ ions (9). 

Dissolut ion  rates  in  p resence  of  noble  m e t a l  salts. 
- - T h e  change  in  ra te  of d issolu t ion  was fol lowed 
f rom p res su re  m e a s u r e m e n t s  of the  evolved hydro -  
gen. A typ ica l  curve  is shown in  Fig. 3. Af te r  s t a r t -  
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Fig. 3. Effect of PtCh addition (0 .00]M) on the rote of 
dissolution of Zr in 0 .5N HF. 
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ing the  run ,  t he  r a t e  of d i s so lu t ion  first  increases ,  
( sho r t  i n d u c t i o n  p e r i o d ) ,  t hen  s l owly  decreases .  
Upon  the  a d d i t i o n  of the  P tCL  so lu t ion  t h e  r a t e  i n -  
c reased  a b o u t  6% in the  first  1O rain  a n d  t h e n  d e -  
c r eased  in 50 ra in  b y  96% re su l t i ng  in  an  a lmos t  
comple t e  p a s s i v a t i o n  of t he  Zr.  H o w e v e r ,  t he  P t  d e -  
pos i t  a d h e r e d  loosely ,  and  as be fo re  d u r i n g  the  p o -  
t en t i a l  m e a s u r e m e n t s ,  b e g a n  to d rop  off. S i m u l -  
t a n e o u s l y  t he  r a t e  of d i s so lu t ion  i nc r ea sed  sha rp ly .  
In  the  case  of AgNO~ and  AuCI~ addi t ions ,  the  r a t e  
d r o p p e d  b y  18 and  38% r e s p e c t i v e l y  a n d  was  s t i l l  
d e c r ea s ing  a t  t he  t e r m i n a t i o n  of the  e x p e r i m e n t s .  

In  a l l  t h r e e  cases  t he  z i r c o n i u m  su r face  u n d e r  t h e  
loose depos i t  was  b r igh t ,  sh iny ,  and  h e a v i l y  p i t t ed ,  
u n l i k e  t h a t  o b s e r v e d  d u r i n g  the  d i s so lu t ion  in  p u r e  
acid. 

The  depos i t s  in a l l  t h r e e  cases  w e r e  iden t i f i ed  b y  
x - r a y s  as the  p u r e  r e s p e c t i v e  meta l s .  Thus,  t h e r e  
was  a def in i te  p a r a l l e l i s m  b e t w e e n  p o t e n t i a l  and  r a t e  
m e a s u r e m e n t s .  

Anodic  Polar izat ion of Z i rconium 

The anodic polarization of zirconium was investi- 
gated by Hackerman and Cecil (12), by van Ryssel- 
berghe and associates (13, 14) and others (15). The 
experiments were made in sodium chloride, car- 
bonate, borate, and other aqueous solutions. In view 
of the peculiar behavior of zirconium in I-IF, it 
seemed worthwhile to make anodic potential meas- 
urements of the metal in this acid. 

To avoid contamination of the Zr-Pt cell by other 
than hydrogen gases, no external emf was used at 
first, but only the current produced by the Zr itself 
(3). Its potential was measured, as usual, using a 
capillary touching the dissolving Zr surface. The re- 
sults obtained are shown in Fig. 4. The strong in- 
fluence of the anodic current on the dissolution po- 
tential of Zr is evident. The increase in potential is 
stronger the more dilute the acid. This effect is much 
more pronounced than in the case of A1 (i) and 
already resembles a true anodic passivation. Thus, 
the internal anodic current (produced by the Zr 
electrode itself, and used in the A-effect measure- 
ments) as well as the external strongly shifts the 
p o t e n t i a l  of  t h e  e l e c t r o d e  t o w a r d  n o b l e r  va lue s ;  s i -  
m u l t a n e o u s l y  t h e  r a t e  of  s e l f - d i s s o l u t i o n  of t he  Z r  
drops.  This  is in a g r e e m e n t  w i t h  the  p a s s i v a t i o n  of 
Zr  o b s e r v e d  in  t he  p r e s e n c e  of ions of m o r e  nob le  
salts .  H o w e v e r ,  no sh iny  su r f ace  was  o b s e r v e d  in 
absence  of these  sal ts .  
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Fig. 4. Potential-current density curves of Zr  dissolving 
anodical ly in HF (hydrogen scale). Each point  is an  a v e r a g e  

of at least two measurements. Solid points are obtained from 
measurements using on external  current. 

Discussion 

I t  fo l lows  f r o m  these  e x p e r i m e n t s  t h a t  the  d i s -  
so lu t ion  of Zr  in H F  is s t r o n g l y  in f luenced  b y  the  
ac t ion  of loca l  cu r ren t s .  H o w e v e r ,  th is  effect is o p -  
pos i t e  to t h a t  of o t h e r  c o m m o n  me ta l s ,  w h e r e  t he  r a t e  
of d i s so lu t ion  is g r e a t l y  i n c r e a s e d  b y  the  p r e s e n c e  
of impur i t i e s .  W h e n  nob le  m e t a l s  a re  d e p o s i t e d  on 
Zr,  t h e y  cause  a s l igh t  i nc rea se  in  the  r a t e  of d i s -  
so lu t ion  (see  Fig.  3) fo l l owed  b y  a r a p i d  d e c r e a s e  to 
n e a r l y  to ta l  pa s s iva t i on .  The  e x p l a n a t i o n  is t h a t  t he  
c u r r e n t  p r o d u c e d  b y  the  d e p o s i t e d  nob le  m e t a l  a f t e r  
an  in i t i a l  i n c r e a s e  in d i s so lu t ion  sh i f t s  t h e  anod ic  
p o t e n t i a l  so f a r  to n o b l e  v a l u e s  ( see  Fig .  2, A,B,C)  
t h a t  t h e  loca l  c a t h o d e s  on Z r  b e c o m e  inac t ive ,  i.e., 
t h e i r  emf  be c ome s  too s m a l l  to w o r k  e f fec t ive ly  (1) ,  
and  the  d i s so lu t ion  ceases.  

The  pos i t i ve  d i f fe rence  effect, t he  d i r ec t  p o t e n t i a l  
m e a s u r e m e n t s  u n d e r  anod ic  po l a r i za t i on ,  and  the  
d i s so lu t ion  r a t e s  w i t h  nob le  m e t a l  sa l t  add i t i ons  
t e s t i f y  to t he  s t rong  p a s s i v a t i n g  ac t ion  of t he  anod ic  
cu r ren t .  The  d i f fe rence  effect is so s t rong  t ha t  t he  
w o r k  of t he  p o l a r i z i n g  c u r r e n t  is no t  on ly  c o m p l e t e l y  
ne u t r a l i z e d ,  b u t  even  o v e r b a l a n c e d  so t h a t  t he  ac -  
t ion  of  t he  i n t e r n a l  p o l a r i z a t i o n  c u r r e n t  becomes  
m o r e  t h a n  100% effec t ive  ( K  is 8.6 m m  ~ m a  -1 m i n  -1 
i n s t e a d  of 6 .97-  t h e  h y d r o g e n  v a l u e  of t he  c u r r e n t ) .  
C o n v e r s e l y  t he  f a l l i n g  off of n o b l e  m e t a l  p a r t i c l e s  
f r o m  the  Zr  su r f ace  causes  t he  p o t e n t i a l  to become  
m o r e  n e g a t i v e  a n d  causes  an  i nc rea se  in  r a t e  of d i s -  
so lu t ion  (Fig .  2, D ) .  The  r ea sons  for  p a s s i v a t i o n  b y  
Lhe anod ic  c u r r e n t  a r e  no t  y e t  known .  H o w e v e r ,  i t  
was  o b s e r v e d  t h a t  t he  i n i t i a l l y  d a r k  su r f ace  ( h y -  
d r i d e  f i lm) of  t h e  ac t ive  m e t a l  t u r n e d  sh iny  u p o n  
p a s s i v a t i o n  (e.g.,  w h e n  n o b l e  m e t a l  p a r t i c l e s  w e r e  
d e p o s i t e d  on  Z r ) .  Thus ,  t he  anod ic  c u r r e n t  p r e v e n t s  
h y d r i d e  f i lm f o r m a t i o n  b y  r e d u c i n g  the  f o r m a t i o n  
of h y d r o g e n  at  t h e  anode  and  a p p a r e n t l y  p r o m o t e s  
t he  f o r m a t i o n  of  a new fi lm of u n k n o w n  c o m p o s i -  
t ion  ( o x i d e ? ) .  The  effect  o b s e r v e d  b y  S t e r n  on Ti  
(16) m a y  be  e x p l a i n e d  s im i l a r l y .  F o r m a t i o n  of such 
p a s s i v a t i n g  l a y e r s  w o u l d  r e d u c e  the  r a t e  of d i f fu-  
s ion of m o l e c u l a r  H F  to t h e  ac t ive  su r f ace  and  
w o u l d  accoun t  for  a h i g h e r  a c t i v a t i o n  ene rgy ,  as 
o b s e r v e d  b y  V a n d e r  W a l l  a n d  W h i t e n e r  (17) ,  w h i l e  
d i s so lv ing  Z r  in HIF-HNO~ m i x t u r e s ,  r a t h e r  t h a n  in 
p u r e  H F  a lone  (11) .  

I f  n o w  an  anod ic  c u r r e n t  p a s s i v a t e s  t he  su r f a ce  of 
d i s so lv ing  Z r  ( a n d  Ti )  (2) ,  t he  fas t  d i s so lu t ion  r a t e  
of Zr  in H F  ( w i t h  t he  anod ic  c u r r e n t  off) can  be  
e x p l a i n e d  b y  a c h e m i c a l  r e a c t i o n  of Zr  m e t a l  w i t h  
HF,  ou t s ide  t he  ac t ion  of loca l  cu r ren t s ,  b y  col l i s ion  
of H F  molecu le s  w i t h  Zr  a toms  on the  su r f ace  of t he  
me ta l .  A n  anod ic  c u r r e n t  w h i c h  m a k e s  t he  p o t e n t i a l  
of t he  m e t a l  m u c h  m o r e  n o b l e  t hen  acts  as m e n -  
t i oned  above .  O u r  o w n  r a t e  m e a s u r e m e n t s  (11) as  
w e l l  as  those  of S m i t h  a n d  Hi l l  (18)  and  of V a n d e r  
W a l l  a n d  W h i t e n e r  (17) a lso  sugges t  in  t he  m a i n  a 
c h e m i c a l  ac t ion  of HF.  Some  a t t e m p t s  h a v e  b e e n  
m a d e  to e x p l a i n  t he  m e c h a n i s m  and  r a t e s  of such  
ac t ion  b y  the  v e l o c i t y  of d i s so lu t ion  of co r ros ion  
p r o d u c t s  f o r m e d  on the  su r f ace  of t he  m e t a l  in  t he  
acid;  e.g., an  a t t e m p t  was  m a d e  to show t h a t  t h e  
d i s so lu t ion  of F e  in HC1 is c on t ro l l e d  b y  the  r a t e  
of h y d r o l y s i s  of FeCI~ f o r m e d  on the  su r f ace  of t he  
me ta l ,  o r  t h e  r a t e  of A1 d i s so lu t ion  b y  the  ve loc i t y  
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of d issolu t ion  of AI(OH)~ in  the acid (19).  However ,  
our  e x p e r i m e n t a l  and  theore t ica l  a t t empt s  to ex-  
p la in  s imi l a r ly  the process of d isso lu t ion  of Zr  in  H F  
wi th  ZrO~ as an  i n t e r m e d i a t e  p roduc t  failed. 
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Oxidation of Zirconium and Zirconium Alloys 
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Chemical Engineering Division, Argonne National Laboratory, Lemont, Illinois 

ABSTRACT 

The rate of oxidation of zirconium followed a cubic rate  law in  the tem-  
pera ture  range 400~176 at oxygen pressures of 50, 200, and 800 ram. At 200 
mm the activation energy was calculated to be 42.7 ___ 0.7 kcal/mole.  

The oxidation of zirconium binary  alloys containing 1, 2, and 4 atom % of 
a luminum,  beryl l ium, carbon, chromium, cobalt, copper, hafnium, iron, lead, 
molybdenum,  nickel, niobium, pla t inum,  silicon, tantalum, tin, t i tanium, tung-  
sten, uranium,  and vanad ium was studied at 700~ and 200 mm oxygen. For 
those additives which are soluble in zirconium the ini t ial  oxidation rates are 
explained by a valency effect; the breakaway phenomenon is explained in 
terms of a 15% deviation of the ionic radius from that of zirconium. X- ray  and 
electron diffraction studies indicate that  for some alloys the breakaway coin- 
cides with a polymorphic t ransformat ion in the zirconium dioxide film. 

The reac t ion  of z i r con ium wi th  oxygen  at h igh 
t e m p e r a t u r e s  has been  s tud ied  by  severa l  i nves t i -  
gators (1-8) .  A compar i son  of the  resul t s  shows 
discrepancies  conce rn ing  which  ra te  law, cubic or 
parabol ic ,  best  descr ibes  the  ox ida t ion  kinet ics .  For  
example ,  G u l b r a n s e n  and  A n d r e w  (1) s tudied  the 
reac t ion  on foil spec imens  b e t w e e n  200 ~ and  425~ 
and  repor ted  tha t  the  parabol ic  r a t e  law fit the i r  
data. But  Belle  and  Mal le t t  (2) showed by  rep lo t -  
t ing  the same data  in  a different  fashion  tha t  the  
cubic  ra te  law was obeyed,  i m p l y i n g  tha t  the i n t e r -  
p r e t a t i on  of da ta  can be somewha t  a r b i t r a r y  in  some 
cases. 

In  ano the r  s tudy  (3) G u l b r a n s e n  and  A n d r e w  
found  tha t  b e t w e e n  400 ~ and  600~ the  me thod  of 
surface  p r e p a r a t i o n  inf luenced  the  reac t ion  kinet ics .  
Mechan ica l ly  pol ished foils obeyed the cubic ra te  
law and  reac ted  fas ter  t h a n  chemica l ly  pol ished foils 
which  obeyed the  parabol ic  ra te  law. A la te r  s tudy 

by  Charles,  Ba r na r t t ,  and  G u l b r a n s e n  (8) on the 
pro longed  (up  to 500 h r )  ox ida t ion  of z i r con ium 
foils at 350 ~ a nd  450~ conf i rmed the cubic ra te  law 
for mechan ica l ly  pol ished specimens.  

There  is some reason to suspect  tha t  the size and  
shape of samples  m a y  inf luence  the reac t ion  kinet ics .  
Bel le  and  Mal le t t  (2) s tudied  the  oxida t ion  reac t ion  
on rod spec imens  b e t w e e n  575 ~ and  950 ~ and  found  
tha t  the cubic ra te  law fit the  data.  On foil spec imens  
in  a p p r o x i m a t e l y  the same t e m p e r a t u r e  range ,  Cu-  
bicciot t i  (4) ,  Fasse l l  (5),  and  Gar ibo t t i ,  Green ,  and  
B a l d w i n  (6) observed  the  parabol ic  ra te  law. 

There  is even  some ev idence  tha t  the pa r t i cu l a r  
r a t e  law which  is fol lowed depends  on the t e m p e r a -  
t u r e  range.  I n  a recen t  s tudy  by  Kofs tad  (7) ,  z i r -  
con ium was oxidized u n d e r  condi t ions  of l i n e a r l y  i n -  
c reas ing  t empe ra tu r e .  It  was  shown  tha t  b e t w e e n  

650 ~ and  950~ the cubic r a t e  l aw was obeyed and  
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b e t w e e n  950 ~ and  l l 0 0 ~  the  parabol ic  ra te  l aw 
fit the  data.  

Some inves t iga tors  (1, 4, 5) have  s tudied  the effect 
of pressure.  The concensus  was  t ha t  p ressure  has 
l i t t l e  or no effect on the  reac t ion  of z i r con ium wi th  
oxygen.  

The repor ted  w o r k  on the  reac t ion  of z i r con ium 
al loys w i th  oxygen  has been  confined p rev ious ly  to 
z i r c o n i u m - t i n  al loys for which  i m p o r t a n t  uses have  
been  found  in  the field of nuc l ea r  reac tor  e n g i n e e r -  
ing. Mal le t t  and  A lb rech t  (9) have  s tudied  the  oxi-  
da t ion  of 1.5 and  2.5 weigh t  % t in  al loys at h igh 
t empera tu res .  G u l b r a n s e n  and  A n d r e w  (10) s tudied  
the  reac t ion  of Z i rca loy-2  and  -3a  w i th  oxygen.  In  
bo th  inves t iga t ions  t in  was  found  to increase  the  
r a t e  of oxidat ion.  

Ni t rogen  also reacts  wi th  z i rconium,  bu t  at a 
m u c h  s lower  ra te  t h a n  has been  found  for the reac -  
t ion  w i th  oxygen.  Severa l  s tudies  (1, 6, 11-13) have  
been  made,  and  most  inves t iga tors  agree tha t  the  
parabol ic  r a t e  law is obeyed.  The  p roduc t  of the  
reac t ion  at  a l l  t e m p e r a t u r e s  has b e e n  ident if ied as 
go lden -ye l l ow  z i r con ium ni t r ide .  The re  is some ev i -  
dence  (1) tha t  the presence  of smal l  t races  of oxy -  
gen  in  the  n i t r ogen  no t i ceab ly  accelerates  the  ra te  of 
the  react ion.  

Some work  has also been  done on the reac t ion  of 
z i r con ium (11, 14, 15) and  z i r con ium alloys (14, 16- 
18) wi th  air. In  genera l ,  the reac t ion  ra te  is h igher  
in  air  t h a n  in  e i ther  n i t r o g e n  or oxygen  alone. Both  
z i r con ium dioxide  and  z i r con ium n i t r i de  have  been  
ident if ied as products  of the air  react ion.  The da ta  
on al loy oxida t ion  ind ica te  tha t  in  mos t  cases add i -  
t ives  to the  me ta l  do no t  improve  the  res i s tance  of 
z i r con ium to ox ida t ion  in  air. 

The  purpose  of this  s tudy  was  to inves t iga te  the  
f u n d a m e n t a l  processes invo lved  in  the  ox ida t ion  
mechan i sm.  The  e x p e r i m e n t a l  approach  was as fol-  
lows. First ,  the  inf luence  of such va r i ab le s  as surface 
p r epa ra t i on  and  sample  fo rm was de te rmined .  Next,  
t e m p e r a t u r e  and  p ressure  dependence  s tudies  cover -  
ing the  t e m p e r a t u r e  r ange  400~176 at  th ree  p re s -  
sures, 50, 200, and  800 ram, were  made.  However ,  
the  ma jo r  effort was  devoted  to s t udy ing  the  k i -  
net ics  of the  reac t ion  of n u m e r o u s  z i r con ium alloys 
w i th  oxygen  at  700~ S imul t aneous ly ,  an  i nves t iga -  
t ion  was  made  of the  s t ruc tu re  of the oxide films 
produced.  

Experimental 
Method.--The reac t ion  of z i r con ium and  zirco- 

n i u m  alloys w i th  oxygen  was  m e a s u r e d  by  a vo l u -  
met r i c  method.  Essent ia l ly ,  the  a p p a r a t u s  consis ted 
of a reac t ion  c h a m b e r  which  was  connected  th rough  
stopcocks to a p ressure  regula tor ,  a gas bure t ,  and  a 
v a c u u m  system. Wi th  the  except ion  of the reac t ion  
tube,  which  was  m a d e  of quar tz ,  the  appa ra tu s  was  
made  en t i r e ly  of Pyrex .  The sys tem was evacua ted  
by  a two-s t age  glass m e r c u r y - d i f f u s i o n  p u m p  backed  
by  a mechan ica l  pump.  

The reac t ion  tube,  which  was  suppor ted  in  a 
ve r t i ca l ly  m o u n t e d  res i s tance  furnace ,  consisted of 
two par ts  which  were  jo ined  by  a means  of a greased 
ba l l  jo in t  (be low the  fu rnace  and  cooled by  a je t  of 
a i r ) .  Sealed to the  lower  section was  an  evacua ted  
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i n n e r  t ube  which  ex t ended  wel l  into the  f u rnace  
hot  zone a nd  filled most  of the  cross-sec t ional  area  of 
the reactor ,  thus  m i n i m i z i n g  the  vo lume  of gas ex -  
posed to the  t e m p e r a t u r e  g r ad i en t  at  the  lower  end  
of the furnace .  The  me ta l  sample  res ted  on top of a 
long the rmocoup le  wel l  wh ich  passed t h r o u g h  the  
cen te r  of the  i n n e r  t ube  of the  reactor .  

The  reactor  was jo ined  by  a greased, g r o u n d  glass 
jo in t  to a 2 - m m  cap i l l a ry  l ine  l ead ing  to the  p res -  
sure  r egu la to r  and  the  gas bure t .  The  wa te r  j acke ted  
gas b u r e t  was connec ted  w i th  a f lexible t ube  to a 
s imi la r  b u r e t  which  served as a m e r c u r y  reservoir .  
As the sample  consumed  oxygen,  the p ressure  in  the  
reac tor  decreased sl ight ly,  caus ing  m e r c u r y  in  the  
p ressure  r egu la to r  to m a k e  contact  w i th  a s e a l ed - in  
t u n g s t e n  wire.  A zero c u r r e n t  r e lay  closed the power  
c i rcui t  to a motor ized  rod r u n n e r  which  ra ised the  
m e r c u r y  reservoir .  Me r c u r y  flowed into the  gas 
buret ,  increased  the p ressure  in  the system, and  the  
e lectr ical  contact  in  the  p ressure  r egu la to r  was 
opened.  

Coupled  wi th  the  rod r u n n e r  was  a prec is ion  
he l ica l ly  w o u n d  po t en t iome te r  (Hel ipot )  which  
t r ans l a t ed  the posi t ion of the  rese rvo i r  in to  an  elec-  
t r ica l  potent ia l .  Changes  of this  potent ia l ,  recorded 
on a s tr ip char t  po t en t i ome te r - r eco rde r ,  were  p ro -  
por t iona l  to the  m o v e m e n t  of the rese rvo i r  and,  thus,  
were  p ropor t iona l  to the  v o l u m e  of oxygen  con-  
sumed  by  the sample.  By app l ica t ion  of the  gas laws 
and  the  measu red  sample  area  the c onsumpt ion  
could be expressed in  mic rog rams  of oxygen  per  
square  cen t ime te r  of surface.  Af te r  ca l ibra t ion ,  sen-  
s i t ivi t ies  f rom 0.05 to 12 t~g/cm 2 were  de te rmined ,  
depend ing  on oxygen  p ressure  and  the  choice of 
bu r e t  d iameter .  

A h i n g e d - t y p e  H e v i - d u t y  combus t ion  t ube  f u r -  
nace  was  used for r u n s  at  700~ a nd  be low whi l e  a 
p l a t i n u m - w o u n d  Marsha l l  f u r n a c e  was  used for 
r u n s  above  700~ The  fu rnace  t e m p e r a t u r e  was  
cont ro l led  to --+3~ by  a p ropor t iona l  cont ro l le r  
opera ted  by  the  ou tpu t  f rom a the rmocoup le  located 
at sample  level  outside, b u t  n e a r  the reactor .  

Before the  s tar t  of the  r u n  the  spec imen  and  re -  
act ion t ube  were  evacua ted  at  room t e m p e r a t u r e  
for 16 hr  at  p ressures  of less t h a n  10 -~ m m  to m i n i -  
mize the  reac t ion  of z i r con ium wi th  gases p re sen t  
in the  v a c u u m  sys tem d u r i n g  the  h e a t - u p  period.  
Af te r  es tab l i sh ing  t h e r m a l  e q u i l i b r i u m  at  the  de-  
sired t empe ra tu r e ,  the  r u n  was  s ta r ted  by  closing off 
the h igh v a c u u m  l ine  a nd  a d m i t t i n g  oxygen  to the  
react ion chamber .  

Unless  o therwise  specifically indicated,  al l  r u n s  
were made on specimens which were machined 
parallelepipeds, 1 x 11/2 x 2 cm. Freshly polished 
specimens were used for each run. 

X-ray diffraction investigations of the oxide films 
were carried out by means of a Norelco X-ray dif- 
fraction powder camera (114.59 mm diameter). For 
e lec t ron  dif f ract ion inves t iga t ions ,  an  RCA elec-  
t ron  diffract ion u n i t  Model  EMU-2  was used. 

Materials.--Table I shows the  p r inc ipa l  impur i t i e s  
in  the  a r c - m e l t e d  G r a d e  I c rys ta l  ba r  z i r con ium 
used in  the  ox ida t ion  s tudies  on pu re  z i rconium.  

To s tudy  the effect of impur i t i e s  on the  ox ida t ion  
proper t ies  of z i r con ium a series of b i n a r y  al loys wi th  
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Table I. Analysis of zirconium. Chemical analyses for C, H, N, O; 
all other elements determined by spectrograph analyses 

E l e m e n t  

Z i r c o n i u m  used  in  
o x i d a t i o n  s tud ies ,  

a m o u n t ,  p p m  

Table II. Effect of surface preparation on the reaction 
of zirconium with oxygen 

(Oxygen pressure, 200 mm) 

Ag <1 
A1 10 
B <0.1 
C 79 
Cr 1 
Cu 5 
Fe 800 
H 
Hf ~ 1000 
Mg ~1 
Mn 1 
N 23 
Ni 100 
O 185 
Pb 4 
Si 50 

Z i r c o n i u m  used  S lope  of  Cubic  r a t e  
as base  m e t a l  Temp ,  Su r f ace  l og - log  cons tan t ,  k, 

fo r  a l loys ,  ~ p r e p a r a t i o n  plot ,  1/n ( ~ g / c m  2) a / ra in  
a m o u n t ,  p p m  

1 400 Mechanical pol i sh- -  0.29___0.00 (11+__5.2) X 102 
<10 600 grit" 

0.5 400 Chemicalpol ish  b 0.36+0.01 (5.9___2.0) Xl0 '~ 

19 500 Mechan ica lpo l i sh - -  0.31___0.01 (3.5___0.1) X10' 
5 600 grit 

100 500 Chemicalpol ish  0.33___0.01 (2.1___0.3) Xl0 ~ 
80 

0.6 600 Mechan ica lpo l i sh - -  0.33___0.01 (1.2• Xl0 ~ 
<500 600 grit 

15 600 Chemicalpol ish  0.37• (1.1___0.3) X 10 ~ 

<1 700 Mechan ica lpo l i sh - -  0.34• (1.6___0.2) • 11 600 grit 
<50 700 Mechan ica lpo l i sh - -  0.36___0.01 (1.5• X107 77 

15 0"5~ 
700 Attack polish ~ 0.36___0.02 (1.3• X 10 ~ 50 700 Chemicalpol ish  0.35___0.01 (1.5___0.2) • 107 

addi t ives  at  th ree  n o m i n a l  concen t r a t i on  levels,  1, 2, 
and  4 a tom %, was  obta ined.  1 The ac tua l  ana lyzed  
al loy composi t ions  are g iven  in  Table  IV. A r c - m e l t e d  
Grade  I c rys ta l  ba r  z i r con ium hav ing  the  ana lys i s  
also g iven  in  Tab le  I was  used in  the p r e p a r a t i o n  of 
these alloys. 

The oxygen  used in  these expe r imen t s  was t a ke n  
d i rec t ly  f rom the  t a n k  w i thou t  f u r t he r  purif icat ion.  
Mass spec t rographic  and  dew po in t  ana lyses  showed 
the fo l lowing  typ ica l  impur i t i e s  ( in  v o l u m e  per  
c e n t ) :  a rgon  0.1; ca rbon  dioxide  0.06; n i t r o g e n  0.2; 
and  wa te r  0.005. 

Effect of surface preparat ion.--To d e t e r m i n e  
w h e t h e r  mass ive  pa ra l l e l ep iped  samples  would  show 
an effect s imi la r  to tha t  r epor ted  by  G u l b r a n s e n  and  
A n d r e w  (3) on foils a s tudy  was  made  in  the  r ange  
400~176 Tab le  II p resen t s  a s u m m a r y  of the  
data.  At  least  two runs  were  pe r fo rmed  for each 
me thod  of pol i sh ing  at every  t e m p e r a t u r e  and  a ve r -  
age resul ts  are listed. 

Mechan ica l ly  pol ished spec imens  reacted some-  
wha t  faster  at 400 ~ and  500~ t h a n  chemica l ly  po l -  
ished specimens,  bu t  at 600 ~ and  700~ there  was  
no s ignif icant  difference in  reac t ion  rates.  This  is 
essen t ia l ly  the same conclus ion reached by  G u l b r a n -  
sen and  Andrew .  

The cubic ra te  law best expressed the  data  f rom 
all  methods  of pol ishing,  a l though  in the  r ange  400 ~ 
600~ the log- log slopes ob ta ined  f rom chemica l ly  
pol ished samples  were  s l igh t ly  h igher  t h a n  those 
ob ta ined  f rom mechan i ca l l y  pol ished samples.  At  
700~ the log- log slopes were  insens i t ive  to s a m -  
ple p r e t r ea tmen t .  Thus,  the  ra te  law obeyed by  
para l l e lep iped  samples  was i n d e p e n d e n t  of surface  
p repara t ion .  

The r ep roduc ib i l i t y  was good for all  me thods  of 
pol ishing.  Therefore ,  since the  600-gr i t  mechan i ca l  
pol ish was  found  to be the  qu ickes t  and  s implest ,  i t  
was  used in all  of the p u r e  z i r con ium and  al loy 
studies.  

Effect of sample shape . - - In  going f rom mass ive  
me ta l  to foil the  surface area  per  u n i t  we igh t  is i n -  

Z i r c o n i u m  b i n a r y  a l loys  we re  p r e p a r e d  by  O r e g o n  M e t a l l u r g i c a l  
C o r po ra t i on ,  A l b a n y ,  Oregon.  

a S p e c i m e n s  g r o u n d  d o w n  w i t h  success ive ly  f iner  g rades  of s i l i con  
ca rb ide  p a p e r  to 600-gr i t  paper .  W a t e r  used  as l u b r i c a n t .  

b C o m p o s i t i o n  of c h e m i c a l  p o l i s h  so lu t ion :  45 p a r t s  H20, 45 pa r t s  
HNOs (conc) ,  and  10 p a r t s  H F  (48%). 

c E x t e n s i o n  of the  600-gr i t  p o l i s h  w i t h  L i n d e  A a b r a s i v e  on  Mi ra -  
c lo th  lap.  

d M e c h a n i c a l  p o l i s h  t h r o u g h  0.5~ in  w h i c h  1 m l  t-IF (48%) and  0.5 
m l  HNO3 (conc) are  a d d e d  to 98.5 m l  of L i n d e  A abras ive .  

creased. At  the same t ime  severa l  o ther  factors 
which  m a y  poss ib ly  inf luence the  ra t e  are  affected. 
Meta l lu rg ica l  condi t ion  of the metal ,  i.e., g ra in  size, 
c rys ta l  o r ien ta t ion ,  s t ra ins ,  etc., a re  changed.  Also, 
cer ta in  impur i t i e s  m a y  be in t roduced  du r ing  the  
ro l l ing  operat ions.  I t  wou ld  be necessa ry  to separa te  
and  s tudy  each of these var iab les  to inves t iga te  
t h o r o u g h l y  the  effect of foil samples  on reac t ion  rate.  
Such a s tudy  was b e y o n d  the scope of this i n -  
vest igat ion.  However ,  two runs  were  made  on 0.25- 
m m  (10-mi l )  foils which  had been  cold rol led f rom 
sponge z i rconium.  The  foil samples  were  polished 
t h r ough  600 gri t  and  r u n  at 700~ and  200 m m  oxy-  
gen pressure .  The slopes of the log- log plots were  
0.35 in both  cases, in  good a g r e e m e n t  wi th  the  
pa ra l l e l ep iped  samples.  The cubic ra te  constants  
were  found  to be 2.3 x 107 and 2.8 x 107 (~g/cm~)~/ 
min,  somewha t  l a rger  t h a n  va lues  ob ta ined  f rom 
para l l e l ep iped  samples.  The  more  rap id  react ion on 
foil spec imens  m a y  be exp la ined  in  pa r t  by  a h igher  
heat  of reac t ion  caused by  the increased  surface 
area to mass ratio. E x a m i n a t i o n  of the  product  im-  
me d i a t e l y  af ter  one of the  foil r uns  r evea led  an ad-  
h e r e n t  b lack  oxide fi lm s imi la r  to those formed on 
the pa ra l l e l ep iped  samples.  

Effect of t emperature . - -Oxidat ion  ra tes  were  
m e a s u r e d  at va r ious  t e m p e r a t u r e s  in  the r ange  
400~176 at an oxygen  pressure  of 200 mm. Plots  
of the log of the weigh t  ga in  vs. the  log of t ime for 
typical  r u n s  at these t e m p e r a t u r e s  are g iven  in Fig. 
1. The s t ra igh t  l ines  ind ica te  a g r e e m e n t  wi th  the 
genera l  r a t e  express ion  W" ~ kt. The va lues  of n can 
read i ly  be ob ta ined  since the slope of the  l ine  on this  
type  of plot  is 1/n. 

F r o m  the  va lues  of 1/n l isted in  Tab le  III  it is 
seen tha t  the  reac t ion  ra te  is best  expressed  by  the  
cubic ra te  law, W ~ : kt. The va lue  of 1/n  increased 
s l ight ly  f rom 400 ~ to 800~ and  t h e n  dropped a 
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Fig. 1. Effect of  ternperoture on the reoction of zirconium 
with oxygen, 

bit  at  900~ There  is no a p p a r e n t  reason  for the 
increas ing  t r e n d  in  the  va lue  of l /n;  however ,  the  
drop f rom 800 ~ to 900~ m a y  be a t t r i b u t e d  to the  
t r a n s f o r m a t i o n  f rom ~ to fl z i r con ium which  occurs 
at 862~ The cubic  ra te  l aw cons tan ts  l is ted in  
Tab le  III  were  ob ta ined  f rom plots of W vs. t 1/~. 

A plot  was  made  of the log of the  cubic ra te  con-  
s tan ts  vs. 1/T for the t e m p e r a t u r e  r ange  400~176 
The equa t ion  of the  best  s t ra ight  l ine  t h rough  the  
poin ts  was d e t e r m i n e d  by  the  me thod  of least  
squares  and  the  ac t iva t ion  ene rgy  was  ca lcula ted  to 
be 42, 700 ----- 700 ca l /mo le  by  the  A r r h e n i u s - t y p e  
equat ion ,  k = Ae -E/~. The cor responding  ra te  con-  
s t an t  for the  reac t ion  in  (~g/cm~)3/min was 

k = (5.94 x 10 TM) e ...... /~  

In  compar ison,  Belle  and  Mal le t  (2) ob ta ined  an  
ac t iva t ion  ene rgy  of 47.2 k c a l / m o l e  and  Charles,  
Ba rna r t t ,  and  G u l b r a n s e n  (8) ca lcu la ted  a va lue  of 
38 kca l /mole .  

The  l eng th  of the  runs ,  as ind ica ted  in  Tab le  III,  
var ied  f rom a m i n i m u m  of 400 m i n  to severa l  

Table III. Cubic rate constants for the reaction 
of zirconium with oxygen 

(Oxygen pressure, 200 mm) 

Slope of  Cubic  r a t e  
T e m p ,  L e n g t h  of  log- log  cons tan t ,  k, 

~ run ,  r a in  plot ,  1/n ( ~ g / c m  s) ~ /min  

400 3235 0.29 1.6 x 108 
400 4275 0.29 5.6 x 102 

500 4238 0.30 3.5 X 104 
500 2860 0.32 3.6 x 10' 

600 1660 0.33 1.6 X l0 s 
600 4250 0.34 8.9 x 10 ~ 

700 1415 0.29 1.5 X 107 
700 1400 0.31 1.8 x 107 
700 1400 0.33 1.5 X 107 
700 1400 0.33 2.0 X 107 
700 1323 0.35 1.7 X 107 
700 400 0.36 1.6 X l0 T 
700 1345 0.36 1.3 >< 107 
700 1408 0.36 1.4 • 107 

800 5645 0.36 1.3 X 108 
800 400 0.37 1.3 X 168 
800 413 0.38 1.3 X 108 
800 415 0.39 1.3 X 108 

900 400 0.32 5.3 • 108 
900 418 0.34 5.3 X 108 
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t housand  m i n u t e s  in  some cases; however ,  the r u n  
l eng th  had  no effect on e i ther  the  log- log slopes or 
the cubic ra te  constants .  No b r e a k a w a y  p h e n o m e n a  
were  observed  in  a ny  of the  runs ,  even  at  the  h igher  
t empera tu res .  One  r u n  at 800~ was  car r ied  out  for 
longer  t h a n  5600 m i n  w i t hou t  g iv ing  a n y  s ign of a 
b r eakaway .  

The reac t ion  produced  a sh iny  b l u e - b l a c k  oxide at  
al l  t empera tu res .  A few whi te  specks were  observed  

�9 on the  surface  of the  oxide at  900~ 
Because  of the  high so lub i l i ty  of oxygen  in  z i r -  

con ium (29 a tom % ), the  reac t ion  is somewha t  com-  
pl icated.  A sample  which  had  been  r u n  at  900~ 
was m o u n t e d  in  Bakel i te ,  polished,  and  t h e n  a 
pho tomic rograph  was  taken .  The th ickness  of z i r -  
con ium dioxide, as measu red  f rom the pho tomic ro -  
graph,  was  found  to be 22 ~; the th ickness  ca lcula ted  
f rom the  a m o u n t  of oxygen  consumed  was  41 ~, 
based on the  a s sumpt ions  tha t  (a)  the  ra t io  of the  
rea l  to m e a s u r e d  sur face  a rea  was  one a nd  (b)  the  
on ly  p roduc t  fo rmed  was  z i r con ium dioxide  h a v i n g  
a dens i ty  of 5.73 g/cc.  Ev iden t ly ,  an  apprec iab le  
solut ion of z i r con ium dioxide  in  z i r con ium takes  
place at  900~ 

Effect of pressure.--The effect of va r i a t i on  in  
p ressure  on the reac t ion  ra te  k inet ics  was  de t e r -  
mined .  Runs  w e r e  m a d e  at  oxygen  pressures  of 50, 
200, and  800 m m  in the  t e m p e r a t u r e  r ange  f rom 
400 ~ to 900~ The data  showed tha t  the  ox ida t ion  
ra te  was  r e l a t i ve ly  insens i t ive  to pressure .  The  va lues  
of the  log- log slopes ind ica ted  the  cubic r a t e  l aw at  
all  pressures .  The cubic ra te  cons tan ts  agreed  v e r y  
wel l  at the  di f ferent  pressures ,  and  no a p p a r e n t  
t r e nd  could be seen at a n y  t empe ra tu r e .  These r e -  
sults  confirm the work  of other  inves t iga tors  who 
found no p ressure  effect. 

Efject o] additives to zirconium.--The s tudy  of the  
effect of smal l  a moun t s  of impur i t i e s  on the  ox ida-  
t ion  k ine t ics  of z i r con ium was car r ied  out  us ing  a 
series of b i n a r y  z i r con ium alloys. These were  al loys 
of z i r con ium wi th  a l u m i n u m ,  be ry l l i um,  carbon,  
ch romium,  cobalt ,  copper,  ha fn ium,  iron, lead, m o -  
l y b d e n u m ,  nickel ,  n iob ium,  p l a t i n u m ,  silicon, t a n t a -  
lum,  t in,  t i t an ium,  tungs ten ,  u r a n i u m ,  and  v a n a d i u m .  
Each b i n a r y  sys tem inc]uded  three  n o m i n a l  com-  
positions,  1, 2, a nd  4 a tom %, except  tha t  the  4 a tom 
% t u n g s t e n  al loy was  imposs ib le  to fabr icate .  

The e x p e r i m e n t a l  condi t ions  used were  700~ and  
200 m m  of oxygen.  The  choice of a p a r t i c u l a r  t e m -  
p e r a t u r e  and  p ressure  was  somewha t  a rb i t r a ry ,  b u t  
was  d ic ta ted  by  ce r t a in  i m p o r t a n t  cons idera t ions .  I t  
was  des i rab le  to work  at  some high t e m p e r a t u r e  in  
the a lpha  z i r c o n i u m  region,  so tha t  the ox ida t ion  
would  t ake  place at a c o n v e n i e n t l y  m e a s u r a b l e  ra te  
at r easonab le  pressures .  This  l imi ted  the  t e m p e r a -  
t u r e  r a nge  f rom a p p r o x i m a t e l y  600~ to the  a lpha  
to be ta  t r a n s f o r m a t i o n  t e m p e r a t u r e ,  862~ Cer t a in  
metals ,  e.g., cobalt ,  copper,  ch romium,  iron,  m o l y b -  
denum,  nickel ,  n iob ium,  p l a t i n u m ,  t a n t a l u m ,  t i t a -  
n ium,  tungs ten ,  u r a n i u m ,  and  v a n a d i u m ,  could be 
expected  to lower  the  t r a n s f o r m a t i o n  t e m p e r a t u r e  
(19).  Therefore ,  it  was decided to w o r k  at 700~ 
which  was  far  enough  be low 862 to be sure  tha t  
beta  z i r con ium was not  p r e se n t  in  a ny  of the  alloys. 
A n o t h e r  factor  in  favor  of choosing 700~ as the  



510 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  June 1960 

Table IV. Oxidation of zirconium alloys 
(700~ and 200 mm oxygen) 

A l l o y  S lope  of  
c o m p o s i t i o n ,  l og - log  

aton~ % p lo t  a 1/n 

B r e a k -  B r e a k -  B r e a k -  
a w a y  a w a y  a w a y  r a t e ,  L e n g t h  To ta l  

B a t e  t i m e ,  w e i g h t ,  g g / ( e m ~ )  of  r u n ,  w e i g h t  ga in ,  
c o n s t a n t  b rain g g / c m  ~ ( ra in)  rain /~g/cm2 Co lo r  a n d  c h a r a c t e r  of oxide f i lm 

Pure  Zr 0.33 

1.42 A1 0.36 
2.15 A1 0.33 
3.62 A1 0.29 

0.90 Be 0.29 
2.09 Be 0.34 
4.23 Be 0.30 

0.65 C 0.36 

1.6 No breakaway  1400 

14.0 25 1467 58.9 280 
12.0 24 1401 49.3 280 
8.0 7 948 84.2 198 

1.2 No breakaway  1400 
1.3 No breakaway  1400 
1.1 No b reakaway  1400 

2.5 No b reakaway  1400 

1.64C 0.41 p 2.7 
3.72 C 0.46 p 4.8 

0.86 Co 0.34 
2.49 Co 0.34 
3.72 Co 0.33 

0.77 Cr 0.33 
1.63 Cr 0.34 
3.61 Cr 0.33 

1.08 Cu 0.34 
1.84 Cu 0.33 
3.60 Cu 0.33 

1.09 Fe 0.34 
1.98 Fe 0.35 
3.95 Fe 0.33 

1.03 Hf 0.34 

2.22 Hf 0.34 

4.08 Hf 0.35 

1.03 Mo 0.36 

2.34 Mo 0.35 

3.65 Mo 0.36 

14100 
13683 
16232 

48 1225 15.3 600 7400 
23 1076 25.4 600 17500 

1.6 No breakaway  1285 
1.7 No breakaway  1400 
2.2 No b reakaway  1400 

1.7 No breakaway  1400 
1.9 No b reakaway  1400 
1.7 No b reakaway  1400 

1.1 No b reakaway  1400 
0.90 No breakaway  1400 
0.78 No b reakaway  1400 

3.0 No breakaway  1300 
2.7 No breakaway  1400 
2.4 No b reakaway  1400 

1.4 No breakaway  1400 

1.4 No breakaway  1400 

1.4 No breakaway  1400 

2.5 No breakaway  1400 

7.0 40 1368 13.1 850 10300 

7.5 64 1248 11.9 850 10200 

2845 Blue-gray ;  adherent  

Ivory  wi th  raised edges; adherent  
Ivory  wi th  raised edges; adherent  
Black; adherent  

2513 Blue (gold tinge) ; adherent  
2542 Black (blue t inge) ;  adherent  
2400 Black with  whi te  raised edges; ad- 

he ren t  

3256 S i lver -go ld  with  whi te  edges and 
spots; adherent  

Gold wi th  rough surface;  flakes off 
Gray  c inder- l ike  oxide;  some flakes 

off 

2725 Gray-b lack;  adherent  
2884 Gray;  adherent  
3118 Gray  (gold tinge) ; adherent  

2850 Black; adherent  
2987 Blue-gray ;  adherent  
2923 Black; adherent  

2458 Black; adherent  
2347 Black;  adherent  
2385 Black;  adherent  

3400 Gold-gray;  adherent  
3335 Blue-gray ;  adherent  
3200 Gray;  adherent  

2673 Black with raised edges; adherent  

2648 Gray-b lack  with raised edges; ad- 
heren t  

2529 Black with  raised edges; adherent  

3492 Black with  raised edges and white  
spots; adherent  

S i lve r -g ray  with raised edges; ad-  
heren t  

S i lve r -g ray  with  raised edges; ad- 
herent  

0.91 Ni 0.35 
2.48 Ni 0.34 
4.22 Ni 0.32 

0.60 Nb 0.36 
1.82 Nb 0.46 
3.82 Nb 0.35 

1.5 No b reakaway  1400 
1.1 No breakaway  1400 
1.0 No b reakaway  1400 

2715 Black; adherent  
2484 Black;  adherent  
2436 Gray  (gold t inge) ;  adherent  

5.9 365 2680 5.0 875 5717 
6.2 500 5625 7.7 875 8500 
6.7 49 1550 16.3 680 10519 

Black with  raised edges; adherent  
Si lver  with raised edges; adherent  
S i lver -b lack  with raised edges; ad- 

he ren t  

0.58 Pb 0.28 
1.62 Pb 0.30 
4.00 Pb 0.28 

1.1 273 1465 9.7 890 5938 
1.6 34 835 15.9 580 9123 
0.85 7 460 9.7 895 11165 

Black with raised edges; adherent  
Black with raised edges; adherent  
S i lve r -g ray  with raised edges; ad- 

heren t  

1.08 Pt  0.34 
2.04 Pt  0.32 
4.22 Pt  0.31 

0.80 Si 0.40 

1.94 Si 0.43 
3.60 Si 0.39 

0.96 Sn 0.28 
1.68 Sn 0.32 
3.60 Sn 0.31 

P 

1.5 No breakaway  1400 
0.91 630 1815 2.9 1400 
0.81 655 1763 1.8 1400 

3.4 No b reakaway  1400 

2684 
3225 
2980 

3396 

2.2 115 1650 12.7 600 5921 
1.7 6 439 97.0 165 12046 

0.92 235 1345 12.8 650 4450 
1.1 111 1098 12.9 650 7100 
2.2 20 521 292.0 117 13071 

Black; adherent  
Black with  blisters; adherent  
Black with  raised edges; adherent  

Gray  wi th  whi te  specks on faces; 
adherent  

Tan with rough surface;  flakes off 
Tan with  rough surface; flakes off 

Tan with  black spots; adherent  
Coral;  adherent  
White;  flakes off 
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Table IV. Oxidation of zirconium alloys (cant'd) 

Al loy  S lope  of  
c o m p o s i t i o n ,  l og - log  R a t e  

a t o m  % plotr  1/n cons tan tb  

B r e a k -  B r e a k -  B r e a k -  
a w a y  a w a y  a w a y  r a t e ,  L e n g t h  T o t a l  
t i m e ,  w e i g h t ,  / ~ g / ( cm 2) of  r u n .  w e i g h t  ga in ,  
r a in  /Lg/crae (min )  r a i n  t eg /cm 'z Color  a n d  c h a r a c t e r  of  o x i d e  f i lm 

1.04 Ta 0.60 p 39.5 No breakaway 500 13200 Blue-black with raised edges; ad- 
herent  

1.78 Ta 0.66 p 30.5 No breakaway 500 11600 Black with raised edges; adherent  
3.54 Ta 0.60 p 26.9 270 7830 26.1 500 1 3 0 0 0  Si lver-whi te  with raised edges; ad- 

herent  

1.08Ti 0.37 69.7 370 6215 9.3 930 11134 Black with raised edges and blis- 
ters; adherent  

2.12 Ti 0.39 251 385 9468 13.0 790 14770 Black with raised edges and blis- 
ters; adherent  

4.16 Ti 0.43 p 90.8 275 15975 33.1 590 24917 Black (gold tinge) with raised 
edges; edges flake off; faces ad- 
herent  

0.89U 0.36 3.2 No breakaway 1400 3535 Black with raised edges; 2 faces 
gold flaky oxide 

1.76 U 0.36 4.1 No breakaway 1400 3938 Black with raised yellow edges; ad-  
herent  

3.52 U 0.35 3.5 530 2645 1.7 1400 4078 Black with raised yellow edges; ad- 
herent  

1.01 V 0.35 4.5 530 2810 3.9 1285 5292 1 face black and 5 faces yellow and 
black; adherent  

1.84 V 0.41 p 4.3 120 2363 6.8 1175 9195 Black with raised edges and yel low- 
green spots; adherent  

3.88V 0.42 p 29.0 No breakaway 615 14272 Dark yellow with raised edges; 
flakes off 

0.68 W 0.35 1.9 No breakaway 1400 2980 Black; adherent  
1.96 W 0.32 3.5 No breakaway 1400 3700 Black with yellow adherent  oxide 

at flaws in  metal;  adherent  

a T h e  l og - log  s lope  app l i e s  o n l y  to  t h e  p o r t i o n  of  t h e  r u n  b e f o r e  b r e a k a w a y .  
b C u b i c  r a t e  l a w  c o n s t a n t s  [lOT(Itg/cme)Z/min] u n l e s s  p r e c e d e d  b y  p w h i c h  s ign i f i e s  p a r a b o l i c  r a t e  l a w  c o n s t a n t  [ 104 ( / t g / cm2)e /min ] .  

B o t h  a p p l y  on ly  to t h e  p o r t i o n  b e f o r e  b r e a k a w a y .  

t e m p e r a t u r e  at which  to make  the  s tudy  was tha t  in  
a recen t  s tudy  (9) on  the  h i g h - t e m p e r a t u r e  oxi -  
da t ion  of two z i r c o n i u m - t i n  al loys it  was  repor ted  
tha t  the  m i n i m u m  t imes  for b r e a k d o w n  of the  p ro -  
tect ive proper t ies  of the  films occurred  at  700~ 

The  k ine t ic  da ta  for the  ox ida t ion  of the  al loys 
are p resen ted  in  Tab le  IV. In  most  cases dupl ica te  
1400-min runs  were  made  wi th  each a l loy com-  
posi t ion and  the  resu l t s  averaged.  

A n u m b e r  of al loys oxidized s imi la r  to p u r e  z i r -  
conium.  M a n y  others,  however ,  exh ib i t ed  the  oxi -  
da t ion  p h e n o m e n o n  u sua l l y  r e fe r red  to as " b r e a k -  
away."  In  these cases the  ox ida t ion  k ine t ics  changed  
f rom an in i t i a l ly  cubic or parabol ic  r a t e  to a fas ter  
essen t ia l ly  l i nea r  ra te  of oxidat ion.  W h e n  the  data  
were  plot ted  in  the  u sua l  fashion,  log oxygen  con-  
sumed  vs. log t ime,  it  was  found  that ,  a f ter  the  i n i -  
t ial  s t ra igh t  l ine  por t ion  of the  plot, an  u p w a r d  
c u r v a t u r e  took place which  ev.entual ly  leveled  off 
into ano the r  s t ra igh t  l ine  por t ion.  The  " b r e a k a w a y  
t ime"  and  " b r e a k a w a y  weigh t"  were  defined as the  
t ime  and  oxygen  consumed  at the  last  po in t  on the  
in i t i a l  s t ra ight  l ine  por t ion  of the  ox ida t ion  curve.  
W i t h i n  a g iven  sys tem the  b r e a k a w a y  weights  and  
b r e a k a w a y  t imes  u s u a l l y  decreased w i th  inc reas ing  
add i t ive  concen t r a t i on  as i l lus t ra ted  in  Fig. 2 for the  
t in  alloys. 

A n  e x a m i n a t i o n  of the  resul t s  r evea led  tha t  the  
al loys could be g rouped  c o n v e n i e n t l y  according to 
four  types  of reac t ion  behav io r  as ind ica ted  in  
Fig. 3. 

M a n y  of the al loys and  pu re  z i r con ium (Group  I, ~ 
Fig. 3) oxidized according  to the cubic  r a t e  l aw and  
did not  exh ib i t  b r e a k a w a y  p h e n o m e n a .  Slopes of log 
weigh t  ga in  vs. log t ime  plots were  in  the  r a nge  0.28 
to 0.40. The cubic ra te  cons tan t s  r a n g e d  f rom 0.78 x 
10 ~ to 3.5 x 10 ~ (/~g/cm~)8/min. 

The 1 a nd  2 a tom % t a n t a l u m  and  the  4 a tom % 
v a n a d i u m  alloys (Group  II, Fig. 3) oxidized accord-  
ing to the  parabol ic  ra te  law and  did no t  exh ib i t  

IO,OOO ~ / 
8000 ~_ Z~ 0 9 6  a/o TIN A~d / 
6000 0 168 o/o T}N 

~ iiii !,ooo ~ %%~176176176 / f i  ',o ooo ~" ~ 

E o SO0 w 

0 

k ....v --v'v- q soo 

400 

200 

I I I I I I I I I I ,  I I I I l r l l l  r i r i r ~  I00  
I 2 4 6 8 I0 ~0 40 60 i00 200 600 10(30 

TIME, rain 

Fig, 2. Reaction of zirconium-tin elloys with oxygen ot 
700~ and 200 mm oxygen pressure. 
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Fig. 3. Oxidat ion of various zirconium alloys at  700~ and 
200 mm oxygen pressure, general oxidation characteristics. 

b r e a k a w a y  phenomena.  They had  log-log slopes in 
the range 0.41-0.66. The parabol ic  ra te  constants 
were  39.5 x 10', 30.5 x 10', and 29.0 x 10' (/~g/cm=)V 
min, respect ively .  

Another  la rge  g r o u p  of al loys (Group III, Fig. 3) 
oxidized in i t ia l ly  according to the cubic ra te  law 
but  l a te r  exhib i ted  b r e a k a w a y  phenomena.  The 
cubic ra te  constants  ranged f rom 0.81 x 10' to 251 
x 10' (~g/cm')3/min.  B r e a k a w a y  t imes ranged  from 
6 to 655 min, and b r e a k a w a y  weights  ranged  f rom 
439 to 9468 /~g/cm% After  the b reakaways ,  fas ter  
' l inear rates,  ranging  from 1.7 to 292 /~g/cmVmin, 
were  fol lowed for the dura t ion  of the runs. 

The last  group of alloys (Group IV, Fig. 3) oxi-  
dized in i t ia l ly  according to the parabol ic  ra te  law 
but  la ter  exhib i ted  b r e a k a w a y  phenomena.  The 
parabol ic  ra te  constants ranged  from 2.2 x 10' to 
90.8 x 10' ( /~g/cm')Vmin. B r e a k a w a y  t imes ranged  
from 23 to 500 rain, and b r e a k a w a y  weights  var ied  
f rom 1076 to 15,975 /~g/cm ~. The faster  l inear  ra tes  
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~13,000 

I 1,000' 

9,000 

i 7~000 164 O/o C 
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Fig. 5. Oxidat ion of zirconium-carbon alloys at 700~ in 
200 mm oxygen. 

after  b r eakaways  ranged  from 6.8 to 33.1 ~ g / c m ' /  
rain. 

Of the 20 b ina ry  al loy systems invest igated only 
the copper, nickel,  beryl l ium,  and hafnium alloys 
showed any increased resis tance to oxidat ion as 
compared  with  pure  zirconium. The oxidat ion be -  
havior  of the copper al loys is i l lus t ra ted  in Fig. 4. 

In some al loy systems, as typified by  the carbon 
system (Fig. 5), the lower  concentrat ion alloys oxi-  
dized at slow ini t ia l  ra tes  wi thout  a b r e a k a w a y  
while the high concentra t ion alloys oxidized at  fas ter  
ini t ial  rates (sometimes even fol lowing a different 
ra te  law)  and then exhibi ted  b reakaway .  

Wide ly  different  types  of b r e a k a w a y  phenomena 
were observed. For  instance, in the  t in system (Fig. 
2) the b reakaways  were  dist inct  and obvious, whi le  
in the t i tan ium system (Fig. 6) the b reakaways  
represent  l i t t le  more than a gradua l  increase of an 
a l ready  fast rate.  

A descr ipt ion of the films formed dur ing  the oxi-  
dat ions has been included in Table IV. For  the al loys 
where  no b r e a k a w a y  occurred, the oxide films were  
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Fig. 4. Oxidat ion of zirconium-copper alloys at  700~ in 
200 mm oxygen. 
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Fig. 6. Oxidation of zirconium-titanium alloys at  700~ in 
200 mm oxygen. 
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u s u a l l y  b l a c k  or g r a y  a n d  v e r y  a d h e r e n t .  In  con-  
t ras t ,  the  f i lms o b s e r v e d  a f t e r  the  b r e a k a w a y  oc-  
c u r r e d  s t i l l  m a y  h a v e  been  a d h e r e n t  bu t  w e r e  g e n -  
e r a l l y  l i g h t - c o l o r e d  a n d  c r a c k e d  or  porous .  

Discussion 
Mechanisms.--Several s tud ies  h a v e  been  m a d e  to 

d e t e r m i n e  the  m e c h a n i s m  of f o r m a t i o n  of t he  ox ide  
f i lm on z i rcon ium.  By  e m p l o y i n g  i n e r t  m a r k e r s  i t  
has  been  o b s e r v e d  (9, 21) t h a t  t he  o x i d a t i o n  p r o -  
ceeds  b y  o x y g e n  ( an ion )  m i g r a t i o n  t h r o u g h  the  
ox ide  fi lm t o w a r d  t h e  m e t a l - m e t a l  ox ide  b o u n d a r y .  
In  a n o t h e r  s t u d y  (22) i t  was  r e p o r t e d  t h a t  anodic  
o x i d a t i o n  of z i r c o n i u m  at  r oom t e m p e r a t u r e  u n d e r  
low e lec t r i c  f ields also p roceeds  b y  an ion  m i g r a t i o n  
t h r o u g h  the  z i r c o n i u m  d ioxide .  

C o n s i d e r a t i o n  of t he  size of o x y g e n  ions shows  t h a t  
t h e y  a r e  too l a r g e  to occupy  i n t e r s t i t i a l  pos i t ions  in 
t he  z i r c o n i u m  o x i d e  la t t ice .  The re fo re ,  i t  m a y  be  
conc luded ,  a t  l eas t  in  t h in  fi lms w i t h o u t  c racks ,  t h a t  
an ion  dif fus ion t a k e s  p l ace  b y  l a t t i c e  de fec t s  or  
holes. 

M e a s u r e m e n t s  of t h e r m o e l e c t r i c  p o w e r  2 on f i lms 
of p u r e  z i r c o n i u m  and  z i r c o n i u m - t i n  a l loys  gave  
n e g a t i v e  va lues  (9) .  Thus,  i t  m a y  f u r t h e r  be  con-  
c luded  t ha t  these  f i lms w e r e  an ion  defici t  s e m i c o n -  
duc to r s  ( n - t y p e ) .  

A few a t t e m p t s  h a v e  been  m a d e  to p r o v i d e  a 
t h e o r e t i c a l  bas is  for  t he  cubic  r a t e  equa t ion .  Mot t  
(23, 24) d e r i v e d  a cubic  r a t e  e q u a t i o n  based  on the  
p r e m i s e  t ha t  d i f fus ion  of ca t ion  vacanc ie s  is r a t e  
con t ro l l ing ,  w h e r e  t he  n u m b e r  of vacanc ie s  is p r o -  
p o r t i o n a l  to the  n u m b e r  of n e g a t i v e  ions p e r  un i t  
s u r f ace  a r e a  and  to a l i n e a r  field set  up  b y  the  ions. 
Engel l ,  Hauffe,  and  I l s c h n e r  (25) d e r i v e d  a s i m i l a r  
e q u a t i o n  b a s e d  on m i g r a t i o n  of pos i t i ve  holes  a n d  
d i f fus ion  of l a t t i ce  vacanc ies .  Bo th  of these  d e r i v a -  
t ions  w e r e  b a s e d  on p - t y p e  ox ide  films. A d i f fe ren t  
a p p r o a c h  has  been  t a k e n  b y  Uhl ig  (26) w h o  r e c e n t l y  
d e r i v e d  a cubic  r a t e  e q u a t i o n  based  on e l ec t ron  flow 
f r o m  the  m e t a l  as t he  con t ro l l ing  s tep  in the  ox i -  
da t i on  process .  This  equa t ion  w o u l d  be  a p p l i c a b l e  
for  f i lms of t h i cknes s  up  to s e v e r a l  t h o u s a n d  a n g -  
s t r o m  uni t s  in w h i c h  case  t he  space  cha rge  in t he  
ox ide  is i m p o r t a n t .  

A n  a t t e m p t  to e x p l a i n  the  cubic  o x i d a t i o n  of t i t a -  
n i u m  has  been  m a d e  b y  K o f s t a d  and  Hauffe  (27) .  
T h e y  sugges t ed  tha t ,  in  v i ew  of t h e  h igh  s o l u b i l i t y  
of o x y g e n  in t i t a n i u m ,  the  cubic  r a t e  l a w  could  be  
i n t e r p r e t e d  in t e r m s  of d i f fus ion of o x y g e n  t h r o u g h  
the  ou te r  l a y e r  of o x y g e n - e n r i c h e d  t i t a n i u m .  S ince  
z i r c o n i u m  also has  a h igh  o x y g e n  so lub i l i ty ,  i t  is 
p r o b a b l e  t ha t  t he  cub ic  ox ida t i ons  of z i r c o n i u m  and  
t i t a n i u m  fo l low a s i m i l a r  m e c h a n i s m .  

Thus,  it  is not  a l t o g e t h e r  s u r p r i s i n g  t h a t  the  ox i -  
d a t i o n  of z i rcon ium,  w h i c h  o s t e n s i b l y  p roceeds  b y  
i n w a r d  o x y g e n  diffusion,  does  not  obey  the  s i m p l e  
p a r a b o l i c  r a t e  l a w  because  the  o x i d a t i o n  k ine t i c s  
a r e  c o m p l i c a t e d  b y  o x y g e n  d i s so lu t ion  in the  ou te r  
l a y e r  of z i r con ium me ta l .  

Correlation o~ isothermal rate data with Wagner- 

2 T o  d e t e r m i n e  t h e  t y p e  of c o n d u c t i o n  ( e l e c t r i c a l )  i n  a s e m i c o n -  
d u c t o r  i t  is n e c e s s a r y  to m a k e  m e a s u r e m e n t s  of  t h e r m o e l e c t r i c  
p o w e r .  I f  t h e  c u r r e n t  is c a r r i e d  e x c l u s i v e l y  by  e l e c t r o n s  t h e n  t h e  
t h e r m o e l e c t r i c  p o w e r  w i l l  be  n e g a t i v e ,  w h e r e a s  t h e  t h e r m o e l e c t r i c  
r o w e r  m u s t  be  p o s i t i v e  i f  t h e  c u r r e n t  is  c a r r i e d  by  t h e  P o s i t i v e  
ho le s .  
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Hauf]e theory.--According to t he  W a g n e r - H a u f f e  
(28) s e m i c o n d u c t o r  a p p r o a c h  to a l loy  ox ida t ion ,  
fo re ign  ions of l o w e r  v a l e n c y  t h a n  z i r c o n i u m  shou ld  
inc rease  t he  r a t e  of ox ida t ion ,  s ince  t h e y  c r e a t e  m o r e  
l a t t i ce  defects .  Conve r se ly ,  ions  of v a l e n c y  h i g h e r  
t h a n  z i r c o n i u m  shou ld  r e d u c e  the  c o n c e n t r a t i o n  of 
o x y g e n  ion defec t s  and  thus  d e c r e a s e  t he  o x i d a t i o n  
ra te .  A l t h o u g h  th is  t h e o r y  was  d e r i v e d  for  o x i d a t i o n  
o b e y i n g  the  p a r a b o l i c  r a t e  l aw,  i t  is no t  n e c e s s a r i l y  
l i m i t e d  to this ,  s ince  i t  has  been  f o u n d  to a p p l y  to t he  
case of zinc, w h i c h  fo l l owed  a l o g a r i t h m i c  r a t e  l a w  
(29) .  

A cond i t ion  w h i c h  m u s t  be  m e t  for  t he  W a g n e r -  
Hauffe  t h e o r y  to a p p l y  is t h a t  the  m e t a l  w h i c h  is 
a d d e d  to z i r c o n i u m  m u s t  s h a r e  in t he  f i lm f o r m a t i o n  
bu t  m u s t  no t  g ive  r i se  to t he  f o r m a t i o n  of a n e w  
phase .  E x a m i n a t i o n  of t h e  ox ide  fi lms f o r m e d  on 
s e v e r a l  a l loys  was  a t t e m p t e d  b y  x - r a y  and  e l ec t ron  
d i f f rac t ion ,  bu t  be c a use  t he  a l loys  w e r e  so d i l u t e  i t  
was  imposs ib l e  to d e t e r m i n e  w h e t h e r  or  not  a n e w  
p h a s e  was  f o r m e d  s ince  n e i t h e r  a d d i t i v e  m e t a l  
ox ides  no r  u n o x i d i z e d  a d d i t i v e  m e t a l s  cou ld  be  d e -  
tec ted .  Thus ,  i t  is n e c e s s a r y  to p r e d i c t  t h e  c o m p o s i -  
t ion  of t he  f i lms f r o m  a v a i l a b l e  so lub i l i t y  da ta .  

S ince  s o l u b i l i t y  e q u i l i b r i u m  does  not  h a v e  an  op -  
p o r t u n i t y  to be  e s t a b l i s h e d  in t h e  ox ide  p h a s e  in e x -  
p e r i m e n t s  w i t h  t he  cond i t ions  of th is  s tudy ,  i t  is 
b e l i e v e d  t h a t  s o l u b i l i t y  d a t a  for  t he  ox ide  sy s t ems  
a re  no t  g e r m a n e .  A m o r e  a p p r o p r i a t e  w a y  of p r e -  
d i c t i ng  the  compos i t ion  of the  o x i d e  f i lm is in t e r m s  
of t he  s o l u b i l i t y  of a d d e d  m e t a l  in z i r c o n i u m  b e f o r e  
ox ida t ion .  Thus,  if t he  a d d e d  m e t a l  is in t r u e  so lu -  
t ion  in t he  m e t a l l i c  s ta te ,  i t  is a s s u m e d  tha t  s e g r e -  
ga t ion  into  two  d i s t inc t  o x i d e  phases  w i l l  no t  occur  
on ox ida t ion ,  even  if  t he  ox ide  of t he  a d d e d  m e t a l  
is i n so lub le  in z i r c o n i u m  d iox ide .  This  s t a t e m e n t  
shou ld  be  t r u e  for  r e a s o n a b l y  d i l u t e  a l loys  a n d  for  
t e m p e r a t u r e s  suff ic ient ly  l ow t h a t  t he  mob i l i t i e s  of 
t he  m e t a l  ions in t he  ox ide  p h a s e  a re  low. F o r  t he  
p r o b l e m  u n d e r  i m m e d i a t e  c o n s i d e r a t i o n  bo th  of 
t he se  cond i t ions  a r e  t rue .  

In  t he  case  of a m e t a l  i n so lub l e  in z i rcon ium,  t he  
a l l oy  p r o b a b l y  consis ts  of a g g l o m e r a t e s  of t h e  second  
m e t a l  r a n d o m l y  s i t u a t e d  t h r o u g h o u t  t he  z i rcon ium.  
Then,  w h e n  o x i d a t i o n  occurs ,  these  i s l ands  of a d d i -  
t ive  m e t a l  p r o d u c e  a d d i t i v e  m e t a l  ox ide  w h i c h  r e -  
m a i n s  as a s e p a r a t e  ox ide  phase .  

In  T a b l e  V d a t a  a r e  p r e s e n t e d  for  t he  a l l oy  sy s -  
t ems  w h i c h  w e r e  s t ud i e d  in th is  p r o g r a m  and  w h i c h  
a r e  in t he  c a t e g o r y  of t he  a d d i t i v e  m e t a l  be ing  r e a -  
s o n a b l y  so lub le  ( g r e a t e r  t h a n  1 a t o m  % ) .  The  
W a g n e r - H a u f f e  t h e o r y  shou ld  be  a p p l i c a b l e  to t hese  
sys tems .  O n l y  for  t h e  case  of l e a d  does  t he  p r e d i c -  
t ion  of t he  t h e o r y  d i s a g r e e  w i t h  the  e x p e r i m e n t a l  
da ta .  L e a d  is an  e x c e p t i o n a l  a d d i t i v e  in t h a t  i ts  
G o l d s c h m i d t  ionic r a d i u s  is 52% g r e a t e r  t h a n  t h a t  
of z i rcon ium.  A l l  of t he  o t h e r  a d d i t i v e s  c ons ide r ed  in 
th is  t a b l e  h a v e  ionic r a d i i  less t h a n  t h a t  of z i rco-  
n ium.  The  ox ide  of l e ad  mos t  l i k e l y  fo rmed ,  PbO,  is 
also t h e r m o d y n a m i c a l l y  t he  l eas t  s t ab le  a d d i t i v e  
o x i d e  of t he  ser ies  b y  m a n y  k i loca lo r ies .  The re fo re ,  
for  these  two  reasons  l e a d  can  be  c ons ide r e d  un ique .  
As  p r e d i c t e d  b y  t he o ry ,  none  of t he  a d d i t i v e s  w h i c h  
w e r e  so lub le  in z i r c o n i u m  i n c r e a s e d  the  o x i d a t i o n  
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Table V. Prediction of initial oxidation behavior and breakaway 
phenomena of some zirconium alloys 

I n i t i a l  o x i d a t i o n  r a t e  p r e d i c t e d  to  inc rease  i f  o x i d a t i o n  n u m b e r  of 
a t l d l t i v e  is  less t h a n  4. B r e a k a w a y  p r e d i c t e d  to occur  i f  ion ic  
r a d m s  of a d d i t i v e  d i f fers  f r o m  Zr ~+ b y  15% or  more.  
C o n m d e r a t i o n  r e s t r i c t e d  to z i r c o n i u m  a l loys  whose  a d d i t i v e  so lu-  
b i l i t y  i n  a l p h a  z i r c o n i u m  is g r ea t e r  t h a n  1 a t o m  % (a /o ) .  

Mos t  % 
l i k e l y  Di f fe rence  
ox ida -  of a d d i t i v e  Obse rved  b r e a k a w a y  

A l l o y  S o l u b i l i t y  t i on  ion ic  r a d i u s  p h e n o m e n a  ~ a n d  ra t ioe  
add1- in  Z r  a t  No. in  f r o m  Zr~+ of i n i t i a l  r a te  cons t an t s  
r ive  700~ a a / o  ox ide  b r ad iusc  i a / o l  2 a /o?  4 a / o f  

A1 1.6 3 --34 8.8 B 7.5 B 5.0 B 
Hf Miscible 4 --3.5 0.88 0.88 0.88 
Nb 3 2 --21 3.7 B P B 4.3 B 
Pb 3 2 +52 0.69B 1.0 B 0.50B 
Sn 2 4 --15 0.58B 0.69B 0.75B 
Ta 5 2 g --22 P P P B 
Ti Miscible 2 --21 4.4 B 157B P B 

a F r o m  da t a  c o m p i l e d  by  G. L. Mi l l e r ,  "'Zirconium," A c a d e m i c  
Press .  Inc. ,  N e w  Y o r k  (1957), Chap .  13. 

b P r e d i c t e d  f r o m  f ree  e n e r g y  of f o r m a t i o n  a t  9 7 3 ~  a t o m  of 
o x y g e n  f r o m  da t a  c o m p i l e d  by  A. G l a s s n e r ,  ANL-5750 (1957). 

G o l d s c h m i d t  ion ic  r a d i i  used.  Ion i c  r a d i u s  of z i r c o n i u m  as 9.87A. 
B r e a k a w a y  p h e n o m e n o n  i n d i c a t e d  b y  l e t t e r  " B " .  
Ra t io  of  cub ic  r a t e  c o n s t a n t  of  a l l oy  to  t h a t  fo r  p u r e  z i r c o n i u m  

at  700~ r a t e  c o n s i d e r e d  to be  i n c r e a s e d  i f  r a t i o  g r e a t e r  t h a n  1.5. 
S y m b o l  " P "  i nd i ca t e s  o x i d a t i o n  f o l l o w e d  p a r a b o l i c  ra te  l aw  i n  
w h i c h  case t he  o x y g e n  c o n s u m e d  pe r  u n i t  t i m e  was  g r e a t e r  t h a n  
t h a t  fo r  p u r e  z i r con ium.  

f N o m i n a l  concen t r a t i ons .  Fo r  exac t  c o n c e n t r a t i o n s  see Tab le  IV. 
g E x p e r i m e n t a l l y  d e m o n s t r a t e d  t h a t  TaO f o r m e d  w h e n  T a  reac t s  

w i t h  ZrO~ a t  1700~ [W. A. C h u p k a ,  J .  B e r k o w l t z ,  a nd  M. G. 
Ing ra in ,  J. Phys.  Chem., 26, 207 (1957) ]. 

res i s tance  because  none  had  oxida t ion  n u m b e r s  
grea te r  t h a n  four.  

The a g r e e m e n t  of e x p e r i m e n t a l  resul t s  w i t h  p r e -  
dicted resul t s  is ac tua l ly  be t t e r  t h a n  ind ica ted  by  
six meta l s  out of seven. The phase d iagrams  in  the  
l i t e r a tu r e  ind ica te  tha t  be ry l l i um,  carbon,  chro-  
mium,  cobalt ,  copper, iron, m o l y b d e n u m ,  nickel ,  
p l a t i num,  silicon, tungs ten ,  u r a n i u m ,  and  v a n a d i u m  
are relatively insoluble in zirconium at 700~ These 
additives, therefore, should not follow the predic- 
tions of the valence effect of Wagner-Hauffe theory. 
In the 13 cases cited, Ii do not follow the prediction 
and only 2 (vanadium and iron) follow the pre- 
diction. However, the oxide of vanadium, V20~, has 
a low melting point (675~ and thus is not typical. 
The other additive (iron) shows a slightly increased 
rate of oxidation which follows the prediction de- 
spite the very low solubility in zirconium. It is felt 
that no single theory is adequate to explain the 
oxidation rate effects of additives which are not 
soluble in zirconium, for which the Wagner-Hauffe 
theory  does no t  a p p l y .  Iri these  cases it is necessa ry  
to consider  the  proper t ies  of the i n d i v i d u a l  oxides 
concerned  such as p re fe ren t i a l  ox ida t ion  re la t ive  to 
z i rconium,  pro tec t ive  n a t u r e  of the oxides, diffusion 
rates of ions in the oxides, and electrical conductivi- 
ties of the oxides. 

Breakaway phenomenon and ionic radius.--The 
b r e a k a w a y  p h e n o m e n o n  is a gene ra l  charac ter i s t ic  
of h i g h - t e m p e r a t u r e  z i r con ium corrosion and  ox ida-  
t ion. It  has been  observed to occur in  h i g h - t e m p e r a -  
t u r e  wa te r  (20) ,  in air  (6, 14, 15, 30) and  in  oxygen  
(6, 9, 10). The  i n t e r p r e t a t i o n  g iven  to the  b r e a k a w a y  
has been  that ,  s ince the vo lume  rat io  of z i r con ium 
dioxide  to z i r con ium is 1.5, the  oxide grows u n d e r  
compress ive  s t r a in  and,  at a ce r ta in  fi lm th ickness ,  
cracks to re lease  the compression,  thus  l ead ing  to 
the  b r eakaway .  Accord ing  to the  assumed  model ,  

w h e n  z i r con ium alloys con ta in ing  so luble  addi t ives  
are oxidized the  film produced  consists  of addi t ive  
me ta l  d ispersed in  z i r con ium dioxide.  If the ionic 
rad ius  of the  add i t ive  ion is sufficiently different  
f rom the  ionic rad ius  of z i rconium,  it  is r easonab le  
to expect that the lattice of zirconium dioxide will 
become distorted and breakaway will occur at a 
lower film thickness than is the case with pure zir- 
conium. 

As an extension of this reasoning a general rule, 
which appears useful in predicting the occurrence of 
the breakaway phenomenon, was formulated. This 
rule is that a breakaway will occur when the Gold- 
schmidt ionic radius of the soluble additive element 
differs by 15% or more from the ionic radius of zir- 
conium. 

Reference  to Tab le  V shows tha t  all  7 soluble  
addi t ives  ( a l u m i n u m ,  ha fn ium,  lead, n iob ium,  t a n t a -  
lum,  t in ,  and  t i t a n i u m )  fol low the  rule .  Actua l ly ,  19 
out  of 21 al loy composi t ions  obeyed the rule,  the  
on ly  except ions  be ing  the  lower  concen t r a t i on  t a n t a -  
lum alloys. 

For  inso lub le  addi t ives  the oxide film consists of 
z i r con ium dioxide  a nd  separa te  agg lomera tes  of add i -  
t ive me t a l  oxide. In  the  low concen t ra t ions  e n c o u n -  
te red  in  this  s t udy  these  addi t ives  should  not  have  
a ny  effect on the b r e a k a w a y .  ~his  was bo rne  out ex -  
p e r i m e n t a l l y  since out  of 38 alloys con ta in ing  i n -  
soluble  metals ,  27 did not  show b r e a k a w a y s  d u r i n g  
the  per iod  of observa t ion .  In  the  11 cases where  
b r e a k a w a y  did occur the  addi t ive  me t a l  oxide m a y  
have  in t e r f e red  w i th  the  a dhe r e nc y  of z i r con ium 
dioxide to z i rconium,  bu t  there  are p r o b a b l y  severa l  
causes for this effect, and  a ny  re la t ionsh ip  be tween  
b r e a k a w a y  and  ionic rad ius  of inso lub le  meta ls  is 
u n d o u b t e d l y  coincidenta l .  

Structure ol zirconium dioxide fiIm.--In one s t udy  
(31) concerned  wi th  the growth  of oxide films on 
z i rcon ium in  h i g h - t e m p e r a t u r e  water ,  it  was r e -  
por ted  tha t  an  in i t i a l  film of t e t ragona]  z i rcon ium 
dioxide  t r a n s f o r m e d  to the monoc] inic  oxide af ter  
which  the corrosion proceeded at an  accelera ted 
rate.  

In  a recen t  e lec t ron-d i f f rac t ion  and  k ine t ic  s tudy  
(30) of the ox ida t ion  of z i r con ium a nd  some of its 
al loys wi th  a l u m i n u m ,  t in,  and  t i t a n i u m  in air  it 
was proposed tha t  the  b r e a k a w a y  is associated wi th  
a phase  t r a n s f o r m a t i o n  in  the film of z i r con ium di-  
oxide. Accord ing  to the  theory  advanced ,  the in i t i a l  
film formed  on z i r con ium is the  cubic  po l ymorph  
of z i r con ium dioxide. As the ox ida t ion  progresses 
the  film t r ans fo rms  to the  t e t r agona l  and  f inal ly  to 
the  monoc l in ic  ( s tab le )  form of z i r c o n i u m  dioxide.  
The b r eakaway ,  it  was reported,  coincides wi th  the  
last  t r ans fo rma t ion .  

To test  this  hypothes is  and  to ob ta in  a be t te r  u n -  
d e r s t a n d i n g  of the  m e c h a n i s m  of oxide film growth  
on z i r con ium alloys, e lec t ron  and  x - r a y  diffract ion 
ana lyses  have  been  ob ta ined  on oxidized z i rcon ium 
al loy samples.  

The oxide s t ruc tu res  observed on 16 different  a l -  
loys af ter  ox ida t ion  to selected ex ten t s  are  p resen ted  
w i th  the  ox ida t ion  da ta  in  Tab le  VI. 

Of the  13 samples  (pu re  z i r con ium and  12 al loys) 
e x a m i n e d  af ter  less ox ida t ion  t h a n  the  b r e a k a w a y  
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Table VI. Oxide phases on oxidized zirconium alloys 
(Oxidized at 700~ in 200 mm oxygen; evacuated 

cooled and examined) 

O b s e r v e d  o x i d e  p h a s e  b 
B r e a k a w a y  

Al loy ,  weight ,~  Befo re  A f t e r  
a / o  ~ g / c m  ~ b r e a k a w a y  b r e a k a w a y  

Pure Zr 
1.42 A1 
1.64 C 
3.72 C 
3.60 Cu 

4.08 Hf 
1.82 Nb 

4.22 Pt  
3.60 Sn 
1.94 Si 
1.78 Ta 

3.54 Ta 
2.12 Ti 

4.16 Ti 

3.52 U 
3.88 V 
1.96 W 

(None) fcc 
1467 fcc Monoclinic c 
1225 Monoclinic c 
1076 p fcc 

(None) fcc plus un- -- 
known 

(None) Monoclinic 
5625 p Unknown  bcc 

plus unknown  
1763 fcc fcc 
521 Monoclinic ~ 

1650 p Monoclinic ~ 
(None)p fcc plus un- 

known 
7830 Monoclin ic~ 
9468 fce fcc plus un- 

known 
15975 p fcc plus un-  fcc plus un -  

known known 
2645 Unknown  bec Monoclinic c 

(None) p Monoclinic 
None fcc 

I n i t i a l  o x i d a t i o n  fo l lows  cub ic  ra te  l a w  u n l e s s  i n d i c a t e d  as pa ra -  
boli~ b y  l e t t e r  p. 

b E l e c t r o n  d i f f r ac t ion  by  g l a n c i n g  f r o m  ox id ized  p a r a l l e l e p l p e d  sur-  
face;  i n t e r p r e t a t i o n  by  I-I. K n o t t  a n d  M. Mue l l e r ,  M e t a l l u r g y  D i v i -  
sion. I t  w a s  no t  poss ib l e  to d i s t i n g u i s h  t he  cubic  f r o m  the  t e t r a g -  
ona l  m o d i f i c a t i o n  of  ZrO~. 

D e t e r m i n e d  b y  x - r a y  d i f f r ac t ion  of  p o w d e r  r e m o v e d  f r o m  sur -  
face.  I n t e r p r e t a t i o n  by  D.- S. F l i k k e m a ,  C h e m i c a l  E n g i n e e r i n g  
Div i s ion .  

weight ,  9 showed the  f ace -cen te red  cubic s t ruc tu re  
(3 of which  had ano the r  u n k n o w n  phase ) ,  2 showed 
an u n k n o w n  b o d y - c e n t e r e d  cubic s t ruc ture ,  and  2 
showed the  monocl in ic  s t ruc ture .  

Of the  9 al loys oxidized beyond  b r e a k a w a y ,  3 
showed the  f ace -cen te red  cubic s t ruc tu re  (2 of 
which  had  ano the r  u n k n o w n  phase) ,  and  6 showed 

the monoc l in ic  s t ruc ture .  
Some of the  un iden t i f i ed  phases  found  m a y  be 

b i n a r y  or t e r n a r y  compounds  wi th  the a l loying  ele-  
ment .  To iden t i fy  the  u n k n o w n  phases  wou ld  in -  
volve an  ex tended  research  p r o g r a m  beyond  the  

scope of this  inves t iga t ion .  
A l t h o u g h  a m a j o r i t y  of the  alloys showed a r e l a -  

t ionship  b e t w e e n  the  ox ida t ion  k ine t ics  and  the  
change  of s t ruc tu re  of the  oxide film, carefu l  con-  

s idera t ion  of the  da ta  show enough  except ions  to the  
pred ic ted  sequence  of po lymorph ic  t r a n s f o r m a t i o n s  
to m a k e  it c lear  tha t  the re  is no ru le  which  is app l i -  
cable a priori to all  z i r con ium al loy systems.  

The pred ic ted  sequence  of phase t r a n s f o r m a t i o n s  

in  the  z i r con ium dioxide  fi lm and  the  re la t ionsh ip  
to the  ox ida t ion  k ine t ics  as ou t l i ned  above is p r o b -  
ab ly  an  overs impl i f ied  exp l ana t i on  which  m a y  be 
app l icab le  for p u r e  z i r con ium and  some z i r con ium 
alloys bu t  canno t  be ex tended  to inc lude  all  zirco- 

n i u m  alloys.  
In  order  to u n d e r s t a n d  be t t e r  the m e c h a n i s m  of 

oxide film growth  on z i rconium,  more  i n f o r m a t i o n  
conce rn ing  the  n a t u r e  of the  film m u s t  be obta ined.  
The mos t  p romis ing  w a y  of accompl i sh ing  this  ap-  

pears to be through further electron diffraction 

studies of oxide films. 
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High-Field Conduction Currents in Liquid n-Hexane under 
Microsecond Pulse Conditions 

P. Keith Watson and A. Harry Sharbaugh 

Research Laboratory, General Electric Company, Schenectady, New York  

ABSTRACT 

A novel  pulse technique has been developed for measur ing conduction cur-  
rents due to millisecond, microsecond, and submicrosecond pulses of voltage. 
Using this method, a s tudy has been made of conduction currents  in  l iquid 
n -hexane  at fields from 0.1 to 1.4 Mv/cm and at gap spacings from 2.5 to 25 
mils. No evidence for electron mult ipl icat ion was obtained at fields below 1.25 
mv/cm,  but  there are margina l  indications of the beginning of an a-process 
above 1.3 Mv/cm. 

At fields near  breakdown extremely large values of current  have been 
measured;  the authors '  calculations indicate that these currents  originate at 
microscopic points on the cathode surface. Because of the large current  density 
and the high local field, the energy input  to the liquid at the tips of these 
asperities is possibly as large as 107 wat t s /cm 3. This could lead to local 
vaporization of the liquid to form a bubble  even in times as short as a few 
microseconds. If a bubble  is so formed, then breakdown of the liquid could 
readily proceed by subsequent  growth of the bubble across the gap to form a 
spark channel.  

Cons ide rab le  progress  has been  made  in  the  
m e a s u r e m e n t  of electr ic  b r e a k d o w n  s t r eng th  in  the  
l iqu id  phase  t h rough  the  use  of r e c t a n g u l a r  pu lse  
t echn iques  (1-3) ,  and  such methods  of m e a s u r e -  
m e n t  are  now wide ly  used. On the  o ther  hand,  
m e a s u r e m e n t s  of conduc t ion  cu r ren t s  in  i n s u l a t i n g  
l iquids  have  con t inued  to re ly  on d.c. (2, 4, 5), p r e -  
s u m a b l y  because  of the e x p e r i m e n t a l  difficulties i n -  
he ren t  in  m a k i n g  re l i ab le  m e a s u r e m e n t s  of cu r ren t s  
u n d e r  shor t  pulse  condi t ions.  

Wi th  the  advances  t ha t  have  t aken  place in  elec-  
t r ome te r  des ign  and  in  pu lse  t echn iques  d u r i n g  the  
past  few years ,  it  has become possible to s u r m o u n t  
these  difficulties, and  we have  developed a me thod  
for m e a s u r i n g  conduc t ion  cu r r en t s  at  h igh fields 
due to mil l i second,  microsecond,  and  submicrosec -  
ond pulses  of voltage.  

In  a series of p r e l i m i n a r y  exper iments ,  a com-  
par i son  was  made  b e t w e e n  the  d-c  and  pulse  
methods  (6) .  The m e a s u r e m e n t s  were  m a d e  u n d e r  
v i r t u a l l y  iden t ica l  chemica l  and  phys ica l  condi -  
tions, the  on ly  differences be ing  in  the  methods  
used for app ly ing  the vo l tage  and  for m e a s u r i n g  
the r e su l t ing  conduc t ion  c u r r e n t s  in the  l iquid.  

The p r e sen t  paper  descr ibes  the  ex tens ion  of the 
pulse  m e a s u r e m e n t s  to the  h igh-f ie ld  region,  stresses 
of the  order  of 1.5 M v / c m  hav ing  been  a t t a ined  in  
some of the  exper imen t s .  Thus  the  c u r r e n t  me a s -  
u r e m e n t s  have  been  ex t ended  to inc lude  field 
s t reng ths  which  approach  the  highest  b r e a k d o w n  
fields r epor ted  for hexane .  

Experimental Technique 
E q u i p m e n t . - - T h e  h e x a n e  used in  the  e x p e r i m e n t s  

was first purified,  us ing  p rev ious ly  descr ibed  tech-  
n iques  (7) .  I t  was  t h e n  passed th rough  silica gel, 
ref luxed over  sodium, and  dis t i l led  in to  an  e lec t ro-  

lyzer,  in  which  it  was  subjec t  to a field of 10 k v / c m  
for 24 hr  to r emove  the last  t races  of polar  i m p u r i -  
ties. F ina l ly ,  it  was  a l lowed to pass into the  test  
cell via  an  u l t r a - f i ne  f r i t ted  glass filter ( average  
pore size, 1 ~). F r o m  the test  cell, the  h e x a n e  could 
be r e t u r n e d  to the  sti l l  for recycl ing.  

The  test  cell was  an  in t eg ra l  pa r t  of the pur i f ica-  
t ion  system; it was  made  of glass, wi th  optical  
w indows  to a l low microscopic e x a m i n a t i o n  of the  
test  gap. A n u m b e r  of e lect rode sizes were  used, 
r a n g i n g  f rom 3/16 to 1 in. d i a m e t e r  across the  flat 
por t ions ;  these surfaces  were  flat to w i t h i n  0.05 
mils,  and  the i r  edges were  p rov ided  wi th  Rogowski  
profiles. The e lect rode m a t e r i a l  was s ta inless  steel. 
A n  electr ical  contac t  me thod  was  used for de t e r -  
m i n i n g  the gap zero, and  a m i c r o m e t e r  was used for 
se t t ing  the gap length .  A capac i tance  test  was de-  
ve loped for d e t e r m i n i n g  the  degree  of pa ra l l e l i sm 
of the  electrodes.  

D-C measuremen t s . - -Our  d-c  m e a s u r e m e n t s  were  
car r ied  out  over a r a nge  of gap l eng ths  f rom 2.5 to 
25 mils  and  up to field s t r eng ths  of 300 k v / c m .  
W h e n  vol tage  was  appl ied  to the  l iquid,  there  was  
a p ronounced  in i t i a l  c u r r e n t  decay, which  las ted 
some minutes ,  u n t i l  the c u r r e n t  set t led down to its 
s t eady- s t a t e  value ,  which  was  of ten  several  orders  
of m a g n i t u d e  sma l l e r  t h a n  the  in i t i a l  value.  These 
f indings  are in  a g r e e m e n t  wi th  those of Whi t ehead  
(8) ,  N ikuradse  (9) ,  and  others,  bu t  l i t t le  a t t en t i on  
appears  to have  been  paid  to this  d i s tu rb ing  phe -  

n o m e n o n  by  r ecen t  worke r s  (2, 4, 5).  
This  fal l  in  c u r r e n t  is p r o b a b l y  due to the  bu i ld  

up  of po la r iza t ion  charges in  the  v ic in i ty  of the  
electrodes,  thus  r e su l t i ng  in  a d i s to r t ion  of the  field 
in  the  l iqu id  as a whole.  On the  basis  of these  and  
o the r  resul t s  t he re  seems to be good evidence  for 
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P U L S E  

GENERATOR 

10 CR.O. 

}_ - 

Fig. 1. Circuit used for pulse measurements of 
conduction currents. V, is the applied voltage; C~, 
capacitance of conduction cell; C~, storage capaci- 
tor; C,, input capacitance of the electrometer cir- 
cuit; R~, resistance of the l iquid; S,, switch; E, 
electrometer. 

suspec t ing  t h a t  d - c  conduc t ion  c u r r e n t  m e a s u r e -  
m e n t s  in l iqu ids  a r e  of an  e x t r e m e l y  c o m p l e x  
n a t u r e  and  a re  u n r e l i a b l e  as a g u i d e  to p r e - b r e a k -  
down  p h e n o m e n a .  

Pulse measurements . - -The  p u l s e  m e a s u r e m e n t  
t e c h n i q u e  w h i c h  w e  h a v e  d e v e l o p e d  is to be  d e -  
sc r ibed  in d e t a i l  e l s ewhere ;  b r i e f ly  i t  is b a s e d  on 
the  fac t  t h a t  a v o l t a g e  pulse ,  V~, a p p l i e d  to a ser ies  
c i rcu i t  cons i s t ing  of a res i s t ance ,  R, and  capac i t ance ,  
C, l eaves  b e h i n d  on the  c a p a c i t o r  a c h a r g e  p r o p o r -  
t iona l  to (V, /R)T.  H e r e  ~ is t he  p u l s e  d u r a t i o n ,  
w h i c h  m u s t  be  s h o r t  c o m p a r e d  to t he  t ime  c o n s t a n t  
CR. 

In  the  p r e s e n t  c i rcui t ,  shown  s c h e m a t i c a l l y  in Fig .  
1, a r e c t a n g u l a r  vo l t age  p u l s e  is a p p l i e d  to t he  
ser ies  c o m b i n a t i o n  C1R1 and  C~, w h e r e  C1 is t he  
capac i t ance  of t h e  conduc t ion  cell ,  R1 is t he  r e s i s t -  
ance  of t he  l iqu id ,  and  C~ is t h e  c a p a c i t a n c e  of t h e  
h igh  q u a l i t y  s t o r age  capac i to r .  

A f t e r  the  v o l t a g e  pu l se  has  passed ,  the  c h a r g e  
r e m a i n i n g  on C~ is m e a s u r e d  b y  c los ing the  swi tch ,  
S ,  and  r e a d i n g  the  vo l t age  V~ on the  e l e c t r o m e t e r .  
The  r e s i s t ance  R, is t hen  g iven  by,  

V~ C.~ r 
n~ 

v . ( c l  + cD (c~ + c,.,) 

The  l imi t  of s e n s i t i v i t y  of t h e  m e t h o d  is g o v e r n e d  
by  b a c k g r o u n d  noise.  A c h a r g e  of 10 -1~ cou lombs  on 

% 

z 
t -  

~t2 

2 , 
FROM PULSE 

MEASUREMENTS 

ISO0 VOLTS 
I0 MIL GAP 

STAINLESS STEEL ELECTRODES 

-,3 , , , , , , , , ,  , , , ~ , , , , ,  
I 0 0 I  0,5 I a I0 

TIME IN MINUTES 

Fig. 2. Time dependence of typical d-c current measure- 
ments in n-hexane. 

C.. can  be m e a s u r e d  w i t h  an  a c c u r a c y  of a b o u t  5%,  
and  th is  e r r o r  dec reases  w i t h  i n c r e a s i n g  cha rge  
m a g n i t u d e .  This  cha rge  s e n s i t i v i t y  c o r r e s p o n d s  to a 
c u r r e n t  of 1 /~a for  a pu l se  of 1 ~sec d u r a t i o n ;  o b -  
v ious ly ,  t h e  c u r r e n t  s e n s i t i v i t y  i nc reases  l i n e a r l y  
w i t h  p u l s e  wid th .  Moreover ,  b y  i n t e g r a t i n g  the  
c h a r g e  ove r  a t r a i n  of pulses ,  t he  s e n s i t i v i t y  m a y  
be inc reased .  

E x p e r i m e n t a l  R e s u l t s  

Comparison between d-c and pulse measure- 
men t s . - -The  r e su l t s  o b t a i n e d  us ing  the  pu l se  
m e t h o d  a r e  qu i t e  d i f f e ren t  f rom d - c  resu l t s .  The  
m a i n  d i f fe rences  a r e  as fo l lows:  first,  t he  a b s o l u t e  
m a g n i t u d e s  of the  c u r r e n t s  o b t a i n e d  a re  o rde r s  of 
m a g n i t u d e  g r e a t e r  t h a n  for  d.c.; and  second,  in t h e  
r a n g e  10 msec  to 1 ~sec the  m a g n i t u d e s  of t he  pu l se  
c u r r e n t s  a r e  i n d e p e n d e n t  of t he  d u r a t i o n  of t he  a p -  
p l i ed  field, whe reas ,  in t he  d - c  case, t he  c u r r e n t s  
dec rea se  w i t h  t ime .  

The  d - c  d e c a y  has  been  a n a l y z e d  in  t he  l i gh t  of 
t he  pu l se  m e a s u r e m e n t s ,  and  a t y p i c a l  ser ies  of d - c  
m e a s u r e m e n t s  is shown  in Fig .  2. These  c u r r e n t s  
w e r e  m e a s u r e d  at  1 - m i n  i n t e r v a l s  d u r i n g  the  first  
s ix  m i n u t e s  a f t e r  t h e  a p p l i c a t i o n  of  v o l t a g e  to  t h e  
l iqu id .  I t  w i l l  be  seen  t h a t  t h e  i n i t i a l  v a l u e  of t h e  
d - c  sequence  is, in fact ,  of t he  s ame  o r d e r  as t h e  
c o r r e s p o n d i n g  p u l s e  m e a s u r e m e n t ,  w h e r e a s  t he  f inal  
d - c  v a l u e  is a f ac to r  of 10 -2 sma l l e r .  

Pulse measurements  at high f ie lds .--We h a v e  
used  the  t echn iques  d e s c r i b e d  a b o v e  to m a k e  c u r -  
r en t  m e a s u r e m e n t s  in  h e x a n e  as a f u n c t i o n  of m a g -  
n i t u d e  and  d u r a t i o n  of a p p l i e d  vo l tage ,  and  also of 
gap  w id th .  

The  r e su l t s  o b t a i n e d  f a l l  n a t u r a l l y  in to  two  
r a n g e s  of f ield s t r e ng th s :  t he  f irst  covers  t he  s u b -  
b r e a k d o w n  range ,  f r o m  100 v / m i l  (40 k v / c m )  up  to 
1200 v / m i l  (500 k v / c m ) ,  and  the  second  inc ludes  
the  r a n g e  f rom 1500 v / m i l  up  to f ields in excess  of 
3700 v / m i l  (1.5 m v / c m ) .  B r e a k d o w n  of h e x a n e  
can  occur  t h r o u g h o u t  t h e  l a t t e r  r ange ,  a l t h o u g h  the  
a c t u a l  v a l u e  of b r e a k d o w n  v o l t a g e  d e p e n d s  on a 
n u m b e r  of o the r  v a r i a b l e s  such  as p u l s e  w id th ,  gap  
wid th ,  and  e l e c t r o d e  sur face .  

O u r  r e su l t s  in t he  s u b - b r e a k d o w n  r a n g e  a r e  p l o t -  
t ed  in  Fig.  3, w h i c h  shows  t h e  c u r r e n t  d e n s i t y  as a 
func t ion  of a p p l i e d  v o l t a g e  for  gap  w i d t h s  of 5 
t h r o u g h  20 mils .  These  r e su l t s  w e r e  o b t a i n e d  us ing  
10 msec  pu l ses  of vo l tage ,  b u t  v i r t u a l l y  i d e n t i c a l  
r e su l t s  w e r e  o b t a i n e d  w i t h  p u l s e  w i d t h s  as sho r t  as 
100 ~sec. The  d a s h e d  l ines  in t he  f igure  a r e  cu rves  
of c o n s t a n t  f ield s t r eng th .  These  a r e  v i r t u a l l y  h o r i -  
zon ta l  t h r o u g h o u t  t he  r ange ,  t h a t  is, t h e  c u r r e n t s  
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are  essen t ia l ly  i n d e p e n d e n t  of gap w id th  at  al l  field 
s t reng ths  shown  in  the  figure. 

At  field s t r eng ths  of the order  of 1200 v / m i l  (0.5 
M v / c m )  b r e a k d o w n  occasional ly  occurred;  a f te r  
on ly  one such b r e a k d o w n ,  the c u r r e n t  m a g n i t u d e  
increased  ve ry  marked ly .  This effect was a t t r i b u t e d  
to decomposi t ion  products  a r i s ing  f rom b r e a k d o w n  
in the  l iquid.  These spur ious ly  h igh  cu r ren t s  con-  
t i n u e d  to be ob ta ined  even  a f te r  chang ing  the s a m -  
ple, and  in  order  to res tore  the fo rmer  low va lue  of 
conduct iv i ty ,  it was  necessa ry  to r emove  the  e lec-  
t rodes  and  c lean  them.  In  order  to m a k e  c u r r e n t  
m e a s u r e m e n t s  at h ighe r  va lues  of field, it was  
necessa ry  to use s ingle  pulses  of vo l tage  r a t h e r  t h a n  
t ra ins  of pulses.  It  was  also necessa ry  to resor t  to 
shor ter  pu lse  wid ths  and  so m a k e  use  of the  w e l l -  
k n o w n  increase  of b r e a k d o w n  s t r eng th  w i th  de-  
crease in  pu lse  width .  

Despite  the  use of short  pulses,  occasional  b r e a k -  
downs  sti l l  occurred.  F o r t u n a t e l y ,  at  fields above 
abou t  1 M v / c m ,  the e lectronic  conduc t ion  cu r r en t s  
are  u sua l l y  so m u c h  la rger  t h a n  the  ionic c u r r e n t s  
tha t  one can c o n t i n u e  to use a sample,  even  af ter  
severa l  b r e a k d o w n s  have  t aken  place. Af te r  each 
b r eakdown ,  the  sample  conduc t iv i ty  was checked at 
a lower  field in order  to d e t e r m i n e  if any  increase  
in  c u r r e n t  had occurred  as a resu l t  of the  b r e a k -  
down.  If a m e a s u r a b l e  increase  was  found,  it  was  
compensa ted  for in  the  s u b s e q u e n t  analysis .  

The test  t h e n  proceeded at a shor te r  pulse  w i d t h  
u n t i l  b r e a k d o w n  occurred  again,  at which  poin t  the  
pulse  was shor t ened  fu r the r .  This  p rocedure  was  
fol lowed,  down  to a pu lse  w id th  of 0.5 /~sec ( the  
shor tes t  pulse  which  the  gene ra to r  wou ld  de l ive r ) .  

By means  of this  t e chn ique  we h a v e  been  able  to 
m a k e  c u r r e n t  m e a s u r e m e n t s  at  fields as la rge  as 
1.4 M v / c m ;  the  resu l t s  ob ta ined  a re  shown in  Fig. 4. 

W h e r e v e r  possible, the  m e a s u r e m e n t s  have  been  
m a d e  at a n u m b e r  of gap spacings,  and  f rom this  

lO-i 

I0- 3 

E 

10-4 

r0-5 

~33o_o ~_i! _g__ 
_~_ 3_3.2oo • ./__ 

_i__3_,oo _~,. ._j__ 
_ j_ ._ 3ooo. v,,~; 

. __ ____22500 v.Z/miLz2~ . . . . . . .  

/ / 
4 2000.,., j . . . . . .  / 

10-{ I I I I I I I 
6 8 10 12 14 16 18 

KILOVOLTS 

Fig. 4. Dependence of current density on voltage, n-hexane, 
stainless steel electrodes, 5, 3, 1.5/~sec pulse widths. 

data  we  have  p lo t ted  the  cons tan t  field l ines  shown 
in Fig. 4. 

As in  the  lower  field region,  we see t ha t  the con-  
s t an t  field l ines  are essen t ia l ly  hor izon ta l  up to 
fields of 3100 v / m i l  (1.2 M v / c m ) ;  this  indicates  
tha t  the  m e a s u r e d  cu r r en t s  are i n d e p e n d e n t  of gap 
wid th  up to this  field. At  fields of 3200 a nd  3300 v /  
mi l  the re  m a y  be ev idence  of a sl ight increase  of 
c u r r e n t  w i th  gap width .  

In  conc lud ing  this  descr ip t ion  of the  resul ts  we 
m a y  s u m m a r i z e  as follows: The cu r ren t s  are i n -  
d e p e n d e n t  of pu lse  width ,  w i t h i n  the l imi t s  of ex -  
p e r i m e n t a l  accuracy  over  the r ange  f rom 10 msec 
to 1 /~sec. The  cu r ren t s  are p ropor t iona l  to electrode 
area  and  are  i n d e p e n d e n t  of gap wid th  up  to fields 
of 3100 v / m i l  (1.2 M v / c m ) .  

F ina l ly ,  i t  m a y  be no ted  tha t  the  accuracy  of the  
me thod  of m e a s u r e m e n t  is wel l  ind ica ted  by the 
cons tan t  field l ines;  e r rors  in  the  se t t ing of voltage, 
gap width ,  and  pulse  wid th  would  lead to errat ic  
cons tan t  field lines.  However ,  as m a y  be seen in Fig. 
3 and  4, even  a fourfold  change  in gap wid th  does 
no t  appear  to i ncu r  a ny  apprec iab le  dev ia t ion  f rom 
a smooth curve.  

Discussion of Results 

Evidence :for Electron Multiplication 

One of the  most  con t rovers ia l  points  in  the  i n t e r -  
p re t a t ion  of conduc t ion  a nd  b r e a k d o w n  m e a s u r e -  
me n t s  in  l iqu ids  concerns  the  presence  (or  absence)  
of an  e lec t ron  mu l t i p l i c a t i on  process in  the  l iquid.  
Those who i n t e r p r e t  behav io r  at  high fields by  
means  of a T o w n s e n d  mode l  are p rone  to favor  the  
ex is tence  of an  e lec t ron  mul t ip l i ca t ion ,  or " a -p roc -  
ess," and  some have  pub l i shed  d-c  conduc t ion  data  
which  a re  cons is ten t  wi th  this  model  (2, 5, 9). 

On the  o ther  hand ,  the re  are others who doubt  
the  ex is tence  of an  a-process  in  l iquids  and  have  
d-c  m e a s u r e m e n t s  to suppor t  the i r  po in t  of v iew 
(4, 10). The  poss ib i l i ty  of reso lv ing  this  p r ob l em is 
regarded  as one of the most  i m p o r t a n t  aspects of 
the  p resen t  work.  
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The  on ly  sa t i s fac to ry  m e t h o d  for  de t ec t ing  and 
m e a s u r i n g  a m u l t i p l i c a t i o n  process  i nvo lves  the  de-  
t e r m i n a t i o n  of the  gap w i d t h  d e p e n d e n c e  of con-  
duc t ion  cu r r en t s  at cons tan t  field s t r eng th .  In  the  
p resence  of mul t ip l i ca t ion ,  cu r r en t s  w i l l  increase  
w i t h  gap w i d t h  in accordance  w i t h  the  equa t ion  
I z I0 exp a~; tha t  is, at  cons tan t  field, the  c u r r e n t  
should inc rease  e x p o n e n t i a l l y  w i t h  gap wid th .  Io is 
the  c u r r e n t  emi t t ed  at the  ca thode  and w i l l  be field 
dependen t .  In the  p re sen t  w o r k  we  h a v e  m e a s u r e d  
the  c u r r e n t  ove r  a w ide  r ange  of fields and at a 
l imi t ed  n u m b e r  of gap wid ths  in an a t t e m p t  to de -  
t e r m i n e  w h e t h e r  or  not  such a m u l t i p l i c a t i o n  p roc -  
ess exis ts  in l iqu id  hexane .  

The  c u r r e n t  ob ta ined  at fields up to 1 M v / c m  
show no sign of inc reas ing  w i t h  gap wid th ,  indeed,  
at the  lowes t  fields t h e r e  is some ev idence  of a de -  
c rease  of c u r r e n t  w i t h  inc reas ing  gap, a l t hough  this  
effect m a y  not  be real .  

On the  o the r  hand,  the  cu r r en t s  at the  v e r y  h igh -  
est fields do show a s l ight  inc rease  w i t h  gap wid th ,  
wh ich  m i g h t  be i nd i ca t i ve  of an inc ip ien t  a -process .  
We h a v e  t h e r e f o r e  ca r r i ed  out a s ta t i s t ica l  analys is  
of the  da ta  at fields above  1 M v / c m  in o rde r  to de-  
t e r m i n e  w h e t h e r  this  r ise  is significant .  

The  ra t io  of cu r ren t s  at gaps of 5 rai l  and 2.5 mi l  
was  t a k e n  as our  statist ic.  The  m e a n  of these  ra t ios  
at t he  e l e v e n  h ighes t  field s t r eng ths  was  0.993, 
w i th  a s t anda rd  dev i a t i on  of 0.075. A p p l y i n g  Bes-  
sel 's  co r rec t ion  to ob ta in  the  best  e s t ima te  of the  
s t anda rd  devia t ion ,  c~, of the  p a r e n t  popula t ion ,  w e  
obta in  ~ = 0.079. Obvious ly ,  the  m e a n  ra t io  does 
not  differ  s igni f icant ly  f r o m  uni ty ,  so t h a t  t h e r e  is 
no ev idence  for  an a -p rocess  in the  b u l k  of the  da ta  
above  1 M v / c m .  

The  ra t ios  of t he  cu r r en t s  at the  two  h ighes t  
fields w e r e  t h e n  e x a m i n e d :  The i r  m e a n  is 1.08, and 
the  s t anda rd  e r ro r  of the  m e a n  for  a sample  of two  

is $9 = 0.079/~/2 = 0.056, so tha t  the  m e a n  ra t io  
differs  f r o m  u n i t y  by  1.43 X $2. Now,  the  p r o b a b i l -  
i ty  that.  a n o r m a l l y  d i s t r i bu t ed  s ta t is t ic  w i l l  differ  
f r o m  the  m e a n  by +1.43 s t anda rd  dev ia t ions  by  
chance  a lone  is 7.6%, so tha t  t he  o b s e r v e d  resu l t s  
a r e  poss ib ly  significant ,  bu t  f u r t h e r  e v i d e n c e  is r e -  
q u i r e d  be fo re  t he  ex i s t ence  of a m u l t i p l i c a t i o n  
process  can be  es tabl ished.  

Thus  we  conc lude  tha t  t h e r e  is no ev idence  for  an 
a -p rocess  at fields up to 1.2 M v / c m ,  but  tha t  t he r e  
are  m a r g i n a l  ind ica t ions  of the  b e g i n n i n g  of such 
a process  at 1.3 M v / c m .  

Electron Emission Processes at the Cathode 

We h a v e  p resen ted ,  above,  the  obse rva t ions  tha t  
lead us to conc lude  tha t  e l ec t ron  mu l t i p l i c a t i on  in 
the  gap is r e l a t i v e l y  u n i m p o r t a n t .  T h e r e f o r e  it is 
a ssumed tha t  the  obse rved  field dependence  of the  
c u r r en t  is exp l i cab le  in t e rms  of e l ec t ron  emiss ion  
f r o m  the  cathode,  and the  va r ious  poss ible  emiss ion 
m e c h a n i s m s  are  e x a m i n e d  below.  

One poss ible  source  of c u r r e n t  is field emiss ion  
as desc r ibed  by  the  F o w l e r - N o r d h e i m  equa t i on  

~/9 S 
I = 6.2 X 10 -~ E 9 exp  (F + ~) r 

( - -6 .8  X 10 ~ ~Z~/E) 
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Fig. 5. Field emission plot, n-hexane, stainless steel elec- 
trodes. 

H e r e  F i s  t he  F e r m i  l e v e l  of e lec t rons  in t he  meta l ,  
and is u sua l ly  t a k e n  as 5 e.v., r is the  w o r k  f u n c -  
t ion  in e.v., S is the  emittin,g a rea  in cm 9, and I is 
the  c u r r e n t  in amps.  F i g u r e  5 shows t h a t  our  da ta  
g ive  a good fit to this  equa t ion  a l t h o u g h  this  in i t -  
self  does not  cons t i tu te  sufficient ev idence  for  its 
va l id i ty .  F r o m  the  slope and i n t e r c e p t  of the  s t r a igh t  
l ine  in the  figure,  w e  ca lcu la te  a v a l u e  of ~b : 0.25 
e.v. and an e m i t t i n g  a rea  S : 8 X 10 -9 cm. These  
va lues  are  l ower  t h a n  one m i g h t  expect .  

More  rea l i s t ic  va lues  for  the  w o r k  func t ion  ~ are  
ob ta ined  if one takes  into account  the  roughness  of 
the  me ta l l i c  surface.  As is w e l l  known,  a l t h o u g h  a 
sur face  m a y  be h igh ly  pol ished,  it is st i l l  m i c r o -  
scopica l ly  rough  and local  fields at the  t ips of as-  
per i t i es  m a y  exceed  the  app l ied  field by  o rders  of 
magn i tude .  We h a v e  t a k e n  this into account  by in -  
t r oduc ing  a field m u l t i p l i c a t i o n  fac to r  M and  h a v e  
r e c a l c u l a t e d  ~ and  S as a func t ion  of M. The  resu l t s  
a r e  g iven  in Tab le  I. The  w o r k  func t ion  becomes  
m o r e  r ea sonab le  at  a field m u l t i p l i c a t i o n  of ten,  but  
our  l a rges t  obse rved  cu r ren t s  ( g r e a t e r  t h a n  10 -9 
a m p )  wou ld  t h e n  lead  to local  c u r r e n t  dens i t ies  of 
109 a m p / c m  ~ for  an  emi t t i ng  a rea  of 10 -9 cmg; this  
is obv ious ly  un reasonab le .  

H o w e v e r ,  it has been  shown by  Jones  and M o r g a n  
(11) and G o o d w i n  (12) tha t  t he  difficult ies w i t h  
the  F o w l e r - N o r d h e i m  equa t ion  can be r e so lved  by 
i nvok ing  the  p re sence  of an ox ide  l a y e r  on the  
ca thode;  this is obv ious ly  p re sen t  in the  case of our  
s ta inless  s tee l  e lec t rodes .  

TaMe I. Dependence of field emission parameters on M 

M r (e.v.)  S ( cm 2) 

1 0.25 8 X 10 -8 
10 1.2 2 X 10 -9 

100 5.4 8 X 10 -11 
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Table II. Dependence of field emission parameters upon M 
for surface with oxide layer 

M r S 

1 0.25 8 X 10 -~ 
10 1.2 2 • 10 -~ 

100 5.4 8 • 10 -'~ 

The emiss ion of e lec t rons  t h rough  such a ba r r i e r  
has been  e x a m i n e d  by  Jones  and  Morgan  on the  
basis of an  analys is  by  Stern ,  Gossl ing,  and  Fowle r  
(13) .  The equa t ion  der ived  by  the l a t t e r  shows tha t  
the  theore t ica l  c u r r e n t  is g iven  by  

~p2 S 
I : 6.2 • 10 -~ E ~ 

• exp  (--6.8 • 10 ~r ~ B 

where  ~ is the  w o r k  func t i on  of the  meta l ,  r is the  
w o r k  func t i on  of the oxide layer,  and  B is the  b a r -  
r ier  t e r m  

B : e x p ) - - 6 . 8 • 1 6 2  (~b1r 1 ~ 1  ~ ' - t - r  a 

where  a is the film thickness.  It  wi l l  be seen tha t  
the  on ly  ma jo r  difference b e t w e e n  the S t e r n - G o s s -  
l i n g - F o w l e r  equa t ion  and  the F o w l e r - N o r d h e i m  
equa t ion  lies in  the  ba r r i e r  term.  

I n se r t i ng  typica l  va lues  for r and  r and  as-  
s u m i n g  an  oxide film th ickness  of 10 7 cm, we ob-  
t a in  B = 10 -6. Using this  factor  we  have  reca lcu-  
la ted  Tab le  I to yie ld  the  va lues  shown in Table  
II. As before, S is the tota l  emi t t i ng  area  per  u n i t  
of e lect rode surface;  it arises f rom the combined  
effects of m a n y  i n d i v i d u a l  surface  i r regular i t ies .  
These va lues  for the emi t t i ng  area  are  m u c h  more  
reasonab le  t h a n  those ca lcula ted  on the basis of the  
F o w l e r - N o r d h e i m  equat ion.  T a k i n g  M = 10 as 
represen ta t ive ,  we  ob ta in  c u r r e n t  densi t ies  of the  
order  of 1 a m p / c m  ~ at the tips of the  asperit ies.  

We note,  however ,  tha t  a c u r r e n t  dens i ty  of this  
m a g n i t u d e  m a y  lead to apprec iab le  space charge  
d i s to r t ion  of the  appl ied  field. This resul t s  in  a de-  
crease of the field at the  cathode and  u l t i m a t e l y  to 
space charge  l imi t a t i on  of the  cur ren t .  

A ca lcu la t ion  of this effect is compl ica ted  by  the  
n o n u n i f o r m i t y  of emiss ion f rom the  cathode. 
Never theless ,  we m a y  m a k e  a rough  es t imate  as fol-  
lows: assume tha t  the local c u r r e n t  dens i ty  at the  
poin ts  is 1 a m p / c m ' ,  and  tha t  this  c u r r e n t  dens i ty  
decreases wi th  the square  of the d is tance  f rom the  
cen te r  of the asperi ty ,  t end ing  toward  the  meas -  
u red  c u r r e n t  dens i ty  of 10 m a / c m  ~ at  the  anode.  For  
a hemispher ica l  boss of rad ius  10-' cm and  an  elec-  
t ron  veloci ty  of 10'-10 ~ cm/sec  (14),  we  ob ta in  a 
r educ t ion  of 10-100 k v / c m  in the cathode field. 
This  suggests  tha t  some space charge l imi t a t i on  of 
the  cathode cu r ren t s  m a y  occur at s l ight ly  h igher  
fields. For  the momen t ,  however ,  we have  chosen 
to ignore  the  effect, and  to assume tha t  the  field in  
the  gap is d e t e r m i n e d  solely by  the  appl ied  vol tage  
and  the electrode geometry .  
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Fig. 6. Schottky plot, n-hexane, stainless steel electrodes 

A n o t h e r  possible  source of c u r r e n t  which  should 
be cons idered  is f i e ld -enhanced  the rmion ic  emiss ion 
of electrons,  as descr ibed by  the  Schot tky  equa t ion :  

I = Io exp [4.4~/E/x/ET ] 

Here  I0 is the  t he rmion ic  c u r r e n t  dens i ty  at an  abso-  
lu te  t e m p e r a t u r e  T, and  e is the  dielectr ic  cons tan t  
of the  m e d i u m  ad jacen t  to the  emi t t i ng  surface. 
F i g u r e  6 shows tha t  our  data  f rom 0.2 M v / c m  to 1.4 
M v / c m  give a good fit to this equa t ion  a l though,  as 
observed in  the  case of the F o w l e r - N o r d h e i m  equa-  
t ion, this  in  i tself  does not  p rove  tha t  the equa t ion  
is appl icable .  F r o m  the slope of the s t ra igh t  l ine in  
Fig. 6 and  a knowledge  of T and  e, we compute  a 
va lue  of five for the field e n h a n c e m e n t  factor  M. 
F r o m  the zero field in te rcep t  of this  l ine  we  obta in  
a va lue  of 10 -~' a m p / c m  ~ for Io; in  order  to account  
for a t h e r m i o n i c  emiss ion c u r r e n t  of this  order  at 
room t e m p e r a t u r e ,  one needs  to pos tu la te  a work  
func t i on  of the  order  of 1.25 e.v. 

I t  should be po in ted  out tha t  the  computed  va lue  
of r is ve ry  insens i t ive  to the  va l ue  of /o; a change  
of 10' in  Io changes  the work  func t i on  by  25% in 
the opposite direct ion.  However ,  t ak ing  into ac-  
count  the u n c e r t a i n t y  wi th  which  we k n o w  the  
va l ue  of the  work  func t ion  for emiss ion into a 
l iquid,  we  conc lude  tha t  the m a g n i t u d e  of the ob-  
served c u r r e n t  is consis tent  w i th  tha t  to be expected 
f rom f i e ld -enhanced  the rmion ic  emission.  

In  order  to d i s t ingu ish  b e t w e e n  S c h o t t k y  emis-  
s ion and  field emission,  it is proposed to repea t  our  
conduc t ion  m e a s u r e m e n t s  as a func t ion  of t e m p e r a -  
ture.  

Conclusions 

On the basis  of our  m e a s u r e m e n t s  we a r r ive  at 
the  fo l lowing conclusions:  

1. A n  e lec t ron  mu l t i p l i ca t i on  process does not  
p l ay  a s ignif icant  role in  conduc t ion  and, therefore ,  
in  b r e a k d o w n  in hexane .  
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2. C u r r e n t s  o r ig ina te  e i ther  by  Schot tky  emission,  
or by  field emission,  f rom asper i t ies  on the  cathode;  
in  the l a t t e r  case, the i r  m a g n i t u d e  wou ld  be i n -  
f luenced s t rong ly  by  an  oxide l aye r  on the  cathode. 

3. The  average  ene rgy  i npu t  to the l iquid  n e a r  
b r e a k d o w n  is u n e x p e c t e d l y  la rge  ( abou t  10 ' w a t t s /  
cmS). At  the  t ips of the  asper i t ies  the  ene rgy  i n p u t  
m a y  be as la rge  as 107 w a t t s / c m  ~, and  this  could 
lead to local vapor iza t ion  of the  l iqu id  in  t imes  as 
short  as a few microseconds.  

4. Thus  we conclude  tha t  l i qu id  b r e a k d o w n  i n -  
volves  the  fo rma t ion  of a vapor  b u b b l e  at  the  
cathode and  its s u b s e q u e n t  g rowth  t oward  the  
anode,  b r idg ing  the  gap wi th  a vapor  channe l  of 
low electric s t rength .  

I t  has long been  recognized t ha t  cav i ta t ion  m a y  
p lay  a role in  the  b r e a k d o w n  of l iqu id  dielectrics,  
bubb l e s  be ing  fo rmed  ei ther  f rom dissolved gas 
(15, 16) or by  the  local  vapor i za t ion  of the  l iqu id  
i tself  (17).  Indeed,  the  fact t ha t  the  b r e a k d o w n  
s t r eng th  of a l i qu id  is p ressure  d e p e n d e n t  is d i rect  
ev idence  tha t  a change  of phase  is i nvo lved  in  the  
b r e a k d o w n  m e c h a n i s m  (18-20) .  

We bel ieve,  however ,  tha t  u n t i l  the  p resen t  work  
was  car r ied  out, the  m e c h a n i s m  of fo rma t ion  of 
these  bubb l e s  was u n k n o w n ;  we  an t i c ipa te  tha t  this  
knowledge  wi l l  enab le  us to ex t end  our  u n d e r s t a n d -  
ing of the  b r e a k d o w n  mechan i sm.  

Manuscript  received Nov. 2, 1959. This paper was 
prepared for del ivery before the Phi ladelphia  Meeting, 
May 3-7, 1959. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1960 
JOURNAL. 
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On the Physical Characteristics and Chemical Composition 
of Electroluminescent Phosphors 

Paul Goldberg and S. Faria 
General Telephone and Electronics Laboratories Inc., Bayside, New York 

ABSTRACT 

Through controlled removal  of surface layers, it was found that  surface 
chemical barr iers  are not responsible for electroluminescence in  zinc sulfide 
phosphors. Polycrystal l ine phosphors are shown to be almost uni form with re-  
spect to chemical, physical, and electroluminescent  properties as one passes 
from the surface into the crystall i te bulk. Electron micrographs show the 
character of the particles as successive layers of phosphor surfaces are re-  
moved by acid etching. The exper imental  results at progressive stages of 
etching are in terpre ted in  terms of an inefficient surface layer and of de-  
creased particle size after etching. Regions capable of serving as the site of 
field intensification are held to exist throughout  the volume of the particles. 

If a phosphor is to emit visible light on exposure 
to an electric field, the phosphor must first accept 
energy from that field. The mechanism by which 
this is done is a major problem of electrolumines- 
cence research. Only a few phosphor types are 
known to absorb electrical energy and emit light. 
It is important to elucidate the nature of the physi- 
cal and chemical differences between these phos- 
phors and similar but nonelectroluminescent 
materials. At least one difference in zinc sulfide 
phosphors is held to be the presence of a barrier 

region  in  the  e l ec t ro luminescen t  par t ic les  which  
leads to impact  ioniza t ion  of l u m i n e s c e n t  centers  
( i ,  2).  T h r o u g h o u t  the l i t e r a t u r e  one finds emphas is  
p laced on a chemical  i nhomoge ne i t y  in  the  crys ta l  
which  is he ld  to serve as the  b a r r i e r  site (3 -6) .  
P r e s u m a b l y  no e l ec t ro luminescence  wou ld  be found  
were this inhomogeneity removed. It is the aim of 
the present work to explore the surface and volume 
of electroluminescent zinc sulfide to ascertain the 
degree of physical and chemical uniformity and to 
relate the results to current concepts. 
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It  has been  s ta ted tha t  the ba r r i e r s  respons ib le  for 
e l ec t ro luminescen t  exc i ta t ion  reside on the  phosphor  
surface.  S u p p o r t i n g  this  v iew are the fo l lowing two 
expe r imen t s :  (i) Za lm has deposi ted copper sulfide 
on a n o n e l e c t r o l u m i n e s c e n t  zinc sulfide phosphor ,  
and, by  this  s imple  process, conver t ed  a none l ec t ro -  
l u m i n e s c e n t  phosphor  into one which  is e l ec t ro lumi -  
nescent .  Cyan ide  wash ing  r emoved  the  copper  su l -  
fide and  des t royed  the  phosphor ' s  ab i l i ty  to be  field- 
exci ted  (5) ; (it) Des t r i au  pe r fo rmed  e tching  expe r i -  
men t s  to r emove  phosphor  surfaces  and  found  tha t  
this  caused an  in i t i a l  i m p r o v e m e n t  fol lowed by  ever  
d imin i sh ing  sens i t iv i ty  of the  e l ec t ro luminescen t  
ma te r i a l s  (7) .  In  contrast ,  ba r r i e r s  inside powder  
par t ic les  have  been  proposed f rom observa t ions  on 
the  spat ia l  d i s t r i bu t ion  of emiss ion f rom i n d i v i d u a l  
g ra ins  (8) .  In  s ingle  crysta ls  both  surface and  vol -  
u m e  ba r r i e r s  were  repor ted,  aga in  f rom obse rva -  
t ions on locat ion of l ight  emiss ion  (5, 9-12) .  

Regard ing  the  ba r r i e r  compos i t ion  some q u a l i t a -  
t ive  ideas have  been  f o r m u l a t e d  b y  var ious  worke r s  
(4-6) .  The p r e p a r a t i o n  of e l ec t ro luminescen t  phos-  
phors  u sua l ly  involves  copper  concen t ra t ions  above 
tha t  which  yields  m a x i m u m  pho to luminescen t  i n -  
tensi ty .  The b a r r i e r  m a y  thus  be re la ted  to this  
copper excess. Z a l m  associates the ba r r i e r s  w i th  
conduc t ing  par t ic les  of copper sulfide on the  phos-  
phor  surface (5) .  

In  the work  repor ted  here,  the  p r inc ipa l  expe r i -  
m e n t a l  approach  was  the s t e p - b y - s t e p  r emova l  of 
por t ions  of the  phosphor  mass by  chemical  e tching.  
At  each successive e tching  stage the  proper t ies  of 
the phosphor  were  studied.  These proper t ies  inc lude  
the  phosphor  cell  emi t t ance  and  electr ical  loss as 
func t ions  of voltage.  E lec t ron  microscopy and  x -gay  
diffract ion of the  powders  were  employed  as a ux i l i -  
a ry  ana ly t i ca l  tools. Chemica l  analyses  for copper 
were  also per formed.  To the ex ten t  tha t  phosphor  
ma te r i a l  is r emoved  u n i f o r m l y  f rom the surfaces,  
these m e a s u r e m e n t s  reflect p roper t ies  of the  phos-  
phor  as a func t ion  of depth  into the  crystal .  In  e tch-  
ing expe r imen t s  of this type  it is c lear  tha t  account  
m u s t  be t aken  of changes  in  par t ic le  size and  possi-  
b ly  in  par t ic le  shape. 

Experimental Technique 
Phosphors and analytical methods.--The phosphors  
s tudied  were  m a i n l y  of the ZnS:Cu,C1 type.  They  
con ta ined  0.08% Cu by  weigh t  and  were  g r e e n -  
e m i t t i n g  be low 1 kc. I n  most  of the  work  the  e lec t ro-  
l u m i n e s c e n t  phosphor  was  first f r ac t iona ted  by  
e ]u t r i a t ion  to y ie ld  spec imens  w i th  improved  u n i -  
fo rmi ty  of pa r t i c le  size d i s t r ibu t ion .  A po tas s ium 
sil icate solut ion was employed  as a d ispers ing  agen t  
for the se t t l ing  f rom aqueous  solut ion.  The phosphors  
were  etched wi th  solut ions of 6N HC1 by ag i ta t ion  of 
the  m i x t u r e s  at 60 ~ ~ The progress  of the  e tch ing  
was  mon i to r ed  b y  weigh t  loss due  to H2S evolu t ion .  
Spec imens  etched to va r ious  ex ten t s  were  ob ta ined  
by  e i ther  of two methods :  (i) e tching  of a l a rge  
mass of phosphor  wi th  periodic sampl ing,  and  (it) 
e tch ing  of i n d i v i d u a l  samples  to the desired mass 
reduct ion .  The two methods  led to rough ly  com-  
pa r ab l e  results .  The e lec t ron  mic rographs  were  r e -  
corded of r ep re sen t a t i ve  samples  w i th  a m i n i m u m  of 

n i n e  pho tographs  per  sample.  Direct  p l a t i n u m - s h a d -  
owed ca rbon  repl icas  we re  employed  th roughout .  

X - r a y  diffract ion pa t t e rn s  were  ob ta ined  wi th  a 
record ing  di f f ractometer .  Q u a n t i t a t i v e  spectro-  
graphic  ana lyses  for copper  for each stage of e tching 
were  also t abu la ted .  In  a few ins tances ,  par t ic le  size 
d i s t r i bu t ion  data  were  ob ta ined  wi th  a Coul ter  p a r -  
t icle size appa ra tu s  (13).  
Optical and electrical measurements.--The br igh t -  
ness da ta  were  t a k e n  wi th  a d e m o u n t a b l e  e lectro-  
l u m i n e s c e n t  cell 25 x 25 x 0.150 m m  in size wi th  a 
castor oil dielectr ic  at a phosphor  v o l u m e  f rac t ion of 
0.33. Brass  and  conduc t ive  glass (500 ohms per  
square )  served as e lect rode mater ia l s .  The  detector  
was an  RCA 1P21 pho tomul t i p l i e r  corrected by  a 
W r a t t e n  No. 106 fil ter to yie ld  an  a pp r ox i ma te  eye 
response.  The  b r igh tness  was recorded wi th  a Photo-  
vol t  Model  520 pho tome te r  ca l ib ra ted  wi th  a Spectra  
100 f t - L  s t a n d a r d  b r igh tness  source. 

The  m e a s u r e m e n t  of e lectr ical  losses was  achieved 
wi th  a b r idge  c i rcui t  wh ich  m e a s u r e d  the  capaci-  
t ance  and  the e q u i v a l e n t  pa ra l l e l  res i s tance  of the 
test  cell. 

Experimental Results 
Electroluminescent properties of etched phos- 

phors.--The br igh tness  L and  e lect r ical  loss of the 
etched phosphors  we re  measu red  as a func t ion  of 
vol tage  V. In  Fig. 1 the  b r igh tness  da ta  are shown 
plo t ted  as log L vs. V -lj2 for a cons tan t  f r equency  of 
1 kc. Two effects should  be noted:  (i) a f ter  in i t ia l  
e tching the  b r igh tness  is improved  at all  voltages, 
and  (it) s u b s e q u e n t  stages of e tching  give increased 
slopes as wou ld  be expected  f rom decreases in p a r -  
t icle size (14, 15). 

The efficiency, ~, of this  group changes  wi th  ex-  
t r eme  e tch ing  according to the t r e nd  es tabl ished b y  
L e h m a n n  for efficiency va r i a t ion  wi th  par t ic le  size 
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Fig. 1. Log L vs. V -1/= plots at 1 kc for a family of phos- 
phors subjected to various amounts of etching. 
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Table la 

Wt. % re -  F r a c t i o n  of  W t  v/o No. of 
m o v e d  by  i n i t i a l  s ize  Cu f o u n d  s amp le s  

e t c h i n g  (ca lcula ted)  a (~a .d . )  ana lyzed  

~6 

w 

~4 

w 

2 

1.5 I I I I I 
150 2 0 0  3 0 0  4 0 0  5 0 0  600  

VOLTS 

Fig. 2. Log ~1 vs. Log V for phosphors in Fig. 1, frequency 
is1 kc. 

0 1.00 0.065 • 0.002 4 
25 0.91 0.066 ___ 0.002 3 
33 b 0.87 0.065 ___ 0.002 2 
70 0.67 0.067 _ 0.003 3 
89 0.48 0.069 • 0.002 4 

Table Ib 

Wt. % re-  F r a c t i o n  of  W t  % No. of  
m o v e d  by  i n i t i a l  size Cu f o u n d  samples  

e t c h i n g  (ca lcu la ted)  (~a .d . )  ana lyzed  

0 1.00 0.15 _ 0.015 2 
50 0.79 0.16 ___ 0.015 2 
90 0.46 0.15 • 0.015 2 

a C a l c u l a t e d  f r o m  w e i g h t  loss a s s u m i n g  s p h e r i c a l  geomet ry .  
b Th i s  s a m p l e  is no t  i n c l u d e d  in  t he  m e a s u r e m e n t s  s h o w n  in  F ig .  

1 a n d  2. 

(14).  F i g u r e  2 conta ins  da ta  of log ~? vs. log V at  a 
cons tan t  f r e q u e n c y  of 1 kc w i th  the  degree  of e tch-  
ing as a pa rame te r .  The  vol tage  at which  m a x i m u m  
efficiency occurs r e m a i n s  fixed for the  in i t i a l  stages 
of etching.  H e a v y  e tching occasions a shift  in  this  
vol tage  which  is p r o b a b l y  a consequence  of smal le r  
par t ic le  size. The m a x i m u m  efficiency depends  on ly  
s l ight ly  on f r e q u e n c y  wi th  the  o p t i m u m  rang e  fa l l -  
ing nea r  300 to 400 cps. 

The  improved  b r igh tness  and  h igher  efficiency re -  
su l t ing  f rom ex tens ive  e tching  of these phosphors  do 
not  appear  to be  a consequence  of the  pa r t i cu l a r  
phosphor  synthes i s  employed.  Thus  in  add i t ion  to 
the  Z n S : C u ,  C1 a l r eady  men t ioned ,  the fo l lowing 
phosphors,  e tched to r emove  b e t w e e n  60% an d  90% 
of the phosphor  mass,  al l  show as h igh or h ighe r  
levels  of b r igh tness  and  efficiency as before e tching:  
Z n S : C u , C 1 - P b  (16) ;  ZnS:Cu ,A1  (4) ;  Z n ( S , S e ) :  
Cu,Br (17) ;  and  ZnS:Cu ,C1-Mn.  

Chemical analyses :for activator inhomogeneity.-- 
The a im of these chemical  ana lyses  was to p robe  the 
chemical  homogene i ty  of the  phosphor  on the  as- 
sumpt ion  tha t  the  par t ic le  mass  was r emoved  u n i -  
formly.  1 Tab le  Ia gives resu l t s  of spec t rographic  
analyses  for copper  in  the  r e m a i n i n g  solids as a 
func t ion  of degree  of etching.  The  re la t ive  par t ic le  
size is specified in  Tab le  I w i th  the  d i ame te r  of the  
une t ched  m a t e r i a l  des igna ted  as un i ty .  The m e a n  
d iamete r  of the  u n e t c h e d  phosphor  is 8.3~ as me a s -  
u red  by  the  gas adsorp t ion  (BET)  me thod  a nd  22~ 
as d e t e r m i n e d  wi th  the  F i she r  S u b - S i e v e  Sizer. 
Table  Ib gives s imi la r  da ta  for ano the r  phosphor  of 
different  average  copper content .  Before ana lyz ing  
for copper, the  powders  were  washed  wi th  1% po-  
t a ss ium cyan ide  solut ion to r emove  a n y  loosely 
bound  Cu2S which  forms by  p rec ip i t a t ion  on exposed 
surfaces s u b s e q u e n t  to des t ruc t ive  etching.  

The va lues  in  Tab le  Ia show tha t  the  samples  
possess gradients in Cu concentration of less than 
5 x I0-' g at Cu/mole per micron of crystal. This 
value is determined by the precision of the analyses. 

1 The absence  of  specif ic  e tch  g e o m e t r y  i n  mos t  of t he  e tched  
p h o s p h o r s  sugges t s  t h a t  a l l  su r faces  e x p e r i e n c e  a b o u t  t h e  s ame  
degree  of d i s so lu t ion .  

The resul t s  do no t  r u l e  out  the  ex is tence  of an  i n -  
homogeneous  i m p u r i t y  d i s t r ibu t ion .  Signif icant  ac- 
t i va to r  concen t r a t i on  g rad ien t s  m a y  be too smal l  to 
be de tec t ib le  by  methods  descr ibed above. I t  appears ,  
however ,  tha t  there  is no b u l k  ac t iva tor  phase res id-  
ing on the surface of these  phosphors  which  is of 
cr i t ical  impor t ance  to e lec t ro luminescence .  

Electron Microscope Studies 
Unetched e~ectrotuminescent phosphors.--The ap -  

pea rance  of the g ra ins  is m a i n l y  globoid. The su r -  
faces are  on the  whole  mot t l ed  by  t i n y  p r o t u b e r -  
ances or c r a t e r - l i ke  depress ions  w i th  d imens ions  of 
a hal f  mic ron  or less. Ter rac ing ,  charac te r iz ing  the  
o r ig ina l  c rys ta l  growth,  is found  in  localized regions.  
S t r i a t ions  are also ev iden t  in  res t r ic ted  pa r t s  of most  
grains .  The  t e r r ac ing  and  s t r ia t ions  are  the  on ly  
sur face  fea tures  ind ica t ing  a h igh degree  of c rys ta l -  
l in i ty .  P r i sma t i c  faces are  consp icuous ly  absent .  A 
typ ica l  pa r t i c le  is show n  in  Fig. 3. 

Etched electroluminescent phosphors.--Materials 
at the  in i t i a l  stages of e tching  show l i t t le  of the  

Fig. 3. Electron microgroph of o representative unetched 
electroluminescent particle showing o mottled surface. 
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Fig. 4. Electron micrograph of an etched electrolumines- 
cent particle, about 4 0 %  moss removed. This general appear- 
once is preserved at higher degrees of acid etching. 

m o t t l e d  su r face  c h a r a c t e r  and  a re  a p p a r e n t l y  c h e m i -  
c a l l y  po l i shed .  H e r e  t he  g e o m e t r y  is m o r e  c h a r a c t e r -  
is t ic  of a c r y s t a l l i n e  subs tance .  C r y s t a l  faces  can be  
d i s c e r n e d  in a r e p r e s e n t a t i v e  p a r t i c l e  shown  in Fig .  
4. These  a r e  d i s t u r b e d  b y  sma l l  bumps ,  r eg ions  of 
s t r iae ,  and  i r r e g u l a r  depress ions .  O n l y  r a r e l y  is an  
e tch  p i t  of r e g u l a r  g e o m e t r y  found.  This  c h a r a c t e r  
pe r s i s t s  t h r o u g h  a l l  s tages  of e tch ing .  F r o m  th is  i n -  
f o r m a t i o n  ( and  the  x - r a y  d a t a )  a p i c t u r e  of f r a g -  
m e n t e d  c r y s t a l  o r d e r  e m e r g e s  for  t he  e l e c t r o l u m i -  
nescen t  pa r t i c l e s .  

A f t e r  a b o u t  90% of t he  p h o s p h o r  mass  is r e m o v e d ,  
t he  p h o t o g r a p h s  show a d i s t i nc t  r e d u c t i o n  in p a r -  
t i c le  size. I f  a s p h e r i c a l  g e o m e t r y  is assumed,  a r e -  
duc t ion  in mass  b y  90% is equa l  to a r e d u c t i o n  in 
d i a m e t e r  of abou t  50% w h i c h  is on the  a v e r a g e  the  
o r d e r  of the  o b s e r v e d  d e c r e a s e  in size. Some  p a r t i c l e  
size d i s t r i b u t i o n  m e a s u r e m e n t s  w e r e  m a d e  w h i c h  
show t h a t  mass  r e m o v a l  was  ach i eved  b y  a t t a c k i n g  
p a r t i c l e s  of a l l  sizes r a t h e r  t h a n  the  fine ones p r e f e r -  
en t i a l l y .  F i g u r e  5 shows  the  h i s t o g r a m  of size d i s -  
t r i b u t i o n  b y  v o l u m e  (or  w e i g h t )  of an u n e t c h e d  
phosphor .  F i g u r e  6 is t he  d i s t r i b u t i o n  of th is  p h o s -  
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Fig. 6. Distribution of particle size by volume (or weight) of 
the phosphor shown in Fig. 5 after etching away 80% of the 
moss; measurement range is ] .7-49 #. 

phor  a f t e r  e t ch ing  a w a y  80% of t he  mass .  The  s ig-  
n i f icant  f e a t u r e  is t he  sh i f t  in the  a p p a r e n t  m e a n  
size f rom a p p r o x i m a t e l y  35-40~ to a b o u t  25-30~ 
showing  e x t e n s i v e  e t ch ing  of the  l a r g e r  gra ins .  The  
e l e c t r o l u m i n e s c e n t  p r o p e r t i e s  of these  t w o  phos -  
phors  a r e  r e l a t e d  in t h e  s ame  w a y  as a l r e a d y  d e -  
sc r ibed  in Fig.  1 and  2 for  the  u n e t c h e d  and  the  
h e a v i l y  e t ched  phosphors .  

N o n e l e c t r o l u m i n e s c e n t  p h o s p h o r  p a r t i c l e s  of t he  
ZnS:Cu,C1 t y p e  show q u a l i t a t i v e l y  a b o u t  t he  same  
deg ree  of s t r u c t u r a l  d i s c o n t i n u i t y  as do t h e i r  e lec -  
t r o l u m i n e s c e n t  c o u n t e r p a r t s .  T h e r e  are,  h o w e v e r ,  in  
these  m a t e r i a l s  none  of t he  s t r i a t i ons  seen  in t he  
e l e c t r o l u m i n e s c e n t  phosphors .  

Specific etch patterns.--In one spec imen  an e tch  
g e o m e t r y  of an  u n u s u a l  c h a r a c t e r  was  found.  The  
spec imen  was  e tched  to 93 % mass  r emoved .  ~ Two r e p -  
r e s e n t a t i v e  pa r t i c l e s  a r e  shown  in Fig.  7. The  c h a r -  

' - 'The e t c h i n g  p r o c e d u r e  w a s  d i f f e r e n t  he re .  F i r s t  80% of t h e  
m a s s  w a s  e t c h e d  a w a y ;  t h e  p h o s p h o r  w a s  d r i e d  a n d  e t c h e d  a g a i n  
w i t h  f r e s h  ac id .  
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Fig. 5. Distribution of particle size by volume (or weight) of 
o representative unetched electroluminescent phosphor; meas- 
urement range is 3.4-49/~. 

Fig. 7. Uncommon geometry in a highly etched electro- 
luminescent specimen (93% moss removed) showing pyra- 
mids on one end. The crystal structure of the powder, of 
which this particle is representative, is cubic with litt le or no 
hexagonal content. 
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ac te r i s t i c  shape  is ob long  w i t h  one end  showing  
w e l l - d e f i n e d  p y r a m i d a l  peaks .  The  p e a k s  fa l l  m a i n l y  
in to  two  g roups  w h o s e  a v e r a g e  ang les  a r e  62 ~ 51' 
(+_1 ~ 40') and  70 ~ 45' ( - -2  ~ 10'),  r e spec t i ve ly .  These  
pa r t i c l e s  show cubic  s t r u c t u r e  in t h e  x - r a y  d i f f r ac -  
t ion  p a t t e r n  w i th  a s m a l l  h e x a g o n a l  con ten t  a n d  
some b i r e f r i ngence .  T h e y  possess  r i d g e s  r u n n i n g  
n o r m a l  to the  d i r ec t i on  in w h i c h  the  p e a k s  point .  
P e a k s  w i t h i n  one p a r t i c l e  a r e  f o u n d  w h i c h  po in t  in 
d i r ec t ions  w h i c h  a r e  ou t  of p a r a l l e l  w i t h  o the r s  b y  
abou t  5 ~ of arc.  Also,  t he  l a t e r a l  r i d g e s  are,  in some 
pa r t i c l e s ,  out  of p a r a l l e l  b y  as m u c h  as 13 ~ These  
facts  p o i n t  to s t r u c t u r a l  un i t s  whose  b o u n d a r y  d i -  
v ides  t he  p a r t i c l e  p a r a l l e l  to t he  d i r ec t i on  of  t he  
p y r a m i d s .  

I t  is poss ib le  t h a t  t he  occu r r ence  of p e a k s  on ly  on 
one s ide  of each  p a r t i c l e  is a consequence  of the  a b -  
sence in t he  s p h a l e r i t e  l a t t i c e  of a s t r u c t u r a l  c e n t e r  
of s y m m e t r y .  R e c e n t l y  W h i t e  and  Ro th  (18) h a v e  
shown  h o w  a s y m m e t r i c  e tch  p a t t e r n s  in  G a A s  w a -  
fers  ( s p h a l e r i t e  s t r u c t u r e )  e t ched  in (111) p l anes  
c o r r e l a t e  w i t h  t he  n o n c e n t r o s y m m e t r i c  s t ruc tu re .  
W e  m a y  thus  p o s t u l a t e  t h a t  t he  p e a k s  in Fig .  7 p o i n t  
in t he  < 1 1 1 >  d i rec t ion .  This  con ten t ion  is s u p p o r t e d  
b y  x - r a y  d i f f rac t ion  p a t t e r n s  o b t a i n e d  f rom i n d i -  
v i d u a l  pa r t i c l e s  in t he  e t ched  spec imen .  Wolff  has  
r e p o r t e d  t h a t  in ZnS  c r y s t a l s  t h e  r a t e s  of d i s so lu t ion  

b y  HC1 of (111) faces  and  (111) faces  a r e  d i f ferent .  
He sugges t s  t h a t  th is  is a consequence  of s t r u c t u r a l  
a s y m m e t r y  a long  the  < 1 1 1 >  d i r ec t i on  and  t h a t  t h e  
face  m a d e  up  p r i m a r i l y  of su l fu r  a t o m s  is a t t a c k e d  
at  t he  g r e a t e s t  r a t e  (19) .  Thus  w e  p o s t u l a t e  t h a t  t he  
p y r a m i d s  in Fig .  7 a p p e a r  on the  " s u l f u r "  face.  

The  l igh t  o u t p u t  f r o m  a s a m p l i n g  of f i f teen p a r -  
t ic les  f rom th is  m a t e r i a l  was  f o l l o w e d  v i s u a l l y  w i t h  
a mic roscope  a r r a n g e m e n t  s i m i l a r  to t h a t  of W a y -  
m o u t h  and  B i t t e r  (20) .  In  a l l  bu t  one  case  t he  p a r -  
t ic les  w e r e  d i s t i n c t l y  m o r e  l u m i n o u s  w i t h  t h e  e l o n -  
ga t ed  axis  p a r a l l e l  to  t he  a p p l i e d  f ie ld r a t h e r  t h a n  
p e r p e n d i c u l a r .  

Crystal structure.--The s t r u c t u r e  of t he  f a m i l y  of 
p h o s p h o r s  w h i c h  h a v e  u n d e r g o n e  success ive  e t ch ing  
is, to  a first  a p p r o x i m a t i o n ,  u n i f o r m  t h r o u g h o u t  t he  
la t t ice .  The  d o m i n a n t  f o r m  is cubic  in mos t  of t h e  
e l e c t r o l u m i n e s c e n t  m a t e r i a l s  r e p o r t e d  u p o n  here .  
The  n a t u r e  of t he  p h o s p h o r  syn thes i s  is such  t h a t  t he  
cubic  s t r u c t u r e  m a y  h a v e  occu r r ed  as a consequence  
of e i t he r  l o w - t e m p e r a t u r e  a n n e a l i n g  o r  of m i l l i n g  
the  h e x a g o n a l  f o r m  at  a s t age  fo l l owing  c r y s t a l -  
l iza t ion .  The  d i f f r ac t ion  p a t t e r n s  show some sub t l e  
q u a l i t a t i v e  changes  a t  v a r i o u s  s tages  of e tching .  A 
s m a l l  r e s i d u a l  h e x a g o n a l  c o m p o n e n t  ex i s t i ng  in t he  
u n e t c h e d  p h o s p h o r  is r e d u c e d  in t he  m o r e  h e a v i l y  
e t ched  phosphors .  Also,  f r om o b s e r v a t i o n s  on l ine  
b r e a d t h  in t he  b a c k  ref lec t ion  reg ion ,  t he  h i g h l y  
e tched  g r a in s  a r e  f o u n d  to h a v e  a g r e a t e r  d e g r e e  of 
o r d e r  t h a n  the  u n e t c h e d  phosphor .  A s s u m i n g  t h a t  
s t r ong  e t ch ing  exposes  t he  p a r t i c l e  cores,  t he  o r d e r -  
ing effect m a y  a r i s e  f r o m  a s l ower  cool ing  r a t e  in 
t he  i n n e r  l a y e r s  a f t e r  t he  synthes i s .  In  s u p p o r t  of 
th is  t h e  i n t e r i o r s  a r e  f o u n d  to h a v e  a s t r o n g e r  b l u e  
c o m p o n e n t  in  t h e  p h o t o l u m i n e s c e n c e  t h a n  the  u n -  
e t ched  p a r e n t  phospho r .  L e v e r e n z  s ta tes  t ha t  t he  

s h o r t e r  w a v e  l eng ths  a r e  f a v o r e d  b y  s l ower  cool ing 
(21). 

Discussion 
The  r e su l t s  show t h a t  t he  p o l y c r y s t a l l i n e  p h o s -  

pho r s  a r e  n e a r l y  h o m o g e n e o u s  in chemica l ,  phys ica l ,  
and  e l e c t r o l u m i n e s c e n t  p r o p e r t i e s  as one  passes  
f rom the  su r f ace  and  p e n e t r a t e s  d e e p l y  in to  t he  
c r y s t a l l i t e  bu lk .  One  e x c e p t i o n  to th is  is t he  e x i s t -  
ence  of a th in  ineff icient  su r f a c e  l a y e r  m u c h  l ike  t h a t  
found  in ca thode  r a y  p h o s p h o r s  (22) .  8 F o l l o w i n g  
the  r e m o v a l  of th is  l aye r ,  the  e l e c t r o l u m i n e s c e n t  
p r o p e r t i e s  v a r y  w i t h  t h e  e x t e n t  of e t ch ing  in  a 
fash ion  l ike  t h a t  p r e v i o u s l y  d e s c r i b e d  for  p a r t i c l e  
size r e d u c t i o n  (14, 15).  T h e  r e su l t s  a r e  a t  odds  w i t h  
t he  concep t  t h a t  a su r f ace  c h e m i c a l  p h a s e  is r e -  
spons ib le  for  t h e  p o t e n t i a l  b a r r i e r  and  thus  for  t he  
source  of e l e c t r o l u m i n e s c e n c e  exc i t a t ion ,  s ince  
s t rong  e l e c t r o l u m i n e s c e n c e  pe r s i s t s  f o l l owing  the  r e -  
m o v a l  of s u b s t a n t i a l  a m o u n t s  of su r face  m a t e r i a l .  
I t  w o u l d  a p p e a r  t h a t  t he  p h o s p h o r  p a r t i c l e ' s  su r f ace  
modif ies  i ts  e l e c t r o l u m i n e s c e n t  c apab i l i t y ,  b u t  does  
no t  se rve  as a s i te  of i n t r i n s i c  e l e c t r o l u m i n e s c e n t  
p rope r t i e s .  Such  modi f i ca t ion  of a so l id ' s  b u l k  p r o p -  
e r t i e s  b y  i ts  su r f ace  is o f ten  e n c o u n t e r e d  in o t h e r  
a r eas  of s e m i c o n d u c t o r  s tudies .  

The  mos t  a c c e p t a b l e  p h y s i c a l  d e s c r i p t i o n  of e l ec -  
t r o l u m i n e s c e n t  p a r t i c l e s  is one  in w h i c h  r eg ions  c a -  
p a b l e  of s e r v i n g  as t he  l oca t i on  of f ie ld in t ens i f i ca -  
t ion  a r e  to be  found  t h r o u g h o u t  t he  e l e c t r o l u m i n e s -  
cent  pa r t i c l e .  The  loca t ion  w i t h i n  t he  p a r t i c l e  of t he  
s i te  w h i c h  f ina l ly  se rves  as t he  ac t ive  b a r r i e r  is no t  
ce r ta in .  The  fo l lowing ,  h o w e v e r ,  does  a p p e a r  w e l l  
f o u n d e d  on t h e  bas is  of t h e  above  e x p e r i m e n t s :  if  
t he  s i te  of f ield in tens i f i ca t ion  ex is t s  on or  n e a r  t he  
p a r t i c l e  sur face ,  r e m o v a l  of th i s  su r f ace  b r i n g s  n e w  
b a r r i e r  s i tes  in to  p l a y  w i t h  e q u a l  c a pa b i l i t i e s  for  t h e  
g e n e r a t i o n  of e l e c t ro lumine sc e nc e .  The  p a r t i c u l a r  
s i te  w h i c h  s e rves  as  a b a r r i e r  m a y  d e p e n d  on p a r -  
t ic le  o r i en t a t i on ,  shape ,  and  con tac t  w i t h  o t h e r  p a r -  
t icles.  I t  a p p e a r s  l i k e l y  as a consequence  of a r g u -  
m e n t s  b a s e d  on p a r t i c l e  size effects t h a t  on ly  one or  
two  b a r r i e r s  a r e  o p e r a t i v e  in  a p a r t i c l e  a t  a n y  one  
t i m e  (15) .  

The  concep ts  p r o p o s e d  h e r e  a r e  in  d i s a g r e e m e n t  
w i t h  Z a l m ' s  m o d e l  (5)  of a c onduc t i ng  su r f ace  
phase .  T h e  source  of t he  d i a g r e e m e n t  l ies  in t he  fac t  
t h a t  e l e c t r o l u m i n e s c e n c e  w h i c h  is p r o d u c e d  b y  i m -  
p u r i t y  a c t i va t i on  at  h igh  t e m p e r a t u r e s  and  t h a t  a r i s -  
ing f r o m  the  depos i t i on  of c onduc t i ng  phases  on 
n o n e l e c t r o l u m i n e s c e n t  p h o s p h o r s  a r e  d i f f e ren t  in  
two  i m p o r t a n t  ways .  F i r s t ,  t he  f i e l d - e x c i t e d  e m i s -  
s ion f r o m  an  o t h e r w i s e  n o n e l e c t r o l u m i n e s c e n t  p h o s -  
p h o r  w i t h  a coppe r  sulf ide su r f ace  phase  is o r d e r s  
of m a g n i t u d e  b e l o w  t h a t  of p r o d u c t s  syn thes i zed  b y  
c o n v e n t i o n a l  me thods .  Second ,  c o n v e n t i o n a l  e l ec -  
t r o l u m i n e s c e n t  p h o s p h o r s  canno t  be  d e a c t i v a t e d  b y  
w a s h i n g  w i t h  a c y a n i d e  solut ion .  Thus,  w e  f ind t h a t  
a p h o s p h o r  w h i c h  was  r e f luxed  w i t h  a 50% K C N  
so lu t ion  loses  l i t t l e  if  a n y  of i ts  sens i t iv i ty .  

The  e x p e r i m e n t s  of L a r a c h  and  S h r a d e r  (6)  do 
no t  offer conv inc ing  ev idence  for  a r eg ion  n e a r  t he  

3 K r e m h e l l e r  p roposes  t h a t  e t ch ing ,  and  t h e r e f o r e  r o u g h e n i n g ,  of 
the  su r face  of some  p h o s p h o r s  i m p r o v e s  l i g h t  o u t p u t  o w i n g  to 
decreases  in  m u l t i p l e  i n t e r n a l  re f lec t ions  (23). 
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p a r t i c l e  su r f ace  w h i c h  is r i c h l y  i n t e rd i f fu sed  w i t h  
copper ,  as t h e y  m a i n t a i n .  T h e y  h a v e  p e r f o r m e d  no 
chemica l  a n a l y s e s  as a func t ion  of p e n e t r a t i o n  into  
t h e  c r y s t a l  vo lume .  I t  w o u l d  b e  of i n t e r e s t  to k n o w  
if t h e i r  p h o s p h o r s  e x p e r i e n c e  t h e  s ame  t y p e  of 
changes  d e s c r i b e d  in th i s  r e p o r t  or  if  the  m a t e r i a l s  
lose  s e n s i t i v i t y  f o l l o w i n g  d e s t r u c t i v e  e tch ing .  

D e s t r i a u ' s  w o r k  on e t ch ing  of e l e c t r o l u m i n e s c e n t  
p h o s p h o r s  (7)  may ,  on  t h e  bas i s  of th is  r epo r t ,  be  
t h r o w n  into  d i f f e ren t  pe r spec t i ve .  His  m e a s u r e m e n t s  
w e r e  of t he  m i n i m u m  v o l t a g e  r e q u i r e d  for  v i s i b i l i t y  
as a func t ion  of the  e x t e n t  of e tch ing .  The  course  of 
his  c u r v e  shows  an  in i t i a l  d e c r e a s e  ( s e n s i t i v i t y  in -  
crease)  f o l l o w e d  b y  a mono ton ic  i nc rea se  ( s e n s i t i v -  
i t y  d e c r e a s e ) .  This  is t he  s ame  p a t t e r n  f o l l o w e d  b y  
the  d a t a  in Fig .  1 in  t he  low v o l t a g e  reg ion .  I n i t i a l  
e t ch ing  inc reases  s ens i t i v i ty ;  h e a v i e r  e t ch ing  p r o -  
duces  an  a p p a r e n t  s e n s i t i v i t y  dec rea se  w h i c h  is 
m o r e  p r e c i s e l y  a consequence  of p a r t i c l e  size 
change .  

One  f inds sub t l e  effects on p e n e t r a t i n g  the  g r a in s  
which ,  in t h e  second  a p p r o x i m a t i o n ,  show t h e  g r a i n s  
to be  inhomogeneous .  T h e s e  a r e  t h e  b l u e r  p h o t o -  
l u m i n e s c e n c e  and  m o r e  o r d e r e d  s t r u c t u r e  of t he  
i n t e r n a l  reg ions .  The  r e l a t ion ,  if  a n y  exis ts ,  of 
these  effects to  e l e c t r o l u m i n e s c e n c e  canno t  be  m a d e  
on the  bas is  of t he  a b o v e  e x p e r i m e n t s .  
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ABSTRACT 

Ingots of the quas i -b inary  GaSb-A1Sb alloy were prepared by progressive 
casting and zone casting at various rates of crystallization. Results of x - ray  
diffraction studies, metal lographic studies, hardness determinations,  and chem- 
ical analyses indicate that, with the possible exception of a nar row composition 
range between 10 and 30 mole % A1Sb which was not investigated, solid solu- 
tion prevails in  the system. Bulk specimens of single phase, solid solution alloy 
were obtained by use of low l inear  rates of crystall ization (0.05 in . /h r ) ,  while 
at higher rates of crystall ization (1/a to 1z/4 in . /hr )  two in termingled  solid 
phases were characteristically obtained. 

Vegard's law was found to be at least roughly applicable; with lattice con- 
stants for the alloys ranging between values of 6.0963A for pure GaSb and 
6.1361A for pure A1Sb. Optical energy gaps determined for alloy specimens in -  
creased regular ly  with cell size from a value of 0.68 ev for GaSb to a value of 
1.74 ev for A1Sb. Values of electrical resist ivity and hole mobil i ty for the 
relat ively impure  alloy specimens were also intermediate  between those for 
the compounds in a like state of purity.  

Liquidus data are also presented for the system. 

In  recent  years,  there  has been  cons iderab le  i n t e r -  
est in  sys tems composed of two in t e rme ta l l i c  com-  
pounds  of the  A m B v type  (e.g., G a S b - I n S b ,  I n A s -  
InSb,  etc.) .  This  in te res t  arises because  of the  possi-  
b i l i ty  of ob t a in ing  semiconduc t ing  mater ia l s ,  the 
proper t ies  of which  can be va r i ed  over  a con t inuous  
r ange  of values .  Since r egu la r  va r i a t i on  of the  
s t r u c t u r e - s e n s i t i v e  proper t ies  wi th  composi t ion  can 
be expected on ly  for those sys tems or composi t ion  
ranges  in  which  solid so lu t ion  occurs, the m a j o r i t y  
of p rev ious  inves t iga t ions  (1-8)  in  this area  have  
been  concerned  chiefly w i th  the  ex is tence  of such 
ranges  in  the  var ious  systems.  

In  a n u m b e r  of ins tances ,  however ,  a p p a r e n t l y  
conflict ing resul t s  have  been  repor ted .  In  the  case 
of the  sys tem G a S b - I n S b ,  for example ,  Kos te r  and  
Thoma  (1) repor t  a degene ra t e  eutect ic  d i a g r a m  
wi th  no apprec iab le  t e r m i n a l  solid solut ion,  whi le  
Kolm,  Ku l in ,  and  A v e r b a c h  (2) repor t  app rox i -  
m a t e l y  10% solid so lu t ion  at  each end  of the  d ia -  
gram. On the  other  hand ,  resul t s  r epor ted  by  Gor -  
y u n o v a  and  Fedorova  (3) ,  Woolley,  Smith ,  and  Lees 
(4) ,  Wool ley  and  Smi th  (5) ind ica te  tha t  a com-  
p le te  r ange  of solid so lu t ion  exists  in  this  system. 
S imi l a r ly  conflict ing conclus ions  have  been  reached  
r ega rd ing  the  systems I n A s - I n S b  ( 3 , 5 , 6 ) ,  AISb-  
I n S b  (1, 5), and  A1Sb-GaSb  (1, 5).  Wool ley  and  
Smi th  (5) suggest  tha t  the  d iscrepancies  exist  be -  
cause, in  some instances ,  the  samples  we re  in  a 
me ta s t ab l e  state. Resul t s  of those inves t iga t ions  for 
which  adequa te  i n f o r m a t i o n  is g iven  r eg a r d i ng  
t h e r m a l  h i s to ry  of the  ma te r i a l s  (e.g., cooling ra te  
d u r i n g  crys ta l l iza t ion,  or t ime  and  t e m p e r a t u r e  used 
for heat  t r e a t m e n t )  appear  to be cons is ten t  wi th  this  
observat ion .  Sa t i s fac tory  eva lua t i on  of all  p rev ious  
w o r k  is no t  possible,  however ,  s ince in  some cases 
no  detai ls  are  g iven  conce rn ing  hea t  t r e a t m e n t  of 
specimens.  F i r m  conclus ions  r e g a r d i n g  the  precise 

n a t u r e  of these  sys tems therefore  m u s t  be based to 
a la rge  ex ten t  on the resul t s  of add i t iona l  i nves t i -  
gations.  

This  inves t iga t ion  was  concerned  wi th  t e m p e r a -  
t u r e - c o m p o s i t i o n  re la t ionsh ips  for the  sys tem A1Sb- 
GaSb  and  wi th  p e r t i n e n t  phys ica l  proper t ies  of the  
al loys obta ined.  The s tudy  is incomple te  in  the  sense 
tha t  fu l l  cha rac te r i za t ion  of the  sys tem and  ful l  de-  
v e l o p m e n t  of ce r ta in  of the ana ly t i ca l  and  p r e p a r a -  
t ive  t echn iques  have  not  yet  been  real ized.  Data  
p resen ted  do, however ,  f u r n i s h  m u c h  n e w  or con-  
f i rmatory  ev idence  r e ga r d i ng  the  n a t u r e  of this  p a r -  
t i cu la r  system, a nd  it  is be l ieved  tha t  ce r t a in  of the  
techniques  which  are  discussed m a y  be appl icab le  
to o ther  al loy sys tems of this  type.  

Experimental Procedures 
All  samples  s tudied  were  p r e p a r e d  by  direct  r e -  

ac t ion  at  e leva ted  t empera tu re s ,  of p roper  p ropor -  
t ions  of h igh ly  pur i f ied e lements  1 sealed in  quar tz  or 
Vycor  u n d e r  an  a tmosphere  of pu re  argon.  A t m o s -  
pheres  of hydrogen ,  used in some ea r ly  e xpe r imen t s  
to suppress  oxidat ion,  were  no t  cons idered  to be 
sat isfactory.  N u m e r o u s  smal l  voids, which  a p p a r -  
e n t l y  we re  fo rmed  by  p rec ip i t a t ion  of the  gas f rom 
solu t ion  on freezing,  were  a lways  p re sen t  in  a l loy 
spec imens  solidified u n d e r  hydrogen .  In  work  w i th  
composi t ions  other  t h a n  pu re  GaSb,  t e m p e r a t u r e  of 
each sample  was in i t i a l ly  held  in  the  r a nge  1060 ~  
1080~ ( jus t  above  the  me l t i ng  po in t  of A1Sb) for 
a per iod  of o n e - q u a r t e r  hou r  to react  the e l ements  
and  homogenize  the  mel t  before proceeding  wi th  the  
expe r imen t .  Since the  glasses (quar tz ,  Vycor, etc.) 
are  a t t acked  r a p i d l y  by  mo l t en  samples  con t a in ing  
A1 or A1Sb, i n t e r n a l  crucibles  or boats  of pu re  
g raph i te  s were  used for such composit ions.  

G a l l i u m ,  99.995 + % ; a l u m i n u m ,  99.992 + % ; a n t i m o n y ,  99.996 + %. 

S N a t i o n a l  C a r b o n  Co., A U C  grade.  

527 



528 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  J u n e  1960 

Dif fe ren t i a l  t h e r m a l  ana lys i s  was  e m p l o y e d  in 
m a k i n g  the  p h a s e - d i a g r a m  s tudy .  S a m p l e s  w e r e  
con t a ined  in  g r a p h i t e  cel ls  w h i c h  h a d  a g r a p h i t e  t h e r -  
m o c o u p l e  we l l  e x t e n d i n g  in to  t he  c e n t e r  of t he  s a m -  
p l e  c h a m b e r .  G r a p h i t e  was  used  as a r e f e r e n c e  m a -  
t e r i a l .  Both  t e m p e r a t u r e s  and  t e m p e r a t u r e  d i f f e r -  
en t i a l  w e r e  r e c o r d e d  c o n t i n u o u s l y  b y  m e a n s  of a 
d u a l - u n i t  B r o w n  E l e c t r o n i k  P o t e n t i o m e t e r - R e -  
corder .  A t  cool ing r a t e s  of 3 ~  w e l l - d e f i n e d  
t h e r m a l  a r r e s t  po in t s  w e r e  ob ta ined .  T h e r m o m e t r y  of 
the  a p p a r a t u s  was  c a l i b r a t e d  b y  m e a s u r i n g  t h e  
f r eez ing  po in t s  of h i g h - p u r i t y  lead,  a n t i m o n y ,  a n d  
g e r m a n i u m .  The  m e a s u r e d  f r eez ing  po in t  of GaSb ,  
702~ wh ich  is in good a g r e e m e n t  w i t h  va lue s  of 
703~ and  706~ r e p o r t e d  b y  o the r s  (1, 6),  s e r v e d  
as a check  on the  ca l ib ra t ion .  

A l l o y  ingots  w e r e  p r e p a r e d  b y  two  t echn iques :  
p r o g r e s s i v e  cas t ing  a n d  zone cast ing.  P r o g r e s s i v e  
cas t ing ,  in w h i c h  c r y s t a l l i z a t i o n  is caused  to p r o -  
g ress  at  a con t ro l l ed  r a t e  a long  an  i n i t i a l l y  w h o l l y  
m o l t e n  ingot ,  m a i n t a i n e d  in a h o r i z o n t a l  pos i t ion ,  
was  used  for  e x p l o r a t o r y  purpose .  [This  m e t h o d  of 
c r y s t a l l i z a t i o n  has  been  t e r m e d  n o r m a l  f r eez ing  b y  
P f a n n  (10) . ]  Because  of t he  v a r i a t i o n  of compos i -  
t ion w i th  d i s t ance  a long  a p r o g r e s s i v e l y  cast  ingot  
( e x c e p t  a t  an i n v a r i a n t  po in t  or  in t he  case  of an  
idea l  so lu t i on ) ,  a n u m b e r  of spec imens  h a v i n g  d i f -  
f e r en t  compos i t ions  u s u a l l y  can  be  o b t a i n e d  f rom a 
s ing le  ingot .  

R e l a t i v e l y  l a rge  spec imens  of u n i f o r m  compos i -  
t ion  are,  h o w e v e r ,  r e q u i r e d  for  c e r t a i n  p h y s i c a l  
s tud ies  (e.g., so l idus  d e t e r m i n a t i o n s ,  chemica l  a n a l -  
yses,  e tc . ) .  Zone  cas t ing ,  w h i c h  is e s s e n t i a l l y  s i ng l e -  
pass  zone me l t ing ,  was  i n v e s t i g a t e d  as a p o t e n t i a l  
m e a n s  of o b t a i n i n g  such spec imens .  Theo re t i ca l l y ,  
for  a sy s t em or  compos i t ion  r a n g e  in w h i c h  the  
c o m p o n e n t s  f o rm  sol id  solut ions ,  th is  m e t h o d  of 
cas t ing  shou ld  y i e l d  ingots  w h i c h  a r e  of u n i f o r m  
compos i t ion  ove r  a c o n s i d e r a b l e  po r t i on  of t h e i r  
length .  I f  a m a c r o s c o p i c a l l y  h o m o g e n e o u s  c h a r g e  is 
used,  compos i t ion  of t h e  r e c r y s t a l l i z e d  ingo t  shou ld  
change  a p p r e c i a b l y  in on ly  t he  first  s e v e r a l  and  the  
f inal  zone lengths .  W h e n  m a t e r i a l  of a g iven  c o m -  
pos i t ion  ( r e p r e s e n t i n g  some po in t  on the  so l idus  of 
t he  s y s t e m )  is used  as t he  m a i n  charge ,  and  m a t e r i a l  
of the  c o r r e s p o n d i n g  l i q u i d u s  compos i t ion  is u sed  
as a c h a r g e  in t he  f irst  zone length ,  t hen  compos i -  
t ion  of  the  r e c r y s t a l l i z e d  ingot  shou ld  v a r y  on ly  in  
t he  f inal  zone length .  So l id  cha rges  cons i s t ing  of 
e i t he r  a i r - q u e n c h e d  ingots  or  t h o r o u g h l y  b l e n d e d  
lots  of t he  a l loy  m a t e r i a l  in p o w d e r  f o r m  w e r e  r e -  
c r y s t a l l i z e d  in th is  way .  I n d u c t i o n  hea t i ng  was  e m -  
p l o y e d  for  a l l  cas t ing  e x p e r i m e n t s ,  and  the  r a t e  of 
m o v e m e n t  of the  ingot  t h r o u g h  the  i nduc t i on  coil  
was  cons ide red  to be  r a t e  of c ry s t a l l i z a t i on .  Mo l t en  
z o n e - l e n g t h  to i n g o t - l e n g t h  r a t io s  of 0.2 to 0.25 w e r e  
used  for  the  zone cas t ing.  A l l o y  ingots  w e r e  cas t  
p r o g r e s s i v e l y  u n d e r  a n u m b e r  of condi t ions ,  and  
spec imens  f rom se lec ted  loca t ions  in these  ingo t s  
w e r e  e x a m i n e d  b y  use of x - r a y  d i f f rac t ion ,  m e t a l l o -  
g r a p h i c  t echn iques ,  and  h a r d n e s s  tes ts .  

In  p r e p a r i n g  s p e c i m e n s  for  m e t a l l o g r a p h i c  e x a m i -  
na t ion ,  a s t a in ing  e tch  of 10 g FeCI~, 1000 ml  H,O, 
and  100 ml  c o n c e n t r a t e d  HC1 was  used.  In  K n o o p  
h a r d n e s s  d e t e r m i n a t i o n s ,  100 and  500 g i n d e n t e r  

loads  w e r e  used.  E x c e p t  for  S a m p l e  P C - l - 4 ,  wh ich  
s p a n n e d  a r a n g e  of p rogress ions ,  a l l  s a m p l e s  t a k e n  
for  x - r a y ,  opt ica l ,  e lec t r ica l ,  and  c h e m i c a l  a n a l y s e s  
w e r e  f r o m  th in  s l a b - l i k e  sec t ions  w h i c h  w e r e  cut  
a long  p l a n e s  n o r m a l  to the  l o n g i t u d i n a l  axes  of the  
ingots  so as to m i n i m i z e  the  effect of v a r i a t i o n s  in 
compos i t ion .  

X - r a y  d i f f r ac t ion  s tud ies  w e r e  m a d e  on p o w d e r  
s a mp le s  p r e p a r e d  b y  g r i n d i n g  the  b u l k  spec imens  
u n d e r  a n h y d r o u s  benzene .  T h e  d i f f rac t ion  p a t t e r n s  
w e r e  o b t a i n e d  b y  use  of  Ni  K r a d i a t i o n  a n d  a 114.6 
m m  d i a m e t e r  D e b y e - S c h e r r e r  camera .  In  d e t e r m i n -  
ing p rec i s ion  l a t t i ce  cons tan ts ,  r e su l t s  w e r e  co r r ec t ed  
for  f i lm s h r i n k a g e  and  o the r  e r ro r s  (11) b y  e x t r a -  
po l a t i ng  the  p lo t s  of a p p a r e n t  l a t t i c e  p a r a m e t e r s  
aga ins t  t he  func t ion  1/2 [ (cos ~ ~/~) -t- (cos ~ P/s in/~)  ], 
w h e r e  ~ is t h e  B r a g g  angle .  

I n f r a r e d  t r a n s m i s s i o n  s p e c t r a  w e r e  o b t a i n e d  at  
r oom t e m p e r a t u r e  for  p o l i s h e d  p l a t e l e t s  of the  com-  
pounds  a n d  a l loys  r a n g i n g  in  th i ckness  f rom 0.003 
to 0.010 in. The  B e c k m a n  D U, B e c k m a n  Mode l  IR-2,  
and  P e r k i n - E l m e r  Mode l  21 s p e c t r o m e t e r s  w e r e  
used  for  t h e  w a v e - l e n g t h  r anges ,  0.4 to 1.5, 0.65 to 
2.0, and  2.0 to 15 ~, r e spe c t i ve ly ,  as was  r equ i r ed .  In  
d e t e r m i n i n g  op t ica l  e n e r g y  gap,  cutoff  w a v e  l eng th  
was  t a k e n  as  t h a t  w a v e - l e n g t h  a t  w h i c h  v a l u e  of 
the  B e e r - L a m b e r t  a b s o r p t i o n  coefficient r e a c h e d  a 
va lue  of 200 cm -1. Use of th is  conven t ion  has  y i e l d e d  
va lues  for  a n u m b e r  of o t h e r  s e m i c o n d u c t i n g  c o m -  
pounds  (12) w h i c h  a r e  g e n e r a l l y  in good a g r e e m e n t  
w i t h  o t h e r  p u b l i s h e d  va lue s  (e.g., r oom t e m p e r a t u r e  
va lues  of 0.16 ev for  p u r e  InSb ,  0.35 ev for  InAs,  
1.32 ev for  InP ,  and  1.39 ev  fo r  G a A s ) .  

In  m a k i n g  the  e l ec t r i ca l  m e a s u r e m e n t s ,  bo th  a n t i -  
m o n y  fi lms and  so lde r  con tac t s  w e r e  used  to e l i m i -  
na t e  the  v e r y  h igh  con tac t  r e s i s t ance  e x h i b i t e d  b y  
the  a l loys ,  e spe c i a l l y  b y  those  r i ch  in A1Sb. The  
a n t i m o n y  f i lms w e r e  f o r m e d  in situ b y  use  of hot  
c o n c e n t r a t e d  K O H  as a r e d u c i n g  agent .  Tungs t en  
p robes  t h e n  w e r e  he ld  in con tac t  w i t h  the  fi lms b y  
sp r ing  tens ion.  The  so lde r  contacts ,  m a d e  w i t h  
S n - P b  so lde r  and  a l u m i n u m  so lde r  flux, a p p e a r e d  
to be m o r e  r e l i a b l e  for  low t e m p e r a t u r e  m e a s u r e -  
ments .  A l l  H a l l  da t a  w e r e  t a k e n  at  a f ield s t r e n g t h  
of 5000 gauss .  

F o r  c h e m i c a l  ana lyses ,  t he  s a mp le s  w e r e  d i s so lved  
in a lka l i .  The  to t a l  a m o u n t  of a n t i m o n y  p r e s e n t  was  
d e t e r m i n e d  b y  t i t r a t i o n  w i t h  p o t a s s i u m  b roma te .  
A l u m i n u m  and  g a l l i u m  w e r e  c o n v e r t e d  to the  m i x e d  
oxides, and  the  to ta l  a m o u n t  p r e s e n t  was  d e t e r m i n e d  
g r a v i m e t r i c a l l y .  The  f r ac t i on  of each p r e s e n t  in the  
m i x t u r e  was  c a l c u l a t e d  t h e n  b y  the  c lass ica l  me thod .  

Experimental Results and Discussion 
Physical properties of G a S b  and A I S b . - - A s  a first  

s tep t o w a r d  c h a r a c t e r i z a t i o n  of  the  sys tem,  p e r t i n e n t  
p h y s i c a l  p r o p e r t i e s  of the  c o m p o u n d s  G a S b  and  
A1Sb w e r e  m e a s u r e d .  The  v a l u e s  ob ta ined ,  wh ich  a r e  
s u m m a r i z e d  in T a b l e  I, w e r e  d e t e r m i n e d  for  spec i -  
mens  p r e p a r e d  f rom h i g h - p u r i t y  e l e m e n t s  as has  
been  desc r ibed .  P u r i t y  of t h e  spec imens  s tud ied ,  as 
de duc e d  f r o m  e l ec t r i ca l  m e a s u r e m e n t s ,  was  abou t  
2 x 10 ~7 i m p u r i t y  a t o m s / c m  ~. 

The  l a t t i c e  cons tants ,  6.0963A for  G a S b  and  
6.1361A for  A1Sb, a r e  r o u g h l y  equa l  in m a g n i t u d e  
to those  r e p o r t e d  b y  Blunt ,  e t  al. (13, 14),  b u t  a r e  
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Table I. Physical constants of GaSb aQd AISb .oo 

529 

Opt ica l  
e n e r g y  

M e l t i n g  L a t t i c e  gap  (AE a t  K n o o p  
po in t ,  ~ cons t an t  (ao), A 300~  e v  h a r d n e s s  

GaSb 702 6.0963 ___ 0.0003 0.68 309 
AISb 1050 (25) 6.1361 _ 0.0003 1.74 304 

reversed in order  of assignment,  i.e., Blunt  assigns 
the la rger  va lue  to GaSb. The cell size for GaSb is 
s l ightly h igher  than  tha t  obta ined by Kolm, et aL 
(2).  However ,  values repor ted  here, which represent  
the resul ts  of a number  of determinat ions ,  are in 
good agreement  wi th  other  repor ted  values (5, 15), 
are consistent wi th  expected  in tera tomic  distances 
for these compounds calcula ted according to Pau l -  
ing (16), and are consistent wi th  the cell s ize-com- 
posit ion re la t ionship  observed in our studies of the 
alloys. 

The optical  energy gap for GaSb, 0.68 ev, agrees 
reasonably  well  wi th  other  publ ished values  (17- 
20), which al l  fa l l  in the na r row range  be tween  0.67 
and 0.71 ev. On the other  hand, publ ished values  for 
the opt ical ly  de te rmined  band -gap  width  of A1Sb at 
300~ (18, 20-22) range f rom 1.52 to 1.7 ev, while  
that  obta ined in this  work  is 1.74 ev. Some disagree-  
ment  is to be expected because of the different  
methods used to select the cutoff wave  length,  but  
the wide divergence of repor ted  values indicates  tha t  
other factors such as sample  pu r i ty  and surface con- 
dit ion p robab ly  are involved also. For  example,  
A1Sb is s lowly a t tacked by  atmospheric  wa te r  vapor.  
As is indica ted  in Fig. 1, presence of the products  of 
this react ion on the surface of the specimen dras -  
t ical ly  a l ters  the spectrum, and may  be responsible  
for some of the low gap values reported.  

The difference be tween  Knoop h a r d n e ~  values, 
309 for GaSb and 304 for A1Sb, is insignificant. How-  
ever, for systems in which the components  form 
solid solutions, hardness  passes through a m a x i m u m  
at some in te rmedia te  composition because of the 
effects of la t t ice dis tor t ion (23, 24). It is possible, 
therefore,  to use hardness  measurements  as an ana-  
ly t ica l  tool. 

T e m p e r a t u r e - c o m p o s i t i o n  data. - -  Differential  
thermal  analysis  of selected al loy compositions 
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Fig. 1. Transmission for Specimen of AISb. A, Protected 
from atmosphere; B, after 20-hr exposure to atmosphere. 
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Fig. 2. Thermal data for GaSb-AISb system 
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yie lded  accura te ly  reproducib le  da ta  on the l iquidus 
of the system. These da ta  are p lo t ted  in Fig. 2. Cool- 
ing curves were  obtained for four compositions, at  
0, 25, 50, and 75 mole % A1Sb. Each l iquidus point  
p lo t ted  represents  the average  of three  de t e rmina -  
tions for which precision and accuracy were  wi th in  
the range indicated by the circle about the point. 
The A1Sb point  is tha t  of Guer t l e r  and Bergmann  
(25). In each of the al loy samples,  freezing took 
place over a wide t empera tu re  range, and near  the 
end of freezing a "eu tec t ic - type"  ar res t  was noted 
which consis tent ly occurred s l ight ly  above the f reez-  
ing point  of GaSb. The shaded circles on the plot  
show these la t te r  halts.  

The data  are consistent  wi th  those to be expected 
for a system wi th  a miscibi l i ty  gap in the  solid, but  
could also resul t  f rom nonequi l ib r ium conditions. 
Stohr  and K l e m m  (26), for example ,  in i t ia l ly  ob- 
ta ined s imilar  da ta  for the S i -Ge  system but  were  
able, a f te r  anneal ing samples for ex t r eme ly  long 
per iods  at t empera tu res  s l ight ly  below the expected 
solidus, to demons t ra te  the existence of an un in t e r -  
rup ted  range  of solid solutions in tha t  system. 

Since sizeable, homogeneous al loy specimens were  
not avai lable ,  solidus studies were  not unde r t aken  
on the A1Sb-GaSb system. Resul ts  of other  types  of 
studies to be discussed, however,  show tha t  wide 
ranges of solid solution exist  in this  system also and, 
fur ther ,  s t rongly  suggest tha t  complete  solid solu-  
t ion can be obtained as has been repor ted  (27). Lo-  
cation of the dot ted  solidus curve was approx ima ted  
f rom the resul ts  of x - r a y  diffraction studies (Table  
I I )  on recrys ta l l ized  al loy ingots, P C - l ,  PC-2,  ZC-1, 
ZC-2. As is indicated in the Fig. 2, these resul ts  
sugges~ tha t  if a miscibi l i ty  gap exists, it is res t r ic ted  
to a r e la t ive ly  na r row composit ion range  be tween 
about  10 and 30 mole % A1Sb. 

Cast ing.-- -Data for Ingot  P C - l ,  which was p ro-  
gressively cast f rom a mel t  containing 75 mole % 
GaSb at a ra te  of 1/4 in . /hr ,  are typ ica l  of resul ts  
obta ined for ingots cast at r e l a t ive ly  high l inear  
crys ta l l iza t ion ra tes  (i.e., 1/4 to 11/4 i n . / h r ) .  Results  
of the x - r a y  analysis  (Table  I I )  show tha t  two 
crys ta l l ine  phases were  present  in the  ingot. The 
minor  ~ phase was very  s imilar  to pure  GaSb and 

�9 ~ M a j o r  and  m i n o r  are  a r b i t r a r y  d e s i g n a t i o n s  u sed  to show q u a l i -  
t a t i v e l y  the  e x t e n t  to  w h i c h  each exis ts .  
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Table II. X-ray analysis of cast ingots 

Mole  % 
A1Sb (by 

P rog re s s -  L a t t i c e  V e g a r d ' s  
S a m p l e  s ion,  %* P h a s e t  cons tan t ,  ao, A law)  

P r o g r e s s i v e l y  cast ,  �88 i n . / h r ;  m e l t  75 mo le  % GaSh ,  25 m o l e  % A l S b  

P C - l - 1  5 Major 6.1260 _ 0.0005 75 
Minor 6.0970 __. 0.0005 

PC- l -2  16 Major 6.1250 _.+ 0.0005 72 
Minor 6.0966 4- 0.0005 

P C - l - 3  29 Major 6.1201 _+ 0.0003 60 
Minor 6.0965 _ 0.0005 

P C - l - 4  32-42 (Annealed)  6.114 _ 0.001 45 
P C - l - 5  55 Major 6.1077 4- 0.0003 29 

Minor 6.0962 __. 0.0005 
PC- l -6  76 (Single) 0.0963 _ 0.0003 
P r o g r e s s i v e l y  cast,  0.05 i n . / h r ;  m e l t  50 m o l e  % G a S h ,  50 m o l e  % A1Sb 

PC-2-1 20 6.1327 __. 0.0003 92 
Zone cast,  0.05 i n . / h r ;  cha rge  50 mo le  % GaSh ,  50 mo le  % A l S b  

ZC-I-1  8 6.1310 _ 0.0003 87 
ZC-1-2 17 6.1288 _+ 0.0003 82 
ZC-I-3 47 6.1266 4- 0.0003 76 
ZC-I-4 64 6.1176 + 0.0005 54 

Zone cast, 0.05 in./hr; first zone 75 mole % GaSb, 25 mole % AlSb; 
remainder of charge 50 mole % GaSb, 50 mole % AlSb 

ZC-2-1 9 6.1237 4- 0.0003 69 
ZC-2-2 33 6.1200 _ 0.0006 60 
ZC-2-3 54 6.1201 • 0.0003 60 
ZC-2-4 74 6.1007 _ 0.0006 Ii  

* F r a c t i o n  of  the  i n g o t  c ry s t a l l i z e d  in  a d v a n c e  of s a m p l e  loca t ion .  
t M a j o r  a n d  m i n o r  are  a r b i t r a r y  des igna t ions .  

pers is ted  t h roughou t  the  ingot?  The m a j o r  phase  
appeared  to be a concen t ra t ed  solid so lu t ion  of the  
two compounds ,  the  composi t ion of which  var ied  in  
a r egu l a r  m a n n e r  wi th  progress ion  a long the ingot  
(Fig. 3a) .  Lat t ice  p a r a m e t e r s  indica te  tha t  nea r  the  
head  (first to freeze) of the  ingot  this phase con-  
t a ined  high concen t ra t ions  of A1Sb, and  tha t  the  
concen t r a t i on  of A1Sb p resen t  in  this solid phase de-  
creased w i th  progress ion  of the  so l id - l iqu id  i n t e r -  
face a long the ingot  as concen t ra t ion  of AISb in  the 
mel t  was  lowered.  Beyond  a po in t  b e t w e e n  55 and  
76% progression,  whe re  the  supp ly  of A1Sb in  the  
me l t  a p p a r e n t l y  was exhaus ted ,  this phase  was no 
longer  precipi ta ted .  Lat t ice  p a r a m e t e r s  for this  m a -  
jor  phase  cor respond to those for solid solut ions  con-  
t a i n ing  75 to 29 mole  % A1Sb, as ca lcu la ted  by  
Vegard ' s  l aw?  

Whi le  the  po lyphase  n a t u r e  of the A1Sb-r ich  por -  
t ion  of the  ingot  suggests  a b road  misc ib i l i ty  gap, 
resu l t s  of a s ingle  a n n e a l i n g  expe r imen t ,  which  was  
car r ied  out  wi th  a spec imen  f rom this p rogress ive ly  
cast ingot,  indica te  tha t  the  po lyphase  m a t e r i a l  does 
not  r ep re sen t  an  e q u i l i b r i u m  precipi ta te .  Sample  
P C - 1 - 4  was  g round  to a fine powder  and  was a n -  
nea led  for 96 hr  at 650~ in  an evacua ted  ampou l e  
pr ior  to examina t ion .  This a n n e a l  t r e a t m e n t  ap-  
peared  to have  homogenized  the  po lyphase  mater ia l ,  
conve r t i ng  it to a s ing le -phase  powder  wi th  a some-  
w h a t  diffuse x - r a y  pa t t e rn .  

Resul ts  of me ta l lograph ic  s tudies  agreed wi th  
those of the  x - r a y  analysis .  In  the  first por t ions  of 

Due  to  t h e  s low e v o l u t i o n  of  a n t i m o n y  f r o m  the  m e l t  d u r i n g  
r ec ry s t a l l i z a t i on ,  t he  l a s t  p o r t i o n s  of the  i n g o t s  to be  f rozen  w e r e  
m e t a l l i c  (ga l l ium)  and  t h e r e f o r e  w e r e  no t  ana lyzed .  

~ V e g a r d ' s  l a w  has  been  f o u n d  to ho ld  fo r  t h e  sys tems ,  G a S h -  
Ir iSh,  G a A s - I n A s ,  and  I n A s - I n P  [see ref .  (6) a nd  (9) ] and  has  
b e e n  s h o w n  at  l eas t  r o u g h l y  a p p l i c a b l e  in  t h i s  r e sea rch  (see 
Tab le  IV) .  
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Fig. 3. Cell size as o function of progression along cost 
ingots. 

ingots  cast at r e l a t ive ly  h igh l inear  c rys ta l l iza t ion  
ra tes  (% V4 i n . / h r )  two d is t inc t  phases  were  present ,  
whi le  on ly  a s ingle  G a S b - r i c h  phase  was p resen t  in  
the  last  por t ions .  Knoop  ha rdness  va lues  were  de te r -  
m i ne d  for the  two phases by  ca re fu l ly  p lac ing  the 
i n d e n t e r  on selected crystal l i tes .  Values  for the 
m i n o r  phase  were  cons i s ten t ly  low, ave rag ing  about  
310, which  is close to the K H N  for pure  GaSh.  Val -  
ues for the ma j o r  phase, however ,  were  s ignif icant ly  
higher ,  r a n g i n g  up to 348, as wou ld  be expected for 
cqncen t ra t ed  solid solutions.  

It  was possible,  by  use of a ve ry  low ra te  of crys-  
ta l l izat ion,  to p repa re  s ing le -phase  ingots of the 
so l id-so lu t ion  alloy. This is shown  by  the resul t s  of 
x - r a y  diffract ion analyses  (Tab le  II)  of samples  
f rom the ingots  which  were  cast  at a ra te  of 0.05 
in . /h r .  Lat t ice  pa r ame te r s  for the s ing le -phase  solid 
solut ions thus  ob ta ined  ind ica te  tha t  concen t ra t ions  
of A1Sb p r e se n t  in  the solut ions  r anged  f rom 11 to 
92 mole %, a s suming  Vegard ' s  l aw to apply  t h r o u g h -  
out  the  range.  ~ Resul t s  of me ta l log raph ic  s tudies  also 

B Note  the  p r e c i p i t o u s  d rop  in  cel l  s ize b e t w e e n  p rog res s ions  54 
and  74 i n  I n g o t  ZC-2. F u r t h e r  no te  t h a t  in  these  ingots ,  no cell  
sizes c o r r e s p o n d i n g  to A1Sb con ten t s  b e t w e e n  11 and  29 mo le  % 
h a v e  been  obse rved .  If ,  as these  r e su l t s  sugges t ,  a m i s c i b i l i t y  gap  
exis ts ,  Vega rd ' s  l aw  s h o u l d  not  be  e x p e c t e d  to ho ld  nea r  the  so lu-  
b i l i t y  l imi t .  
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Fig. 4. Infrared transmission spectre of specimens from 
typical progressively cast ingot PC-] ond of the compounds 
GaSb and AISb. Ingot PC-l: Costing rate, 1~ in./  hr; melt, 
75 mole' % GoSb-25 mole % AISb. 
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i n d i c a t e d  t ha t  these  ingots  w e r e  s ingle  phase ,  so l id -  
so lu t ion  a l loys .  K n o o p  ha rdnes s ,  d e t e r m i n e d  a t  r a n -  
d o m  loca t ions  on a sec t ion  f r o m  the  cen t e r  of Ingo t  
PC-2 ,  p r o g r e s s i v e l y  cas t  f r o m  a m e l t  con t a in ing  50 
mo le  % G a S b  was  335 --+7. 

The  p lo t  of l a t t i c e  cons t an t  vs. p r o g r e s s i o n  for  I n -  
got  ZC-1 (Fig .  3b ) ,  w h i c h  w a s  p r e p a r e d  b y  zone 
cas t ing  a c h a r g e  con ta in ing  50 mo le  % GaSb ,  fo l lows  
the  r e l a t i o n s h i p  e x p e c t e d  for  a sys t em,  or  r a n g e  of 
composi t ions ,  in  w h i c h  the  c o m p o n e n t s  f o r m  sol id  
solut ions .  E x t e n t  of t he  n e a r l y  fiat  p o r t i o n  of t he  
cu rve  ind ica t e s  t h a t  th is  t e c h n i q u e  offers p r o m i s e  as 
a m e t h o d  for  p r o d u c i n g  s izeab le  h o m o g e n e o u s  spec i -  
mens  of the  a l loy .  

Ingo t  ZC-2  was  f o r m e d  b y  zone cas t ing  a cha rge  
m a d e  up  of two  a l loy  compos i t ions  ( an  a l l oy  con-  
t a i n ing  75 m o l e  % G a S b  in t h e  f irst  zone l eng th ,  and  
an  a l loy  con t a in ing  50 mo le  % G a S b  in t he  r e m a i n i n g  
l e ng th )  in an  a t t e m p t  to p r o d u c e  an  ingot  of m o r e  
u n i f o r m  compos i t ion .  V a r i a t i o n  of l a t t i c e  cons tan ts ,  
h o w e v e r ,  i nd i ca t e s  t h a t  t he  e s t i m a t e d  loca t ion  of the  
sol idus,  w h i c h  was  used  to se lec t  the  compos i t i ons  and  
was  based  on k n o w l e d g e  of t he  s y s t e m  at  t h a t  t ime,  
w a s  in e r ro r .  C o m p o s i t i o n  v a r i e d  n e a r  t he  h e a d  of 
the  ingot ,  b u t  was  aga in  n e a r l y  cons t an t  ove r  a con-  
s i d e r a b l e  r a n g e  of p r o g r e s s i o n  in t he  cen t r a l  regions .  

Optical data.--Infrared t r a n s m i s s i o n  s p e c t r a  of 
spec imens  f r o m  the  p o l y p h a s e  Ingo t  PC-1  a re  shown  
in Fig.  4 a long  w i t h  those  of the  c o m p o u n d s  G a S b  
and  A1Sb. E n e r g y  gap  va lues ,  s u m m a r i z e d  in T a b l e  
III ,  w e r e  c o m p u t e d  f r o m  these  spec t r a  acco rd ing  to 
t he  conven t ion  de sc r ibed  above ,  w h i c h  y i e ld s  gap  
va lue s  g e n e r a l l y  cons i s t en t  w i t h  o the r  p h y s i c a l  
p a r a m e t e r s  for  t h e  r e s p e c t i v e  spec imens .  The  spec -  
t r u m  of t h e  s p e c i m e n  t a k e n  at  76% p r o g r e s s i o n  is 
seen to be  n e a r l y  i den t i ca l  w i t h  t ha t  of GaSb ,  and  
shows  an  a b s o r p t i o n  edge  w h i c h  c o r r e s p o n d s  to an  
e n e r g y  gap  of 0.69 ev. R e a d i n g  f rom shor t  to long 
w a v e  lengths ,  s p e c t r a  of t h e  o t h e r  t h r e e  spec imens  
each  shows a s h a r p  r i se  in t r a n s m i s s i o n  fo l l owed  b y  
a p l a t e a u  w h i c h  is in  t u r n  f o l l o w e d  b y  a second  s h a r p  
r i se  to p e a k  t r a n s m i s s i o n  a n d  t h e n  g r a d u a l  dec l ine  
to the  long w a v e  ta i l .  This  is t he  t y p e  of s p e c t r u m  
one m i g h t  e x p e c t  for  a s p e c i m e n  composed  of i n -  
d i v i d u a l  c r y s t a l l i t e s  of two  d i f fe ren t  phases  w i t h  u n -  
equa l  e n e r g y  gaps ,  p r o v i d i n g  t h a t  t h e  c r y s t a l l i t e s  
w e r e  so d i sposed  t h a t  those  of one phase  do no t  i n -  
t e r f e r e  w i t h  t r a n s m i s s i o n  t h r o u g h  those  of t h e  sec-  
ond. ( S u c h  d i spos i t ion  of c r y s t a l l i t e s  is qu i t e  p r o b -  
ab le  in t he  p o l y p h a s e  spec imens  s tud ied . )  I f  such 
w e r e  t h e  case, t he  t h r e s h o l d  of t r a n s m i s s i o n  shou ld  
c o r r e s p o n d  to t h a t  of t he  second  phase .  

A p p l y i n g  th i s  i n t e r p r e t a t i o n ,  and  n o r m a l i z i n g  to  
equa l  p e a k  t r a n s m i s s i o n  for  t he  two  phases ,  e n e r g y  
gaps  c a l c u l a t e d  for  spec imens  a t  11, 32, and  50% 
p r o g r e s s i o n  a r e  1.43 and  0.72 ev, 1.28 and  0.70 ev, 
and  1.12 and  0.70 ev, r e spec t i ve ly .  Note  t h a t  t he  
s m a l l e r  gap  in  each  case  is v e r y  n e a r l y  e q u a l  to t h a t  
m e a s u r e d  for  GaSb ,  as a r e  x - r a y  l a t t i ce  cons t an t s  
for  the  m i n o r  p h a s e  in each  of t he  spec imens  f rom 
this  ingot .  I t  is a lso poss ib l e  t h a t  m a n i f e s t a t i o n  of 
the  a b s o r p t i o n  b a n d  a t t r i b u t e d  to sp in  o rb i t  sp l i t -  
t ing  (28) ,  w h i c h  is p r e s e n t  in the  spec t r a  of p - t y p e  
A1Sb ( a n d  w h i c h  can  also be  seen  in t he  s p e c t r a  of 
AISb  and  of  t he  s ingle  p h a s e  s amp le s  p r e s e n t e d  
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Table 111. Optical data for cast ingot* 
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Prog re s -  Mole % A b s o r p -  
s ion  a l o n g  AISb  (by t i o n  E n e r g y  gap,  

S a m p l e  ingo t ,  % V e g a r d ' s  law) edge,  m ~  e l e c t r o n - v o l t s  

PC-I-Ia i i  - -  865 1.43 
PC-I-4 32-42 45 965 1.28 
PC-I-4a 50 - -  i i i0 1.12 
PC-1-6 76 1 1790 0.69 

PC-2-1 20 92 758 1.63 

ZC-I-1 9 87 800 1.55 
ZC-1-2 16 82 815 1.52 
ZC-I-3 31 - -  830 1.49 
ZC-I-4 53 - -  842 1.47 

ZC-2-1 9 69 845 1.46 
ZC-2-2 33 60 865 1.43 
ZC-2-3 54 60 900 1.38 
ZC-2-4 74 11 1670 0.74 

*Ingo t  C a s t i n g  r a t e  C h a r g e  (mole  %) 

P C - I  0.25 i n , / h r  75 G a S b - - 2 5  A l S b  
PC-2 0.05 i n . / h r  50 G a S b - - 5 0  A l S b  
ZC-1 0.05 i n . / h r  50 G a S b - - 5 0  A i S b  
ZC-2 0.05 i n . / h r  75 G a S b - - 2 5  AISb  i n  f i rs t  zone 

50 G a S b - - 5 0  AlSb ,  r e m a i n d e r  

h e r e ) ,  is r e s p o n s i b l e  for  t he  b e h a v i o r  o b s e r v e d  in 
the  v i c i n i t y  of 1.7~. H o w e v e r ,  t he  p l a t e a u  and  second  
r ise  in t r a n s m i s s i o n  a r e  v e r y  s h a r p l y  def ined,  p a r t i c -  
u l a r l y  for  t he  s a m p l e s  at  32-42 and  50% progres s ion ,  
w h e r e a s  g r a d u a l  changes  a r e  c h a r a c t e r i s t i c  of t he  a b -  
so rp t ion  due  to t he  sp in  o rb i t  sp l i t t ing .  

R e g a r d l e s s  of t h e  p h e n o m e n a  r e s p o n s i b l e  for  t h e  
1.7~ abso rp t ion ,  t h e r e  is l i t t l e  d o u b t  t ha t  t he  s p e c t r a  
show, b y  the  d i f f e ren t  w a v e  l e ng th s  for  t h r e s h o l d  
t r a n s m i s s i o n  for  t h e  v a r i o u s  spec imens ,  t he  p r e s -  
ence of m a t e r i a l s  w i t h  va r i ous  e n e r g y  gaps,  w h i c h  
d e c r e a s e  f rom a b o u t  1.4 to 0.7 ev w i t h  p r o g r e s s i o n  
a long  the  ingot .  I t  seems  c lea r  t h a t  these  a r e  t he  
e n e r g y  gaps  of sol id  so lu t ions  t h a t  i nc rea se  in  G a S b  
con ten t  w i t h  p r o g r e s s i o n  a long  t h e  ingot .  

S p e c t r a  for  s ingle  phase  spec imens  f rom the  zone 
cast  ingots  (Fig .  5 and  6) show w e l l - d e f i n e d  a b -  
so rp t ion  edges,  the  loca t ions  of w h i c h  i nd i ca t e  t h a t  
e n e r g y  gaps  for  t h e s e  s ingle  p h a s e  a l loys  r a n g e d  
f r o m  1.55 to 0.74 ev. The  r e l a t i v e l y  s m a l l  changes  in 
e n e r g y  gap  ove r  r a t h e r  w ide  r a n g e s  of p r o g r e s s i o n  
for the zone-cast ingots (Fig. 7), again indicate that 
this technique offers promise as a method for pro- 
ducing single-phase alloy of uniform composition. 
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Fig. 5. Infrared-transmission spectra of specimens from 
zone-cast ingot ZC-]. Costing rote, 0.05 in./hr; chorge, 50 
mole % GoSb-50 mole % AISb. 
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Fig. 6. Infrared transmission spectra of specimens from 
zone-cast ingot, ZC2. Casting rate, 0.05 in./hr; charge in first 
zone, 75 mole % GaSb-25 mole % AISb; remainder of 
charge, 50 mole % GaSb-50 male % AISb. 
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Fig. 7. Optical energy gap vs. progression for cast ingots. 
ZC-]:  Zone cast at 0.05 in./hr; charge, 50 mole % GaSb-50 
mole % AISb. ZC-2: Zone cast at 0.05 in./hr; charge, 75 
mole % GaSb-25 mole % AISb in first zone, 50 mole % 
GaSh-50 mole % AISb in remainder. PC-]: Progressively cast 
at 1/~ in./hr; charge, 75 mole % GaSb-25 mole % AISb. 

Electrical data.--Electrical m e a s u r e m e n t s  have  
been  made  both  a t  room t e m p e r a t u r e  and  over  a 
r ange  of t e m p e r a t u r e s  for a n u m b e r  of the  al loy 
specimens,  bu t  to date,  these s tudies  have  not  p ro -  
gressed far  enough  to pe rmi t  the d r a w i n g  of accu-  
rate  conclusions.  Data  for s ing le -phase  spec imens  
f rom Ingot  ZC-2,  which  are p resen ted  in  Table  IV, 
show a r egu la r  va r i a t i on  of res i s t iv i ty  wi th  composi -  
t ion. F igures  8 and  9 show va r i a t i on  of res is t iv i ty ,  
Hal l  coefficient, and  mob i l i t y  as a func t ion  of t e m -  
p e r a t u r e  for Sample  ZC-2-2 .  The curves  appear  to 
be typ ica l  of those gene ra l l y  ob ta ined  in  the  e x t r i n -  
sic region  for an impure ,  high e n e r g y  gap semicon-  
ductor .  Mobi l i ty  for the  a l loy (Fig. 9) appears  to 
exh ib i t  an  a p p r o x i m a t e  T -'m~ t e m p e r a t u r e  d e p e n d -  
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Fig. 8. Hall coefficient and resistivity vs. temperature for 
single-phase GaSb-AISb al loy specimen ZC-2-2 (40 mole % 
GaSb-60 mole % AISb by Vegard's [ aw l  
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Fig. 9. Mobi l i t y  as a funct ion of reciprocal temperature for 
single-phase GaSb-AISb alloy (40 mole % GaSb-60 mole % 
AISb by Vegard's law). 

ence above 700~ sugges t ing  tha t  la t t ice  sca t te r ing  
p r edomina t e s  here. 

Correlation of Data 

More comprehens ive  ana lys i s  was made  of ma t e -  
r ia l  p r e sen t  in zone cast Ingot  ZC-2 t h a n  of any  
other  m a t e r i a l  t r ea ted  in  this  study. Resul ts  of 
chemical ,  x - r a y ,  optical, and  electr ical  ana lyses  for 
four  s ing le -phase  spec imens  f rom this ingot  have  
been  s u m m a r i z e d  in  Tab le  IV. The chemical  a n a l -  

Table IV. Analysis of zone cast ingot, ZC2* 

Chemica l  X - r a y  Optical  Electr ical  

Hall  
P rogres -  Mole % coefficient, Mobility, Densi ty  of 

sion along Mole %, Lat t ice  constant,  GaSb (by Energy  gap, R~ (cm~/ Resis t iv i ty ,  ~ (cm~/ carriers,  
Sample  ingot,  % GaSb ao (A) Vegard ' s  law) bE (ev) coulomb) p (ohm-cm) volt-sec) n ,  (cm-~) 

ZC2-1 9 26 ___ 4 6.1237 ___ 0.0003 31 ___ 1 1.46 + 5 8  0.22 264 1.3 • 10 ~7 
ZC2-2  33 38 -+- 2 6.1200 • 0.0006 40 • 2 1.43 + 2 9  0.11 264 2.6 • 1017 
ZC2-3  54 45 • 3 6.1201 • 0.0003 40 _ 1 1.38 + 2 0  0.075 264 3.7 • 10 ~7 
ZC2-4  75 96 • 3 6.1007 • 0.0006 89 • 2 0.74 + 5  0.014 357 1.5 • 10 TM 

* Cast ing  rate,  0.05 in . /hr ;  charge,  75 mole % GaSb--25  mole  % A1Sb in first zone, 50 mole % GaSb- -50  mole % A1Sb in remainder .  
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Fig. 10. Energy gap vs. cell size for solid solutions of 
GaSb-AISb. 

yses  w e r e  r u n  on v e r y  sma l l  s amp le s  a n d  t h e r e f o r e  
m u s t  be  a s s igned  r a t h e r  w ide  e r r o r  l imi t s .  N e v e r -  
theless ,  t he  r e su l t s  cons t i t u t e  d i r ec t  ev idence  t ha t  
c o n c e n t r a t e d  sol id  so lu t ion  a l l oy  was  ob ta ined .  C o m -  
pos i t ions  d e t e r m i n e d  b y  c h e m i c a l  and  x - r a y  a n a l -  
yses  ag ree  r e a s o n a b l y  wel l ,  d i f fe r ing  b y  on ly  abou t  
2 mole  % ( b e y o n d  s t a t ed  l imi t s  of e r r o r )  a t  m a x i -  
mum,  thus  conf i rming  the  a p p l i c a b i l i t y  of V e g a r d ' s  
l a w  in th is  sys tem,  at  l eas t  for  r o u g h  compos i t i on  
d e t e r m i n a t i o n .  The  i nc rea se  in c a r r i e r  c o n c e n t r a t i o n  
w i t h  p r o g r e s s i o n  a long  the  ingo t  p r o b a b l y  r e su l t s  
f r om the  s e g r e g a t i o n  of an  i m p u r i t y  (or  i m p u r i t i e s )  
d u r i n g  r e c r y s t a l l i z a t i o n ,  b u t  cou ld  also r i se  f r o m  loss 
of a n t i m o n y .  

F i g u r e s  3 and  7 show v a r i a t i o n  in  l a t t i ce  cons t an t  
and  e n e r g y  gap  w i t h  p r o g r e s s i o n  a long  t y p i c a l  ingots.  
These  two  sets of d a t a  w e r e  c o m b i n e d  b y  e l i m i n a t i n g  
the  c o m m o n  v a r i a b l e ,  p e r c e n t a g e  p rogress ion ,  w h e r e  
th is  cou ld  a c c u r a t e l y  be  done  (i.e., w h e r e  bo th  p a -  
r a m e t e r s  h a d  been  d e t e r m i n e d  for  a s ing le  spec imen ,  
or  in r eg ions  of r e g u l a r  v a r i a t i o n  for  t he  p a r a m -  
e t e r s ) .  The  c o m b i n e d  d a t a  h a v e  been  p l o t t e d  in Fig.  
10. A l t h o u g h  t h e r e  is some s ca t t e r i ng  of the  points ,  
an a p p r o x i m a t e l y  l i n e a r  r e l a t i o n s h i p  b e t w e e n  e n -  
e rgy  gap  and  cel l  size is i nd ica t ed .  

Summary 
Ingo t s  of G a S b - A l S b  a l l o y  w e r e  c r y s t a l l i z e d  f r o m  

mel t s  ( cas t )  u n d e r  v a r i o u s  condi t ions .  Resu l t s  of 
x - r a y  and  m e t a l l o g r a p h i c  s tudies ,  h a r d n e s s  tests ,  
op t i ca l  t r a n s m i s s i o n  s tudies ,  and  c h e m i c a l  a n a l y s e s  
of a l l oy  spec imens  i nd i ca t e  t ha t :  

1. So l id  so lu t ion  p r e v a i l s  in  t he  sys tem,  w i t h  
poss ib le  e x c e p t i o n  of a n a r r o w  compos i t i on  r a n g e  
b e t w e e n  10 and  30 mo le  % A1Sb, w h i c h  was  no t  i n -  
ves t iga t ed .  

2. B u l k  spec imens  of s ingle  phase ,  sol id  so lu t ion  
a l loy  can  be  p r e p a r e d  b y  use of low l i n e a r  r a t e s  of 
c r y s t a l l i z a t i on  (0.05 i n . / h r ) .  

3. A t  h i g h e r  l i n e a r  r a t e s  of c r y s t a l l i z a t i o n  (1/4 to 
11/4 i n . / h r ) ,  two  i n t e r m i n g l e d  sol id  phases  a r e  c h a r -  
a c t e r i s t i c a l l y  ob ta ined .  

4. T h e  zone cas t ing  t e c h n i q u e  offers p r o m i s e  as 
a m e t h o d  for  p r o d u c i n g  s ingle  p h a s e  a l l oy  of u n i -  
f o rm  compos i t ion .  

5. A n  a p p r o x i m a t e l y  l i n e a r  r e l a t i o n s h i p  ex is t s  
b e t w e e n  l a t t i ce  p a r a m e t e r  and  compos i t i on  of t he  
s ingle  p h a s e  G a S b - A 1 S b  a l loys .  

6. A n  a p p r o x i m a t e l y  l i n e a r  r e l a t i o n s h i p  ex i s t s  
b e t w e e n  l a t t i ce  p a r a m e t e r  a n d  e n e r g y  gap  of t h e  
s ing le  p h a s e  G a S b - A I S b  a l loys .  
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The Diffused Shot-melting Technique for Making Germanium 
and Silicon p-n Junction Devices 
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ABSTRACT 

The diffused shot-mel t ing technique involves the mel t ing and resolidifying 
of a piece (convenient ly  obtained in  the form of shot) of semiconductor on a 
wafer of the same mater ial  (having essentially the same mel t ing point) to form 
a single crystal  boundary  region, and the subsequent  diffusion of impuri t ies  
across the interface. Shot-mel t ing  may be done so quickly that the interface 
coincides with the original surface of the wafer. Impur i ty  contents of the shot 
and wafer may be chosen so that  a var ie ty  of p - n  junct ion  devices results after 
diffusion, and several junct ions may be made on the same wafer by this proc- 
ess to form more complex structures. Al though lifetime and resistivity changes 
general ly  occur, they can often be minimized by subsequent  t rea tment  such as 
alloy gettering or annealing.  Simplicity and flexibility of diffused shot-mel t ing 
have made it a convenient  laboratory technique for making  many  semiconduc- 
tor devices. 

It  is of ten  necessa ry  in  the  s tudy  and  des ign  of 
solid s tate  s t ruc tu res  to m a k e  a fa i r ly  la rge  n u m b e r  
of devices hav ing  di f ferent  i m p u r i t y  concen t r a t ions  
and  geometr ies  in  order  to test  theor ies  and  ideas 
as they  are  genera ted .  For  grea tes t  versa t i l i ty ,  the  
processes used should  be s imple  and  flexible. A l -  
t hough  m a n y  exce l len t  device f ab r i ca t ion  t ech-  
n iques  a l r e ady  exist  and  a re  used in  m a n u f a c t u r i n g ,  
deve lopment ,  and  research,  diffused s h o t - m e l t i n g  
has some u n i q u e  advan tages  tha t  m a k e  its appl ica-  
t ion p a r t i c u l a r l y  i nv i t i ng  in  some cases. 

Shot Melting 
The shot me l t i ng  t echn ique  involves  the  me l t i ng  

and  reso l id i fy ing  of a piece [ c o n v e n i e n t l y  ob ta ined  
in  the  fo rm of shot (1 ) ]  of semiconduc to r  on a 
wafe r  of the  same m a t e r i a l  ( h a v i n g  essen t ia l ly  the  
same m e l t i n g  po in t )  to fo rm a s ingle  c rys ta l  b o u n d -  
a ry  region.  Mel t ing  of the  wafe r  is p r e v e n t e d  by  
p rov id ing  a la rge  ve r t i ca l  t h e r m a l  grad ien t .  F igu re  
1 i l lus t ra tes  this  process, the  example  chosen be ing  

(a) 

MELTING 
HEAT SOURCE 

SHOT ~ Q MOLTEN 
~J SHOT 

N [ N 
(b) 

MELTING 
HEAT SOURCE 

Fig. 1. Steps in the shot-melt process. (a) Shot (p-type) 
placed on wafer (n-type); (b) heat source turned on, shot just 
finished melting; (c) heat source unchanged, shot suddenly 
spreads on wafer and partly refreezes; and (d) heat source 
turned off, remaining part of shot frozen. 

a p - t y p e  region  on an n - t y p e  base. In  Fig. 1 (a ) ,  the 
shot is p laced on top of the n - t y p e  wafer .  The shot 
is gene ra l l y  po lycrys ta l l ine ,  con t a in ing  an  i m p u r i t y  
concen t ra t ion  up  to 1% or so. W h e n  the  heat  source, 
located above the  semiconduc tor  pieces, is t u r n e d  
on, the  shot s ta r t s  to me l t  f rom the  top. The l iqu id  
sur face  con tour  forms a sect ion of a sphere, so tha t  
by  the  t ime  the  shot  is all  m o l t e n  i t  has on ly  a ve ry  
smal l  area of contac t  wi th  the  n - t y p e  pellet ,  Fig. 
1 (b ) .  The pe l le t  wi l l  not  s tar t  to me l t  at  this po in t  
because  of the  la rge  ver t ica l  t e m p e r a t u r e  gradient ,  
p rov ided  by p lac ing  the hea te r  above  the work  and  
by  res t ing  the  n - t y p e  wafe r  on a la rge  t h e r m a l  
capaci ty  support .  The shot  is comple te ly  me l t ed  be -  
cause heat  is e n t e r i n g  it f rom the top, and  ve ry  
l i t t le  heat  is l eav ing  the bo t tom by  conduc t ion  due 
to the  smal l  a rea  of contact  w i t h  the  wafer .  This  
condi t ion  lasts bu t  a ve ry  short  per iod of t ime  (of 
the  order  of a second) ,  fo l lowing  which  the mol t en  
sphere  s u d d e n l y  spreads at an e x t r e m e l y  rap id  ra te  
and  i m m e d i a t e l y  freezes back  pa r t  w a y  into a 
p y r a m i d a l  shape, Fig. 1 (c) .  A t  this  t ime  the  heat  
source m a y  be r e move d  so the  s t ruc tu re  freezes the 
rest  of the way,  Fig. 1 (d) .  If the  heat  source were  
no t  t u r n e d  off, the p y r a m i d  and  t h e n  the wafe r  
wou ld  s u b s e q u e n t l y  melt .  

The sho t - me l t  process wou ld  be of l imi ted  gen -  
era l  use in semiconduc tor  device technology  were  it 
not  for the fo l lowing two proper t ies .  

1. The p - t y p e  semiconduc tor  region  tha t  forms ad-  
j acen t  to the n - t y p e  pel le t  is s ingle  crys ta l  g rowing  
ep i t ax ia l ly  on the  pellet .  Af t e r  a shor t  d is tance  (of 
the  order  of a mi l )  it becomes po lycrys ta l l ine .  How-  
ever,  a s ingle  c rys ta l  reg ion  this  th ick  is more  t han  
adequa te  for mos t  devices. F igu re  2 is a pho to-  
mic rog raph  of a si l icon s h o t - m e l t  s t ruc tu re  section, 
showing  the p - n  junc t ion ,  the  n - t y p e  pellet,  and  the  
g r o w n  p - t y p e  s ingle  crys ta l  r eg ion  which  ends  in 
po lyc rys t a l l i ne  p - t y p e  silicon. The  pa t t e r n  b rough t  
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Fig. 2. Photomicrograph of silicon shot-melt p-n junction 
structure showing single crystal grown region. X l90 .  

out in the single regions by the etch (10% sodium 
hydroxide, 15% sodium nitrite in water  at about 
100~ shows that they have the same orientation. 

2. If a very large thermal gradient is maintained, 
the boundary between pellet and shot-melt  regions 
will coincide very  closely with the original surface 
of the pellet. That is, the penetration of the molten 
shot into the pellet surface is exceedingly small. 
Figure 3 is a photomicrograph of a germanium pel- 
let with shot melt regions on both sides (pnp struc- 
ture) showing that the planes of the p-n junctions 
are fiat and coincide closely with the original sur- 
faces of the pellet. As sometimes occurs with large 
shot-melt regions, two small voids may be seen in 
the bottom (p-type) grown region. 

The following explanation is proposed to account 
for the lack of penetration of the molten region into 
the pellet surface. When the shot first becomes en- 
tirely molten, it does not make intimate contact 
with the pellet. Surface oxide on the pellet may be 
at least partially responsible for this, since silicon 
appears to remain at this stage longer than german- 
ium. When intimate contact between the molten and 
solid semiconductor regions is established at the 
point of contact between the sphere and plane, 
lateral wetting is greatly enhanced, and the area of 
intimate contact quickly increases. As each new in- 
cremental area of contact forms, thermal flow to the 
cooler substrate quickly freezes a small volume of 
the molten material onto the substrate. As spread- 
ing proceeds, the heat content of the shot becomes 
depleted, so the already deposited regions get 
thicker. Hence, crystal growth takes place radially 
as well as upward, the final diameter of the pyramid 
being determined by the heat content of the molten 
sphere as well as the temperature, thermal capacity 
and surface condition of the pellet. If larger shot 
are used, the spreading will proceed until limited 
by the edges of the pellet (c. f. bottom region, Fig. 
3). 

Diffused Shot-Melting 
Because of the short heat cycle during shot melt-  

ing, little diffusion of the common donor and ac- 
ceptor impurities takes place even though the tem- 
perature is high. Hence, an abrupt  boundary  exists 
between the two regions. If graded junctions are 
required, a diffusion cycle (most conveniently done 
in a separate furnace) may be subsequently used. 
When a diffusion cycle follows shot-melting, the 
complete process will be referred to as diffused 
shot-melting. 

The shot may be made to contain two (or more) 
impurities. If the ratios of majori ty to minori ty im- 
puri ty concentrations and diffusion coefficients are 
chosen in the right ranges, then the minori ty im- 
puri ty will diffuse ahead and become the majori ty 
impuri ty  in a narrow region of the pellet adjacent 
to the shot-pellet interface. Figure 4 illustrates this 
process to make a germanium pnp transistor struc- 
ture. 

The impuri ty concentrations in the grown shot 
region adjacent to the pellet may be calculated from 
those in the (uniformly doped) molten shot by tak-  
ing into account their distribution coefficients. 
However, since the growth rate is variable, so will 
be the distribution coefficients (2, 3). The impuri ty  
concentration in the shot melt region probably is 
that  governed by the equilibrium distribution co- 
efficient, in a thin plane adjacent to the pellet, and 
increases with distance into the pyramid because 
the growth rate increased with distance into the 
pyramid. For diffused bases, the impuri ty  concen- 
tration is critically dependent on that  in the source 
region in a layer approximately as thick as the d i f -  
fused base itself. For very  thin diffused bases, 
therefore, a first approximation (4) is to assume 
diffusion from a region of high uniform impuri ty 
concentration (determined by the equilibrium dis- 
tribution coefficients) into a region of low uniform 
impurity concentration (that of the original pellet). 
In practice, this approximation has worked well. 

SHOT CONTAINING MELTING 
DONOR 8= ACCEPTOR HEAT SOURCE 
IMPURITIES " ' ~ f / ~  ~j,/J~'A "4:"- MOLT E NSHOT 

,~ P I ,b,I P I 

MELTING 
HEAT SOURCE 

DIFFUSION 
HEAT SOURCE 

[ ' '  P ~ I  1 

(o) 

Fig. 3. Photomicrograph of germanium double shot-melt 
p-n-p junction structure showing how original surface of n-type 
wafer is preserved. X40. 

Fig. 4. Steps in the diffused shot-melt process. (a) Shot 
(containing donor and accepter impurities) placed on wafer 
(p-type); (b), (c), (d) same as in Fig. 1; and (e) structure 
heated, n-type layer formed in wafer by diffusion. 
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Fig. 5. Some example of shot-melt and diffused shot-melt 
structures. (o) pnp transistor; (b) pin diode; (c) tunnel diode; 
(d) pnpn switch; (e) npnpn symmetrical switch; (f) npn tran- 
sistor; (g) npn transistor w i th  2 shot-mel t  contacts;  and (h) 
npn tronsistor w i th  3 shot-mel t  contacts. 

Application to Some Semiconductor Devices 
Some examples  of sho t -me l t  and  diffused shot-  

me l t  devices, al l  of which  have  been  made  and  
tested, are  shown in  Fig. 5. F igu re  5 (a )  i l lus t ra tes  
a pnp  t rans i s to r  m a d e  by  me l t i ng  shot on e i ther  side 
of a wafer .  A s imi la r  s t ruc ture ,  made  to y ie ld  a p in  
diode, is shown  in  Fig. 5 ( b ) .  A shot mel t  s t ruc tu re  
in  which  both p - t y p e  and  n - t y p e  regions  are  d e g e n -  
erate,  Fig. 5 (c ) ,  has a t u n n e l  diode character is t ic .  
This  requ i res  a p - n  ba r r i e r  w id th  of at most  a few 
h u n d r e d  angs t roms,  g iv ing  proof of the  a b r u p t  
n a t u r e  of the i m p u r i t y  t r ans i t i on  at  the b o u n d a r y  
b e t w e e n  shot and  wafer .  F igu re  5 (d )  i l lus t ra tes  a 
p n p n  switch,  made  by  diffused s h o t - m e l t i n g  wi th  
double  doped shot on one side of the  wafer ,  s ingly  
doped shot on the other.  This  m a y  be ex tended  
somewha t  to m a k e  a s y m m e t r i c a l  n p n p n  switch, as 
shown in  Fig. 5 (e ) .  

Sur face  diffusion can be done at  the  same t ime as 
the  b u l k  diffusion. A s t ruc tu re  made  in  this way  is 
depic ted  in  Fig. 5 ( f ) ,  in which  the  surface  diffused 
layer  is left  on on ly  the top side of the  wafer .  The  
surface  concen t r a t i on  of the  vapor  diffused l ayer  
mus t  be less t h a n  tha t  in the shot if a p - n  j u n c t i o n  
is no t  to form over  the  surface of the pyramid .  In  
Fig. 5 (g)  a s ingly  doped p - t y p e  shot is placed be -  
side the  doub ly  doped shot ( le f t ) ,  and  the  device 

diffused in  an  a tmosphere  con ta in ing  an  acceptor 
impur i t y .  The  resu l t  is a t r ans i s to r  s t ruc ture ,  the  
left  p y r a m i d  se rv ing  as the  emit ter ,  the  r ight  one 
as the base. This  device is made  somewha t  more  
complex  in  Fig. 5 ( h ) ,  w he r e  an  n - t y p e  i m p u r i t y  
doped shot, to serve as a collector  contac t  (bo t tom)  
is made  before  (or a f te r )  the  diffusion cycle. In  
this  figure, the  surface diffused layer  is r emoved  
f rom all  wafe r  surfaces except  the top one. 

Devices made by the diffused shot-melting tech- 
nique often did not have electrical characteristics 
as good as those made by other techniques. This is 
because there is a severe lifetime degradation dur- 
ing the shot-melt cycle, junction size is hard to 
control, lateral junction spacing [i.e., Fig. 5(h)] is 
not easy to reproduce, and resistivity often changes 
when the starting value is high. Nevertheless the 
ease and versatility with which semiconductor p-n 
junction structures may be made by diffused shot- 
mel t ing  m a k e  its use p a r t i c u l a r l y  a t t r ac t ive  in some 
cases. The  s t ruc tu res  have  no low m e l t i n g  compo-  
nen t s  to l imi t  f ab r i ca t ion  a nd  assembly  techniques .  
Diffusion is f rom a v o l u m e  source, so, except  in  
s t ruc tu res  where  surface  diffused layers  are also re -  
quired,  no precise a tmospher ic  cont ro l  du r ing  dif-  
fus ion  is needed.  Also, some or all  of the  l i fe t ime 
and  res i s t iv i ty  deg rada t ion  produced  du r ing  the 
sho t - me l t  cycle can be r e move d  by  processes such 
as sur face  al loy ge t t e r ing  or a n n e a l i n g  d u r i n g  or 
subsequen t  to the  diffusion cycle. 
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Polarographic Studies in Acetonitrile and Dimethylformamide 
V. Behavior of Aromatic Ketones and Aldehydes 
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ABSTRACT 

Benzophenone, acetophenone, p-methoxyaeetophenone, benzaldehyde, and 
anisaldehyde are reduced stepwise polarographieally in anhydrous dimethyl- 
formamide. Large-scale electrolytic reduction of benzophenone indicates that 
the ketyl anion is formed as a stable intermediate since, in the presence of car- 
bon dioxide and ethyl iodide, benzilic acid and diphenylethylcarbinol are 
formed, respectively. Acetophenone, benzaldehyde, and anisaldehyde form 
principally pinacols under these conditions. The reduction of p-methoxyaceto- 
phenone is complicated by tar formation. 

Prev ious  po la rographic  s tudies  in  ace toni t r i l e  and  
d i m e t h y l f o r m a m i d e  have  shown  tha t  this  me thod  is 
capable  of f u r n i s h i n g  ev idence  for the  ex is tence  of 
s table  a n i o n - f r e e  radicals  in  the r educ t ion  of aro-  
mat ic  hyd roca rbons  (1, 2) and  s e m i q u i n o n e  anions  
in  the r educ t ion  of q u i n o n e s ( 3 ) .  

In  the p re sen t  s tudy  the  po la rographic  behav io r  
and  e lect rolyt ic  r educ t ion  of a romat ic  ke tones  and  
a ldehydes  has been  inves t iga ted  to d e t e r m i n e  
whe the r  ke ty l  an ions  are p roduced  in  d i m e t h y l -  
fo rmamide .  

Experimental 
The solut ions  were  s tud ied  in  a cy l indr ica l ly  

shaped cell w i th  a m e r c u r y  pool anode and  fitted 
wi th  side a rms  for the anode connec t ion  and  for 
admiss ion  of n i t rogen .  Al l  m e a s u r e m e n t s  we re  made  
in  a wa te r  t he rmos ta t  at 25 ~ +_ 0.1 ~ 

The c u r r e n t - v o l t a g e  curves  were  ob ta ined  wi th  a 
Sa rgen t  Model  XII  po la rograph  hav ing  a c u r r e n t  
scale ca l ib ra t ion  of 0.00497 ~ a / m m  at a sens i t iv i ty  
of one. 

The  d ropp ing  m e r c u r y  electrode was  opera ted  at 
60 cm pressure  and  had a drop t ime  of 3.42 sec in  
d i m e t h y l f o r m a m i d e  (open c i rcu i t ) .  The  m-~/~t 1/~ 
va lue  was 1.96 mg '-'j~ sec ~/"~. 

The d i m e t h y l f o r m a m i d e  was pur i f ied in  a m a n n e r  
s imi la r  to tha t  r epor ted  p rev ious ly  (1) .  The  com-  
pounds  were  ob ta ined  f rom stock and  pur i f ied by  
c rys ta l l i za t ion  or d is t i l la t ion.  

Electrolytic Reductions 

The e lect rolyt ic  r educ t ions  of the  va r ious  car-  
bony l  compounds  were  car r ied  out  at a p l a t i n u m  
anode and  m e r c u r y  cathode in  a s imi la r  m a n n e r  to 
tha t  descr ibed  ear l ie r  (1) .  The area  of the  cathode 
was 65 cm ' and  the  l ine  vol tage  was  80 v. Typica l  
procedures  are i l l u s t r a t ed  below.  The resu l t s  are 
g iven  in  Tab le  II. 
Benzophenone . - -A  solu t ion  of 5 g of b e n z o p h e n o n e  
and  7.72 g of po tass ium iodide in 300 ml  of d i -  
m e t h y l f o r m a m i d e  was deoxygena t ed  w i th  n i t r ogen  
for 1 hr. Direct  cu r r en t  was a l lowed to pass t h rough  
the  cell for  20 h r  and  gave  a b lue  solut ion.  

The ca tholy te  and  ano ly te  were  poured  in to  50 ml  
of 10% acetic acid so lu t ion  a nd  the  so lven t  was  
r emoved  u n d e r  reduced  pressure  at 100 ~ . E x t r a c -  
t ion  wi th  e ther  fo l lowed by r e m o v a l  of the  so lvent  
gave an  oil which  was  soluble  in  i sopropyl  alcohol 
a nd  in  hot p e t r o l e u m  ether.  Benzopinacol ,  if p res -  
ent,  would  be inso lub le  in these solvents .  W h e n  the 
p e t r o l e u m  ether  was cooled, 2.8 g of benzohydro l  
me l t i ng  at 66~ ~ was  obta ined.  A m i x t u r e  wi th  an 
au then t i c  sample  me l t ed  at the  same point .  The 
benzophenone  which  r e m a i n e d  in  the p e t r o l e u m  
ether  was d e t e r m i n e d  in  some of the  e x p e r i m e n t s  
as the oxime. 
Benzophenone and carbon d iox ide . - -A  solu t ion  of 
d i m e t h y l f o r m a m i d e  (300 ml)  con t a in ing  po tass ium 
iodide (7.72 g) and benzophenone (5 g) was deoxy- 
genated with carbon dioxide for 1 hr. Electrolysis 
was carried out for 20 hr while a stream of carbon 
dioxide was passed through the solution. The 
cathode compartment remained colorless during the 
electrolysis. Removal of the solvent under reduced 
pressure gave a residue which was extracted with 
ether. The ether insoluble portion was found to be 
water soluble. Upon acidification of the aqueous 
solution benzilic acid (3.1 g) melting at 149~ ~ 
precipitated. A mixture with an.authentic sample 
melted at the same point. 
Benzophenone and ethyl  iodide . - -A solu t ion  of po-  
t a s s ium iodide (7.72 g) a nd  b e n z o p h e n o n e  (20 g) in 
d i m e t h y l f o r m a m i d e  (300 ml)  was  deoxygena t ed  
wi th  n i t r ogen  for 1 hr  and  then  e lect rolyzed for 15 
hr. D u r i n g  the  electrolysis,  o x y g e n - f r e e  e thy l  iodide 
was dropped  into the  cathode compar tmen t .  Re-  
mova l  of the so lvent  u n d e r  reduced  p ressure  was 
fol lowed by  ex t r ac t ion  wi th  ether .  The ye l low oil 
(17.5 ml)  ob ta ined  was f reed of b e n z o p h e n o n e  by  
re f lux ing  wi th  h y d r o x y l a m i n e  hydroch lo r ide  (9 g) 
and  po tass ium hydrox ide  (15 g) in  e thano l  (30 ml )  
and  wa te r  (6 ml )  for 5 rain.  The solut ion was 
poured  into 1N po tass ium hydrox ide  (200 ml )  and  
ex t rac ted  wi th  hexane .  Af te r  concen t r a t i on  and  
cooling of the  h e x a n e  solut ion 3.2 g of d i p h e n y l -  
e thy Ica rb ino l  m e l t i n g  at  930-95 ~ was  recovered.  A 
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m i x t u r e  wi th  an  au then t i c  sample  me l t ed  at the  
same point .  
Acetophenone . - -A so lu t ion  of d i m e t h y l f o r m a m i d e  
(300 ml )  con t a in ing  17 g of t e t r a b u t y l a m m o n i u m  
iodide and  20 g of ace tophenone ,  was  deoxygena ted  
wi th  n i t r o g e n  for 1 hr  and  t h e n  e lect rolyzed for 14 
hr. The  r e su l t ing  so lu t ion  was  poured  in to  600 ml  
of wa t e r  c o n t a i n i n g  20 ml  of acetic acid. Ex t rac t ion  
wi th  e ther  was fo l lowed by  concen t r a t i on  to 100 ml. 
The  r e su l t i ng  so lu t ion  on m i x i n g  wi th  200 ml  of 
hexane ,  concen t ra t ing ,  and  cooling gave 6.0 g of 
meso -ace tophenone  p inacol  me l t i ng  at 117~ ~ 
A m i x t u r e  wi th  an  au then t i c  sample  me l t ed  at the  
same point .  

Results 

The  po la rographic  da ta  ob ta ined  for the  va r ious  
a romat ic  ke tones  and  a ldehydes  in  va r ious  solut ions 
are g iven  in  Tab le  I. The  waves  in  all  cases were  
wel l  defined. The  add i t ion  of wa te r  shif ted both  
waves  to more  posi t ive  potent ia ls .  

The h a l f - w a v e  po ten t ia l s  of the second wave  for 
benzophenone ,  ace tophenone ,  and  benza ldehyde  are  
more  nega t i ve  t h a n  those repor ted  by  Given  (4) .  
Since the  add i t ion  of wa t e r  shifts the second wave  
to more  posi t ive  potent ia ls ,  the  l a t t e r  s tudy  was 
p r o b a b l y  car r ied  out  in  d i m e t h y l f o r m a m i d e  which 
was no t  comple te ly  anhydrous .  

To he lp  fo rmu la t e  e lect rode reac t ions  and  i de n -  
t i fy  i n t e r m e d i a t e  species l a rge -sca le  e lect rolyt ic  r e -  
duc t ions  were  car r ied  out  wi th  benzophenone ,  
ace tophenone,  benza ldehyde ,  p - m e t h o x y b e n z a l d e -  
hyde,  and  p - m e t h o x y a c e t o p h e n o n e  in  the  presence  
and  absence  of ca rbon  dioxide. A n  electrolysis  also 
was pe r fo rmed  wi th  b e n z o p h e n o n e  in  the  presence  
of e thy l  iodide. Comple te  ana lys i s  of the  products  

Table I. Polarographic behavior of aromatic ketones and aldehydes 
in dimethylformamide containing 0.175M tetrabutylammonium 

iodide and varying amounts of water 

C o m p o u n d  

E � 8 9  (v) vs .  
I-Ig p o o l  Ia ~ 

% 
W a t e r  b y  1st 2nd  1st 2nd  

Conc.a  v o l u m e  W a v e  W a v e  W a v e  W a v e  

Benzophenone 2.34 0 --1.21 --1.78 1 .32 0.88 
0.99 --1.19 --1.69 1.33 c 0.88 c 
4.76 --1.17 --1.62 1.34 ~ 0.70 ~ 
9.09 --1.14 --1.57 1.39 ~ 0.68 ~ 

Acetophenone 0.985 0 --1.46 --2.15 1 .41  0.55 
0.99 --1.42 --2.05 1.35 ~ 1.46 ~ 
4.76 --1.37 --1.99 1.34 ~ 0.98 ~ 
9.09 --1.33 --1.96 1.29 ~ 0.95 ~ 

Benzaldehyde 1.93 0 --1.28 --2.17 2.11 1.18 
0.99 --1.24 --2.09 2.10 ~ 1.57 ~ 
4.76 - -1 .20- -2 .05  2.00 ~ 1.49 ~ 
9.09 --1.19 --2.02 1.82 ~ 1.48 ~ 

p-Methoxyace-  1.03 0 --1.50 --1.99 1.88 ~ 0.81" 
tophenone 

p-Methoxyben-  0.993 0 --1.48 1.86 ~ 
zaldehyde 

M i l l i m o l e s  p e r  l i t e r ,  

c C o r r e c t e d  f o r  c h a n g e  in  c o n c e n t r a t i o n  of  c o m p o u n d .  
C a p i l l a r y  w i t h  rn2/~tl/6 of mg~/~sec-1/2 a n d  a d r o p t i m e  of 3.60 

sec r  c i r c u i t )  a t  45 cm p r e s s u r e .  
e C a p i l l a r y  w i t h  m~/Stl/6 of  1.56 mg~/3sec-1/-~ a n d  a d r o p t i m e  of 3.91 

s ee  ( o p e n  c ircuit )  a t  50 c m  p r e s s u r e .  

f rom compounds  other  t h a n  b e n z o p h e n o n e  was  p re -  
ven ted  by  the  fo rma t ion  of tars  and  oils. Resul ts  are 
s u m m a r i z e d  in  Tab le  II. 

Discussion of Results 
E x a m i n a t i o n  of the resu l t s  in  Tab le  I indicates  

tha t  a romat ic  ke tones  and  a ldehydes  are reduced  
s tepwise at  the  d ropp ing  m e r c u r y  electrode in  a n -  
hydrous  d i m e t h y l f o r m a m i d e .  In  cont ras t  to its ef-  
fect on the waves  of hyd roca rbons  and  qu inones  
addi t ion  of w a t e r  caused l i t t le  change  in  the  first 
wave,  bu t  caused a shift  of the  second to more  posi-  
t ive  po ten t i a l s  a nd  an  inc rease  of the diffusion 
c u r r e n t  in  some examples .  The  double  waves  found  
are  s imi la r  to those repor ted  in  aqueous  a lka l i  by  
A s h w o r t h  (5) and  would  suggest  the fo l lowing 
genera l  m e c h a n i s m  of r educ t ion  for these com- 
pounds.  

R ~C~O  + e ~  R ,C - - O -  ( l s t  wave )  

R 2 C : O  + 2e ~ R~C--O- (2nd  wave)  

Ev idence  for these electrode reac t ions  is the  ob-  
se rva t ion  made  in  the l a rge -sca le  e lec t rolyt ic  re -  
duc t ion  of benzophenone .  In  solut ions  in  d i m e t h y l -  
f o r ma mi de  c o n t a i n i n g  po tas s ium iodide, in  which  
only  the first po la rographic  wave  is obta ined,  a 
b lue  colora t ion  is produced.  A s imi la r  color is r e -  
por ted  for the  m o n o s o d i u m  der iva t ives  of benzo-  
phenone  in  l iqu id  a m m o n i a  (6) .  

The p resence  of the i n t e r m e d i a t e  ke ty l  an ion  for 
benzophenone  was  f u r t h e r  d e m o n s t r a t e d  by  the  
electrolysis  of benzophenone  in  the presence  of 
carbon  dioxide  and  e thy l  iodide wi th  po tass ium 
iodide as a suppor t ing  e lec t ro ly te ;  benzi l ic  acid and  
d i p h e n y l e t h y l c a r b i n o l  were  formed,  respect ively .  If 
the r educ t ion  is carr ied  out in  the absence of these 
reagen ts  or in the presence  of water ,  the  b lue  color 
is discharged,  s lowly  in the  first case, and  benzo-  
p h e n o n e  and  benzohydro l  are obta ined.  Chang ing  
the  suppo r t i ng  e lec t ro ly te  to l i t h i u m  iodide p ro -  
duced s imi la r  resul ts .  

T r e a t m e n t  of me ta l  ke ty ls  in  h y d r o c a r b o n  sol- 
ven t s  or e ther  wi th  e thy l  b r omi de  and  ca rbon  di -  
oxide produces  s imi la r  p roducts  together  wi th  
benzophenone  (7, 8). The reac t ion  wi th  wa te r  l ike-  
wise resul ts  in  the  fo rma t ion  of benzophenone  and  
benzohydro l  (9) .  

The f o r ma t i on  of the ke ty l  an ion  also has been  
demons t r a t ed  w i th  e lec t ron  r e sonance  studies  by 
Aus ten ,  et aI. (10) of solut ions  of benzophenone  
reduced  e lec t ro ly t ica l ly  at cont ro l led  po ten t ia l s  in 
d i m e t h y l f o r m a m i d e .  

D e t e r m i n a t i o n  of n for the  waves  of benzophe -  
none  us ing  a micro  cell (11) w i th  0.5 ml  of a so lu-  
t ion  of b e n z o p h e n o n e  (2 X 10-~M) con ta in ing  
t e t r a b u t y l a m m o n i u m  iodide as a suppor t ing  elec- 
t ro ly te  gave va lues  of 1.54 and  1.82 respec t ive ly  for 
the  two waves.  W h e n  the  e lectrolysis  was l imi ted  to 
the  first w a v e  by  us ing  po t a s s ium iodide as the  
suppor t ing  electrolyte ,  no apprec iab le  decrease in 
the  concen t r a t i on  of b e n z o p h e n o n e  occurred.  The 
l a t t e r  behav io r  indica tes  tha t  the  ke ty l  an ion  
formed is reoxid ized  at  the  anode  to benzophenone .  
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Table II. Large-scale electrolytic reductions of aromatic ketones and aldehydes in dimethylformamide 

A m p e r e s  
T i m e  of 

Compound Star t  F in i sh  electrolysis  Products  f o r m e d  
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HCON (CHa) ~-0.155M (C4H9) 4N1 (300 ml) 

5.0 g 0.70 0.10 23 (hr)  
(C~H,) ~CO 

20 g 0.60 0.05 14 
C~H~COCH~ 

20 g 0.60 0.05 14 
C,H,COCH~ + excess CO~ 

20 g 0.60 0.05 19 
C~H~CHO 

20 g 0.60 0.05 24 
C~H~CHO + CO2 

20 g 0.60 0.05 27 
p-CH,OC~H~COCH~ 

20 g 0.60 0.05 20 
p-CH~OC~H,COCH, + COs 

20 g 0.45 0.15 20 
p-CH~OC~H,CHO 

20 g 0.40 0.10 24 
p-CH~OC~H~CHO + CO~ 

Benzohydrol  (2.7 g) 

Ace tophenone  pinacol  (5.1 g) 

Atro lac t ic  acid (1.0 g) 

Hydrobenzoin  (7.3 g) 
Benza ldehyde  (5 ml)  
Hydrobenzoin  (6.1 g) 

2, 3 -Dianisy lbutadiene-1 ,  3 ( t races)  

p -Methoxya t ro lac t i c  acid ( t races)  

Hydroaniso in  (1.9 g) 

Hydroaniso in  (1.3 g) 

HCON (CHa) ~--0.155M KI  (300 ml) 

5.0 g 0.50 0.10 20 
(C,H,) ~CO 

5.0 g 0.60 0.10 20 
(C~H~)~CO ~- CO2 

20 g 2.5 1.0 12 
(C~H~)2CO + 20% H~O 

20 g 0.70 0.05 15 
(C~H~) ~CO + C2H~I 

Benzohydrol  (2.8 g) 

Benzilic acid (3.1 g) 

Benzohydro l  (17.1 g) 
Benzophenone (1.5 g) 
Dipheny le thy lca rb ino l  (3.2 g) 
Benzophenone (16.6 g) 

HCON (CH3) ~--0.155M" LiI  (300 ml) 

20 g 0.50 0.05 
(C~H0 ,.CO 

L o g a r i t h m i c  "analysis of t he  r e d u c t i o n  w a v e  for  
b e n z o p h e n o n e  in p o t a s s i u m  iod ide  so lu t ion  showed  
a s lope  of 0.051. A s i m i l a r  ana lys i s  in t he  p re sence  
of t e t r a b u t y l a m m o n i u m  iod ide  s h o w e d  a s lope  of 
0.070 for  t he  first  w a v e  and  a s lope  of 0.080 for  t he  
second.  Bo th  w a v e s  show some k ine t i c  c h a r a c t e r  
and  a re  i r r eve r s i b l e .  

S ince  t h e  k e t y l  an ion  is s t ab le  in d i m e t h y l f o r m a -  
m i d e  i t  is poss ib le  t h a t  the  second  w a v e  m a y  r e p r e -  
sent  a 

(C,,H.0 ~ C - - O -  + e ~ (CoH~)2 C - - O -  

d i r ec t  r e d u c t i o n  of th i s  ion to t he  d ian ion .  The  
l a t t e r  w o u l d  r e a c t  m o r e  r e a d i l y  w i t h  t he  so lven t  or  
w a t e r  t h a n  the  k e t y l  an ion  and  g ive  b e n z o h y d r o l .  
The  s m a l l e r  d i f fus ion  c u r r e n t  o b s e r v e d  for  th is  
w a v e  m a y  b e  caused  b y  the  r e p u l s i o n  of t he  k e t y l  
an ion  f r o m  the  e lec t rode .  

T h e  d i a n i o n  is a m u c h  s t r o n g e r  base  t h a n  the  
k e t y l  an ion  a n d  w o u l d  r eac t  i r r e v e r s i b l y  w i t h  w a t e r  
to f o r m  the  c a r b i n o l  anion.  

(C~H.0_. C--O- + H=O -+ (CoH~)~ C--O- q- OH- 
H 

Further reaction of the latter with water would be 
reversible. The second wave therefore should be 
influenced more by the addition of water and this 

behavior was observed. 
Acetophenone when reduced electrolytically in 

the presence of carbon dioxide gives only a 4% 
yield of atrolactic acid. In the absence of carbon 
dioxide acetophenone pinacol was obtained. 

14 Benzohydrol  (2.76 g) 
Benzophenone (14.75 g) 

Under similar circumstances, p-methoxyaceto- 
phenone gave only traces of acidic material and con- 
siderable amounts of tar. Distillation of the tar gave 
a small amount of 2, 3-di-p-anisylbutadiene-l, 3. 
This compound without doubt resulted from the 
pinacol. 

Benzaldehyde on reduction alone gave a 43% 
yield of hydrobenzoin. In the presence of carbon 
dioxide the yield of hydrobenzoin was reduced to 
30%, but no mandelic acid was formed. 

The reduction of anisaldehyde resulted in con- 
siderable amounts of tar and a 5% yield of hydro- 
anisoin. 

The different behavior observed for the acetophe- 
nones and benzaldehydes in these large-scale elec- 
trolyses from that of benzophenone is apparently 
dependent on the stability of the intermediate ketyl 
anion 

2R.~--C--O- ~ R..C--CR~ 

O- O- 

or the  e x t e n t  of i ts  d i m e r i z a t i o n  to the  p i n a c o l a t e  
anion.  

The  r e su l t s  o b t a i n e d  w i t h  b e n z o p h e n o n e  w o u l d  
po in t  to a s t ab le  k e t y l  an ion  s ince  c a r b o n a t i o n  p r o -  
duces  a h igh  y i e l d  of benz i l i c  acid.  U n d e r  t he  s ame  
cond i t ions  t he  k e t y l  an ions  f r o m  a c e t o p h e n o n e  and  
b e n z a l d e h y d e  and  t h e i r  m e t h o x y  d e r i v a t i v e s  a r e  
less s t ab l e  and  e i t he r  d i m e r i z e  or  u n d e r g o  r eac t i ons  
w h i c h  f o r m  ta rs .  
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The  a c t u a l  m e c h a n i s m  for  t he  r e a c t i o n  of t he  
b e n z o p h e n o n e  k e t y l  an ion  w i t h  va r i ous  r e a g e n t s  is 
s t i l l  no t  known .  This  an ion  .is no doub t  a r e s o n a n c e  
h y d r i d  a n d  

(C~H~)= C--O- <--> (C~H,0~ C--O- 

could  u n d e r g o  a d i r ec t  r e a c t i o n  w i t h  the  r e a g e n t s  
invo lved .  

(CoH~)~ C--O" + C0.~-~ (C~H~)~ C--0- 
- 1 

COO- 

The resulting product from the reaction with car- 
bon dioxide would take up an electron in the elec- 
trolytic reduction and form the benzi]ate anion. 

(C~H~)~ C--O' + e -~ (C~H~).~ C--O- 
i i 
CO0- COO- 

In  the  s a m e  r e a c t i o n  of m e t a l  k e t y ] s  in  h y d r o c a r b o n  
so lven t s  a n o t h e r  k e t y l  an ion  w o u l d  f u r n i s h  the  
e l ec t ron  necessa ry .  

(C~Ho)~ c--o- + (C~Ho)~ c--o- -~ 

COO- 

(C,H~)~ CCO0- + (C,H~)~ C:0 

O- 

A s i m i l a r  m e c h a n i s m  is i m p l i e d  for  the  f o r m a t i o n  
of b e n z o h y d r o l  in t he  e l e c t r o l y t i c  r e d u c t i o n  of b e n -  
z o p h e n o n e  in  d i m e t h y l f o r m a m i d e  b y  Aus t en ,  et  at. 
(10). 

D i s p r o p o r t i o n a t i o n  of t he  k e t y l  an ion  to b e n z o -  
p h e n o n e  and  the  d ian ion ,  w h i c h  could  u n d e r g o  
s i m i l a r  r eac t ions ,  is cons ide r ed  no t  to be  f ea s ib l e  
e n e r g e t i c a l l y  (12) .  

2(C~H~).~C--O--~ ( C . H ~ ) ~ C - - 6  + (C~H~)..CO 

The  p o s s i b i l i t y  of t he  f o r m a t i o n  of t he  p i n a c o l a t e  
an ion  fo l l owed  b y  i ts  d i s soc ia t ion  in to  b e n z o p h e -  
none  and  i ts  d i a n ion  as 

2 ( C ~ H ~ ) ~ C - - O - ~  (C~H~), C--C (C6H~),~--- 
/ / 

O- O- 

(CoH~)~ C:O + (C~H~)~ C--0- 

p r o p o s e d  b y  A c r e e  (13) canno t  be  c o m p l e t e l y  
e l i m i n a t e d  as a bas i s  for  t he  r e a c t i o n s  of t he  ke ty l s .  

Manuscr ip t  rece ived  Aug. 12, 1959. This paper  was 
p repa red  for p resen ta t ion  at  the Buffalo Meeting, Oct. 
6-10, 1957 and is based on the Ph.D. thesis  of A. G u n -  
dersen (June 1960). The research  was suppor ted  by  the 
Office of Ordnance  Research under  Contract  DA-11-  
022-ORD-1868. 

�9 A n y  discussion of this pape r  wi l l  appea r  in a Discus-  
slon Section to be publ i shed  in the  December  1960 
JOURNAL. 
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Preparation and Refining of Yttrium Metal 
by Y-Mg Alloy Process 
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Ins t i tu te  for A tomic  Research and Depar tment  of Chemistry ,  Iowa State  Universi ty ,  Ames ,  Iowa 

ABSTRACT 

Yt t r ium meta l  was p repa red  by the reduct ion  of YF~ with  calc ium forming  
a low mel t ing  Y-Mg in te rmedia te  alloy. Magnes ium was r emoved  by sub l ima-  
tion to produce  y t t r i um meta l  sponge. A method  is descr ibed for removing  
oxygen  and fluorine f rom the a l loy by ex t rac t ion  with  fused y t t r i u m  salts. The 
resul ts  of e lec t ron beam mel t ing  and zone refining are  also presented.  Some 
proper t ies  of y t t r i um meta l  of 99.9% pu r i t y  obta ined by the ex t rac t ion  refining 
process are  discussed. 

Recen t  i n t e r e s t  in the  pos s ib l e  uses  of v a r i o u s  r a r e  
e a r t h  m e t a l s  as r e a c t o r  m a t e r i a l s  l ed  to th is  i n v e s t i -  
ga t i on  of t he  p r e p a r a t i o n  of h i g h - p u r i t y  y t t r i u m  
meta l .  A n  a c c e p t a b l e  a b s o r p t i o n  cross  sec t ion  for  
t h e r m a l  n e u t r o n  (1.31 b a r n s ) ,  r e l a t i v e l y  h igh  m e l t -  
ing  po in t  (1500~176 r e s i s t ance  to a t t a c k  by  

l i qu id  u r a n i u m  and  u r a n i u m  a l loys  (1) ,  and  i ts  

p o t e n t i a l  as  a n e w  a l l o y i n g  e l e m e n t  in h i g h - t e m p e r a -  

t u r e  m a t e r i a l s  a r e  some of t h e  p r o p e r t i e s  t h a t  a r e  

r e s p o n s i b l e  for  t he  i nc rea s ing  i n t e r e s t  in  the  m e t a l -  
l u r g y  of y t t r i u m .  

T h o m p s o n  (2) ,  T r o m b e  (3) ,  and  D a a n e  and  S p e d -  
d ing  (4)  h a v e  p r e v i o u s l y  p r e p a r e d  e x p e r i m e n t a l  
qua n t i t i e s  of  y t t r i u m  meta l .  The  p r i n c i p a l  o b j e c t i v e  
of th is  i nve s t i ga t i on  was  the  p r e p a r a t i o n  of y t t r i u m  
m e t a l  in h i g h e r  p u r i t y  and  l a r g e r  quan t i t i e s  for  
use  in the  d e v e l o p m e n t  of f a b r i c a t i o n  p r o c e d u r e s  
and  in t he  i n v e s t i g a t i o n  of t he  p r o p e r t i e s  of y t t r i u m  
and  i ts  a l loys .  
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The basic process descr ibed in  this  paper  is the  
r educ t ion  of YF,  w i th  ca lc ium in  the  presence  of 
m a g n e s i u m  to fo rm a low me l t i ng  Y-Mg alloy. The  
reac t ion  was car r ied  out  at 950~ in  a r e f rac to ry  
m e t a l  c ruc ib le  u n d e r  an  ine r t  gas a tmosphere .  
A n h y d r o u s  CaCL was added to the  charge to flux 
the h igh  me l t i ng  CaF~ produced  b y  the  react ion.  A 
ref in ing  step in  the  process consisted of a fused sal t  
ex t rac t ion  in  which  some of the in t e r s t i t i a l  i m -  
pur i t i e s  were  ex t rac ted  f rom the  m o l t e n  Y-Mg alloy.  
The m a g n e s i u m  was  sub l imed  out  of the  al loy by 
hea t ing  in vacuo, y ie ld ing  a meta l l i c  sponge which  
was  s u b s e q u e n t l y  arc me l t ed  into a mass ive  y t t r i u m  
ingot.  The  r e su l t ing  y t t r i u m  me ta l  was  eva lua ted  by  
spectroscopic and  chemica l  ana lyses  and  by  m e t a l -  
lographic  examina t ion .  The  hardness ,  fabr icabi l i ty ,  
and  o ther  proper t ies  of the me ta l  were  also de te r -  
mined .  

Materials 
In  the p r e p a r a t i o n  of h i g h - p u r i t y  y t t r i u m  it is 

essent ia l  tha t  al l  r eac tan t s  be of the  h ighes t  possible 
p u r i t y  s ince most  of the  impur i t i e s  in  these  ma te r i a l s  
end  up  in  the me ta l  product .  

I t  was  recognized f rom the  outset  tha t  h i g h - p u r i t y  
YF~, wi th  a m i n i m u m  of oxide con tamina t ion ,  was  
a p re requ i s i t e  if tha t  m a t e r i a l  were  to be  used as 
the s t a r t ing  salt. The  detai ls  of the  p r epa ra t i on  of 
the YF8 employed  in  these s tudies  are  g iven  in  an 
Ames  L a b o r a t o r y  repor t  (5). 

A few pounds  of YCI~ were  p r e p a r e d  for use in  
ref in ing  exper imen t s .  Y t t r i u m  me ta l  sponge was  
conver ted  to the  chlor ide  by  r eac t ing  it  w i th  a n h y -  
drous  HC1 gas at 700~ The c rude  p roduc t  was  
pur i f ied by  red i s t i l l a t ion  in vacuo at  950~ The 
p u r i t y  of the  best  YCL and  YF3 tha t  were  ob ta ined  
is e s t ima ted  as 99.9%. 

A n h y d r o u s  CaCL of ana ly t i ca l  g rade  p u r i t y  
(g rea te r  t h a n  99%)  was  ob ta ined  f rom the J. T. 
Bake r  Co. Since this  m a t e r i a l  con ta ined  smal l  
amoun t s  of water ,  it  was f u r t h e r  d e h y d r a t e d  by  
hea t ing  to 450~ in  a s ta inless  steel  vessel  u n d e r  
a d y n a m i c  vacuum.  W h e n  h i g h - p u r i t y  CaCL was 
requi red ,  as in  the  ex t rac t ion  exper imen t s ,  the 
chlor ide was  g iven  an  add i t iona l  t r e a t m e n t  by  pass-  
ing a n h y d r o u s  HC1 over  the  v a c u u m - d r i e d  salt  at 
500~ 

Commerc i a l l y  pu re  ca lc ium me ta l  ob ta ined  f rom 
the  New E n g l a n d  L ime  C o m p a n y  was  v a c u u m  
red is t i l l ed  a t  900~ as descr ibed by  Smith ,  et al. 
(6) .  Tab le  I gives the  ana lys i s  of the  ca lc ium af te r  
d is t i l la t ion.  

M a g n e s i u m  me ta l  was  dis t i l led  in  the same ap-  
pa r a tu s  at a t e m p e r a t u r e  of 850~ The  ca rbon  con-  
t en t  was  reduced  to 0.02 wt  % by  this  procedure ,  
n i t r o g e n  to 0.005 wt  %, and  oxygen  to less t h a n  
0.01 wt  %. 

Reduction of YF3 
Y t t r i u m  fluoride can  be reduced  by  ca lc ium in  the  

presence  of CaC1._, and  m a g n e s i u m  me ta l  to form an  
Y-24 wt  % Mg i n t e r m e d i a t e  alloy. The  a l loy a nd  
slag p r o d u c e d  in  the  reac t ion  are  bo th  mo l t en  at  
950~ thus  m a k i n g  it possible to ca r ry  out  the  r e -  
duc t ion  in  a r e f r ac to ry  me ta l  c ruc ib le  u n d e r  an  
ine r t  gas a tmosphere .  Ca lc ium chlor ide  was selected 
as the  f luxing agen t  since it forms a low m e l t i ng  
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Table I. Analysis of redistilled calcium metal 
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E l e m e n t  W t  % 

Magnesium 0.300 
Carbon 0.020 
Nitrogen 0.005 
A l u m i n u m  0.003 
Iron 0.003 
Manganese 0.0.02 
Nickel 0.002 

eutect ic  w i t h  CaF~. I t  also decreases the dens i ty  of 
the slag which  is an  i m p o r t a n t  factor  if complete  
separa t ion  f rom the  al loy phase is to be achieved.  
Remova l  of the  m a g n e s i u m  f rom the  a l loy and  
me l t i ng  of the y t t r i u m  sponge are  discussed in  a 
la ter  sect ion of this paper .  

Appara tus  and p r o c e d u r e . - - A  sketch of the ap-  
pa ra tus  used in  the  r educ t ion  process is shown in  
Fig. 1. The t e m p e r a t u r e  of the  re tor t  was m e a s u r e d  
by  a the rmocoup le  p laced  on the ex te r io r  wa l l  
surface.  

Severa l  r e f r ac to ry  meta l s  and  oxides were  tes ted 
as crucible  ma te r i a l s  and  t a n t a l u m  was f ound  to 
be the most  iner t .  Most of the smal l - sca le ,  h igh -  
p u r i t y  e xpe r i me n t s  were  car r ied  out  in  t a n t a l u m ;  
howeve r  t i t a n i u m  crucibles  were  used in  the  la rge  
reduc t ions  a nd  in  the  more  rou t ine  exper imen t s .  

The reduc t ions  were  car r ied  out  in  the  fo l lowing  
m a n n e r .  Massive pieces of m a g n e s i u m  a nd  ca lc ium 
were  t r a n s f e r r e d  to the  r educ t ion  crucible ,  a n d  a 
m i x t u r e  of YF3 and  CaCL was loaded into the  charg-  
ing  hopper.  A typ ica l  charge consisted of 1500 g 
YF,, 1350 g CaCL, 680 g calcium, and  290 g Mg. 
The un i t  was  evacua ted  by  me a ns  of a mechan ica l  
p u m p  pr ior  to p lac ing  the  re to r t  in  the gas furnace .  

TO VACUUM 
PUMPS ANO 

HELIUM SUPPLY 

/6 "=  I" 

Fig. 1. Schematic drawing of reduction retort and charging 
hopper; 1, charging hopper; 2, CaCI2 and YFs; 3, control 
valve; 4, sight glass; 5, steel retort; 6, Ti or Fe retaining 
crucible; 7, Ti crucible; 8, Mg; 9, Ca; 10, graphite disk; 1 I, 
water jacket. 
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W h e n  the  t e m p e r a t u r e  of the  re to r t  had  reached  
800~ h e l i u m  gas was  admi t t ed  and  a p ressure  of 
1~5 psi (gauge)  was  m a i n t a i n e d  in  the  sys tem 
th roughou t  the  r e m a i n d e r  of the  run .  W h e n  a t e m -  
pe ra tu r e  of a p p r o x i m a t e l y  900~ was a t t a ined  as 
ind ica ted  by  a t he rmocoup le  i m m e r s e d  in  the  mo l t en  
c a l c i u m - m a g n e s i u m  phase, the  YF,-CaCI.~ m i x t u r e  
was added s lowly  f rom the  hopper  into the  hea ted  
zone of the  reac t ion  crucible.  The  absence  of a sharp  
t e m p e r a t u r e  r ise d u r i n g  the  r educ t ion  process i nd i -  
cates tha t  the  reac t ion  is e i ther  endo the rmic  or on ly  
s l ight ly  exothermic .  

At  the  comple t ion  of the  r u n  the  hot  r e to r t  was  
ra ised f rom the  furnace ,  p laced  in  a rack, a n d  t i l ted  
to a few degrees f rom the  hor izonta l .  By  a l lowing  
solidification to occur in  this  posit ion,  the  slag and  
al loy could be r emoved  more  easi ly  thus  avo id ing  
damage  to the  r educ t ion  crucible.  

Experimental results.--A comprehens ive  i nves t i -  
ga t ion  was made  of the  effects of reac t ion  condi -  
tions, phys ica l  s tate  and  p u r i t y  of the ingred ien ts ,  
p ropor t ion  of the  reac tants ,  and  h a n d l i n g  procedures  
on the qua l i t y  and  yie lds  of the  y t t r i u m  m e t a l  ob-  
ta ined.  

F r o m  e x p e r i m e n t s  in  which  var ious  oxides were  
added to the r educ t ion  charge,  it  was conc luded  tha t  
any  oxides p re sen t  in  the  r eac tan t s  are t r a n s f e r r e d  
q u a n t i t a t i v e l y  to the Y-1V/g phase  d u r i n g  the r educ -  
tion. Compar i sons  b e t w e e n  g r a n u l a r  and  mass ive  
ca lc ium revea led  tha t  y t t r i u m  p repa red  f rom g r a n u -  
lar  ca lc ium con ta ined  an  average  of 0.1 wt  % more  
oxygen  t h a n  tha t  p r epa red  f rom mass ive  metal .  This  
d i f ferent ia l  was  observed wi th  ca lc ium on which  
the g r i n d i n g  and  screening  opera t ions  were  car r ied  
out  in  a specia l ly  des igned d ry  room. For  this  reason,  
the use of f resh ly  dis t i l led ca lc ium and  m a g n e s i u m  
in  mass ive  fo rm is s t rong ly  advocated  if the oxygen  
con ten t  is to be kept  as low as possible. 

The composi t ion  of the i n t e r m e d i a t e  a l loy was 
set at 24 wt  % magnes ium,  a composi t ion  t ha t  lies 
close to the i n t e r m e d i a t e  phase,  Y-Mg (7).  This  al loy 
possesses the  proper t ies  of br i t t leness ,  low m e l t i ng  
point ,  and  r e l a t i ve ly  h igh dens i ty  tha t  are  essent ia l  
to the  success of this  process. The  proper  p ropor t ions  
of the  o ther  r eac tan t s  were  d e t e r m i n e d  e x p e r i m e n t -  
ally. A 10 wt  % excess of ca lc ium r e d u c t a n t  gives 
a meta l  r ecovery  of g rea te r  t h a n  99% of theore t ica l ;  
a smal le r  excess resul t s  in  some decrease in  yield.  
The cr i t ical  slag composi t ion  was also d e t e r m i n e d  
by  ad ju s t i ng  the  YF3-CaCl= rat io in  the  charge.  A 
slag composi t ion  of 52 wt  % CaC12 gave best  s lag-  
me ta l  separa t ions  and  h ighes t  me ta l  yields.  

Tests showed tha t  the  a l loy  picks up s ignif icant  
amoun t s  of o x y g e n  af ter  a br ief  exposure  to air  
sa tu ra ted  w i th  w a t e r  vapor  b u t  no t  f rom oxygen  of 
the air. There fo re  the  c rush ing  and  t r a n s f e r r i n g  of 
the al loy were  h a n d l e d  in  a d ry  box filled wi th  
he l ium.  

In  spite of these p recau t ions  the  oxygen  con ten t  
of the  best  y t t r i u m  p repa red  by  this me thod  was in 
the r ange  of 0.1-0.2 wt  %. This  is shown  a long  wi th  
other  ana ly t i c a l  da ta  in  Tab le  II. The  va lues  r ep re -  
sen ted  are  averages  f rom a la rge  n u m b e r  of r educ -  

t ions m a d e  in  t i t a n i u m  crucibles.  S ta t i s t ica l  t r ea t -  

Table II. Major impurities in yttrium metal prepared by the 
calcium reduction of yttrium fluoride 

Impurity wt % Impurity wt % 

Oxygen 0.170 Nitrogen 0.015 
Ti tan ium 0.I50 Silicon ~0.015 
Fluor ine  0.080 Copper 0.004 
Nickel 0.035 Magnesium 0.003 
Iron 0.030 Calcium 0.001 
Carbon 0.020 Total rare earths ~0.050 

merit  of these da t a  indica te  tha t  the s t anda rd  
dev i a t i on  for the  l a rger  va lues  r epor ted  is +-- 0.01% 
or less. 

Magnesium Removal and Arc Melting 
The vola t i le  componen t s  of the  a l loy mus t  be r e -  

move d  a lmost  comple te ly  before  the  r e su l t ing  
sponge can be arc mel ted .  At  the  same t ime care 
m u s t  be exercised to avoid m e l t i n g  and  spa t te r ing  
d u r i n g  the  in i t ia l  s tages of the  m a g n e s i u m  and  cal -  
c ium removal .  As a first step the  a l loy was crushed 
into pieces a p p r o x i m a t e l y  V2 in. in  d i ame te r  in a j aw  
c rusher  enclosed in  the  d ry  box. 

The  sub l i ma t i on  was car r ied  out  in  a 6-in.  
d i ame te r  s ta inless  s teel  r e to r t  equ ipped  wi th  a con-  
denser .  The  a l loy was  placed in  a t i t a n i u m  vessel  
ins ide  the  ver t ica l  re tor t .  The sys tem was evacua ted  
to a p ressure  of 10-' m m  Hg at the  outset ,  and  this  
p ressure  was m a i n t a i n e d  t h r o u g h o u t  the  run .  The  
re to r t  and  its con ten t s  were  hea ted  to 900~ in  an  
electr ic  furnace ,  he ld  at this  po in t  for 4 hr, and  
then  increased  to 950~ and  he ld  for a per iod of 
20 hr. The  m a g n e s i u m  vapors  were  collected on the  
condenser  which  was  cooled by  a flow of air. The  
y t t r i u m  ob ta ined  in  this  m a n n e r  was  a br ight ,  porous  
sponge con ta in ing  a p p r o x i m a t e l y  0.01 wt  % m a g -  
n e s i u m  and  calcium. 

The y t t r i u m  sponge was consol ida ted  into ingot  
fo rm by  arc mel t ing .  The  sponge was  compacted into 
electrodes,  and  these were  g e n e r a l l y  arc mel ted  in to  
1-1b eva lua t ion  ingots  in  an  ine r t  gas a tmosphere .  
In  process ing la rger  a moun t s  of y t t r i u m ,  the sponge 
was c o n s u m m a b l y  arc me l t ed  twice w i th  the second 
me l t i ng  be ing  ca r r i ed  out  u n d e r  a d y n a m i c  vacuum.  
The  steps in  this  m e l t i n g  opera t ion  are  r ep resen ted  
by  the  th ree  forms  of the  me t a l  show n  in  Fig. 2. 
A b o u t  90 lb of m e t a l  are  shown in  each processing 
step. 

Refining of Yttrium 
In  an  effort to r e m o v e  some of the  impur i t i e s  f rom 

y t t r i um,  p a r t i c u l a r l y  oxygen  a nd  fluorine,  severa l  

Fig~ 2. Six-inch diameter ingot (left); 4-in. diameter ingots 
(center); and 27 sponge compacts or electrodes. 
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ref in ing t echn iques  were  tr ied.  The more  successful  
methods  are  discussed in  this  section. 

Refining of Y - M g  alloy w i th  a fused sal t . - - I t  was 
observed  tha t  the  oxygen  con ten t  of the  Y-Mg al loy 
was r educed  s igni f icant ly  af ter  be ing  in  contact  wi th  
a fused salt  con ta in ing  YF8 or YCI~. Severa l  expe r i -  
men t s  we re  r u n  in  an  a t t emp t  to ga in  some u n d e r -  
s t and ing  of this  p h e n o m e n o n .  

The same appa ra tu s  tha t  was  used in  the  r educ t ion  
of YF, was  employed  in  these exper imen t s ,  b u t  wi th  
one modificat ion.  The charg ing  hopper  was  rep laced  
by a v a c u u m  head  t h rough  which  the  shaf t  of a 
s t i r r ing  rod was inser ted.  A t i t a n i u m  or t a n t a l u m  
paddle  was  a t tached  to this  shaf t  and  was  ro ta ted  
ins ide  an  "O" r ing  seal. A p p r o x i m a t e l y  0.5 wt  % 
t i t a n i u m  was dissolved by  the y t t r i u m  a l loy  w h e n  
both the  r educ t ion  and  ex t r ac t ion  steps were  ca r r i ed  
out  in  a t i t a n i u m  cruc ib le  wi th  a t i t a n i u m  st i r rer .  No 
de tec tab le  c o n t a m i n a t i o n  f rom the  c ruc ib le  was  e n -  
coun te red  w h e n  a t a n t a l u m  sys tem was  used. 

The slag f rom a r egu l a r  r educ t ion  was  r emoved  
and  the  ex t rac tan t ,  such as YF,  and  CaCL, was  
added to the  a l loy in  the  crucible.  The  a l loy and  salt  
phases were  b rough t  to the  m o l t e n  s tate  (950~ 
the s t i r re r  was  lowered  to the  fused sa l t - a l loy  i n t e r -  
face and  ro ta ted  s lowly  for a p p r o x i m a t e l y  30 m i n  
to i n s u r e  adequa te  m i x i n g  d u r i n g  the ex t rac t ion .  

A m i x t u r e  of YF.  and  CaCI~ was  inves t iga ted  
ex tens ive ly  as the  e x t r a c t a n t  salt. Ex t rac t ions  w i th  
m i x t u r e s  of v a r y i n g  composi t ion  were  r u n  on 1200-g 
por t ions  of Y-Mg al loy of u n i f o r m  composit ion.  In  
one series a fixed q u a n t i t y  of YF~ was used and  the  
a m o u n t  of CaCI~ was var ied .  F r o m  this  it was  ob-  
served tha t  the  CaCI_. concen t r a t i on  is no t  cr i t ical  as 
long as enough  is p r e sen t  to flux the  YF~ proper ly .  

In  ano the r  series the  a m o u n t  of CaCI~ was  held  
cons tan t  and  the a m o u n t  of YF,  was var ied .  As is 
seen f rom the  data  in  the  u p p e r  ha l f  of Tab le  III,  
650 g of f luoride in  the  e x t r a c t a n t  p roduces  the  
m a x i m u m  pur i f ica t ion  and  increased  a m o u n t s  have  
no add i t iona l  effect. Since the  a l loy conta ins  a 
sufficient a m o u n t  of res idua l  ca lc ium to reduce  ap-  
p r o x i m a t e l y  150 g of YF~, no decrease in  the  oxygen  
con ten t  was  observed w h e n  this  a m o u n t  of f luoride 
was used in  the e x t r a c t a n t  mix tu res .  

F u r t h e r  u n d e r s t a n d i n g  of the ex t r ac t ion  process 
was ga ined  f rom e x p e r i m e n t s  us ing  two di f ferent  

Table III. Results of experiments using YF~-CaCI2 extraction 
mixtures on 1200-g portion of Y-Mg alloy 

O x y g e n  
co n t en t  G r a m s  W t  % 
of* i n i - .  of YF~ in  O i n  
t i a l  a l loy,  W t  % Ot  e x t r a c t a n t  Y t  a f t e r  

w t  % i n  YF3 m i x t u r e  ext rac .  

0.20 0.04 1650 0.052 
0.20 0.04 1150 0.053 
0.20 0.04 650 0.060 
0.20 0.04 150 0.210 
0.20 0.22 1150 0.063 
0.20 0.22 650 0.112 
0.50 0.04 1150 0.065 
0.50 0.04 650 0.137 

* Based  on  y t t r i u m  m e t a l  conten t .  
t Spec t roscop ic  v a l u e s  (8). 
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grades  of YF~ a nd  Y-Mg alloy. The da ta  in  Tab le  
I I I  show the  effect of the  oxygen  concen t r a t i on  in  
the  a l loy a nd  in  the YF~ on the  a m o u n t  of e x t r a c t a n t  
r equ i r ed  to p roduce  the  m a x i m u m  decrease in  oxy -  
gen content .  For  a l loy con t a in ing  0.20 wt  % oxygen,  
on ly  650 g of h i g h - p u r i t y  YF3 (0.04 wt  % oxygen)  
was  r equ i r ed  to decrease the  oxygen  con ten t  of the  
y t t r i u m  to 0.05 wt  %, whereas  a g rea te r  q u a n t i t y  of 
the lower  g rade  fluoride was  r equ i r ed  to p roduce  
the same purif icat ion.  For  al loy con t a in ing  0.5 wt  % 
oxygen,  the 650-g q u a n t i t y  of h i g h - p u r i t y  f luoride 
did no t  give me t a l  of m a x i m u m  pur i ty ,  a l though  the  
oxygen  con ten t  was lowered  apprec iab ly .  A grea te r  
a m o u n t  of this  qua l i t y  of YF~ was r equ i r ed  to de-  
crease the oxygen  con ten t  of the  al loy f rom 0.50 
to 0.06 wt  %. 

In  an  a t t e m p t  to d e t e r m i n e  if the  fo rm of the  oxide 
inf luences  the  d i s t r i bu t ion  of oxygen  b e t w e e n  the  
two phases,  0.1 wt  % of oxygen  was added  as MgO, 
CaO, Y~O~, a nd  YOF to successive reduct ions .  As 
was  ind ica ted  ea r l i e r  in  this paper ,  oxygen  f rom al l  
of these compounds  is t r a n s f e r r e d  to the  a l loy phase  
in  the r educ t ion  step. The  resul t s  of this series of 
e xpe r i me n t s  ind ica ted  tha t  the  fo rm of the  oxide 
in  the r educ t ion  charge does no t  appea r  to have  any  
effect on the  degree  of pur i f ica t ion  ob ta ined  by  the  
fused sal t  t r e a t m e n t .  

Other  salt  m i x t u r e s  were  inves t iga ted  as possible 
ex t r ac t an t s  of oxygen  a nd  f luor ine  f rom the Y-Mg 
alloy. The  resul t s  of a series of tests us ing  var ious  
ex t r ac t an t s  on a l loy  in i t i a l ly  con t a in ing  0.20 wt  % 
oxygen  and  0.12 wt  % f luor ine are  s u m m a r i z e d  in  
Tab le  IV. The  da ta  in  the tab le  show tha t  bo th  oxy -  
gen a nd  f luor ine  are ex t rac ted  by  fused YCI~ a nd  tha t  
the  f luoride con ten t  can be lowered  s u b s t a n t i a l l y  
by  a contact  w i th  CaCL. 

As can be seen f rom Tab le  IV the pu res t  me t a l  
was ob ta ined  by  ex t rac t ion  w i th  YF~-CaCI: fo l lowed 
by  a second ex t rac t ion  wi th  YCI~. This  two- s t age  
ex t rac t ion  was  pe r fo rmed  severa l  t imes  to ascer ta in  
the  r ep roduc ib i l i t y  of the  method.  Y t t r i u m  me ta l  
of the p u r i t y  shown  in  Tab le  V was ob ta ined  on 
repea ted  exper imen t s .  The  me t a l  p r epa red  in  this  
w a y  was used for me ta l  eva lua t ion ,  d e t e r m i n a t i o n  
of phys ica l  constants ,  a nd  microscopic  examina t i on .  

The e x t r a c t a n t  salts are  r ead i ly  r ecoverab le  and  
can be reduced  to the  me t a l  or used  aga in  in  ref in ing  
exper imen t s .  The  CaCI: is leached f rom the  sal t  
m i x t u r e  and  a n h y d r o u s  HF  gas is passed over  the  
res idua l  f luoride at 750~ This  resul t s  in  a qua l i t y  
of YF~ e q u i v a l e n t  to tha t  of the  o r ig ina l  mate r ia l .  
The  YCL l ikewise  can be r ec l a imed  b y  v a c u u m  
sub l imat ion .  

Table IV. Experiments with various fused salts as extroctants 
for Y-Mg alloy 

A n a l y s i s  of  y t t r i u m  
a f t e r  e x t r a c t i o n  

E x t r a c t a n t  s a l t  W t  % O W t  % F 

CaCI~ 0.170 0.045 
YF3-CaCI,~ 0.050 0.070 
YCI~ 0.060 0.035 
Double extraction with 0.030 0.070 

YFz-CaCI2 
YF~-CaCh followed by 0.018 0.007 

YCla 
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Table V. Analyses of yttrium metal refined by double extraction 
method 

I m p u r i t y  Wt % I m p u r i t y  Wt % 

I ron 0.030 Copper 0.004 
Nickel 0.020 Nitrogen 0.002 
Oxygen 0.0'15 Calcium 0.001 
Silicon <0.015 Hydrogen 0.001 
Tan ta lum <0.010 Magnesium 0.001 
Carbon 0.009 Ti tan ium 0.001 
Fluor ine  0.006 Total rare earths <0.050 

Electron beam melting and zone ref ining.--Sev-  
era l  pounds  of y t t r i u m  sponge con ta in ing  0.045 
wt  % oxygen  and  0.060 wt  % f luor ine were  e lec-  
t r o n - b e a m  mel t ed  by  the  Temesca l  Meta l lu rg ica l  
Corpora t ion .  Ana lys i s  of the  ingot  af ter  two me l t i ng  
opera t ions  gave 0.045 wt  % oxygen  and  0.004 wt  % 
fluorine.  

A n  y t t r i u m  rod con t a in ing  0.052 wt  % oxygen  and  
0.065 wt  % f luorine was  zone ref ined at  a ra te  of 
6 i n . / h r .  Af t e r  two zone passes, segments  of the ba r  
we re  aga in  analyzed.  The  oxygen  con ten t  sho~ved 
no s ignif icant  change,  bu t  the  f luor ine con ten t  de-  
creased to 0.002 wt  %. No differences were  observed  
in  the  oxygen  or f luor ine concen t ra t ions  at e i ther  
end  of the zone -me l t ed  region.  

Thus,  it  appears  tha t  f luor ine can be r emoved  
f rom y t t r i u m  me ta l  by  e lec t ron  b e a m  me l t i ng  and  by 
zone ref ining,  in vacuo, bu t  oxygen  is no t  affected. 
The  m a j o r  por t ion  of the  f luorine is r emove d  as a 
vola t i le  compound  in  bo th  methods  a l though  the 
exact  species has not  b e e n  de te rmined .  

Properties of Yttrium Metal 
A l t h o u g h  m a n y  of the  phys ica l  p roper t ies  of y t -  

t r i u m  have  been  m e a s u r e d  previous ly ,  a few prop-  
ert ies  of the  h igher  p u r i t y  y t t r i u m  ob ta ined  f rom 
this i nves t iga t ion  were  d e t e r m i n e d  for purposes  of 
compar ison.  Mel t ing  poin ts  have  been  observed  f rom 
as low as 1450~ to as h igh  as 1550~ for me ta l  o~ 
differ ing pur i ty .  Eash (9) repor ted  a va lue  of 
1515~ on me ta l  tha t  con ta ined  0.2 wt  % oxygen  as 
the  ma jo r  impur i ty .  S ince  the lat t ice pa r ame te r s  and  
me l t i ng  poin t  of a me t a l  are  of ten sens i t ive  to oxy-  
gen content ,  it  appeared  des i rab le  to d e t e r m i n e  these  
cons tan t s  for the  p u r e r  meta l .  The  me l t i ng  poin t  of 
99.9% p u r i t y  y t t r i u m  p r e p a r e d  in this inves t iga t ion  
was  d e t e r m i n e d  to be 1495 ~ -+ 5~ This  d e t e r m i n a -  
t ion was  made  us ing  an  optical  p y r o m e t e r  method  
(10) in  which  a smal l  hole was dr i l led  into an  y t -  
t r i u m  rod. The spec imen  was  hea ted  by  pass ing a 
h igh c u r r e n t  t h rough  it, and  the  t e m p e r a t u r e  w i t h i n  
the  hole was con t inuous ly  observed u n t i l  me l t i ng  
was evident .  

Likewise,  there  are differences in  the  reoor ted  
lat t ice p a r a m e t e r s  of y t t r i u m .  Spedding,  Daane,  and  
H e r m a n n  (11) r epor ted  va lues  of a = 3 . 6 4 7 4 A  
and  c = 5.7306 for the me ta l  tha t  was ava i l ab le  to 
t hem whi le  p a r a m e t e r s  of a = 3.662A and  c =  
5.752A were  ob ta ined  for the  me ta l  p r epa red  in 
this inves t iga t ion .  The  theore t ica l  dens i ty  of this 
ma te r i a l  was  4.46 g/cc  as compared  wi th  a measu red  
dens i ty  of 4.45 g/cc. 

Y t t r i u m  me ta l  of this  qua l i ty  has a ha rdness  of 
35-45 Br ine l l  (500 kg load)  and  can be worked  
ex tens ive ly  at  room t empera tu re .  A spec imen  was  

Fig. 3. Yttr ium specimen before and after cold rolling to 
90 % reduction in thickness (left) and before and after swag- 
ing (right). 

Fig. 4. Grain structure of yttr ium metal of 99.9% purity. 
Etchan~ conc. HNO~. Magnif ication 250X. 

rolled from an original thickness of 0.250 in. to a 
final thickness of 0.012 in. with no intermediate 
anneal. This represents a reduction in thickness of 
greater than 90%. A photograph of the original 
coupon and of a section of the 18-in. ribbon obtained 
by cold rolling is shown in Fig. 3. A cylinder, 0.25 
in. in diameter before swaging, is shown in the 
photograph; another cylinder, 0.125 in. diameter 
after cold swaging, is also shown. 

Photomicrographs of yttrium metal of. 99.9% 
purity are shown in Fig. 4 and 5. The coarse grain 
structure of the arc cast metal can be seen from 
Fig. 5. The lines that extend across the grains are 
characteristic of high-purity yttrium. These appear 
to be deformation bands believed to have been in- 
troduced by strains during solidification. 

Summary 
A process for p r e p a r i n g  y t t r i u m  me ta l  is described.  

The  basic process consists of the  fo rma t ion  of a low-  
m e l t i n g  i n t e r m e d i a t e  Y-Mg al loy which  is subse-  
q u e n t l y  conver t ed  to y t t r i u m  sponge metal .  
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Fig. 5. Enlargement of same area as Fig. 4 showing de- 
formation bands and small inclusions. Magnif ication 500X. 

Severa l  re f in ing  procedures  are  described.  One  of 
these involves  the ex t rac t ion  of oxygen  f rom the  
mol t en  Y-Mg al loy by  a fused salt  con t a in ing  YF3 
or YCL. F l u o r i n e  can be r emoved  by  an  ex t rac t ion  
t r e a t m e n t  on the al loy or b y  e lec t ron  b e a m  me l t i ng  
or zone ref in ing  of y t t r m m  metal .  

Y t t r i u m  me ta l  of 99.9% p u r i t y  was  p r e p a r e d  by  
methods  descr ibed  in  this paper .  The  me l t i ng  point ,  
la t t ice pa ramete r s ,  and  ha rdness  were  d e t e r m i n e d  
on me ta l  of this  p u r i t y  and  the  cold w o r k i n g  charac -  
terist ics and  mic ros t ruc tu r e  were  s tudied.  
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ABSTRACT 

Exchange currents  have been measured of some liquid and solid metal  
electrodes (Cd, Zn, Pb, Bi, Ag, Ni, Pt)  and one redox system (V~+/V ~*) in  a 
KC1-LiC1 eutectic melt  at 450~ Measurements  over a hundredfold concen- 
t rat ion range permit ted calculation of the heterogeneous rate constant and of 
the t ransfer  coefficient. Two relaxat ion methods were used: the double pulse 
method as developed by Gerischer and Krause and the voltage step method as 
described by Vielstich and Delahay. In  cases where both methods were applied 
independent ly  to the same system the results were in good agreement.  The 
pur i ty  of the eutectic melt  was improved considerably by filtration and by 
displacement of heavy metal  ion impuri t ies  with metall ic magnesium. The 
evaluat ion of voltage step measurements  was revised by allowing for the effect 
of the finite charging t ime of the double layer. Agreement  was not found with 
the theory of the double pulse method given by Matsuda, Oka, and Delahay, 
perhaps because of some addit ional process, other than  diffusion, taking place 
in a period of t ime comparable to the dura t ion of the first pulse. On the basis 
of the reaction of p la t inum with cadmium at 450~ it is possible to account for 
the observations made earlier in  this laboratory by C. H. Liu and tI. C. Gaur  
on the emf and polarization behavior  of cadmium-pla ted  p la t inum electrodes. 

In  recen t  years  the  inc reas ing  i m p o r t a n c e  of fused 
salts  in  m a n y  fields of science a n d  technology  has 
inc i ted  a cons iderab le  n u m b e r  of inves t iga t ions  of 
the i r  propert ies .  Mol ten  salts have  found  m u c h  
in te res t  as media  for e lec t rochemica l  processes in 
connec t ion  wi th  the i r  appl ica t ions  in  me ta l lu rgy ,  
ana ly t i c a l  and  syn the t ic  chemis t ry  and,  more  r e -  
cent ly ,  in  h i g h - t e m p e r a t u r e  ga lvan ic  cells. Re l -  
a t ive ly  few studies,  however ,  have  been  made  of the  
rates  of e lectrode processes in  m o l t e n  salts, because  
such e lect rode processes can be expected  to be ve ry  
fast  and  the i r  s tudy  wou ld  therefore  r equ i r e  e lab-  
ora te  techniques .  The r e l axa t i on  methods  developed 
r ecen t ly  for the s tudy  of fast  react ions  in  aqueous  
solut ions  are most  su i t ab le  for fused salt  studies.  
Doubts  have  somet imes  been  expressed  as to w he t he r  
these  me thods  would  be able  to avoid  the i n t e r -  
fe rence  of diffusion as a r a t e - d e t e r m i n i n g  process, 
s ince diffusion in  m o l t e n  salts (1) is of ten  no t  fas ter  
t h a n  in  aqueous  solut ions  at room t empera tu re .  It 
is possible,  however ,  to d i s t ingu ish  b e t w e e n  diffu-  
s ion -con t ro l l ed  and  charge  t r ans fe r  cont ro l led  r e -  
act ions even  in  fused salts, and  diffusion effects can 
be e l im ina t ed  u n d e r  the p roper  e x p e r i m e n t a l  condi -  
tions. 

The first successful  app l ica t ion  of a r e l axa t i on  
me thod  to electrode reac t ions  in  fused salts was 
made  by  Randles  and  Whi t e  (2).  In  a Iow me l t i ng  
n i t r a t e  eutect ic  the ra te  of the reac t ion  NV § q- 2e- + 
Hg ~ Ni (Hg) was eva lua t ed  f rom a-c  impedance  
measu remen t s .  M e a s u r e m e n t s  were  a t t emp te d  on 
severa l  o ther  me ta l  i o n - m e t a l  a m a l g a m  react ions,  
bu t  they  were  found  to be too rap id  for the  method.  

L a i t i n e n  and  Os te ryoung  (3), about  the  same t ime, 
sought  to use the  same a-e  t e chn ique  w i th  p l a t i n u m  

1 P r e s e n t  add re s s :  Gebr .  B 6 h l e r  and  Co. A G ,  D i i s s e l d o r f - O b e r k a s -  
sel, G e r m a n y .  

2 P r e s e n t  addres s :  S h e l l  D e v e l o p m e n t  Co., E m e r y v i l l e ,  Ca l i fo rn ia .  

electrodes in  the  KC1-LiC1 eutectic.  Direct  i n t e r p r e -  
t a t ion  of the m e a s u r e m e n t s  was  no t  possible  because  
of compl ica t ing  e x p e r i m e n t a l  condi t ions  which 
caused a v e r y  large  f r e que nc y  d ispers ion  of the re -  
s is tance a nd  capaci tance  me a su r e me n t s .  

U nde r  more  a m e n a b l e  e x p e r i m e n t a l  condit ions,  
p r i m a r i l y  wi th  a me l t  p r e p a r e d  f rom d r y  salts, 
L a i t i n e n  and  G a u r  (4) were  able  to m a k e  more  
ref ined m e a s u r e m e n t s  of the  same type. A l though  
the f r e que nc y  dispers ion of the  m e a s u r e m e n t s  on 
p l a t i n u m  microelec t rodes  was st i l l  present ,  the data  
were  i n t e r p r e t a b l e  by  the  i n t roduc t i on  of a correc-  
t ion  for adsorp t ion  of the r educ ib le  ion (5) .  The 
correct ion was necessary  to r e m o v e  the " inve r t ed"  
charac te r  of the  reac t ion  impedance ,  in  which  the  
resis t ive c o m p o n e n t  is sma l l e r  t h a n  the capaci ta t ive  
component .  Whi le  there  is no di rect  ev idence  tha t  
this is a va l id  correct ion,  the  r e su l t ing  exchange  
cu r ren t s  for the  c a d m i u m  a nd  zinc couples appear  
to have  r ea sonab le  values,  as wi l l  be conf i rmed in  
this paper .  

Hil l  (6) m e a s u r e d  the  i mpe da nc e  behav io r  of 
s i lver  electrodes us ing  AgNO~ as the  solute in  a t e r n -  
a ry  n i t r a t e  melt ,  of s i l ve r -p l a t ed  t u n g s t e n  electrodes 
in  LiC1-KC1 eutect ic  con t a in ing  dissolved AgC1, and  
of t u n g s t e n  electrodes in  T i ( I I I ) - - T i ( I I )  systems in  
the  LiC1-KC1 eutectic.  In  al l  cases the  r e s idua l  ca-  
pac i ty  and  res i s tance  of the  so lven t  were  m a r k e d l y  
f r equency  d e p e n d e n t  M a n y  of the fa rada ic  impe-  
dance  plots we re  " inver ted . "  

I n t e r p r e t a t i o n  of a-c i mpe da nc e  m e a s u r e m e n t s  
requ i res  the  e l i m i na t i on  of the  double  layer  capacity.  
The  res idua l  capaci ty  has, in  genera l ,  been  found  to 
be a func t ion  of f r e que nc y  in  fused salts. The  other  
r e l axa t i on  methods ,  po ten t ia l  s tep and  c u r r e n t  step, 
are  made  a t  r e l a t i ve ly  v e r y  shor t  t imes, which  cor-  
responds  to h igh f requenc ies  in  the  a-c  method,  
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and should be less ambiguous since the measured  
resis tance and capaci tance show less f requency dis-  
persion at  high frequencies.  

The double  pulse method developed by Gerischer  
and Krause  (7) is po ten t i a l ly  capable  of measur ing  
ex t r eme ly  rap id  electrode reactions.  The p rob lem of 
charging the double l ayer  is deal t  wi th  d i rec t ly  by  
the use of two current  pulses. The first pulse is as 
short  as possible (1 ~sec) and is ad jus ted  in height  
to jus t  charge the double  layer .  The second pulse is 
much smal ler  and of longer  durat ion.  The overvol t -  
age resul t ing  f rom the second pulse is measured  di-  
rec t ly  wi th  an oscilloscope. 

A theore t ica l  analysis  of the double  pulse method 
has been given by Matsuda,  Oka, and Delahay (8). 
They show that  the concentrat ion change at the 
electrode surface dur ing  the charging pulse cannot  
a lways  be neglected and tha t  the t rue  react ion res is -  
tance can be obtained by  ex t rapola t ion  to zero du ra -  
t ion of the first pulse. 

The other method used in this invest igat ion is the 
vol tage step method (9).  In principle,  it  is a po ten-  
t ia l  step method, but  a reference electrode provided  
with  a Luggin  capi l la ry  is not used. The vol tage ap-  
pl ied to the  cell is constant, bu t  the potent ia l  of the 
indicator  e lectrode is not constant  dur ing the passage 
of cur ren t  because of the changing iR  drop in the  
cell. The actual  potent ia l  can, however,  be obtained 
by subtrac t ing  the product  of the measurab le  cur-  
rent  and resis tance f rom the known vol tage step. 
The charging current ,  of course, obscures the  oscil-  
loscopic observat ion of the k ine t ica l ly  control led 
current  dur ing  the ini t ia l  per iod of electrolysis,  so an 
ex t rapola t ion  procedure  is used. The method is well  
suited to fused salt  measurements  because of the 
low cell  resis tance;  the 5harging cur ren t  dura t ion is 
the reby  shortened. I t  has the  obvious l imi ta t ion  that,  
wi th  ve ry  rap id  reactions,  diffusion may  become the 
ra te -con t ro l l ing  process before the charging is com- 
pleted.  I t  is possible, however  to dis t inguish between 
kinetic and diffusion control  f rom the cu r r en t - t i m e  
behavior .  

Theoretical 
Relaxa t ion  methods  which employ pulse tech-  

niques depend  on cur ren t  or vol tage measurements  
at ve ry  short  times, before  diffusion becomes the 
r a t e -de t e rmin ing  process. Dur ing the first moment  of 
electrolysis  a large f ract ion of the  cur ren t  charges 
the double  l ayer  and prevents  direct  observat ion of 
the faradaic  process. 

In the  double pulse method (7) this  p rob lem is 
overcome by charging the double l aye r  wi th  a very  
short  cur ren t  pulse. The e lec t ro ly te  resis tance is 
compensated  for by  a br idge  circuit  as shown in Fig. 
5 in the  exper imen ta l  section. The height  of the first 
pulse is ad jus ted  so tha t  the  potent ia l  t ransient ,  af ter  
the charging pulse, s tar ts  out  wi th  a horizontal  t an -  
gent, the idea being tha t  the  poten t ia l  for  a short  
moment  is constant  and therefore  the ent i re  current  
is fa rada ic  because no por t ion of the  cur ren t  is used 
for charging.  F rom the potent ia l  measured  at  this 
moment  and f rom the magni tude  of the second pulse 
measured  by  the potent ia l  drop across the com- 
pensat ing  resis tor  it  is then possible to calcula te  

the transfer resistance X, from which the exchange 
current density is obtained by 

RT 
io  - -  [ 1 ]  

n F X A  

where  A is the  e lectrode area  and the other  symbols  
have thei r  usual  significance. One of the  l imits  of 
this method is encountered wi th  high ra tes  cor-  
responding to ve ry  low t rans fe r  resis tances tha t  are 
less than  1% of the e lectrolyt ic  resistance.  There  
are two reasons for this l imi ta t ion:  (a) I t  is not 
possible to ad jus t  the compensat ing resis tor  for the 
e lec t ro ly te  res is tance accura te ly  enough by  the 
avai lab le  procedure.  (b)  For  a rat io  of e lect rolyt ic  
resis tance to t rans fe r  res is tance equal  to 100, the 
differential  input  of the  amplif ier  must  be balanced 
to wi th in  0.1%, even if an accuracy  of only  10% is 
requi red  in measurement  of the  t ransfe r  resistance.  
This difficulty can be overcome to a cer ta in  extent  
by using lower  concentrat ions.  Unfor tuna te ly  there  
then arises the other  difficulty, ment ioned in the 
or iginal  pape r  by  Ger ischer  and Krause  (7) and 
analyzed quan t i t a t ive ly  by  Delahay  and co-workers  
(8),  tha t  diffusion becomes ra te  de te rmining  af ter  
a t ime comparable  to the  dura t ion  of the charging 
pulse. Thus the range of concentra t ion tha t  can be 
invest igated successfully wi th  this  method becomes 
smal ler  and smal ler  wi th  increasing react ion rate.  

In the vol tage  step method (9) the fa rada ic  cur-  
rent,  observed af ter  the charging cur ren t  has be -  
come negligible,  is ex t rapo la t ed  back to zero time. 
The calculat ion of the exchange current  densi ty  is 
immedia te  f rom the measured  "zero t ime" cur ren t  
i,=o, the known vol tage step V and the to ta l  res i s t -  
ance of the  sys tem Rr. S imi la r  to the above equat ion 

R T  i,_--o 
io -- - -  [2] 

n F A  (--V--i,_--oR.~) 

The sign of V is given by  the European  convention; 
when negative,  the  cur ren t  is cathodic (pos i t ive) .  
Therefore  the quan t i ty  on the left  is a lways  posit ive,  
as it  should be. 

The definition of the exchange current  dens i ty  is 

io = nFk,~~ r [3] 

where  k, ~ is the s tandard  heterogeneous ra te  con- 
stant  at  the s tandard  ( fo rmal )  potent ia l  of the  
couple, Co~ and CR are  the  concentrat ions  (in mole 
cm -~) of the oxidized and reduced forms of the 
couple and a is the t rans fe r  coefficient. F rom a series 
of measurements  at  different  concentrat ions the  
t ransfe r  coefficient is obta ined  f rom the slope of a 
plot  of log io vs. log Cox (C~ is constant  in the  case of 
a m e t a l / m e t a l  ion sys tem using pure  meta l  e lec-  
t rodes) .  The value  of k, ~ can then  be calcula ted 
from Eq. [3]. In the  case of a redox system, such as 
V~+/V ~+, it  was more convenient  expe r imen ta l ly  to 
va ry  the  ra t io  by  oxidizing V ~ to V ~+ wi th  a constant  
current .  The t ransfe r  coefficient was calcula ted by  
plot t ing to~Co vs. C J C o ,  since 

to~Cox = n F k  % ( CR/ Cox ) ~ [4] 

The cur ren t  which charges the  double l aye r  obeys 
the re la t ion  
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V 
ioh ---- ~ exp (--t /R~Cd,) 

whe re  Cdi is the  d i f ferent ia l  double  l aye r  capacity.  
In  the  essent ia l  absence  of any  r educ ib le  or oxi -  
d izable  species, on ly  the  cha rg ing  c u r r e n t  wi l l  be  
observed.  A semi loga r i thmic  plot  of c u r r e n t  vs. t ime  
has an  in t e rcep t  of V/R~ and  a slope of 1/  
(2.303R~Cd,). I n  this  w a y  the  so lu t ion  res is tances  
were  measured .  Also a series of m e a s u r e m e n t s  was 
made  over  1.8 v po ten t i a l  range,  f rom which  a 
d i f ferent ia l  double  l aye r  c a p a c i t y / p o t e n t i a l  curve  
was  ca lcu la ted  (see Fig. 14). 

In  the  vo l tage  step method ,  it  is a s sumed  tha t  the  
k ine t i ca l ly  cont ro l led  c u r r e n t  rises i n s t a n t a n e o u s l y  
to a m a x i m u m  af ter  the app l ica t ion  of the  vol tage  
step and  t h e n  decreases l i n e a r l y  w i t h  the  square  
root of t ime  u n t i l  diffusion becomes ra te  d e t e r m i n -  
ing. D u r i n g  the  charg ing  of the  double  layer ,  the  
po t en t i a l  of the  e lect rode is g iven  by  

V, = V [ 1--exp (--t /R~Cd,) ] 

as suming  tha t  the  fa rada ic  c u r r e n t  is m u c h  smal le r  
t h a n  the  cha rg ing  cur ren t .  F r o m  this  equa t ion  it 
is obvious  t ha t  the  po t en t i a l  is zero at  the  i n s t a n t  
the  vol tage  step is applied.  There fore  the  k ine t ic  
c u r r e n t  is no t  at a m a x i m u m ,  bu t  is zero. D u r i n g  the  
n e x t  severa l  microseconds,  the  k ine t i c  c u r r e n t  
should  increase  as the  po ten t i a l  increases  and  
f inal ly  reach  a m a x i m u m  w h e n  the  charg ing  cur -  
r en t  becomes  negl igible .  There fo re  the  ex t rapo la ted  
va lue  of the  k ine t i ca l l y  cont ro l led  c u r r e n t  at  zero 
t ime  is l a rger  t h a n  it should  be because  the observed 
cu r r en t  is h igher  t h a n  the  c u r r e n t  theore t i ca l ly  
de r ived  for the  condi t ion  of in f in i te ly  rap id  charg-  
ing of the double  layer .  

In  Fig. 1 is shown  the  e x p e r i m e n t a l  c u r r e n t - t i m e  
cu rve  of the  r educ t ion  of V =+ to V '~§ The charg ing  
c u r r e n t  is also shown,  as m e a s u r e d  at  the  same 
po ten t i a l  w i th  the  same p l a t i n u m  microelect rode.  
The  difference b e t w e e n  the  two curves  is the 
faradaic  c u r r e n t  and  the  f igure shows tha t  it  cor-  
responds  wi th  the  gene ra l  shape descr ibed above.  In  
the  bo t tom ha l f  of the  f igure is p lo t ted  the  c u r r e n t  
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Fig. ].  Current- t ime curve of  Vs+/V ~+ and charging curve 

aga ins t  the squa re  root  of t ime;  the  l i nea r  por t ion  
has been  ex t r apo la t ed  to zero t ime.  This ex t r apo l a -  
t ion  was  t h e n  t r a n s f e r r e d  to the  top graph.  

If  the cha rg ing  c u r r e n t  were  no t  f inite in dura t ion ,  
the  faradaic  c u r r e n t  wou ld  have  a va lue  at zero t ime  
w h i c h  wou ld  be somewha t  lower  t h a n  tha t  shown in 
the  lower  g raph  of Fig. 1. There fo re  at  one point ,  
which  m a y  be cal led the  "effective zero t ime,"  the 
ex t rapo la ted  fa rada ic  c u r r e n t  is equa l  to the  hypo-  
the t ica l  c u r r e n t  at  zero t ime. This  po in t  has been 
chosen in a way  which  is on ly  a first approx imat ion ,  
bu t  is neve r the le s s  i n t u i t i v e l y  sat isfying.  A ver t ica l  
l ine  is d r a w n  on the  c u r r e n t  t i m e  g raph  at  such a 
point, to, on the time axis, that the area A under the 
faradaic current-time curve to the left of the line 
is equal to the area B between the extrapolated and 
the observed curves. The current value on the ex- 
trapolated line at to is then called the "effective zero 
time" current, i,o, and is used to calculate the ex- 
change current. The potential across the cell at the 
same time is equal to the applied voltage, V, minus 
the product of the total current, iF, and the total 
resistance, Rr. The current i,o is smaller than the 
extrapolated current at t = 0, but the total current, 
faradaic plus charging, is larger so that the iR cor- 
rection is larger. Since the exchange current is 
proportional to the quotient of the current and the 
corrected voltage step, (--V- iRT), the two effects 
tend to cancel. 

In the treatment of the experimental data, the 
above method of calculating the exchange current 
resulted in a significant improvement in the case of 
the slower reactions. The values for zinc and 
cadmium, calculated by both methods were within 
4% of each other, which is less than the experi- 
mental error. However if the circuit resistance was 
increased, so that the charging time was longer, 
great deviations in the calculated exchange current 
resulted unless the modified procedure was applied. 

Experimental  
Preparation and purification ol the KC1-LiC1 

eutectic mel t . - -Reagent  grade KC1 and  LiC1 r equ i r e  
ex tens ive  d r y i n g  as wel l  as pur i f ica t ion  before the  
r e su l t ing  eutect ic  m e l t  is su i t ab le  for  e lec t rochem-  
ical studies.  P r o l onge d  v a c u u m  d r y i n g  a nd  the  use 
of HC1 gas d u r i n g  the  fus ion  of the  salts has been  
shown  to r emove  all  of the w a t e r  and  reverse  the  
hydro lys i s  of LiC1 (10, 11). F u r t h e r  pur i f ica t ion is 
necessa ry  to r emove  the  heavy  m e t a l  ion impur i t i e s  
and  the  decomposi t ion  products  of wha t  is p r e s u m -  
ab ly  an  organic  so lvent  residue.  

The  most  c o n v e n i e n t  a nd  e xpe d i e n t  me thod  for 
the  r emova l  of h e a v y  me ta l  ions, wh ich  are p re sen t  
to the  ex ten t  of 0.0005% or abou t  0.4 mM in the  
m o l t e n  eutect ic  ( ca lcu la ted  as l ead ) ,  was  found  to 
be s imple  d i sp l acemen t  wi th  a more  act ive meta l .  
M a g n e s i u m  is idea l ly  sui ted in  this  m e d i u m  because  
of its ve ry  nega t ive  s t anda rd  po ten t i a l  (--2.58 v vs. 
1M p l a t i n u m  re fe rence  electrode)  (12).  I t  is ex -  
pec ted  tha t  the  smal l  concen t r a t i on  of Mg ~+ wi l l  
have  a neg l ig ib le  effect on the e lect rode processes 
of in te res t  here;  the  most  act ive  me ta l  used was  
zinc, wi th  a s t a n d a r d  po ten t ia l  of --1.56 v (12).  

The  index  of me l t  p u r i t y  used in  this l abo ra to ry  
is the  res idua l  c u r r e n t  (10),  m e a s u r e d  wi th  a 26- 
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Fig. 2. Apparatus for purifying the melt 

gauge p l a t i n u m  microelect rode,  g r o u n d  flat to ex-  
pose on ly  the  cross sect ion of the  p l a t i n u m  wire,  
w i th  an  a p p a r e n t  area  of 0.13 m m  ~. I n  mel t s  t r ea ted  
w i th  m a g n e s i u m ,  the  res idua l  c u r r e n t  was in  the  
r ange  of 0.08 to 0.4 pa at a po ten t i a l  of --2.0 v vs. a 
p l a t i n u m  reference  electrode.  Up to a po ten t i a l  of 
about  --1.5 v, the  r e s idua l  c u r r e n t  was  anodic  by  a 
few h u n d r e t h s  of a mic roampere .  W i t h o u t  t r e a t -  
m e n t  w i th  m a g n e s i u m ,  the res idua l  c u r r e n t  was  
cathodic over  the en t i re  po ten t i a l  range,  r each ing  
about  1 to 2/~a at --2.0 v. 

I n d i v i d u a l  ba tches  of the  eutect ic  me l t  were  
p r epa red  in  the  appa ra tu s  shown in  Fig. 2. A p-  
p r o x i m a t e l y  150 g of KC1-LiC1 eutect ic  mix tu re ,  
p rev ious ly  powdered  in  a bal l  mil l ,  was  placed in 
the  ver t i ca l  Vycor  tube.  A few t en ths  of a g r a m  of 
m a g n e s i u m  t u r n i n g s  or powder  was  added to the  
salts. The  p ressure  was  reduced  to 0.01 m m  Hg by  
a Cenco v a c u u m  pump.  Af te r  about  12 h r  of v a c u u m  
d ry ing  at  room t empera tu r e ,  the  fu rnace  was t u r n e d  
on and  the  t e m p e r a t u r e  was  increased  s lowly over  
a 36-hr  period. Before the t e m p e r a t u r e  increased  
to the  me l t i ng  po in t  of the eutect ic  (352~ the 
sys tem was v e n t e d  to d ry  HC1 gas, which  had  been  
passed over  ac t iva ted  ca rbon  to r emove  possible  h y -  
d roca rbon  impur i t ies .  W h e n  the  salts were  mol ten ,  
add i t iona l  HC1 was admi t t ed  t h rough  the  smal l  side 
t ube  and  up  t h rough  the  fine poros i ty  quar tz  frit .  
T r e a t m e n t  w i th  HC1 for 1 hr  is more  t h a n  enough  to 
dr ive  out  the  last  t races  of water .  The  a p p a r a t u s  was  
t h e n  evacua ted  w i th  a wa t e r  aspira tor ,  connec ted  
to the  sys tem th rough  the  d ry  i ce -ace tone  t rap,  to 
r emove  the HC1 gas. Three  evacua t ions ,  each fol-  
lowed by  a n i t r ogen  flush th rough  the  qua r t z  fr i t ,  
r emoved  n e a r l y  al l  of the  HC1. T h e n  the mo l t en  
eutect ic  was f i l tered by  evacua t ion  be low the  qua r t z  
frit .  The  ampou le  was  hea ted  w i th  a gas b u r n e r  
d u r i n g  the  f i l t rat ion.  W h e n  the  process was  com-  
pleted,  the  t ube  fu rnace  was ra ised  to expose the  
cons t r ic t ion  in the tube ,  jus t  be low the V y c o r - P y r e x  
graded  seal, and  the  ampou le  was  sealed off w i th  a 
torch. W h e n  the  eutect ic  m i x t u r e  is cool, it w i l l  no t  
stick to the  wal ls  of the  ampoule  if it  is comple te ly  
dry.  "We t t i ng"  of the  glass is i nd ica t ive  of the  p re s -  
ence of oxide (13).  

Fused salt apparatus.--The majo r  pa r t  of the  ap-  
pa ra tus  is s imi la r  to tha t  p rev ious ly  used in this  
l abo ra to ry  (10, 12). The mel t  was  con ta ined  in  a 
6-cm d iame te r  P y r e x  tube,  abou t  35 cm long.  Af t e r  
t ho rough  c lean ing  w i t h  boi l ing  70% HC104, the tube  

was  dr ied  and  the  ampoule  was  placed inside.  The 
t ube  was  t h e n  hea ted  u n d e r  v a c u u m  for a t ime,  to 
r emove  surface  w a t e r  f rom the  glass. Before the  
me l t i ng  po in t  of the  eutect ic  was  reached,  the  sys-  
t em was v e n t e d  to dry,  o x y g e n - f r e e  argon,  and  the  
ampoule  t ip  was  broken .  W h e n  the  eutect ic  became  
mol ten ,  the ampou le  was  ra ised to a l low the  me l t  
to d r a i n  out  a nd  t h e n  removed.  The cell c o m p a r t -  
me n t s  were  t h e n  added. In  these k ine t ic  studies,  
s imple  20 x 100 m m  test  tubes  were  used as cells. 
The res i s tance  of the  cells was  reduced  somewha t  
by  s l ight ly  b l ow i ng  out  the  side of the  tube ,  or by  
seal ing in  a f r i t t ed  glass disk. The other  electrodes,  
p l a t i n u m  re fe rence  and  ca rbon  rod, we re  con ta ined  
in  the  usua l  f r i t t ed  glass tubes.  The microe lec t rode  
was pos i t ioned  jus t  above the  counte r  e lect rode in  
the  same compar tmen t .  Cell  res is tances  were  of the  
order  of 2-3 ohms. Si l icone stoppers, because  of 
the i r  super ior  hea t  res is tance,  were  used to cover  
the  open ing  of the  cell. 

The fu rnaces  were  of the  ve r t i ca l  t ube  type  and  
had  smal l  w i ndow s  or peepholes  in  the  side to faci l i -  
t a te  the  a d j u s t m e n t  of the  electrodes.  T e m p e r a t u r e  
control  was p rov ided  by  p ropor t iona l  or on-off  con-  
t rol lers .  Shor t  t ime  va r i a t i ons  were  less t h a n  I~  

A flowing a tmosphere  of argon, dr ied  w i th  
Mg(C10,)~ and  deoxygena ted  over  hot copper, was  
m a i n t a i n e d  at al l  t imes  to p r e v e n t  the  e n t r a n c e  of air  
and  mois ture .  

EIectrodes.--Two basic microe lec t rodes  were  used 
in all  the k ine t i c  m e a s u r e m e n t s :  t u n g s t e n  sealed in  
P y r e x  or u r a n i u m  glass a nd  p l a t i n u m  sealed in 
"soft" glass. A l though  lead glass (Corn ing  0120) 
makes  a v e r y  good seal wi th  p l a t i n u m ,  the  lead ions 
in the  i m m e d i a t e  v i c in i ty  of the seal a re  reduced  
w h e n  the  e lect rode is used in  fused sa l t s  at  450~ 
This  r educ t ion  is ev idenced  by  a h u m p  in  the  po la ro-  
graphic  c u r r e n t  vol tage  curve,  s t a r t ing  at  about  
--0.9 v vs. a p l a t i n u m  re fe rence  electrode.  The  shape 
of the  h u m p  depends  on the  po la r iza t ion  rate,  b u t  
the  area  u n d e r  the  curve  is the  same for a g iven  
electrode.  Af t e r  a cathodic polar iza t ion ,  the  m e t a l -  
glass seal is b lack ;  anodiza t ion  res tores  the  or ig ina l  
appea rance  of the  seal. Severa l  o ther  "soft" glasses 
we re  tr ied,  bu t  they  e i the r  fa i led to m a i n t a i n  a t igh t  
seal wi th  the  p l a t i n u m  or were  qu ick ly  etched by  
the  mo l t en  salts. Upon  request ,  the Corn ing  Glass 
Works  k i n d l y  p r epa red  a special  ba tch  of glass 
(Corn ing  010, G-164-EC)  which  was no longer  
avai lable .  This  glass conta ins  no lead oxide, has a 
v e r y  low conduc t iv i t y  and  a coefficient of t h e r m a l  
expans ion  close to tha t  of p l a t i n u m .  A l t h o u g h  this  
glass is s l igh t ly  e tched af ter  severa l  hours  in the  
me l t  at  450~ in  al l  o ther  respects  it is v e r y  sa t is -  
factory.  

I t  was  f ound  tha t  p l a t i n u m  does not  serve as a 
su i tab le  ind ica to r  e lect rode w h e n  coated w i th  a 
l iqu id  film of low me l t i ng  me ta l  such as cadmium,  
zinc, or b i smuth .  To i l lus t ra te  the  effect, the  resul t s  
of a br ief  s t udy  of the  a l loy ing  of p l a t i n u m  wi th  
c a d m i u m  at 450~ wi l l  be given.  A piece of p l a t i n u m  
foil of 1 cm ~ area  was p la ted  wi th  10 mg of Cd f rom 
aqueous  solut ion.  Upon  hea t ing  in an  evacua ted  
t ube  for 1 h r  at  450~ the  weigh t  of the  spec imen 
was unchanged .  Upon d isso lv ing  the c a d m i u m  wi th  
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aqueous  HC1, a spongy l aye r  of p l a t i n u m  was left  
on the  surface.  The  to ta l  we igh t  of p l a t i n u m  was 
u n c h a n g e d ;  the  weigh t  of the  spongy l ayer  which  
was p r e s u m e d  to have  b e e n  a l loyed was  d e t e r m i n e d  
by  ca re fu l ly  sc rap ing  it  off and  we igh ing  it  b y  d i f -  
ference.  F r o m '  the  we igh t  of the  c a d m i u m  a nd  
spongy p l a t i n u m ,  the  compos i t ion  of the  a l loy  was  
ca lcu la ted  to be 64 mole  % Cd and  36 mole  % Pt.  
This  cor responds  closely to a compound  Cd~Pt, which  
has long b e e n  k n o w n  (14) and  which  has  a m e l t i n g  
po in t  of 745~ (15).  P l a t i n u m  dissolves r ead i ly  in  
l iqu id  Cd at  450 ~ bu t  w i th  a l imi t ed  fi lm of Cd, the  
solid a l loy Cd~Pt is fo rmed  and  its f u r t h e r  diffusion 
into P t  is v e r y  slow. The  s t a n d a r d  po t en t i a l  of a 
l iqu id  Cd pool, m e a s u r e d  w i t h  a t u n g s t e n  contact ,  
ca lcu la ted  f rom severa l  series of p o t e n t i a l - c o n c e n -  
t r a t i on  m e a s u r e m e n t s ,  differed on ly  6 mv,  in  the  
nega t ive  direct ion,  f rom the  v a l u e  repor ted  b y  La i t -  
i n e n  and  L iu  (12).  The  l a t t e r  va lues  had  been  ob-  
t a ined  b y  m e a s u r e m e n t s  w i t h  a p l a t i n u m  microe lec -  
t rode soon af ter  p l a t i ng  it  d u r i n g  the  course of r e -  
cording a cathodic po la rogram.  S imi la r ly ,  the  p o t e n -  
t ia l  of a f resh ly  zinc p l a t ed  p l a t i n u m  electrode 
agreed  w i th  tha t  of a p u r e  zinc pool. The on ly  po-  
t en t i a l  wh ich  was  found  to be  s igni f icant ly  d i f ferent  
was tha t  of b i smuth ,  as r epor ted  e l sewhere  in  this  
paper .  I t  is p robab l e  tha t  the  surface  a l loy f o r m a -  
t ion  of c a d m i u m  and  zinc m a y  be respons ib le  for the  
ve ry  di f ferent  resu l t s  r epor ted  (4) f rom a-c  and  
s t eady- s t a t e  c u r r e n t - v o l t a g e  m e a s u r e m e n t s  for the  
k inet ics  of the  c a d m i u m  and  zinc couples at  p la ted  
p l a t i n u m  surfaces.  

T u n g s t e n  electrodes were  p r epa red  f rom 0.7 to 
1 m m  d i ame te r  rods sealed in to  P y r e x  or u r a n i u m  
glass. The  cross-sec t ional  surface  was  pol ished to a 
m i r r o r  b r igh t  f inish w i th  4 /0  emery  paper .  P r i o r  to 
use, the  sur face  was c leaned  in  a lka l ine  h y d r o g e n  
peroxide,  r insed,  and  dried.  T u n g s t e n  was  no t  used 
as the  act ive e lect rode mate r i a l .  W h e n  a c lean  t u n g -  
s ten  microe lec t rode  was  inse r t ed  into a pool of l iqu id  
c a d m i u m  or zinc, a smal l  d rople t  of the  me t a l  would  
adhere  to the  surface.  This type  of microe lec t rode  
has m a n y  of the  advan tages  of a h a n g i n g  m e r c u r y  
drop, b u t  the area  is no t  reproducib le .  Since no ev i -  
dence of surface  c o n t a m i n a t i o n  wi th  t ime  has been  
found,  the  pract ice  was  to use the  same drople t  for 
a series of m e a s u r e m e n t s  at d i f ferent  concent ra t ions .  
The area was d e t e r m i n e d  by  m e a s u r i n g  the  d i m e n -  
sions of the solidified me ta l  wi th  an ocular  mic ro-  
meter .  The geomet ry  of the  drop cor responded  sat is-  
fac tor i ly  to a segment  of a sphere.  

The o ther  l iqu id  metals ,  i.e., b i s m u t h  and  lead, 
used in the  k ine t ic  s tudies  would  not  adhere  to a 
c lean t u n g s t e n  surface.  Consequen t ly ,  b i s m u t h  was 
p la ted  onto the  same type  of e lectrode f rom a con-  
cen t r a t ed  so lu t ion  of Bi ~+ in  the  melt .  A l ayer  of 
about  10 -3 m m  th ickness  exh ib i t ed  the  same po ten -  
t ia l  as a b i s m u t h  pool; the  ac t iv i ty  of the deposi t  was 
therefore  un i ty .  Visual  inspec t ion  showed tha t  the  
en t i re  surface was  covered w i th  b i smuth .  A n  a l t e r -  
na te  me thod  was used to m a k e  a lead electrode.  
The  cross section of a t u n g s t e n - P y r e x  seal was 
g round  out  to a smal l  cup and  the  end  of the  elec-  
t rode was b e n t  180 ~ . The r ep roduc ib i l i t y  of the  size 
of the lead drop in the  cup was  not  sat isfactory,  and  

the re  was  a v a r i a t i o n  of the  cell res is tance and  
m e a s u r e d  data  w i th  changes  of the  posi t ion of the  
drop in  the  cup. 

Microelectrodes  of the  meta l s  which  are solids at  
450~ were  m a d e  by  p la t ing  p l a t i n u m  electrodes of 
the  type  descr ibed w i th  the  des i red  me t a l  f rom aque -  
ous solutions.  The deposi t  was  l igh t ly  pol ished wi th  
e m e r y  paper  and  washed  wi th  water .  The a p p a r e n t  
surface  area  was  used in  the ca lcu la t ion  of the  ex -  
change  c u r r e n t  densi ty .  

In  the k ine t ic  m e a s u r e m e n t s  of the  V~ /V  ~+ couple, 
a p l a t i n u m  ba l l  e lectrode was  used.  The  end of a 
26-gauge  p l a t i n u m  wi re  was  hea ted  jus t  to the  
me l t i ng  po in t  in  a h y d r o g e n : o x y g e n  flame. If the  
wi re  was t hen  r e move d  s lowly  f rom the  flame, a 
ve ry  smooth sphere  resul ted.  This  was  sealed in to  
Corn ing  G-164-EC glass so t ha t  on ly  a hemisphe re  
of p l a t i n u m  was exposed. F r o m  dif ferent ia l  capa-  
c i ty  me a su r e me n t s ,  wi th  an  a -c  br idge,  at a f r e -  
quency  of 1000 cycles sec -1, in 1M HC10, solution,  it 
was  shown tha t  the  roughness  factor  of this type  of 
e lectrode is abou t  ha l f  the  roughness  factor  of a 
p l a t i n u m  microe lec t rode  pol ished wi th  4/0 emery  
paper .  Compar i sons  were  also m a d e  wl,th a piece of 
p l a t i n u m  foil wh ich  had  a k n o w n  roughness  factor  ~ 
of 1.12. At  a po ten t i a l  of q-0.6 v vs. SCE, the  capa-  
c i t y / c m  ~ ( a p p a r e n t )  of the  "fire pol ished"  bal l  was 
n e a r l y  the same as the  c a p a c i t y / c m  2 ( t rue )  of the  
p l a t i n u m  foil. 

The  low me l t i ng  meta l s  we re  added  to the tes t  
t ube  c o m p a r t m e n t s  as l iquids.  The  c leaned  and  dr ied  
pieces of me ta l  we re  mel ted  above  the compar t -  
m e n t  in an  a rgon  filled P y r e x  tube ,  end ing  in  a 
smal l  capi l lary.  If a n y  meta l  oxide was present ,  it 
t ended  to cl ing to the  wal ls  of the  t ube  above the  
capi l lary.  Elec t r ica l  contact  wi th  the  pool coun te r  
e lectrode was m a d e  wi th  a t u n g s t e n  rod sealed in  
Py rex ;  the end  of the  rod p r o t r u d e d  a few mi l l i -  
mete r s  beyond  the  seal. 

Coun te r  e lectrodes  of the  meta l s  which  are not  
l iquids  at 450~ were  made  f rom foils of the  me t a l  
u n d e r  inves t iga t ion .  A large  piece of about  12 cm ~ 
a rea  was fash ioned  in to  a r igh t  cy l inder .  Elect r ical  
contact  was made  wi th  a p l a t i n u m  wire  spot we lded  
to the  foil. 

Af te r  the coun te r - e l ec t rode  was in  the  filled cell, 
the  po ten t ia l  was measu red  aga ins t  a p l a t i n u m  ref -  
e rence  electrode. Even  in the most  carefu l ly  p u r i -  
fied melts,  the  po ten t i a l  cor responded  to a low con-  
cen t ra t ion ,  0.3 to 0.4 raM, of me ta l  ions. Wi th  nob le  
metals ,  such as p l a t i n u m  and  b i smuth ,  the  spon tane -  
ous concen t ra t ion  was  much  lower  (0.01 to 0.05 
m M ) ,  as migh t  be expected.  If m a g n e s i u m  had not  
been  used in  the  pur i f ica t ion  of the  melt ,  the spon-  
t aneous  concen t r a t i on  was severa l  mi l l imolar .  The  
po ten t i a l  also became  more  posi t ive  wi th  t ime, i n -  
d ica t ing  an  increase  in  the concent ra t ion .  It  is sus-  
pected tha t  silica, leached f rom the  glass, is r e spon-  
s ible  for the slow ox ida t ion  of most  of the meta l s  
stucMed. 

The  concen t ra t ion  of the me t a l  ion was changed  
by  anodiz ing  the  coun te r  e lectrode w i th  a cons tan t  
c u r r e n t  for a k n o w n  time. F r o m  the  po ten t i a l  meas -  

8 The  r o u g h n e s s  f a c t o r  of  a 100-cm e a rea  fo i l  was  e v a l u a t e d  by  
t he  k r y p t o n  a d s o r p t i o n  (B.E.T.) m e t h o d  t h r o u g h  t he  k i n d  coopera-  
t i o n  of P rofessor  N o r m a n  H a c k e r m a n ,  of  t he  U n i v e r s i t y  of Texas .  
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u r e m e n t s  a t  each  concen t r a t ion ,  i t  is poss ib le  to ca l -  
cu l a t e  t he  in i t i a l  concen t r a t i on .  A n a l y s i s  of t he  con -  
t en t s  of s e v e r a l  cel ls  a f t e r  the  e x p e r i m e n t s  conf i rmed  
the  r e l i a b i l i t y  of th i s  p rocedu re .  

V a n a d o u s  so lu t ions  w e r e  p r e p a r e d  b y  anod iz ing  
vanadium metal. It was then necessary to filter the 
solution into another compartment, because finely 
divided vanadium metal appeared in the solution. A 
platinum foil cylinder was placed in the solution to 
oxid ize  a f r ac t i on  of t h e  v a n a d o u s  ions  to  t h e  v a n a -  
dic  s t a t e  w i t h  a c o n s t a n t  cu r ren t .  The  so lu t ion  was  
v i g o r o u s l y  s t i r r e d  to avo id  c o n c e n t r a t i o n  p o l a r i z a -  
t ion.  The  p l a t i n u m  foi l  a lso s e r v e d  as t he  u n p o l a r i z -  
ab le  coun te r  e l ec t rode  d u r i n g  the  k ine t i c  m e a s u r e -  
ments .  

P l a t i n u m  r e f e r e n c e  e l ec t rodes  w e r e  c o n s t r u c t e d  
a n d  used  e x a c t l y  as  p r e v i o u s l y  r e p o r t e d  (16) .  The  
s a m e  is t r u e  of t he  c a r b o n  rods  u sed  as w o r k i n g  
e l ec t rodes  for  the  a n o d i z a t i o n  and  ca thod i za t i on  of 
m e t a l s  and  solut ions .  The  v o l u m e  of t he  eu tec t ic  in 
t he  cel ls  was  d e t e r m i n e d  b y  a r g e n t o m e t r i c  t i t r a t i o n  
of t h e  ch lor ide .  

Electronic equipment-double  pulse m e t h o d . - - A  
b lock  d i a g r a m  of the  e lec t ron ic  c i rcu i t  for  a p p l i c a -  
t ion  of t he  doub le  p u l s e  is s h o w n  in Fig .  3. The  
T e k t r o n i x  Osc i l loscope  535/$2  was  u sed  for  t r i g g e r -  
ing the  pulses .  (The  d e l a y i n g  sweep  of th i s  scope can  
be  r e l e a s e d  b y  a push  bu t ton ,  w h i c h  in t u r n  t r i g g e r s  
t h e  m a i n  sweep . )  The  ga te  f rom the  m a i n  sweep  w a s  
fed  in to  t he  p u l s e  g e n e r a t o r s ,  T e k t r o n i x  161 a n d  
163, t h r o u g h  a capac i t o r  and  a res i s tor .  The  r e l a t i v e  
pos i t i on  of t he  pu l ses  cou ld  be  a d j u s t e d  b y  the  i n p u t  

2 ,UJJF TEKTRONIX 
PUL*S E GEN~F~AT(JRS 

- f 

2 > o i l  - 
C[RCUtT CIRCUIT SUPPLY 

Fig. 3. Block diagram of the electronic circuit for the 
double pulse method. 
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Fig. 4. Circuit for mixing the two pulses 
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Rc+X ~ R c  
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Fig. 5. Bridge circuit for compensating electro(yte resist- 
a n C e .  

cont ro l s  of t he  g e n e r a t o r .  The  two  pu l ses  w e r e  
m i x e d  in t he  c i r cu i t  s h o w n  in Fig.  4. The  b e a m  
p o w e r  t u b e s  of t h i s . c i r cu i t  a r e  ab le  to pass  pu l ses  up  
to 200 rna. The actual limitation in our measurements 
was  g iven  b y  the  o u t p u t  v o l t a g e  of t h e  163 g e n e r a t o r  
w h i c h  f u r n i s h e d  the  c h a r g i n g  pulse .  The  g r id  b ias  
of t he  b e a m  p o w e r  t ubes  was  a d j u s t e d  to a r e s i d u a l  
c u r r e n t  of a b o u t  1 ~a, w h i c h  is cons ide red  to be  
neg l ig ib le .  The  r e s i s to r s  in  t he  p l a t e  c i r cu i t  w e r e  
bu i l t  in for  t e s t i ng  pu rposes .  The  b r i d g e  c i r cu i t  
s h o w n  in Fig .  5 was  a p p l i e d  as o u t l i n e d  in t he  i n -  
t roduc t ion .  A l i t t l e  s lug  t u n e d  coi l  in ser ies  w i t h  t h e  
r e s i s to r  R~ was  used  to c o m p e n s a t e  for  t he  h i g h e r  
i n d u c t i v i t y  of t he  cel l  c i rcui t .  In  some l a t e r  e x p e r i -  
m e n t s  two  T e k t r o n i x  121 p r e a m p l i f i e r s  w e r e  a d d e d  
to i m p r o v e  the  f r e q u e n c y  r e sponse  of t h e  sys t em.  
The  r i se  t ime  was  t h e n  l i m i t e d  b y  the  pu l se  g e n e r -  
a to r s  (0.2 ~sec.) .  The  p r e a m p l i f i e r s  a re  l i nea r  up  
to an  o u t p u t  of 1 v. Th is  l i m i t e d  t h e  c u r r e n t  a p p l i -  
cab l e  to t h e  ce l l  to  

1 vo l t  

~(R~ -t- R~) 

w h e r e  ~ is the  ampl i f i ca t ion  of t he  p reampl i f i e r s ,  Rc 
is t he  e l e c t r o l y t e  res i s t ance ,  and  R~ is the  t r a n s f e r  
res i s t ance .  

The  two  pu l ses  used  in th is  m e t h o d  need  not  be  
cons t an t  c u r r e n t  pulses ,  as has  been  the  u s u a l  p r a c -  
t ice.  Us ing  s m a l l  r e s i s to r s  in t he  u p p e r  b r a n c h e s  of 
t h e  b r i d g e  m a y  cause  t he  c u r r e n t  to v a r y  s o m e w h a t  
w i t h  t ime ,  b u t  a t  t he  s ame  t i m e  i m p r o v e  the  f r e -  
q u e n c y  r e s p o n s e  of t he  e q u i p m e n t .  The  c u r r e n t  I~, 
the  p o l a r i z a t i o n  U~, and  the  c o r r e s p o n d i n g  t r a n s f e r  
r e s i s t ance  X can  be  c a l c u l a t e d  f rom t h e  vo l t ages  
m e a s u r e d  across  t he  b r i d g e  U,, a n d  across  t h e  c o m -  
p e n s a t i n g  r e s i s to r  U~ w i t h  t h e  fo l l owing  f o r m u l a s :  

U ~ R -  U,,R~ U~ 
, I 9  - -  ~ _ _  

R Ro Re 

Ub(R-k  Ro) 
Us : ~ Ub 

R 

U~(R -k Re)Ro Ub R~ 

U,R -- U~R~ U~ 

The resistors in the upper branches of the bridge 
are R and the compensating resistor is Re. The ap- 
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VOLTAGE STEP CIRCUIT 

Fig. 6. Circuit  for the voltage step method 

prox ima t ions  hold for R>Ro. In  these m e a s u r e m e n t s  
Ub was  a lways  of the order  of m a g n i t u d e  of U,, or 
smal ler .  The above equat ions ,  which  have  been  de-  
r ived  for a d -c  bridge,  should  provide  a good ap-  
p r o x i m a t i o n  for  the  condi t ions  u n d e r  wh ich  the  
va lues  are measured .  F r o m  these  formulas ,  an  est i -  
ma te  can be m a d e  of the  necessa ry  va lue  of the  r e -  
sistors in  the  uppe r  b r anches  of the  b r idge  which  
wi l l  avoid the  necess i ty  of correct ions  in  the  e v a l u a -  
t ion. For  most  of the  measu remen t s ,  resis tors  R of 
10 ohms were  used. In  checking  the effect of the  
d u r a t i o n  of the  first pulse,  whe re  a cons tan t  cu r -  
r en t  is essential ,  100-ohm resis tors  R were  subs t i -  
tu ted  wi thout ,  however ,  any  apprec iab le  difference 
in  resul ts .  

Voltage step equipment.--The circui t  d i ag r a m of 
the vol tage  step appa ra tu s  is shown in  Fig. 6. Its de-  
s ign and  func t ion  a re  qu i t e  simple.  The des i red vo l -  
tage step ( u s u a l l y  2-7 mv)  is set by  m o v i n g  the 
contact  on the vol tage  divider .  The exact  va lue  was 
measu red  to w i t h i n  0.01 m v  wi th  a S t u d e n t - t y p e  
po ten t iomete r .  The c u r r e n t  t h rough  the  vol tage  d i -  
v ide r  was abou t  0.5 amp,  so the  res is tance  across 
which  the  vo l tage  step was  developed was  on ly  
0.005-0.016 ohms. The microe lec t rode  was  shor t -  
c i rcui ted  to the  coun te r  e lect rode th rough  the t h r e e -  
way  m e r c u r y  switch. W h e n  the  switch was  move d  to 
the other  posi t ion,  the b r eak  occur r ing  before  the  
make,  the vol tage  step was appl ied  be tween  the  two 
electrodes.  The c u r r e n t  was m e a s u r e d  as an  iR drop 
across the  prec is ion  res is tor  R~. The  s ignal  was  a m -  
plified th rough  a video p reampl i f i e r  (17),  modified 
to opera te  d i f ferent ia l ly ,  and  was  observed on the  
screen of a T e k t r o n i x  535/$2 oscilloscope equ ipped  
wi th  a 53/54 D p l u g - i n  preampl i f ier .  The m a x i m u m  
usable  sens i t iv i ty  of the e q u i p m e n t  was 0.2 m v / c m  
and  the uppe r  l imi t  of the  b a n d w i d t h  was  0.45 mc. 
Wi th  a 5 -ohm m e a s u r i n g  resistor,  cu r r en t s  coald be 
measu red  to an  es t imated  •  ~a The  accuracy  of the  
e lect ronic  e q u i p m e n t  was  per iod ica l ly  checked wi th  
a po t en t iome te r  and  was a lways  w i th in  1%. Sweep 
ra tes  of 10 or 20 ~sec /cm were  gene ra l l y  used. 

The c u r r e n t  t ime  curves  were  pho tographed  on 
3 5 - m m  Kodak  P l u s - X  film. The  beam i n t e n s i t y  and  
gr id l ine  i l l u m i n a t i o n  were  ad jus ted  to give on ly  
a m i n i m u m  exposure .  The  image  on the  nega t i ve  
was  v e r y  fine and  w h e n  en la rged  to twice  the  size 
of the  oscilloscope screen, the  l ines  were  less t h a n  
a m i l l i m e t e r  wide.  The en la rged  curves  were  t raced  
on g raph  pape r  w i t h  the  aid of a f rench  curve.  C u r -  
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Fig. 7. Exchange currents measured on cadmium 
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Fig. 8. Exchange currents measured on zinc 

r e n t - t i m e  points  f rom the  t raced  l ines  were  t h e n  
p lo t ted  as c u r r e n t  vs. the  square  root  of t ime. 

R e s u l t s  

Cadmium and zinc.--The c a d m i u m  and  zinc 
couples were  the first ones s tudied  in  this  inves t i -  
gat ion.  They  were  k n o w n  to be fast  react ions,  no t  
on ly  f rom po la rograph ic  behavior ,  bu t  f rom the  
a-c  impedance  m e a s u r e m e n t s  (4) descr ibed  ear l ier .  
The ear l ie r  i mpe da nc e  m e a s u r e m e n t s  were  con-  
duc ted  wi th  a pol ished p l a t i n u m  elect rode in mel ts  
of a lesser  pur i ty .  There fo re  some difference migh t  
be expec ted  b e t w e e n  these  resul t s  and  those of La i t -  
inen  and  G a u r  (4) .  

The  exchange  c u r r e n t s  co r respond ing  to a wide  
r a nge  of Cd ~* and  Z n  ~§ concen t ra t ions  are shown 
graph ica l ly  in  Fig. 7 a nd  8. On these  log- log  plots, 
a l i nea r  r e l a t ion  is expected  f rom Eq. [3],  wi th  a 
slope equa l  to 1 -  ~. The  resul ts  of bo th  methods  
are  i nc luded  on the  graphs,  as wel l  as the  point  de-  
t e r m i n e d  ear l ie r  b y  L a i t i n e n  and  Gaur .  Cons ider -  
ing the  a s sumpt ions  t ha t  were  necessa ry  in  the  eva l -  
ua t ion  of the  l a t t e r  e xpe r i me n t s  and  the  fact tha t  
p l a t i n u m  was used as an  electrode,  the  a g r e emen t  
is su rp r i s i ng ly  good. 
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Each poin t  on the  graphs  is the  average  of a series 
of m e a s u r e m e n t s  t aken  wi th  po la r iza t ions  b e t w e e n  
1 and  10 mv.  There  was  no sys temat ic  difference be -  
tween  the  resul t s  ob ta ined  wi th  anodic  and  cathodic 
polar izat ions .  The m a j o r i t y  of the vol tage  step 
m e a s u r e m e n t s  were  t a k e n  in  the  cathodic direct ion.  

The inf luence  of t e m p e r a t u r e  was  inves t iga ted  in  
the case of c a d m i u m  by  m e a s u r i n g  the  exchange  cur -  
r en t  at  400 ~ 450 ~ and  500~ The ac t iva t ion  ene rgy  
ca lcu la ted  by  the A r r h e n i u s  equa t ion  and  was found  
to be 3 ---- 1 kcal  mole  -1. 

Since zinc has a me l t i ng  po in t  w i t h i n  the  r ange  of 
t e m p e r a t u r e s  inves t iga ted ,  m e a s u r e m e n t s  were  
t aken  on l iqu id  as wel l  as on solid zinc. W i t h i n  the  
l imi ts  of accuracy,  no difference was observed.  This 
resul t  is s imi la r  to the  obse rva t ion  of Ger i scher  and  
K r a u s e  (7) on m e r c u r y  in  a perchlor ic  a c i d / w a t e r  
eutectic.  

Add i t i ona l  e x p e r i m e n t s  we re  pe r fo rmed  wi th  zinc 
and  t h a l l i u m ;  no q u a n t i t a t i v e  resu l t s  can  be g iven  
for the  l a t t e r  me ta l  because  the  e lect rode a rea  was  
not  known .  The purpose  was to test  the  inf luence of 
the  r ise t ime  of the  double  pulse  e q u i p m e n t  and  the  
ex ten t  of the correc t ion  ob ta ined  w h e n  the  reac t ion  
res is tance  was ex t rapo la ted  to zero l eng th  of the  
first pulse.  The  resul t s  for zinc are shown in  Fig. 9. 
S imi la r  behav io r  was  observed  wi th  tha l l ium.  These 
resul ts  are not  in accord wi th  the  theory  p resen ted  
by  Matsuda ,  Oka, and  Delahay.  The dependence  of 
the reac t ion  res is tance  upon  the  l eng th  of the  first 
pulse  was  m u c h  grea te r  t h a n  r equ i r ed  by  the theory,  
bu t  st i l l  w i t h i n  the ove r - a l l  l imi ts  of accuracy  of 
these m e a s u r e m e n t s  (-----10%). Ca lcu la t ion  of diffu-  
sion coefficients f rom the  e x p e r i m e n t a l  dependence  
led to r id i cu lous ly  low values .  

The i m p r o v e m e n t  of the  f r equency  response  by  
us ing two preampl i f ie rs  as m e n t i o n e d  above,  e n -  
hanced  the discrepancies ,  showing  tha t  the poorer  
rise t ime  of the  or ig ina l  e q u i p m e n t  was  no t  r e -  
sponsible.  Data  ob ta ined  wi th  and  w i t h o u t  h igh  
rise t ime  e q u i p m e n t  differed by  20% w h e n  the  
first pulse  was  3 ~sec long. But  w h e n  the  va lues  
were  ex t rapo la ted  to zero l eng th  of the  first pu lse  
the  resul t s  differed by  a factor  of 2 or more.  The 
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Fig. 9, Exchange c u r r e n t s  m e a s u r e d  o n  z i n c  t o  t e s t  t h e  

influence of rise t ime and extrapolat ion to zero length of the 
first pulse. 
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shor te r  the  first pulse  the b igger  was  the  difference 
b e t w e e n  the  two sets of me a su r e me n t s .  To exp la in  
these resul t s  one has to assume some add i t iona l  
process i n t e r f e r i ng  at  ve ry  short  t imes.  The f re -  
q u e n c y  d ispers ion  of the  r e s idua l  capac i tance  (4) 
in  this  me l t  m i gh t  be p re sen t  at these  shor t  t imes.  
H ow e ve r  it does no t  seem l ike ly  tha t  a d ispers ion  
which  is caused by  the  e s t a b l i shme n t  of a n e w  
s teady state on the  me ta l  surface  wi th  adsorbed  ions 
can occur so rapid ly .  A q u a n t i t a t i v e  e x p l a n a t i o n  for 
this  effect is sti l l  p e nd i ng  and  so for the  sake of con-  
s is tency the  resu l t s  l is ted in  Table  I are  those ob-  
t a ined  wi thou t  t ak ing  in to  account  the dependence  
on the l eng th  of the first pulse. 

Lead.--With lead, as also wi th  b i s m u t h  and  
tha l l ium,  the  h a n g i n g  drop e lect rode could no t  be 
used because  the  me ta l  did nc t  adhere  to the  t u n g -  
s ten surface.  Double  pulse  m e a s u r e m e n t s  were  t a k e n  
wi th  a lead drop in  the  c u p - t y p e  electrode.  Resul t s  
are  shown in  Fig. 10. The la rge  va r i a t i on  is due  
to the  difficulties encoun te r ed  w i th  the  cup e lect rode 
and  because of the u n c e r t a i n t y  in  the  surface  area  
me a su r e me n t s .  The  best  resul t s  were  ob ta ined  wi th  
a ve ry  smal l  drop which  did no t  fill the  cup. 

Bismuth.--Although the  k ine t ic  data  for the  reac -  
t ion  B i ~ + - t - 3 e - = B i ( l q )  lack precision,  p r i m a r i l y  
because  of the  vo la t i l i za t ion  of BiCI~ f rom the  melt ,  
t he re  is no doub t  tha t  it is the  slowest  r eac t ion  of 
all  those inves t iga ted .  The t r ans f e r  coefficient is 
l a rger  t h a n  tha t  of a n y  of the  o ther  me ta l  i o n - m e t a l  
couples. F igu re  11 i l lus t ra tes  the  dependence  of 
the  exchange  c u r r e n t  on the  Bi ~+ concen t r a t i on  as 
d e t e r m i n e d  by  the  vol tage  step method.  The "effec- 
t ive  zero t ime"  cu r r en t s  were  used to ca lcula te  the  
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exchange  cu r ren t s  according to the  me thod  p r e -  
sented  in  the  b e g i n n i n g  of the  art icle.  

The s t anda rd  po ten t i a l  of the b i s m u t h  couple  was 
ca lcu la ted  f rom five separa te  series of m e a s u r e m e n t s  
of the  b i s m u t h  po ten t i a l  as a func t ion  of concen t r a -  
t ion. To m i n i m i z e  the  e r ror  caused by  the  vo la t i l i za -  
t ion  of BiCI~, the conten ts  of the  c o m p a r t m e n t  were  
ana lyzed  for b i smuth .  The  average  va lue  of E ~ was 
--0.640 _+ 0.010 v compared  to the  mola r  p l a t i n u m  
electrode. This  is the  on ly  case whe re  the  po ten t i a l  
m e a s u r e d  wi th  a t u n g s t e n  electrode in  contact  wi th  
a me ta l  pool  differed apprec i ab ly  wi th  the  po ten t i a l  
m e a s u r e d  w i th  a p la ted  p l a t i n u m  electrode,  as r e -  
por ted  by  L a i t i n e n  and  L iu  (12).  W h e n  a p l a t i n u m  
elect rode was  inse r ted  in to  the  same c o m p a r t m e n t  
w i th  the  t u n g s t e n  electrode and  t h e n  plated,  the po-  
t en t i a l  cor responded  to the  one g iven  before,  b u t  
differed f rom the  po ten t i a l  of the  t u n g s t e n  electrode 
by  n e a r l y  0.1 v. If the  p l a t i n u m  electrode was  i n -  
ser ted in to  the  b i s m u t h  pool, it qu ick ly  dissolved. 
The t h e r m a l  emf be tween  p l a t i n u m  and  t u n g s t e n  is 
negl igible .  

Pla t inum,  ~ nickel,  and s i l ver . - -For  solid elec- 
t rodes the re  was  no difficulty in  d e t e r m i n i n g  the  
a p p a r e n t  surface  area, wh ich  was  used in  the  cal-  
cu la t ion  of the  exchange  c u r r e n t  densi ty .  S i lver  
somet imes  recrys ta l l i zed  in  the  me l t  fo rming  fine 
w h i s k e r - l i k e  fibers, caus ing  an  increase  in  ex-  
change  cur ren t .  In  such cases, af ter  pol i sh ing  and  
c lean ing  the  electrode the  measu red  va lues  were  
the same as before.  

F i g u r e  12 shows the  resul t s  ob ta ined  wi th  these 
solid meta l s  by  the double  pulse  me thod  wi thou t  
the  h igh  rise t ime  preampl i f iers .  Some of the ex-  
change  cu r r en t s  of the  s i lver  couple have  been  cal-  
cula ted by  ex t r apo la t ion  to zero l eng th  of the  first 
pulse. As can be seen, such poin ts  are w i t h i n  the 
l imi ts  of precis ion of the measu remen t s .  

V a n a d i u m ( I H ) - v a n a d i u m ( I I ) .  - -  This  e lectrode 
couple is d i s t inc t ly  d i f ferent  f rom the  above ex-  
amples  because  both  forms of the  couple are sol-  
va ted  ions. The  exchange  c u r r e n t  is t hen  a func t ion  
of two concent ra t ions .  The  da ta  canno t  be  compared  
wi th  the  me ta l  i o n / m e t a l  couples because  of the  
lack of a c o m m o n  re fe rence  concen t ra t ion .  The  plot  
of io / (V ~+) vs. (V:~) / (V  ~+) shown in  Fig. 13 resul t s  in  
a s t ra ight  l ine,  as expected  f rom Eq. [4]. 

F r o m  m e a s u r e m e n t s  at  400 ~ 450 ~ and  500~ the 
ac t iva t ion  ene rgy  was found  to be 2.8 -----0.4 kcal  
mole-~; a va lue  which  is su rp r i s i ng ly  close to tha t  
of the c a d m i u m  couple. 

Evaluat ion  and compi lat ion of the measured  data. 
- - T a b l e  I conta ins  the  k ine t ic  data  ca lcu la ted  f rom 

Q u a l i t a t i v e  o b s e r v a t i o n s  w e r e  m a d e  of t h e  a n o d i c  b e h a v i o r  of  
p l a t i n u m  i n  a m e l t  c o n t a i n i n g  a b o u t  0.1 m o l e  l i t e r  -1 Pt++. A t  pos i -  
t i v e  p o l a r i z a t i o n s  of a b o u t  100 m v ,  t h e  c u r r e n t - v o l t a g e  c u r v e  has  a n  
u n s t a b l e  r e g i o n .  T h e  a n o d i c  c u r r e n t  s u d d e n l y  d r o p s  to less  t h a n  
100 ~a cm-2. A l a y e r  of  PtC12 is f o r m e d  a t  t h e  e l e c t r o d e  sur~faee. 
T h e  s low d i s s o l u t i o n  of  t h i s  l a y e r  is n o w  t h e  r a t e  d e t e r m i n i n g  
p rocess .  I t  w a s  p o s s i b l e  to a p p l y  ce l l  v o l t a g e s  u p  to 5 v w i t h o u t  
m u c h  i n c r e a s e  in  c u r r e n t ,  b e c a u s e  of t h e  o h m i c  d r o p  i n  t h e  l aye r .  
S o m e  c h l o r i n e  is e v o l v e d ,  b u t  o n l y  a t  m u c h  h i g h e r  p o l a r i z a t i o n s ,  
d u e  to t h e  iR  d r o p  in  t h e  l a y e r ,  t h a n  a t  a c a r b o n  s u r f a c e .  T h e  
a m o u n t  of  c u r r e n t  r e q u i r e d  f o r  t h e  f o r m a t i o n  of t h e  l a y e r  s h o w s  
t h a t  i t  is a t h i c k  sa l t  l a y e r  a n d  n o t  a p a s s i v e  l a y e r .  A f t e r  s w i t c h -  
i n g  off t h e  c u r r e n t ,  t h e  ce l l  v o l t a g e  i m m e d i a t e l y  d r o p s  to 1 v a n d  
t h e n ,  w i t h i n  m i l l i s e c o n d s  to  seconds  d e p e n d i n g  on  t h e  t i m e  of 
a n o d i z a t i o n ,  d e c r e a s e s  to i ts  e q u i l i b r i u m  v a l u e .  T h e  q u a n t i t a t i v e  
i n v e s t i g a t i o n  of  t h e s e  p h e n o m e n a  r e q u i r e s  t h e  a p p l i c a t i o n  of  a n  
e l e c t r o n i c  p o t e n t i o s t a t  b e c a u s e  of  t h e  u n s t a b l e  r e g i o n  in  t h e  c u r -  
r e n t  v o l t a g e  c u r v e .  T h i s  o b s e r v a t i o n  m a y  p r o v e  u s e f u l  in  d e v e l o p -  
i n g  a m e t h o d  f o r  e l e c t r o l y t i c a l l y  p o l i s h i n g  p l a t i n u m .  
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Fig. 12. Exchange currents measured on plat inum, silver 
and nickel. 
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the  m e a s u r e m e n t s  w i th  the  two methods .  The r a t e  
cons tan t  kh ~ is l is ted as wel l  as the  mola r  exchange  
cur ren t ,  ~ Since the ca lcula t ion  of the ra te  con-  
s t an t  r equ i r ed  an  ex t r apo la t ion  of over four  orders  
of m a g n i t u d e  to an  i m a g i n a r y  concen t ra t ion  of 1 
mole  cm -~, no l imi ts  of e r ror  are  given.  The mola r  
exchange  cur ren t ,  i.e., the exchange  c u r r e n t  at  a 
concen t r a t i on  of 1 mole  l i ter  -I, is considered to be a 
more  su i tab le  m e a s u r e  of the r a t e  of an  electrode 
react ion.  

Discussion 
In  general ,  the  exchange  cu r r en t s  of the elec-  

t rode  react ions  in  this  me l t  at  450~ are not  m u c h  
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Table I 

Mola r  ex-  
c h a n g e  c u r r e n t  k h  ~ , 

a m p  cm-~ a cm sec-1 

B o t h  m e t h o d s  
Cd~+/Cd 210(___50) 0.13(___0.05) 0.4 

D o u b l e  pu l se  
Zn~§ 150(•  0.16 (__+0.05) 0.3 
Pb2+/Pb 30 (___ 15) 0.38 (___0.06) 0.01 
Ag+/Ag 190 ( •  0.16 (___0.05) 0.65 
NP*/Ni 110 ( •  0.25 (--+0.06) 0.1 
PP§ 40 ( -+ 10) 0.27 (+--0.06) 0.03 

Vo l t age  s tep  
Zn"-~/Zn 150 (-+20) O.10 (-+0.05) 0.4 
BP+/Bi 8 (-+3) 0.5 (-+0.1) 0.0009 
Va+/V :+ 30 (___2) 0.67 (-+0.05) 0.3 

h i g h e r  t han  those  of t he  f a s t e s t  r e a c t i o n  so f a r  i n -  
v e s t i g a t e d  in aqueous  solut ions.  The  t r a n s f e r  coeffi-  
c ien t  was  s o m e w h a t  lower ,  e x c e p t  in  t he  case of 
b i smu th ,  lead,  a n d  v a n a d i u m ( I I I ) / v a n a d i u m ( I I ) ,  
w h i c h  w e r e  t he  t h r e e  s lowes t  r e a c t i o n s  found.  The  
obv ious  s i m i l a r i t y  in t he  b e h a v i o r  of s e v e r a l  sys t ems  
w i t h  o t h e r w i s e  d i f fe r ing  c h e m i c a l  p r o p e r t i e s  s u g -  
'gests a c o m m o n  d i s cha rge  m e c h a n i s m  w h i c h  p r e -  
s u m a b l y  invo lves  t he  e x c h a n g e  of m e t a l  ions b e -  
t w e e n  the  e l ec t rode  and  c h l o r o c o m p l e x  species  in 
solu t ion .  

In  t he  p r e v i o u s  w o r k  on i m p e d a n c e  m e a s u r e m e n t s  
(3, 4) and  in t h e  d o u b l e  p u l s e  m e t h o d  e m p l o y e d  
he re ,  c e r t a i n  f e a t u r e s  o f  t he  o b s e r v a t i o n s  do no t  b e -  
h a v e  in a cco rdance  w i t h  t he  s i m p l e s t  r e a c t i o n  m o d e l  
of  a o n e - s t e p  c h a r g e  t r a n s f e r  m e c h a n i s m  i n v o l v i n g  
d i f fus ing  species.  In  p a r t i c u l a r ,  t h e  " i n v e r t e d "  c a -  
p a c i t a n c e - r e s i s t a n c e  behav io r ,  w h i c h  can  be  caused  
b y  specific a d s o r p t i o n  of  t h e  e l e c t r o a c t i v e  spec ies  
(5 ) ,  was  e x p l a i n e d  on th is  bas is  b y  L a i t i n e n  a n d  
G a u r .  A s im i l a r  " i n v e r t e d "  b e h a v i o r  of c a p a c i t a t i v e  
a n d  r e s i s t i ve  c o m p o n e n t s  of i m p e d a n c e  can  b e  p r e -  
d ic ted ,  a t  l eas t  ove r  a l i m i t e d  f r e q u e n c y  r ange ,  for  
a d i s soc ia t ion  r e a c t i o n  p r e c e d i n g  the  cha rge  t r a n s f e r  
r e a c t i o n  if t h e  r a t e  of d i s soc ia t ion  r e a c t i o n  is less  
t h a n  or  c o m p a r a b l e  to t he  r a t e  of t h e  c h a r g e  t r a n s -  
fe r  r e a c t i o n  (18) .  

I t  is t h e r e f o r e  i n s t r u c t i v e  to cons ide r  q u a l i t a t i v e l y  
t he  effects of a d s o r p t i o n  and  of p r i o r  d i s soc ia t ion  on 
the  doub le  p u l s e  and  v o l t a g e  s t ep  me thods .  T h e  
effect of a d s o r p t i o n  of e l e c t r o a c t i v e  species  w o u l d  
d e p e n d  on w h e t h e r  t h e  a d s o r b e d  l a y e r  r e p r e s e n t s  an  
addit ional  r e a c t i o n  p a t h  ( p a r a l l e l  a d m i t t a n c e )  as a s -  
s u m e d  in the  t r e a t m e n t  of i m p e d a n c e  m e a s u r e m e n t s  
(4, 5) or  w h e t h e r  p r i o r  a d s o r p t i o n  is a s tep  in t he  
m a i n  r e a c t i o n  p a t h  ( se r ies  a d m i t t a n c e ) .  In  t h e  
f o r m e r  case, bo th  t he  doub le  p u l s e  and  v o l t a g e  s t ep  
m e t h o d s  w o u l d  r e s p o n d  ( for  r a p i d  cha rge  t r a n s f e r  
to the  a d s o r b e d  p h a s e )  b y  showing  an  a b n o r m a l l y  
l a r g e  d o u b l e  l a y e r  capac i ty .  Indeed ,  a p u r e l y  c a -  
p a c i t a t i v e  co r r ec t i on  for  a d s o r p t i o n  was  f o u n d  a d e -  
q u a t e  in s e v e r a l  cases  of i m p e d a n c e  m e a s u r e m e n t s  
(5 ) ,  and  in a n y  case  t h e  r e s i s t i ve  c o m p o n e n t  of th i s  
co r r ec t i on  is v e r y  smal l .  F o r  a s low cha rge  t r a n s f e r  
r e a c t i o n  to t he  a d s o r b e d  phase ,  a l a r g e  t ime  cons t an t  
w o u l d  be  i n t r o d u c e d  into  t he  r e a c t i o n  of t he  a d -  
so rbed  phase ,  b u t  in  th i s  case  t h e  m a i n  c h a r g e  t r a n s -  
fe r  r e a c t i o n  w o u l d  also be  e x p e c t e d  to  b e  s low.  I n  

the  v o l t a g e  s tep  m e t h o d  t h e  t ime  c o n s t a n t  fo r  t h e  
c h a r g i n g  p rocess  was  f o u n d  to b e  n o r m a l  even  in  t h e  
p re sence  of an  e l e c t r o d e  reac t ion .  I n  t he  d o u b l e  
p u l s e  me thod ,  t h e  c h a r g i n g  is fo rced  to h a p p e n  in 
the  sho r t  t i m e  i n t e r v a l  of t he  f irst  pulse .  As  has  b e e n  
a l r e a d y  m e n t i o n e d ,  t h e  d e t a i l e d  b e h a v i o r  of t h e  
doub le  p u l s e  m e t h o d  does  no t  c o m p l y  w i t h  t he  s i m -  
p l e  c h a r g e  t r a n s f e r  r e a c t i o n  model .  

F o r  p r i o r  a d s o r p t i o n  as a s tep  in  t he  m a i n  r e a c t i o n  
( the  ser ies  a d m i t t a n c e  m o d e l ) ,  t he  effect  w o u l d  be  
s i m i l a r  to, a l t h o u g h  no t  i d e n t i c a l  wi th ,  t h a t  of a 
p r i o r  d i ssoc ia t ion .  A l l  m e t h o d s  of m e a s u r e m e n t  
w o u l d  be  af fec ted  by  the  r a t e  of t h e  p r i o r  s t ep  if  i t s  
r a t e  w e r e  c o m p a r a b l e  to or  s l o w e r  t h a n  the  t r a n s f e r  
of cha rge .  

I n d e p e n d e n t  p roo f  of t h e  r e a l i t y  of specific a d -  
so rp t ion  or  d i s soc ia t ion  is n e e d e d  be fo re  def in i te  
conc lus ions  as to r e a c t i o n  m e c h a n i s m  can  be  
reached .  The  i r r e g u l a r i t i e s  in  t h e  a - c  i m p e d a n c e  
m e a s u r e m e n t s  and  the  u n e x p e c t e d l y  l a r g e  d e p e n d -  
ence of t h e  m e a s u r e d  r e a c t i o n  r e s i s t ance  on t h e  d u -  
r a t i on  of the  first  p u l s e  in  t he  doub le  pu l se  ind ica te ,  
h o w e v e r ,  t h a t  s imp le  c h a r g e  t r a n s f e r  con t ro l  does 
not  p r eva i l .  

Manuscr ip t  received Dec. 9, 1959. This paper  was 
]orepared for de l ivery  before  the Ph i l ade lph ia  Meeting, 
May 3-7, 1959. 

Any  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ ished in the December  1960 
J O U R N A L .  
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A Study of the Oxidation of Hydrogen 
at Platinized Platinum Electrodes 
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ABSTRACT 

A coulometr ic  technique using a po la rograph  was used to s tudy  the ox ida -  
t ion of hydrogen  at  p la t in ized p la t inum electrodes.  The resul ts  obta ined  by  this 
technique are  in agreement  wi th  resul ts  obta ined  by  charging curve  and a-c  
br idge  techniques.  This technique showed the presence of two forms of hydro -  
gen adsorbed at  the surface of the  pla t inum,  and i t  also showed the presence 
of hydrogen  absorbed  in the  p la t inum.  A s tudy of the  effect of p H  on the  cur -  
ren t  vol tage curves  suggested tha t  absorbed hydrogen  migra ted  as a charged 
species, p robab ly  H~ § 

The  o x i d a t i o n  of h y d r o g e n  a t  p l a t i n u m  e l ec t rodes  
has  been  i n v e s t i g a t e d  b y  a n u m b e r  of w o r k e r s .  
B o w d e n  (1)  and  B u t l e r  (2 -4 )  and  c o - w o r k e r s  
s t ud i ed  the  p rocess  us ing  c h a r g i n g  cu rve  t echn iques .  
F r u m k i n  and  o t h e r  Russ i an  w o r k e r s  (5-13)  fo l -  
l o w e d  th i s  w i t h  a d e t a i l e d  s t u d y  of t he  o x i d a t i o n  of 
h y d r o g e n  on p l a t i n u m  e l ec t rodes  us ing  s i m i l a r  
c h a r g i n g  c u r v e  t echn iques .  A g roup  of G e r m a n  
w o r k e r s  (14-19)  h a v e  s t u d i e d  the  s ame  p r o b l e m  
us ing  bo th  a l t e r n a t i n g  c u r r e n t  b r i d g e  a n d  c h a r g i n g  
c u r v e  t echn iques .  

In  F r u m k i n ' s  w o r k  t h r e e  a r r e s t s  can be no ted  in 
t h e  curves  b e t w e e n  the  p o t e n t i a l  of t he  h y d r o g e n  
e l e c t r o d e  and  the  o x y g e n  r e g i o n  in  su l fu r i c  ac id  
solu t ions .  The  f irst  two  w e r e  g r o u p e d  t o g e t h e r  as 
be ing  caused  b y  the  p rocess  of r e m o v i n g  a d s o r b e d  
h y d r o g e n .  The  t h i r d  was  a t t r i b u t e d ,  a long  w i t h  a n -  
o t h e r  poss ib i l i ty ,  as be ing  due  to t he  process  of r e -  
m o v i n g  h y d r o g e n  f rom the  i n t e r i o r  of t h e  p l a t i n u m .  

Two m a x i m a  w e r e  o b t a i n e d  in capac i t ance  of t he  
e l e c t r o d e  vs. p o l a r i z i n g  p o t e n t i a l  cu rves  p l o t t e d  
f r o m  d a t a  o b t a i n e d  in  t he  b r i d g e  e x p e r i m e n t s .  
E u c k e n  and  W e b l u s  (14, 15) a t t r i b u t e d  these  effects  
to t he  p r e s e n c e  of two  d i f f e ren t  fo rms  of a d s o r b e d  
h y d r o g e n  on t h e  su r f ace  of t h e  p l a t i n u m .  

In  a s t u d y  of the  c o m p e t i t i o n  b e t w e e n  h y d r o g e n  
and  o rgan ic  m o l e c u l e s  for  s i tes  on the  p l a t i n u m  
e l e c t r o d e  (20) t he  a m o u n t  of h y d r o g e n  was  m e a s -  
u r e d  b y  e l e c t r o o x i d a t i o n  of t he  h y d r o g e n  us ing  a 
p o l a r o g r a p h  and  b y  m e a s u r e m e n t  of t he  n u m b e r  of 
cou lombs  used  in the  ox ida t ion .  In  con junc t i on  w i t h  
th i s  s t u d y  of po ison ing ,  a s t u d y  was  m a d e  of t he  
o x i d a t i o n  of h y d r o g e n  us ing  th i s  c o u l o m e t r i c  t e c h -  
n ique .  I t  was  fe l t  t h a t  th is  t e c h n i q u e  was  m o r e  
r a p i d  t h a n  the  c h a r g i n g  cu rve  e x p e r i m e n t s  of F r u m -  
k i n  and  t h a t  i t  d id  no t  i nvo lve  t h e  spec ia l  e q u i p m e n t  
n e e d e d  for  the  b r i d g e  m e t h o d  or  the  h igh  speed  
c h a r g i n g  cu rves  o b t a i n e d  b y  w o r k e r s  such as Bre i t e r .  

Experimental Materials and Method 
The  h y d r o g e n  e l ec t rodes  used  in  th is  w o r k  w e r e  

m a d e  b y  p l a t i n g  a 1 to 2 cm l e n g t h  of 2O-gauge 
b r i g h t  p l a t i n u m  w i r e  w i t h  p l a t i n u m  b l a c k  a f t e r  t he  
m a n n e r  of C l a r k  (21) .  A 3% so lu t ion  of c h l o r o p l a t i -  

:L Present address: Interscience, Inc., Richmond, Virginia. 

nic  ac id  w i t h  0.06% l ead  ace t a t e  p r e s e n t  was  used  as 
the  p l a t i n g  ba th .  The  e l ec t rode  was  w a s h e d  w i t h  
d i s t i l l ed  w a t e r ,  c l e a ne d  of o ld  p l a t i n u m  b l a c k  w i t h  
aqua regia, checked  for  su r f ace  c l eanness  b y  o b s e r v -  
ing  the  u n i f o r m i t y  of h y d r o g e n  e v o l u t i o n  in 6N HCI, 
and  t h e n  p l a t e d  for  a p r e s c r i b e d  l e n g t h  of t ime  a t  
2-10 ma.  S ince  no v i s i b l e  evo lu t ion  of h y d r o g e n  oc-  
c u r r e d  a t  t he  c u r r e n t  dens i t i e s  used,  i t  was  p r e -  
s u m e d  t h a t  the  d i s c h a r g e  of p l a t i n u m  was  the  on ly  
s ign i f ican t  p rocess  occur r ing .  The  n u m b e r  of cou-  
l ombs  pa s sed  could  thus  be  used  as an  e s t i m a t e  of 
the  t h i cknes s  of the  p l a t i n u m  black .  To ob ta in  a r e -  
p r o d u c i b l e  e lec t rode ,  t he  th i ckness  of t he  p l a t i n u m  
b l a c k  was  c on t ro l l e d  b y  the  n u m b e r  of coulombs  
passed  (22) .  E l e c t rode s  i den t i ca l  w i t h i n  1% could  
be p r e p a r e d  u n d e r  v e r y  c a r e f u l l y  con t ro l l ed  con-  
di t ions .  

A f t e r  p l a t ing ,  the  e l ec t rodes  w e r e  w a s h e d  in a 
v igorous  s t r e a m  of r e d i s t i l l e d  wa te r ,  c ha rge d  w i t h  
h y d r o g e n  in t he  e l e c t r o l y t e  to be used,  and  p l aced  
in the  h y d r o g e n - s a t u r a t e d  e l e c t r o l y t e  in  the  a p -  
p a r a t u s  for  s tudy .  E q u i l i b r i u m  o c c u r r e d  a lmos t  i m -  
m e d i a t e l y  as i n d i c a t e d  b y  the  cel l  m a i n t a i n i n g  a 
cons t an t  po ten t i a l ,  w h i c h  was  m e a s u r e d  w i t h  a L&N 
K - 2  p o t e n t i o m e t e r .  

The  a p p a r a t u s  is p i c t u r e d  in Fig.  1. The  p h y s i c a l  
a r r a n g e m e n t  of the  a p p a r a t u s  is s h o w n  in the  inset .  

. . . .  

HYDRODEN_,,,_~~ 

TO OTHER HYDROGEN ELECTRODE 
a ELECTROLYTE 

REFERENGE CELL ELEGTRODE GELL BRIDGE 

Fig. 1, Apparatus. Inset: physical arrangement 
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The  S - shaped  a r r a n g e m e n t  p e r m i t t e d  s tudy  of two 
electrodes wi th  on ly  one re fe rence  electrode.  The  
comple te  appa ra tu s  was  m a i n t a i n e d  at 25.0~ The 
re fe rence  ha l f -ce l l  was Hg, Hg~SO4 in  su l fur ic  acid 
and  Hg, HgO, NaOH in basic solut ions.  The  sodium 
hydrox ide  and  sul fur ic  acid were  of the  same con-  
cen t r a t i on  as the e lec t ro ly te  in  the  h y d r o g e n  elec-  
t rode  cell. 

A series of runs  were  made  in  the  pH r ange  be -  
tween  2N sul fur ic  acid and  2N sod ium hydroxide .  
This  was done by  add ing  su l fur ic  acid to sod ium 
hydrox ide  and  vice versa. The pH was d e t e r m i n e d  
f rom the  h y d r o g e n  electrode.  

The hyd rogen  was p r epa red  in  a z inc - su l fu r i c  
acid Kipp  gene ra to r  and  was  b u b b l e d  th rough  two 
wash  bot t les  con ta in ing  electrolyte .  In  the  n e u t r a l  
and  basic runs ,  the gas was  first b u b b l e d  t h r ough  
s t rong sodium hydrox ide  to r emove  any  acid car r ied  
over  f rom the genera tor .  Contac t  b e t w e e n  h y d r o g e n  
and  r u b b e r  t u b i n g  was min imized ,  and  al l  r u b b e r  
was digested for two days in  hot, concen t ra t ed  so- 
d i u m  hydrox ide  and  washed  wi th  dis t i l led  w a t e r  
before  use. 

In  the ea r ly  phases of the  p r o b l e m  an inves t iga -  
t ion  was made  of the  effect of va r ious  pur i f ica t ion  
techn iques  on the  resul ts  of the  exper iments .  Sev-  
eral  sources of hyd rogen  were  used, i nc lud ing  com-  
merc ia l  t a n k  hydrogen,  K ipp  gene ra to r  hyd rogen  
(us ing  two dif ferent  sources of zinc and  two differ-  
en t  sources of sul fur ic  acid) ,  and  e lec t ro ly t ica l ly  
gene ra t ed  hydrogen .  The h y d r o g e n  was  pur i f ied in  
severa l  d i f ferent  types of t ra ins .  Some r u n s  were  
made  in an  a l l -g lass  appa ra tu s  and  others  were  
m a d e  in  which  the  r u b b e r  connec t ions  were  r e -  
placed wi th  Tygon.  The appa ra tu s  was  in  al l  cases 
soaked for 24 hr  or longer ,  in  some cases w i th  dis-  
t i l led  wa t e r  and  in  others  w i th  the  so lu t ion  to be 
studied.  Some expe r imen t s  we re  car r ied  out  in  su l -  
fur ic  acid solut ions  tha t  had  been  p re -e l ec t ro lyzed  
ove rn igh t  according to the  p rocedure  of S c h u l d i n e r  
(23).  In  all  of these e x p e r i m e n t s  the resu l t s  were  
essen t ia l ly  the  same. The p resence  of a poison de -  
creased the  a m o u n t  of h y d r o g e n  at the electrode 
surface  bu t  did no t  change  the  gene ra l  shape of the 
curves.  

Hydrogen  was  b u b b l e d  in to  the  cell for at least  
twice as long as necessary  for po ten t iome t r i c  equ i -  
l ib r ium.  The  cell was t hen  p e r m i t t e d  to s t and  for at 
least  an  equa l  a m o u n t  of t ime. T h e n  the h y d r o g e n  at  
the electrode was e lec t ro ly t ica l ly  oxidized us ing  a 
Sa rgen t  Model  X X I  po la rograph  to record  the  cu r -  
r e n t - v o l t a g e  cu rve  for the  oxidat ion.  W h e n  the  cell 
res is tance  was grea te r  t h a n  500 ohms i t  was  neces -  
sa ry  to inser t  a compensa t ion  circuit .  This  c i rcui t  
differed in  des ign  bu t  no t  in  p r inc ip le  f rom tha t  of 
Nichoison (24).  A la the  w o u n d  compensa t ing  s l ide-  
wi re  was  placed ad jacen t  to the  b a l a n c i n g  s l idewire  
of the recorder  and  an  ex t ra  contact  was cons t ruc ted  
on the r egu l a r  contact  m o u n t  of the  recorder .  The  
c u r r e n t - v o l t a g e  curves  were  also c u r r e n t - t i m e  
curves  for the  ox ida t ion  process, and  the  a rea  u n d e r  
the  curves  was p ropor t iona l  to the  n u m b e r  of cou-  
lombs  needed  for the  oxidat ion.  The  compounds  used 
were  all  of r eagen t  grade.  The  wa t e r  was  t r ip ly  
dist i l led.  

A T  P t  E L E C T R O D E S  SS7 

Data and Results--Sulfuric Acid Solutions 
A typ ica l  c u r r e n t - v o l t a g e  curve  for the  ox ida t ion  

of the  h y d r o g e n  p re sen t  a t  p la t in ized  p l a t i n u m  in  2N 
su l fu r ic  acid is show~ in  Fig. 2. Three  v e r y  d i s t inc t  
m a x i m a  are observed and  are ind ica ted  by  R o m a n  
nume r a l s .  A fou r th  m a x i m u m  is observed  w h e n  the  
vol tage  is a l lowed to sweep beyond  the  reg ion  where  
h y d r o g e n  is oxidized. P rev ious  worke r s  (25 ,26)  
have  shown  the  fou r th  m a x i m u m  to be due  to the  
f o r ma t i on  of a surface  oxide of p l a t i num.  These 
m a x i m a  are  not  e x p e r i m e n t a l  ar t i fac ts  as is shown  
by  the fact tha t  they  were  ob ta ined  u n d e r  a wide  

H 

I 

POTENTIAL, TIME D 

Fig. 2. Typical current-voltage curve for hydrogen oxidat ion 
on a plat inized plat inum anode in 2N sulfuric acid. 

tt 
Fig. 3. Effect of oxidations, t ime, and format ion of oxide 

on the shape of the current-voltage curve. 
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N e w  e l e c t r o d e  a f t e r  h y d r o g e n  b u b b l i n g .  
l 0  r a i n  a f t e r  o x i d a t i o n  No. 1. 
10 r a i n  a f t e r  o x i d a t i o n  No. 2. 
10 r a i n  a f t e r  o x i d a t i o n  No.  3. 
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10 r a i n  a f t e r  o x i d a t i o n  1~o. 5. 
10 r a i n  a f t e r  o x i d a t i o n  No.  11, t h e  p o t e n t i a l  w a s  a l -  

l o w e d  to s w e e p  t h r o u g h  t h e  p o i n t  of  f o r m a t i o n  of 
t h e  o x i d e  of p l a t i n u m .  

10 r a i n  a f t e r  o x i d a t i o n  No.  12. 

R o m a n  n u m e r a l s  d e n o t e  t h e  m a x i m a .  O r i g i n  of c u r v e s  s h i f t e d  
a l o n g  c u r r e n t  ax i s .  
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v a r i e t y  of condi t ions  i nc lud ing  va r i a t i ons  in  the 
vol tage  sweep rate,  the  t empe ra tu r e ,  and  the  elec-  
trode p la t ing  condi t ions.  Ro ta t ing  the  electrodes 
made  the  curves  i r r egu l a r  b u t  did no t  essent ia l ly  
change  the  area  u n d e r  the  th ree  m a x i m a  caused by  
the  ox ida t ion  of hydrogen .  

F i g u r e  3 shows the  effects of (a)  t ime  since the  
p rev ious  oxidat ion,  (b)  f o rma t ion  of the  first su r -  
face oxide of p l a t i num,  and  (c) successive ox ida-  
t ions  on the shape of c u r r e n t - v o l t a g e  curves  in su l -  
fur ic  acid. To p r e v e n t  the curves  f rom over lapping ,  
the  or ig in  is shif ted a long the  c u r r e n t  axis. The  
first and  second m a x i m a  are observed  to develop 
wi th  successive oxida t ions  and  af ter  fo rma t ion  of 
the  oxide. The th i rd  m a x i m u m  is p r o m i n e n t  in  oxi -  
da t ions  No. 1 and  5 and  poor ly  defined in  the other  
oxidat ions .  The  th i rd  m a x i m u m  grows s lowly as 
compared  to the first two max ima .  This  is shown 
by  Fig. 4 which  r ep resen t s  the  r e l a t ion  b e t w e e n  
area  u n d e r  the  th i rd  m a x i m u m  a n d  t ime  since the  
p rev ious  oxidat ion.  The  difference in  r a t e  of g rowth  
of this  m a x i m u m  and  of the  o ther  two m a x i m a  can 
be apprec ia ted  w h e n  it  is real ized tha t  in  less t h a n  
3 m i n  a s imi la r  plot  for m a x i m a  I or II would  go be -  
yond  the  r ange  of Fig. 4, and  e q u i l i b r i u m  would  be 
reached  in  10 min.  

F r o m  these data  it can be conc luded  tha t  the  first 
two m a x i m a  are a resu l t  of the ox ida t ion  of two 
forms of hyd rogen  adsorbed  on the  surface of the  
p l a t i n u m .  This is shown  by  the  fact  tha t  the  area  
u n d e r  these m a x i m a  increases  w i th  repea ted  oxi-  
da t ions  (Fig. 5) ( the  expans ion  and  con t rac t ion  of 
the crys ta l  lat t ice on ox ida t ion  and  then  reduc t ion  
increased  the surface area)  and  by  the  fact  tha t  the  
area  u n d e r  these m a x i m a  decreased fo l lowing a 
F r e u n d l i c h  adsorp t ion  i so the rm in  the presence  of 
poisons (20).  The th i rd  m a x i m u m  p r e s u m a b l y  cor-  
responds  to the ox ida t ion  of h y d r o g e n  absorbed  in  
p l a t i n u m .  It is a w e l l - k n o w n  fact tha t  hyd rogen  ab -  
sorbs in  meta l s  more  s lowly  t h a n  i t  adsorbs on 
meta l s  (27).  

The  above i n t e r p r e t a t i o n  agrees  w i th  the i n t e r -  
p re t a t ions  of the  Russ ian  worke r s  (5-13)  in  tha t  
they  observed  the slow fo rming  absorbed  hydrogen .  
I t  agrees  wi th  the G e r m a n  worke r s  (14-19) in  tha t  
they  d i s t ingu ished  b e t w e e n  the  two forms of ad -  

o: 

4 .0  
.i 

~s ,o  

i 

. ;2.0,  
m- 

< 
~ i.o, 

o 
~o ,~o 6'o 8'o ,~o 

T I M E  (M INUTES)  

do 

Fig. 4~ Effect of t ime on the area under th i rd max imum in 
acid solutions. 
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Fig. 5. Effect of ox ide format ion on combined areas I & ]1 
in acid solutions. 

sorbed hydrogen .  Bre i te r  (16-19) observes  a t h i rd  
form of sur face  hyd rogen  to which this t echn ique  
is insens i t ive .  However ,  the  i n t e r p r e t a t i o n  of the  two 
forms of adsorbed  hyd rogen  as h y d r o g e n  adsorbed 
on oxygen,  a nd  on p l a t i n u m  (14),  migh t  jus t  as wel l  
be i n t e r p r e t e d  as chemica l ly  and  phys ica l ly  ad-  
sorbed hydrogen ,  respect ively .  

Basic  and N e u t r a l  So lu t ions  

The th ree  m a x i m a  were  s t i l l  observed in  2N so- 
d i u m  hydroxide .  However ,  two th ings  m a d e  the h y -  
drogen  e lect rode in basic solut ions  more  difficult to 
s tudy:  (a)  The  three  m a x i m a  are ve ry  close to-  
ge ther  and  thus  there  is a t e n d e n c y  for one or more  
of t hem to become i l l -def ined;  (b) all  th ree  forms 
of hyd rogen  were  comple te ly  rep len i shed  in  the 10 
rain n o r m a l l y  a l lowed b e t w e e n  oxidat ions  (in acid 
solut ions it took over 3 hr  for the  absorbed  hyd rogen  
to reach e q u i l i b r i u m ) .  Some e xpe r i me n t s  indica te  
tha t  this difference in ra te  was  due to poisoning  of 
the e lect rode by  sul fa te  ion. 

A l though  no q u a n t i t a t i v e  studies,  such as those 
in su l fur ic  acid, could be made,  a qua l i t a t i ve  com-  
par i son  was made  of the effects of (a)  t ime  since 
the prev ious  oxidat ion,  (b)  fo rma t ion  of the first 
oxide of p l a t i n u m ,  (c) successive oxidat ions,  and  
(d) h y d r o g e n  evolut ion,  on the  area  u n d e r  the  
curves  in the  ne ighborhood  of each m a x i m u m  in 2N 
sul fur ic  acid and  2N sodium hydroxide .  This  com-  
par i son  is shown in Table I. 

Table I. Summary of results in acidic and basic solutions 

Effec t  on  t h e  a r e a  u n d e r  t h e  c u r v e  i n  t h e  r e g i o n  of e a c h  m a x i m u m .  

T i m e  s i n c e  
S u c c e s s i v e  p r e v i o u s  O x i d e  H y d r o g e n  

M a x i m u m ~  o x i d a t i o n s  o x i d a t i o n  f o r m a t i o n  e v o l u t i o n  

B a s i c  S o l u t i o n s  

I (A) Increase No effect Increase Increase 
II (B) No effect Increase No effect No effect 

III (C) No effect No effect Increase No effect 

A c i d i c  S o l u t i o n s  

I Increase No effect Increase Increase 
II No effect No effect Increase No effect 

III No effect Increase No effect No effect 
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F r o m  these resul t s  it was  concluded tha t  the last  
two m a x i m a  had shif ted the i r  r e la t ive  posi t ions and  
the I, II, and  III  m a x i m a  in  basic solut ions  corre-  
spond in  acidic solut ions  to I, III, and  II, respec-  
t ively.  This  was f u r t h e r  ind ica ted  by  the  fact  tha t  
if one m o m e n t a r i l y  genera tes  hyd rogen  on the  elec-  
t rode in  basic solut ions  and  then  oxidizes it, one ob-  
ta ins  the  c u r r e n t - v o l t a g e  curve  shown in  Fig. 6 con-  
t a in ing  only  the two peaks  I ( A )  and  I I I ( C )  cor-  
r e spond ing  to the two surface  forms of h y d r o g e n  (I 
and  II  in  acid so lu t ions) .  To s tudy  f u r t h e r  this  shift, 
the  behav io r  of the  c u r r e n t - v o l t a g e  curves  was  i n -  
ves t iga ted  at  i n t e r m e d i a t e  pH values.  

The  po ten t ia l s  of the  m a x i m a  re la t ive  to the  n o r -  
ma l  h y d r o g e n  electrode are p lo t ted  as a f unc t i on  
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Fig. 6. Current-vol tage curve for a hydrogen electrode in 
basic solution. 
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Fig. 7. pH dependence of the potentials of the maxima 
referred to the normal hydrogen electrode. Circle with dot, 
max imum I in acid and I(A) in basic solutions; square with 
dot, max imum II in ac id - - I l l (C )  in basic solutions; tr iangle 
with dot, max imum III in ac id - - I I (B)  in basic solutions. 
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of p.H in  Fig. 7. The  data  for each m a x i m u m  are 
on s t ra igh t  l ines,  except  for a dev ia t ion  in  the  pH 
range  f rom 6 to 10. This dev ia t ion  is a t t r i b u t a b l e  
to a decrease in  the  pH at the  electrode surface  in  
the  unbu f f e r ed  solut ions  due to the  gene ra t i on  of 
hyd rogen  ions d u r i n g  the oxidat ion.  There  was  a 
definite shift  in  the r e l a t ive  posi t ions of m a x i m a  II 
and  III  (acidic)  as one goes f rom acidic to basic  
solutions.  The po ten t ia l s  at which  the two surface  
forms ( m a x i m a  I and  II in  acid) are  oxidized shift  
by  0.054 and  0.044 v in  the nega t ive  d i rec t ion  for 
each u n i t  r ise in  pH. It  is expected  tha t  a r eve r s ib l e  
ox ida t ion  p roduc ing  one h y d r o n i u m  ion for each 
e lec t ron  wi l l  shift  the po ten t i a l  by 0.059 v per  pH 
uni t .  The dev ia t ion  of these two slopes f rom the  ex -  
pected va lue  m a y  be due to a vol tage  drop caused by  
the  res i s tance  of the  solut ion.  The effect was  more  
p ronounced  for the  second surface fo rm since the  
c u r r e n t  was  m u c h  higher .  The po ten t i a l  for the  
m a x i m u m  cor respond ing  to the  ox ida t ion  of the  ab -  
sorbed h y d r o g e n  ( I I I  in  acid) shifts  by  0.094 v per  
pH uni t .  This  h igh slope shows tha t  the  absorbed  
h y d r o g e n  migra tes  as a charged species to the  su r -  
face where  it is oxidized. This  slope corresponds  
most  n e a r l y  to the  reac t ion  H~ § = 3 H § + 2e-, whose  
po ten t i a l  should  shif t  by  0.089 v per  p H uni t .  Be-  
cause of the  u n c e r t a i n t y  of the resistance, correct ion,  
the  f o r mu l a  of the  charged  species could be differ-  
ent,  bu t  this  e x p e r i m e n t  suggests  tha t  absorbed  h y -  
drogen  m u s t  be  a charged  species. The presence  of 
H.~ § absorbed in  p l a t i n u m  has been  ind ica ted  by  a 
n u m b e r  of worke r s  (28),  and  Pea r son  (29) has con-  
c luded tha t  in  the absence  of wa te r  the  h y d r o g e n  
ion prefers  to associate wi th  the  hyd rogen  molecule .  

Summary 

F r o m  c u r r e n t - v o l t a g e  curves  for the ox ida t ion  of 
hyd rogen  at p l a t in i zed  p l a t i n u m  electrodes in  aque -  
ous su l fur ic  acid, it was  conc luded  tha t  th ree  forms 
of hyd rogen  are  involved .  These  th ree  forms,  in  
order  of ease of e lec t ro ly t ic  oxidat ion,  are  pos tu -  
la ted to be  two forms of adsorbed  hyd rogen  and  one 
form of absorbed  hydrogen ,  in  a g r e e m e n t  w i th  the 
conclus ions  of other  workers .  Hydrogen  is absorbed  
into p l a t i n u m  m u c h  more  r ap id ly  f rom sod ium h y -  
droxide  solut ions  t h a n  f rom sul fur ic  acid solut ions.  
The effect of pH on the c u r r e n t - v o l t a g e  curves  sug-  
gests tha t  absorbed  h y d r o g e n  is p resen t  as a charged  
species, p r o b a b l y  H4 § 

F r o m  these expe r imen t s ,  it can be conc luded  t h a t  
the  p resen t  t echn ique ,  the  use of c u r r e n t - v o l t a g e  
curves  (wi th  a cons tan t  vol tage  sweep ra te )  can be 
used for a s tudy  of the  behav io r  of h y d r o g e n  on 
me ta l  electrodes.  This  t e c hn i que  is fas ter  t h a n  the  
slow charg ing  curve  t e c hn i que  and  not  as difficult 
e x p e r i m e n t a l l y  as the  a -c  br idge  or fast  cha rg ing  
curve  techniques .  In  a g r e e m e n t  wi th  the  w o r k  of 
F r u m k i n  (7, 12) and  Eucken  and  Weblus  (14) it  
showed the  presence  of two forms of h y d r o g e n  ad -  
sorbed on the  surface  of p l a t i n u m  differ ing in  ease 
of oxidat ion,  a nd  the  p resence  of h y d r o g e n  absorbed  
in  the  metal .  

One of the  m a j o r  d i sadvan tages  of this  t e c hn ique  
is the  p resence  of a r e s idua l  c u r r e n t  tha t  m u s t  be  
subt rac ted .  A res idua l  c u r r e n t  is p resen t  because  of 
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the ox ida t ion  of mo lecu l a r  hyd rogen  in  so lu t ion  di f -  
fus ing  to the  surface.  For  some reason  the  absorp -  
t ion  of h y d r o g e n  in  p l a t i n u m  f rom basic solut ions  is 
much  more  rap id  t h a n  in  acid. The reverse  process, 
the  diffusion of h y d r o g e n  f rom the  in te r io r  of the  
me ta l  to the  surface,  causes a h igh res idua l  c u r r e n t  
in basic solutions.  However ,  in  sul fur ic  acid so lu-  
t ions especially,  one can ob ta in  a measu re  of the 
a m o u n t  of h y d r o g e n  p re sen t  at  the electrode su r -  
face in the di f ferent  forms by  t ak ing  the  a rea  u n d e r  
each m a x i m u m  and  sub t r ac t i ng  the area  due to the 
r e s idua l  cu r ren t .  
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Technical Notes 

Charging Curves for Germanium Electrodes 
W. W. Harvey, S. Sheff, and H. C. Gatos 

Lincoln Laboratory, Massachusetts Institute 05 Technology, Lexington, Massachusetts 

The asser t ion  has been  r epea ted ly  made  in  the  
l i t e r a tu re  [e.g., ref. ( 1 - 3 ) ]  tha t  g e r m a n i u m  surfaces 
in aqueous  so lu t ion  are  covered wi th  an  oxidic layer.  
This  asser t ion  seems to be based on t h e r m o d y n a m i c  
cons idera t ions  and  on the  obse rva t ion  by  T u r n e r  (4) 
that ,  d u r i n g  anodic  dissolut ion,  a p p r o x i m a t e l y  a 
m o n o l a y e r  of surface  oxide or hydrox ide  is present .  
However ,  d i rect  e x p e r i m e n t a l  ev idence  for the  ex-  
is tence of an  oxidic l ayer  on a g e r m a n i u m  elect rode 
not  polar ized anod ica l ly  has been  lacking.  Accord-  
ingly,  the chemica l  s tate  of the  surface was  r e - i n -  
ves t iga ted  us ing  the  me thod  of charg ing  curves,  i.e., 
plots of e lect rode po ten t i a l  vs. t ime  at  cons tan t  
c u r r e n t  dens i ty .  

Results and Discussion 
F i g u r e  1 shows the  chang ing  charac te r  of the  

charg ing  curves  ob ta ined  in  1.0N H~SO, on p rogres -  
sive r emova l  of dissolved oxygen  [cf. ref. (2, 4 ) ] .  

.-~ (a) 

o F 50~-omp/c mz 
O.01- 

: k /  l 
 -o51- 

(b) (c) 

ANODIC CHARGINGt CATHODIC CHARGING 

Fig. 1. Changing character of charging curves for ger- 
manium on displacing dissolved 02; horizontal markers repre- 
sent 10 sec on the abscissa; (a), 1.0N H2SO4, as made up; (b) 
and (c), fol lowing N~ bubbling. 

After  the concen t r a t i on  of oxygen  has been  reduced  
to a low va lue  by  p ro longed  b u b b l i n g  of pur i f ied  
ine r t  gas, a cha rg ing  curve  such as i l lus t ra ted  in  
Fig. 2 (a )  can be obta ined.  F u r t h e r  r emova l  of 
oxygen  by  cathodic r educ t ion  resu l t s  in  increased  
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Fig. 2. Charging curves obtained in 0.1 N H~SO4 after pro- 
longed bubbling of purif ied N2; markers represent 150 
/~coulomb/cm2(5 sec) on the abscissa. (a), Initial charging 
behavior at 30 /~a/cm2; (b), behavior after repeated cycling; 
(c), same, except solution H2-satd. 
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Fig. 3. Examples of charging curve analysis (actual trac- 
ings) in 0.1N H2SO4; width of markers is equivalent to 150 
/~coulomb/cm 2. 

polar izat ion dur ing  the cathodic step, as shown in 
Fig. 2(b)  and (c) .  A second consequence is the 

development  of the segment  BC of the anodic curve. 
Charging curves s imilar  to those of Fig. 2 but  wi th  
the cathodic por t ion extending  in a th i rd  stage to a 
more negat ive  potent ia l  have also been obtained,  
pa r t i cu la r ly  at  somewhat  higher  cur ren t  densi t ies  
than repor ted  here. 

The charging curves have been analyzed in severa l  
ways (see below and also Fig. 3) ; the main  fea tures  
are  in te rp re ted  as follows: the change in potent ia l  

along AB resul ts  from the anodic oxidat ion of hy -  

drogen atoms chemisorbed dur ing GH (by cathodic 
reduct ion of hydrogen  ions) ;  along the hor izonta l  

port ion of BC, hydrogen molecules on the solution 
side of the  in terface  are  oxidized (to hydrogen  
ions);  fol lowing this, ge rmanium surface atoms are 
oxidized. Revers ing the current  af ter  the final anodic 
potent ia l  has been reached brings about the  reduc-  
tion of the anodical ly  formed surface oxide in the 

in terva l  FG. 
It is of in teres t  to note that  the sequence of 

processes dur ing  charging is different  for ge rman ium 
and plat inum, whose charging behavior  has been 
studied most  extensively.  The first stage of the 
anodic polar iza t ion  curve for p la t inum (5) cor res-  
ponds to the ionization of ca thodical ly  formed hy -  
drogen (6) and consists of an ini t ia l  hor izonta l  
port ion ( ionizat ion of free hydrogen  in the solut ion) ,  
followed by  a l inear  increase of po ten t ia l  ( ionizat ion 
of chemisorbed hydrogen) .  The second stage for 
p la t inum is a rap id  increase of potential ,  corres-  
ponding to charging of a double  layer .  For  a po l a r -  
ized ge rman ium electrode, on the other hand, it  is 
evident  tha t  an apprec iable  change in the to ta l  
semiconductor -e lec t ro ly te  potent ia l  difference must  
occur before  the electr ic field at  the in ter face  has 

been a l te red  sufficiently to br ing  about  the ox ida-  
t ion of ca thodical ly  formed hydrogen  or the reduc-  
t ion of anodical ly  formed surface oxide. 

In a separa te  exper iment ,  it  was shown tha t  the  
s t eady-s ta te  anodic react ion in hyd rogen - sa tu r a t ed  
solution is the same (viz., ge rmanium dissolut ion) 
as in n i t rogen- sa tu ra t ed  solution, and so it was 
es tabl ished that  molecular  hydrogen  is not oxidized 
dur ing the anodic dissolution of germanium.  In ad-  
dition, it  was shown by chemical  tests that  me tage r -  
manic acid ( the product  of anodic dissolution) is 
not reduced to a lower  valence s tate  at the ger -  
manium cathode. 

The charging curves of Fig. 2 and 3 were  obta ined 
wi th  hemispher ica l  electrodes (p - type )  to insure  
uniform current  d i s t r ibu t ion  at the semiconductor  
surface. (S imi la r  curves were  obta ined using d isk-  
shaped n-  and p - t y p e  electrodes wi th  { 111} or ien ta -  
tion.) Taking 7.5 x 1014/cm ~ as the average densi ty  
of atoms at the rea l  surface and using the value  1.3 
as the roughness factor  of chemical ly  pol ished ger -  
manium (7,8), it is read i ly  calcula ted that  one elec-  
t ron per  surface a tom is equiva lent  to 1.56 x 10-' 
cou lomb/cm ~. By analyzing spect rochemical ly  for 
ge rmanium enter ing the solution dur ing repea ted  
anodic-cathodic  charging,  it  was possible to obtain 
essential  informat ion  re levan t  to the oxidat ion of 
ge rmanium surface atoms in the ini t ia l  stages of the 
anodic process. Thus, it was found tha t  at 30 ~a /cm ~, 
ge rman ium dissolved is equivalent  to 18 sec of the 
30-sec anodic stage of Fig. 2 ( b ) ;  i.e., a charge 
equiva len t  to 12 sec (3.6 x 10-' cou l /cm ~, or 2.3 elec-  
t rons per  surface Ge a tom) at  the s ta ted  cur ren t  
densi ty  is consumed in the oxidat ion of chemisorbed 
hydrogen,  free hydrogen,  and ge rman ium surface 
atoms. Fur ther ,  by successively decreasing the cycle 
durat ion,  it was found tha t  anodic dissolution begins 

at  the inflection in CD (i.e., roughly  m i d w a y  be-  
tween C and D in the  figure) ; however,  oxidat ion of 
surface atoms is not completed unt i l  the s t eady-s t a t e  
anodic dissolution poten t ia l  is reached (beyond D).  
For  the specimens employed,  the  surface coverage 
by  chemisorbed hydrogen  dur ing  s t eady-s t a t e  
cathodic charging was equiva lent  to approx ima te ly  
0.6 atom layer .  

I t  is evident  f rom the da ta  presented  tha t  the  
anodic format ion  of surface oxide or hydrox ide  
requires  less than  two electrons per  surface ger -  
manium atom. In fact, as indicated by the coulomb 

equiva lent  of FG [ (F ig .  3 ( a ) ] ,  not more than  one 
electron per  surface a tom is requ i red  in this  process. 
T ime- lapse  studies have  shown fur the r  tha t  in the 
absence of dissolved oxygen (and other oxidizing 
substances which a t tack  ge rman ium) ,  chemical  
species chemisorbed onto, and presumable  covalent ly  
bonded to ge rman ium as a resul t  of e lectrolyt ic  
processes remain  chemisorbed indefinitely.  

If  a p rope r ly  p repa red  ge rmanium surface is 
polar ized ca thodical ly  wi thout  pr ior  anodic t r e a t -  
ment,  only the hydrogen  reduct ion port ion [begin-  
ning at G in Fig. 2 ( b ) ]  of the charging curve is 
observed. The same resul t  is obta ined if, fol lowing 
a series of charging cycles, the e lectrode is polar ized 
anodical ly  only to B [see Fig. 3 (b)  ]. These observa-  
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t ions cons t i tu te  the  most  d i rect  ev idence  ava i l ab le  
at  p r e sen t  for the  absence  of an  apprec iab le  oxidic 
l aye r  on g e r m a n i u m  surfaces  in  nonox id i z ing  
aqueous  e n v i r o n m e n t s .  

Conclusions 
I t  was  shown tha t  in  d i lu te  H~SO~ no t  more  t h a n  

one e lec t ron  per  g e r m a n i u m  surface  a tom is r e -  
qu i r ed  d u r i n g  the  anodic  f o rma t ion  of a surface  
oxide or hyd rox ide  l aye r  and  tha t  the e q u i v a l e n t  
coverage  b y  chemisorbed  h y d r o g e n  d u r i n g  cathodic 
cha rg ing  is closer to 0.5 t h a n  to 1.0. I t  was f u r t h e r  
shown tha t  v i r t u a l l y  ox ide- f ree  g e r m a n i u m  surfaces 
can be ob ta ined  in  aqueous  electrolytes.  
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A Comparison of Etching and Fracturing Techniques 
for Studying Twin Structures in Ge, Si, and 

III-V Intermetallic Compounds 
J. W. Faust, Jr. and H. F. John 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

In  m a n y  cases the  de tec t ion  or locat ion of tw ins  
is accomplished most  easi ly  by  etching.  If the  
e t chan t  is j ud ic ious ly  chosen, one can locate the  
t w i n  b o u n d a r y  and  also d e t e r m i n e  the  o r i en ta t ion  
of the  m a t e r i a l  on e i ther  side of the  b o u n d a r y  (1) .  
Three  methods  of r evea l ing  tw ins  by  e tching and  
a new  method  of r evea l ing  twins  by  f r ac tu r ing  are 
discussed below. 

Techniques for Revealing Twins by Etching 
1. P r e f e r e n t i a l l y  etch a lapped  surface.  The t w i n  

b o u n d a r y  is r evea led  by  the  change  in  the  charac -  
ter is t ic  etch pits as a resu l t  of the  o r i en ta t ion  di f -  
fe rence  across the  bounda ry .  If the  o r ien ta t ions  of 
the  faces across the  t w i n  p l ane  are not  equ iva len t ,  
t hen  a step wil l  also be p roduced  at the  b o u n d a r y  as 
a resu l t  of the  etch ra te  be ing  a func t ion  of the  
or ien ta t ion .  

2. Chemica l ly  or e lec t ro ly t ica l ly  polish a lapped  
surface.  The  t w i n  wi l l  be  revea led  as a groove (if 
the  o r i en ta t ions  of the  faces across the t w i n  p l a ne  
are equ iva l en t )  or as a step (if the  o r i en ta t ions  are  
not  e q u i v a l e n t ) .  

3. I m m e r s e  a m e c h a n i c a l l y  pol ished surface  in  a 
chemical  polish or a p re fe ren t i a l  etch for a ve ry  
short  t ime. The  t w i n  l ine  wi l l  be  revea led  as a 
groove. 

A n y  of these methods  can be appl ied  to the  s tudy  
of t w i n  s t ruc tu res  in  semiconduc t ing  mate r i a l s ;  
however ,  difficulties in  i n t e r p r e t a t i o n  can ar ise if 
the  tw ins  a re  v e r y  closely spaced, and  p a r t i c u l a r l y  
if the  etched surface  is p e r p e n d i c u l a r  to one of the  
~ 2 1 1 ~  direct ions.  Bil l ig (2) in  his s tudy  of t w i n  
s t ruc tu res  in  "dendr i t i c "  Ge does not  give a ny  de-  

tai ls  of his e x p e r i m e n t a l  t echn ique ;  however ,  ex-  
a m i n a t i o n  of his pho tomic rographs  indicates  tha t  he 
mus t  have  used me thod  3, i.e., the  dend r i t e  cut 
p e r p e n d i c u l a r  to its length ,  polished,  and  etched in  
a p re fe ren t i a l  etch. Since his t e chn ique  reveals  not  
on ly  the t w i n  l amel l a  bu t  also dislocations,  a com- 
ple te  ana lys i s  of the cross sect ion is imposs ib le  in  
m a n y  cases. 

Of the  th ree  e tch ing  techniques ,  method  3 ( em-  
p loying  a chemical  pol ish on a mechan i ca l l y  pol-  
ished surface)  is p a r t i c u l a r l y  usefu l  w h e n  p roper ly  

8 

A 

Fig. 1. Diagram of a cut section containing three twin 
boundaries. The "ar rows"  on the twin planes are traces of 
(1 1 1) planes. 
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[h,] [,Ti] [h,] ~ [ , i i l  [i,,l ~ ,1 

P II" H ' - /  ;-[.,1 
J ] I] -I,,,l 

\ /  

I Twin Plone 2 Twin Plones 3 Twin Plones 

Fig. 3. Diagrams of thin sections fractured at both ends. 
Indices of twinned segments ore referred to parent crystal. 

Fig. 2. Side A; Side B. Polished and etched (112} surfaces 
of germanium containing 3 twin planes. Sides A and B have 
the crystallographic significance shown in Fig. 1. Magnifi- 
cation 200X before reduction for publication. 

i n t e rp re t ed ;  however ,  our  new  t echn ique  of f rac-  
t u r i n g  t h in  sections of Ge, St, or I I I - V  compounds  
is more  rap id  and  more  easi ly  in te rpre ted .  

I n te rp re ta t ion  of Etch Pat terns  

As an  i l lu s t r a t ion  of the  p r o b l e m  invo lved  in  in -  
t e rp r e t i ng  etch pa t t e rn s  ob ta ined  according to 
method  3, le t  us choose a sect ion of Ge con t a in ing  
th ree  closely spaced tw ins  and  cut  this  sect ion into 
two pieces, A and  B, such tha t  the  cut  is p e r p e n d i c -  
u la r  to the ~ 2 1 1 ~  direct ions,  as shown  in  Fig. 1. If 
sections A and  B are mechan i ca l l y  pol ished and  
then  g iven  a 10-sec CP4 etch, 1 it  is found  tha t  side 
A has a defini te  groove and  two fa in t  l ines,  whi le  
side B has two definite grooves and  a f a in t  l ine .  In  
m a n y  cases the  twins  are  spaced so close together  
tha t  one or bo th  of the  fa in t  l ines  wi l l  be  "lost" in  
the  defini te  etch groove. F i g u r e  2 shows this  ap-  
pa ren t  e tching anoma ly  for sides A and  B. This ap-  
p a r e n t  a n o m a l y  is m e r e l y  the  resu l t  of the  act ion 
of the  etch on the {111} p lanes  and  the  effect of the  
ene rgy  of the  t w i n  p l ane  on the  etch rate .  The  CP4 
is s l ight ly  p re fe ren t i a l  to the  {111} p lanes ;  h o w -  
ever,  it is no t  p re fe ren t i a l  enough  to keep the  etch 
f rom ac t ing  as a chemical  polish. Because  of the  
t w i n  b o u n d a r y  energy,  the  etch a t tacks  more  
r ap id ly  at  the  t w i n  b o u n d a r y  s t a r t i ng  a groove. If 
{111~ p lanes  converge  on the t w i n  p lane  f rom the  
surface,  as shown  by  t w i n  p l anes  m a r k e d  2 in  Fig.  
1, a toms can be r emoved  along these  exposed p lanes  

1 composition, 25 parts HNOa; 15 parts glacial acetic acid; 15 
Darts I-IF; and 0.3 parts b~omine. 

Fig. 4. Photomicrograph of o fractured germanium'den - 
drite showing the 3 twin boundaries. Magnification 500X 
before reduction for publication. 

also; the  resu l t  wi l l  be  a defini te  groove. If, h o w -  
ever,  t he  {111} p lanes  d iverge  f rom the  surface  at a 
t w i n  b o u n d a r y ,  as shown  by  t w i n  p lanes  m a r k e d  1 
in Fig.  1, a toms canno t  be r e move d  f rom these  u n -  
exposed {111) planes ,  and  the  resu l t  wi l l  be a f a in t  
groove caused on ly  by  the  a t tack  of the  etch as a 
resu l t  of the  e n e r g y  associated wi th  the  t w i n  plane.  
The  n u m b e r  of definite grooves, n, can be found  

Fig. 5. Photomicrograph of a fractured germanium den- 
drite showing 3 twin boundaries, a grain boundary and a 
single twin boundary at the edge. Magnification 200X before 
reduction for publication. 
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Fig. 6. A fractured germanium dendrite showing 13 twin 
boundaries. Magnification 1000X before reduction for pub- 
lication. 

Fig. 7. A fractured germanium dendrite illustrating (112) 
cleavage: compare uniform focus with Fig. 5. Magmfication 
200X before reduction for publication. 

f rom the n u m b e r  of t w i n  planes ,  t, by  the  fo l lowing 
formulas :  

For  an  odd n u m b e r  of t w i n  planes ,  where  A and  
B have  the  significance shown in  Fig. 1, 

side A n---- ( t - -  1 ) / 2  
side B n ~ (t § 1 ) / 2  

For  an even  n u m b e r  of t w i n  p lanes  

side A or B n---- t / 2  

Interpretation of Fracture Surfaces 
The c leavage  p lanes  for g e r m a n i u m  a nd  silicon 

are the {111) planes.  Upon  carefu l  f r ac tu r ing ,  these 
ma te r i a l s  b r e a k  on the i r  c leavage  planes .  This 
t e chn ique  is su i t ab le  for use  on t h i n  sect ions cut  
f rom g r ow n  crystals  or on dendr i t i c  crys ta ls  which  
grow n a t u r a l l y  in  the ~ 1 1 2 ~  direct ion.  In  this tech-  
n i q u e  a l ine  is scr ibed across the  (111) face pa ra l -  
lel  to the  [110] d i rec t ion  to cont ro l  where  the 
f r ac tu r ing  is to occur; f r a c t u r i n g  is accomplished 
by  bend ing .  Each tw in  p l a ne  changes the  d i rec t ion 
of the  {111} c leavage p lanes  as shown in  the d ia-  
g r am in  Fig. 3; thus  each l ine  r ep resen t s  a tw in  
bounda ry .  F i g u r e  4 is a pho tomic rog raph  of a f rac-  
t u red  Ge dendr i t e  tha t  con ta ined  3 t w i n  boundar ies .  
E lec t ron  mic rograph ic  e x a m i n a t i o n  of such a t w i n -  
ned  s t r uc t u r e  showed no add i t iona l  twins.  The 
c leavage  surfaces show some f r ac tu re  steps bu t  are, 
for the  mos t  par t ,  excel lent .  In  some cases whe re  
the  t w i n  l amel l a  ends before  reaching  the  edge of 
the  section, a s ingle t w i n  or g ra in  b o u n d a r y  can ex-  
t end  to the edge; even  the  g ra in  bounda r i e s  are 
f a i t h fu l ly  r evea led  by  this  t echnique ,  as shown in 
Fig. 5. This  t echn ique  has r evea led  as m a n y  as 13 
tw ins  in  a d is tance  of 20/~ as shown in  Fig. 6. In  a 
few cases we  have  observed  tha t  c leavage takes 
place on {112) p lanes;  this  is i l lus t ra ted  in  Fig. 7 by  
the  fact tha t  the  edges of the  f r ac tu re  are  in focus 
wi th  the  midd le  of the Ge section. This method  also 
works  wel l  for dendr i t es  of si l icon and  the  I I I -V  
in t e rme ta l l i c  compounds ,  a l though  for the  lat ter ,  
the i n t e r p r e t a t i o n  is somewha t  difficult because  of 
the  secondary  c leavage p l a n e  (3) .  
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Bonding and Semiconductivity Relationships in Bi2"l'e 
and Cdl 2 Type Structures 

C. H. L. Goodman 
Research Laboratories, The General Electric Company Limited, Wembley, England 

I t  appears  of in te res t  to po in t  out  a possible coun ted  for the  28 va lence  e lec t rons  in  a m a n n e r  
re la t ionsh ip  be tween  l ayer  s t ruc tu re s  of Bi~Te~ and  consis tent  w i th  the  observed  semiconduc t iv i ty  of 
CdL, types, this compound.  A re la ted  b o n d i n g  scheme seems 

In  a prev ious  paper  (1) a s imple  bond ing  scheme possible for the  3 - l aye r  CdL s t ruc tu re :  I atoms, 
was pu t  fo rward  for Bi~Te~ which  sa t i s fac tor i ly  ac-  wi th  the  same coord ina t ion  as the ou te r  Te atoms in  
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5- layered  Bi~Te~, would employ p~ (plus s ~, lone 
pa i r )  bonding orbi ta ls  while  the meta l  atom, wi th  
6-coordinat ion l ike Bi in Bi2Tes, would employ 
sp~d ~ hybr id ized  bonding orbitals.  1 The 16 valence 
electrons of CdL form 2-elect ron covalent- ionic  
bonds wi thin  the t r ip le  I - C d - I  l aye r  s tructure,  
I - I  i n t e r - l a y e r  bonding being of van der  Waals '  type  
in agreement  wi th  Har tman ' s  calculat ions (4).  

Fol lowing (5) this scheme indicates tha t  AHXJ ' '  
and AIvX8 v' compounds wi th  CdL s t ruc ture  (e.g., 
CdL,ZrSe2) should be semiconductors  or insulators  
[in agreement  with the findings in ref. (6) and (7) for 
example]  while  compounds such as NiTe~ should be 
metal l ic  [in agreement  wi th  the findings in ref. 
(8) ]. Fur the rmore ,  ignoring bond- leng th  effects, the  
grea ter  e lec t ronegat iv i ty  differences for A~'XJ 'I 
compared wi th  A'vX~ vI compounds should lead to 
considerably  lower  energy  gaps for the lat ter ,  which, 
by the same argument ,  should have higher  energy 
gaps thah re la ted  A~vXj ' compounds wi th  Bi~Te~ 
type  structure�9 

Not all CdL type  compounds can be descr ibed in 
this way. Thus Ag~F requires  a scheme with  resona t -  
ing p~ bonds, (which give rise to A g - A g  in te r l aye r  
bonding and accommodate  all  9 valence e lect rons) ,  
and, fol lowing (5), should also be a semiconductor�9 

1 T h i s  w o u l d  a p p e a r  to r e q u i r e  d - o r b i t a l  con t rac t ion ;  see for  
e x a m p l e  ref. (2). P r o m o t i o n a l  ene rg i e s  for  such  b o n d i n g  o rb i t a l s  
w o u l d  in  any  case be  m u c h  less t h a n  those  s u g g e s t e d  f r o m  
spec t roscopic  da t a  for  f ree  a toms ,  as has  been  p o i n t e d  ou t  by  
W i l m s h u r s t  (3). 

The na ture  of the bonding in A~vX~ T M  compounds such 
as PbL is less clear�9 Eighteen valence electrons 
must  be accommodated in closed sub-shel ls  or bonds 
for the cr i ter ia  for semiconduct ivi ty  given in ref. 
(5) to be satisfied�9 This might  be achieved by 
p~d ~ (-t-lone pa i r )  bonding orbi ta ls  for A Iv atoms, 
a l though coordinat ion symmet ry  argues somewhat  
against  this view. More deta i led bond studies along 
these lines would appear  of interest .  
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The Adhesion of Vapor-Deposited Molybdenum Coatings 
S. T. Wlodek 1 and J. Wulff 

Department of Metallurgy, Massachusetts Institute o] Technology, Cambridge, Massachusetts 

The reduct ion of molybdenum p~ntachlor ide  wi th  
hydrogen has often been proposed as a method of 
producing a dense molybdenum coating (1, 2). The 
exploi ta t ion of this process has been advanced re -  
cent ly by a theore t ica l  t r ea tmen t  of the p la t ing 
kinet ics  (3) and the deve lopment  of a technique 
capable  of p la t ing large  art icles  (4) wi th  vapor  de-  
posi ted molybdenum�9 

The purpose of this note is to repor t  on the  factors 
which control  the adhesion of the molybdenum 
coating, res t r ic t ing the discussion to the  format ion  
of the p la te  on a metal l ic  base. The most impor tan t  
var iables  which affected the  adherence  of the molyb-  
denum pla te  s tudied in this inves t igat ion were:  
pur i ty  of raw materials ,  sample prepara t ion ,  and 
the chemical  composit ion of the ma te r i a l  being 
coated. 

Experimental 
The p la t ing  technique used in this s tudy was 

basical ly  the same as tha t  descr ibed by  Spaci l  and 
Wulff (3). H i g h - p u r i t y  molybdenum pentachlor ide  
was p repared  by  the chlor inat ion of mo lybdenum 
powder  fol lowed by the redis t i l la t ion  of the resu l t -  
ant product  to p repa re  a f ract ion free of oxychlo-  
r ide contamination�9 Af te r  purif icat ion by  passing 

1 U n i o n  Ca rb ide  Meta l s  C o m p a n y ,  N i a g a r a  Fa l l s ,  N. Y. 

over copper gauze (500~ fol lowed by  a d ry  ice 
t rap  and a magnes ium get ter  (500~ hydrogen  
(36 1/hr) was passed over solid molybdenum pen ta -  
chlor ide and sa tu ra ted  with  the  pentachlor ide  vapor.  
The degree of sa tura t ion  was kep t  constant  by  ad-  
jus t ing the  t empe ra tu r e  (100-120~ of the pen ta -  
chlor ide so tha t  the color of the resu l tan t  gas mix -  
ture  compared  to an empir ica l ly  a r r ived  at s t andard  
( sa tura ted  solution of me thy l  orange in wa te r  d i -  
lu ted 1:400 in alcohol)�9 The H~-MoCL gas mix tu re  
was then in t roduced into the react ion chamber  
where  the pla te  was deposi ted on the inside of 0.5- 
in. diameter ,  4.0-in. long tubes of the mate r ia l  to be 
plated�9 The reduct ion conditions in the actual  p l a t -  
ing chamber  were  900~ and a pressure  of 2.0 cm 
Hg. The whole system was constructed of Py rex  or 
Vycor. 

Af te r  plat ing,  the re la t ive  room t empera tu re  ad-  
herence of the  base m e t a l - m o l y b d e n u m  pla te  as-  
sembly  was de te rmined  by  compressing the sec- 
tions of the as -p la ted  tubing to 50% of the ini t ia l  
d iamete r  and by  complete ly  flat tening sections 
taken  para l l e l  to the  length axis of the or iginal  as-  
p la ted  tube. As shown in Fig. 1, these tests a l lowed 
an empir ica l  charac ter iza t ion  of five classes of ad-  
hesion; the  first represent ing  a bond s t rength  which 
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Table I. Effect of base material on adherence 

B a s e  m a t e r i a l  

T h i c k n e s s  
of  m o l y b d e -  

n u m  p l a t e ,  A d h e s i o n  
in.  x 10 a r a t i n g *  

Fig. 1. Typical results of adhesion tests showing examples 
of the five main classes of adhesion. 

e x c e e d e d  the  t ens i l e  s t r e n g t h  of a s - p l a t e d  m o l y b -  
d e n u m ;  t h e  f if th a b o n d  w e a k  enough  to r e s u l t  in 
t h e  c o m p l e t e  ex fo l i a t i on  of the  coa t ing  a f t e r  t es t ing .  

In  r e g a r d  to the  ro le  of p l a t i n g  cond i t ions  on a d -  
he rence ,  t h e  effect of s a m p l e  p r e p a r a t i o n  and  acc i -  
d e n t a l  c o n t a m i n a t i o n  of t h e  p e n t a c h l o r i d e  w i t h  
o x y c h l o r i d e s  w e r e  f o u n d  to be  cr i t ica l .  Su r f aces  
c l e aned  b y  c h e m i c a l  e t ch ing  w e r e  f o u n d  p r e f e r a b l e  
to those  p r e p a r e d  b y  m e c h a n i c a l  c lean ing .  The  
p re sence  of o x y c h l o r i d e s  in t he  p l a t i n g  sys tem,  
w h i c h  w e r e  s u b s e q u e n t l y  r e d u c e d  to p r o d u c e  l a y e r s  
of MoO~ in the  p la te ,  d e s t r o y e d  a n y  adhe rence ,  even  
if the  ox ide  f i lms w e r e  less t h a n  10-' in. th ick .  In  
add i t ion ,  if  an  o x i d e - c o n t a m i n a t e d  m o l y b d e n u m  
p l a t e  was  depos i t ed  on i ron  or  n ickel ,  bu lg ing  or 
b l i s t e r i n g  of t h e  p l a t e  w o u l d  occur  o f t en  (Fig .  2) .  
S ince  th is  s t r u c t u r a l  de fec t  was  o b s e r v e d  on ly  w h e n  
MoO~ was  p r e s e n t  a t  an  i n t e r f ace  h i g h l y  p e r m e a b l e  
to h y d r o g e n ,  t he  b l i s t e r i n g  could  h a v e  been  p r o -  
duced  b y  e n t r a p m e n t  of s t e a m  due  to t he  r e d u c t i o n  
of the  m o l y b d e n u m  ox ides  b y  the  h y d r o g e n  t h a t  can 
dif fuse  t h r o u g h  t h e  n i c k e l  or  i ron  base.  

The  effect of s a m p l e  compos i t ion  on the  a d h e r -  
ence  of the  a s - p l a t e d  m o l y b d e n u m  was  s t ud i ed  b y  
p l a t i n g  spec imens  of p u r e  iron,  1020 and  1030 p l a in  
c a r b o n  steel ,  18-8 s t a in less  s teel ,  p u r e  copper  and  
nickel ,  and  Inconel .  In  add i t ion ,  p u r e  i ron,  and  in 
some eases  low c a r b o n  steels ,  e l e c t r o p l a t e d  w i th  

Pure copper 28.0 2 
Pure nickel 7.0 1 
Inconel 3.0 1 

Pure iron 2.0 4 
1020 steel 3.0 5 
1030 steel 2.0 4 
18-8 stainless steel 7.0 3 

Chromium (0.001-in.) plated iron 8.0 3 
Copper  (0.001-in.) p la ted  iron 6.0 1 
Cobalt  (0.001-in.) p la ted  iron 8.0 1 
Nickel  (0.002-in.) p la ted  iron 8.0 1 
Nickel  (0.0008-in.) p la ted  iron** 6.0 1 
Rhodium (0.0006-in.) p la ted  i ron 8.0 1 
Chromized 1020 steel  3.0 5 
Nickel  p la ted  (0.0003-in.) 1030 2.0 1 

steel* * 

* See  F ig .  1 f o r  c l a s s i f i c a t i on  of a d h e s i o n  r a t i n g s .  
** R e p l a c e m e n t  n i c k e l  p h o s p h i d e  c o a t i n g ,  a l l  o t h e r  e l e c t r o l y t i c .  

nickel ,  cobal t ,  copper ,  c h r o m i u m ,  and  r h o d i u m  w e r e  
also e v a l u a t e d .  As  i n d i c a t e d  in T a b l e  I, s a t i s f ac to ry  
a s - p l a t e d  a d h e s i o n  of the  m o l y b d e n u m  p l a t e  could  
not  be  o b t a i n e d  on p u r e  i ron,  s ta in less ,  l o w - c a r b o n  
steel ,  or  on c h r o m e - p l a t e d  sur faces .  Nicke l ,  copper ,  
and  Inconel ,  or  any  of t he  i r on  or  s tee l  s amples  
w h i c h  had  been  e l e c t r o p l a t e d  w i t h  n ickel ,  cobal t ,  
copper, or rhodium before vapor plating with molyb- 
denum exhibited excellent as-plated adherence. 

Metallographic examination of samples of pure 
iron, 18-8 stainless steel, or chromium-electroplated 
iron, vapor plated with molybdenum did not indi- 
cate that surface oxide films on these materials 
were responsible for the pGor adherence. Since ap- 
preciable amounts of iron and especially chromium 
chlorides were produced during plating experiments 
on iron- and chromium-rich surfaces, reaction with 
chlorides must have occurred during the plating of 
these materials. The degree of reaction was strong 
enough to remove any oxide films originally present. 

Fig. 2. Vapor deposit of molybdenum (top) on iron (bot- 
tom). Note the thick band of MoO2 and the associated "blis- 
ter." Etched with alkaline ferricyanide. Magnification 250X 
before reduction for publication. 

Fig. 3. S.A.E. 1030 steel (left side) coated with molybde- 
num (right side). Note the thin band of Mo2C at the interface 
and Mo2C inclusions in the plate. Etched with alkaline ferri- 
cyanide. Magnification 750X before reduction for publication. 
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Table II. Hardness and width of the intermetallic phases formed 
in the interface between molybdenum coating and material 

on which it is deposited 
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Charac- Hardness* 
t e r i s t i c  V .P .N .  W i d t h , *  

S y s t e m  a d h e r e n c e  P h a s e  16-g l o a d  in .  • 10 -8 

Mo-Cu 1 to 2 immis-  - -  - -  
cible 

Mo-Co 1 Mo,,Co7 1700 18 
MoCo~ 1050 15 

Mo-Fe  4 Mo~Fe~ 750 20 

Mo-Ni  1 MoNi 1200 28 
MoNt, 1600 17 

Mo-Rh 1 Epsilon 1500 18 

* As  m e a s u r e d  o n  s a m p l e s  a n n e a l e d  100 h r  a t  900~ a f t e r  p l a t i n g .  
I d e n t i f i c a t i o n  of p h a s e s  a f t e r  H a n s e n  a n d  A n d e r k o  (6) .  

E v i d e n c e  of g r a i n - b o u n d a r y  a t t a c k  of c h r o m i u m -  
r ich  su r f aces  bu t  no t  of c h r o m i u m - f r e e  s tee ls  was  
of ten  noted .  

A l t h o u g h  the  c a r b u r i z a t i o n  (Fig.  3) of t h e  m o l y b -  
d e n u m  p l a t e  depos i t ed  d i r e c t l y  on a s tee l  was  b e -  
l i eved  to b e  t he  m a i n  r ea son  for  t he  poor  adhes ion  
a l w a y s  f o u n d  w i t h  c a r b o n  s tee l  spec imens ,  t he  poor  
b o n d i n g  e x h i b i t e d  b y  s ta in less  s teel ,  p u r e  iron,  or  
c h r o m i u m - p l a t e d  spec imens  was  no t  f o u n d  to be  
r e l a t e d  to t he  f o r m a t i o n  of b r i t t l e  f i lms of i n t e r -  
m e t a l l i c  c o m p o u n d s  at  t h e  m o l y b d e n u m - b a s e  m e t a l  
in te r face .  Indeed ,  no c o r r e l a t i o n  was  f o u n d  b e t w e e n  
the  h a r d n e s s  ( T a b l e  I I )  or  w i d t h  of t he  i n t e r m e t a l l i c  
phases  t h a t  f o r m  on p r o l o n g e d  a n n e a l i n g  (100 h r  a t  
900~ in t h e  i r o n - m o l y b d e n u m ,  n i c k e l - m o l y b -  
denum,  c o p p e r - m o l y b d e n u m ,  c o b a l t - m o l y b d e n u m ,  
or r h o d i u m - m o l y b d e n u m  sys t ems  and  the  a s - p l a t e d  
adhe rence .  I t  shou ld  be  s t r e s sed  t h a t  t he se  o b s e r v a -  
t ions  w e r e  m a d e  on spec imens  w h o s e  i n t e g r i t y  on 
m e t a l l o g r a p h i c  e x a m i n a t i o n  was  e x c e l l e n t  (Fig .  4 
and  5).  

In  add i t ion ,  t he  e x c e l l e n t  r e l a t i v e  b o n d  s t r e n g t h  
of v a p o r - d e p o s i t e d  m o l y b d e n u m  to p u r e  i ron  e lec -  
t r o p l a t e d  w i t h  n ickel ,  copper ,  cobal t ,  or  r h o d i u m  

Fig. 4. Pure iron (bottom) plated with molybdenum (top). 
Note the Mo~Fe7 bond. Etched with nital and alkaline fer- 
ricyonide. Magnification 75X before reduction for publication. 

Fig, 5, Rhodium (0.0006 in.) electroplated pure iron (bot- 
tom) and vapor plated with molybdenum (top). Note thin 
gray band of the molybdenum-rhodium epsdon phase. Etched 
with nital and alkaline ferricyanide. Magnification 200X be- 
fore reduction for publication. 

remain,  ed c o m p l e t e l y  una f f ec t ed  b y  the  100-hr  a n -  
nea l  a t  900~ as long  as t he  e l e c t r o p l a t e  was  t h i c k e r  
t h a n  0.001 in. The  poor  b o n d  s t r e n g t h  of p u r e  i ron  
to p e n t a c h l o r i d e  m o l y b d e n u m  was  no t  i m p r o v e d  b y  
t h e  s ame  annea l .  

Discussion 
These  r e su l t s  i nd i ca t e  t h a t  if c a r b u r i z a t i o n  or  

ox ide  c o n t a m i n a t i o n  of t he  m o l y b d e n u m  p l a t e  is 
p r e v e n t e d ,  t h e  n a t u r e  of t he  i n t e r m e t a l l i c  phases  
t ha t  f o r m  a t  t he  m o l y b d e n u m - b a s e  m e t a l  i n t e r f a c e  
does no t  g o v e r n  the  a s - p l a t e d  adhe rence .  In  a d d i -  
t ion,  t h e  a d h e r e n c e  of t he  p l a t e  a f t e r  p r o l o n g e d  a n -  
nea l ing  is also on ly  s l i g h t l y  a f fec ted  b y  the  g r o w t h  
of b r i t t l e  i n t e r m e t a l l i c  bands .  The  on ly  c o r r e l a t i o n  
b e t w e e n  the  a d h e r e n c e  of p e n t a c h l o r i d e  m o l y b -  
d e n u m  a n d  t h e  n a t u r e  of t h e  su r f ace  on w h i c h  i t  is 
depos i t ed  seems  to be  a c h e m i c a l  one. In  br ie f ,  
m e t a l s  such as i ron  or  c h r o m i u m  w h i c h  fo rm ch lo -  
r ides  m o r e  r e a d i l y  t h a n  m o l y b d e n u m  (5) w e r e  a l -  
ways  found  to be  u n s a t i s f a c t o r y  su r faces  for  v a p o r  d e -  
posi t ion.  Conve r se ly ,  su r faces  r ich  in copper ,  n icke l ,  
cobal t ,  or  r h o d i u m ,  a l l  of w h i c h  fo rm less s t ab le  
ch lo r ides  t h a n  m o l y b d e n u m  (5) ,  cons i s t en t ly  p r o -  
v i d e d  an  e x c e l l e n t  bond  to p e n t a c h l o r i d e  r e d u c e d  
m o l y b d e n u m .  S ince  a p p r e c i a b l e  a m o u n t s  of ch romic  
ch lo r ide  or  f e r r i c  ch lo r ide  w e r e  a l w a y s  f o u n d  in t he  
e x h a u s t  s y s t e m  fo l lowing  p l a t i n g  e x p e r i m e n t s  on 
i r o n -  or  c h r o m i u m - r i c h  sur faces ,  some e x p e r i -  
m e n t a l  jus t i f i ca t ion  for  a s soc ia t ing  poor  a d h e r e n c e  
w i t h  c h l o r i d e  r e a c t i v i t y  exis ts .  I t  is sugges t ed  t h a t  
the  f o r m a t i o n  of ch lo r ides  i nvo lv ing  the  c o n s t i t u -  
en ts  of t he  m e t a l  be ing  p l a t e d  on, d e s t r o y s  t he  a d -  
h e r e n c e  b y  c o n t a m i n a t i n g  the  surface .  Also,  s ince 
this  r e a c t i v i t y  occurs  on ly  w i t h  su r faces  t ha t  f o rm  
m o r e  s t ab l e  ch lo r ides  t h a n  m o l y b d e n u m ,  a r e p l a c e -  
m e n t  r e a c t i o n  cou ld  occur  b e t w e e n  the  m o l y b d e n u m  
ch lo r ide  gas  and  the  cons t i t uen t s  of t he  surface .  
S ince  a n y  r e d u c t i o n  of t he  m o l y b d e n u m  ch lo r ides  
b y  such e l e m e n t s  as i ron  or  c h r o m i u m  wi l l  p r o d u c e  
a p l a t e  of h i g h e r  ch lor ine ,  i ron,  or  c h r o m i u m  con-  
t en t  t h a n  t h a t  o b t a i n e d  b y  h y d r o g e n  r educ t ion ,  a 
l o w e r  p u r i t y  m a t e r i a l  of l o w e r  duc t i l i t y ,  and  thus  
p o o r e r  adhe rence ,  cou ld  form.  
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It  is no t  possible  to associate the  poor adhe rence  
of vapor -depos i t ed  m o l y b d e n u m  to i r o n -  or chro-  
m i u m - r i c h  surfaces w i th  the  presence  of oxide films 
on the  steel or c h r o m i u m  surface.  A n y  films of i ron 
oxide p re sen t  on the  sample  wou ld  be reduced  by  
the  h y d r o g e n  and  chlor ide  p l a t i ng  e n v i r o n m e n t ,  
whi le  the  chromic  oxide films wou ld  be e tched off 
by  the  chlor ide  at tack.  The  con ten t ion  tha t  affinity 
for oxygen  does not  charac te r ize  a s t ra ta  to which  
poor adherence  is to be expected  is bo rne  out  by  the  
exce l len t  adhe rence  found  in  deposits fo rmed  on 
r h o d i u m - p l a t e d  steels or p u r e  Inconel ,  surfaces t ha t  
possess a h igh  affinity for oxygeu  b u t  good res i s t -  
ance  to chlor ide  fo rmat ion .  

F r o m  these  studies,  it  is possible to conclude  t ha t  
adhe ren t  coat ings  of m o l y b d e n u m  can be vapor  
p la ted  onto surfaces which  are  f ree of ca rbon  or 
cons t i tuen ts  tha t  form more  s table  chlor ides  t han  
m o l y b d e n u m .  The coat ing sys tem must ,  of course, 
be so des igned  as to e l im ina t e  oxygen  c o n t a m i n a -  
t ion  of the plate.  By p r e - t r e a t i n g  samples  con t a in ing  
carbon,  iron,  or c h r o m i u m  w~th an  e lec t ropla te  of 
copper, cobalt ,  n ickel ,  or rhod ium,  a d h e r e n t  coat-  
ings can be appl ied  to a lmos t  any  ma te r i a l  s table  at  

the  p la t ing  t empe ra tu r e .  In  closing, it is possible to 
suggest  tha t  s imi la r  c r i te r ia  m a y  govern  the  a d h e r -  
ence of ch romium,  t a n t a l u m ,  or t u n g s t e n  coat ings  
w h e n  they  are p roduced  by  chlor ide  reduct ion .  
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Growth of Single Crystal Silicon Overgrowths 

on Silicon Substrates 
Albert Mark 

U. S. Army Signal Research and Development Laboratory, Fort Monmouth, New Jersey 

A single  crys ta l  si l icon ove rg rowth  has been  p ro -  
duced on a si l icon subs t ra te .  This  p h e n o m e n o n  con-  
firms a f u n d a m e n t a l  p r inc ip l e  for s i l icon showing  
tha t  it  is possible  to have  a vapor  phase  chemical  
reac t ion  b e t w e e n  the  solid and  vapor  of one of its 
compounds.  The si l icon mono laye r s  grow by  accre-  
t ion of a toms f rom the gene ra t i ng  m e d i u m  and  as-  
s imi la te  as a s ingle  c rys ta l  ove rg rowth  to the (100) 
o r i en ta t ion  of the  si l icon subs t ra te .  

The reac t ion  is based on the reduc t ion  of si l icon 
t e t r ach lo r ide  by  hydrogen ,  SiCL ~- 2H~ ~ Si ~ 4HC1, 
us ing  a slow growth  process. The  deposi ted si l icon 
layer  or film has an o rde r ly  atomic la t t ice  and  con-  
t inues  the  i n t e r n a l  la t t ice  s t r uc tu r e  of the  subs t ra te  
c rys ta l  w i thou t  b o u n d a r y  layers  at the  interfaces .  
In  this respect,  the si l icon l ayer  is s y n o n y m o u s  wi th  
and  is an  ex tens ion  in  th ree  d imens ions  (g rowth  in  
vo lume)  of the or ig ina l  subs t r a t e  surface  over  its 
en t i r e  per iphery .  

The deposi t  g rowth  imi ta tes  and  assumes  the 
same g rowth  p a t t e r n  as in i t i a l ly  exposed af ter  an  
acid etch of the  subs t r a t e  face pr ior  to a run .  Ro- 
se t t e - l ike  fo rmat ions  found  in  loosely masked  areas 

c o n t i n u e  the i r  geome t ry  in  e x t e nd i ng  out  and  e m -  
b rac ing  the  l imi ts  of the i r  o r ig ina l  b o u n d a r y  area. 
These  appear  to grow more  p r o m i n e n t l y  a long the i r  
ou te r  bounda r i e s  w i th  the  i n t e r n a l  areas  g r a d u a l l y  
fi l l ing in  as the  g rowth  cont inues .  The mechan ica l  
qua l i t y  of the g r o w n  surface there fore  is d e p e n d e n t  
to a great  ex ten t  on the  in i t i a l  subs t r a t e  geomet r ica l  
configurat ion.  

The deposit  g rowth  e v e n t u a l l y  assumes a dense  
je t  b lack  glassy sur face  which  is difficult to d i s t i n -  
guish  f rom the  o r ig ina l  subs t r a t e  face. F u l l y  de -  
veloped,  this character izes  the  ideal  mechan ica l  
ove rg rowth  surface.  If the  en t i r e  subs t ra te  face is 
loosely masked  wi th  a cover crystal ,  a denser ,  more  
u n i f o r m  qua l i ty  ove rg rowth  resul ts .  This  is a p p a r -  
e n t l y  due  to r educed  heat  losses at the  crys ta l  i n t e r -  
faces. 

E lec t ron  dif f ract ion s tudies  of the  ove rg rowths  
descr ibed were  m a d e  at P u r d u e  U n i v e r s i t y  by  H. J. 
Year ian ,  Professor  of Physics.  His s u m m a t i o n  s ta te -  
m e n t  of his repor t  follows: " F r o m  these resul ts  it 
m a y  be conc luded  tha t  all  of the  regions s tud ied  
were  s ingle  crys ta ls  of at least  fa i r  qual i ty .  On those 
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spec imens  for which  a mask  had  been  used, the  de-  
posits were  th ick  enough  to in su re  tha t  the  resul t s  
r ep resen t  the deposit  and  not  the  subs t ra te . "  

The signif icance of an ove rg rowth  l ayer  of si l icon 
can best  be real ized by  e n u m e r a t i o n  of some of the  
p robab le  e lectronic  appl icat ions .  

1. App l i ca t ion  for f ab r i ca t ing  surface  devices 
(s i l icon deposi ted and  g rowing  out  f rom a sur face) .  
- - ( a )  A n  ove rg rowth  of s ingle  crys ta l  s i l icon of an 
opposite conduc t iv i ty  type  to tha t  of the  si l icon sub-  
s t ra te  c rys ta l  on which  it  is g rown  wi l l  act as a 
"surface junc t ion . "  This impl ies  a diode s t ruc tu re  
form. (b)  A n  ove rg rowth  of s ingle  crys ta l  si l icon 
act ing as a surface  j u n c t i o n  can be processed to 
high or low res i s t iv i ty  values .  (c) A n  ove rg rowth  
of s ingle  crys ta l  si l icon can be of the same conduc-  
t iv i ty  type  as the  si l icon subs t r a t e  fo rming  in t r ins ic  
pp~ or n n  § regions.  (d)  A n  ove rg rowth  of s ingle  
crys ta l  s i l icon as a wide  area  film wi l l  act as a m a -  
t r ix  wi th  its surface con ta in ing  i n n u m e r a b l e  j u n c -  
t ion  poin ts  t h rough  proper  mask ing  techniques .  
(e) A n  ove rg rowth  of a s ingle  crys ta l  s i l icon film 
wi th  a la rge  area  j u n c t i o n  s t ruc tu re  could be made  
sens i t ive  to var ious  forms of rad ia t ion ,  for example ,  
for use in  solar  cells. 

2. Mul t i l aye red  dev i ce s . - -  (a) A l t e r n a t e  over -  
g rowths  of s ingle  crys ta l  s i l icon films on p a r e n t  or 
fore ign  subst ra tes ,  each w i th  its own  discrete  res is-  
t iv i ty  or conduc t iv i ty  type,  wi l l  a l t e r n a t e l y  act as 
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h igh  res is tance  I regions,  pn  and  np  junc t ions ,  and  
pp§ n n  § regions.  (b)  A n  ove rg rowth  of s ingle  c rys -  
ta l  s i l icon can be an  act ive or pass ive  e l emen t  w h e n  
used or incorpora ted  into mi c r omodu l e  circuits.  

3. Miscel laneous  u s e s . - - ( a )  A n  ove rg rowth  of 
s ingle  crys ta l  si l icon a l lowed to grow to on ly  an  ex-  
t r e m e l y  th in  film wi l l  act as a base region  p e r m i t t i n g  
the  fabr ica t ion  of ve ry  h igh f r e q u e n c y  devices. (b)  As 
an  ove rg rowth  of s ingle  c rys ta l  si l icon on a fore ign  
subs t ra te  wi th  a la t t ice  d is tance  closely m a t c h i n g  
tha t  of silicon. In  this  type  of device, the  subs t ra te ,  
if a metal ,  wou ld  act as the  suppor t  med ia  and  as 
one pole of an  e lect r ical  contact .  

The  per fec t ion  a nd  ex tended  use  of this  process 
in  al l  its va r i a t ions  wi l l  p e r m i t  the  u t i l i za t ion  of 
s i l icon in  p r e s e n t l y  u n e x p l o r e d  device areas  t h e r e -  
by  b road ly  inc reas ing  its use fu lness  as a semicon-  
duc tor  mater ia l .  
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ab le  fo r  t h i s  i ssue  w i l l  a p p e a r  i n  the  D i s c u s s i o n  Sec t ion  of the  
D e c e m b e r  1960 JOURNAL. 

The Anodic Oxidation of Zinc and Zinc-Tin Alloys 
at Very Low Current Density 

S. E. S. El Wokkad, 1 A. M. Shams El Din, and H. Kotb 
(pp. 47-51, Vol. 105, No. 1) 

(NOTE:  The  fo l l owing  is Dr. S h a m s  E1 Din ' s  r e p l y  
to the  d i scuss ion  b y  M. P r a z ~ k  w h i c h  a p p e a r e d  in  
t he  D e c e m b e r  1959 Discuss ion  Sect ion,  p. 1072. These  
c o m m e n t s  r e a c h e d  t h e  E d i t o r i a l  Office too la te  to be  
i n c l u d e d  in D e c e m b e r . )  

A. YI. S h a m s  El Din:  Tin and  zinc f o r m  a s imple  
eu tec t i c  s y s t e m  con t a in ing  a b o u t  8% zinc, so t ha t  
t he  e l e c t r o d e p o s i t e d  a l l oy  con ta in ing  20-25% zinc 
consis ts  of t he  eu tec t ic  p lus  some f ree  z i n c /  Be -  
cause  z inc  is t he  m o r e  e l e c t r o n e g a t i v e  of t h e  two  
componen t s ,  t he  e l e c t r o d e  b e h a v i o r  of t he  a l loy  is 
to a g r e a t  e x t e n t  d e t e r m i n e d  b y  the  zinc and  not  b y  
the  t in.  Thus,  for  e x a m p l e ,  in a e r a t e d  3% p o t a s s i u m  
c h l o r i d e  so lu t ion  at  r oom t e m p e r a t u r e ,  t he  e l ec t rode  
p o t e n t i a l  of t he  a l loy  vs. t he  s a t u r a t e d  ca lomel  e lec -  
t r o d e  is a p p r o x i m a t e l y  --1.0 v. The  c o r r e s p o n d i n g  
v a l u e s  of p u r e  t in  and  p u r e  zinc a r e  --0.45 v a n d  
--1.02 v, respec t ive ly ."  

Desp i t e  th is  fact ,  t he  t in  of the  a l l oy  s t i l l  m a n i -  
fests  i t se l f  and  e x e r t s  some of i ts p r o p e r t i e s  on the  
g e n e r a l  b e h a v i o r  of the  a l loy.  The  f inal  b e h a v i o r  of 
t he  a l l oy  need  not,  t he re fo re ,  be  the  a l g e b r a i c  sum 
of i ts cons t i tuen ts .  In  t he  cu rves  g iven  in our  o r ig i -  
n a l  p a p e r  and  also in t he  c u r v e  a c c o m p a n y i n g  t h e  
c o m m e n t s  of Dr. P raz~k ,  i t  is c l e a r l y  shown tha t  
t he  t in  of t he  a l l oy  ox id izes  a f t e r  t h e  zinc. H o w  
m u c h  t h e  t in  o x i d e ( s )  f i lm wi l l  affect  t he  b e h a v i o r  
of t he  zinc is diff icult  to tel l ,  bu t  t he  m a i n  fac t  is 
t h a t  i t  does affect  it. This  is also o b s e r v e d  f rom 
o the r  cor ros ion  e x p e r i m e n t s  e m p l o y i n g  t echn iques  
such  as sa l t  s p r a y i n g  and  h u m i d i t y  tes ts .  Thus,  for  
e x a m p l e ,  sa l t  s p r a y i n g  e x p e r i m e n t s  (20% sa l t  so lu-  
t ion)  w i t h  p u r e  zinc r e s u l t  in the  f o r m a t i o n  of dense  
w h i t e  cor ros ion  p r o d u c t s  w h i c h  a r e  not  o b s e r v e d  in 
t he  case of t he  a l l oy  de sp i t e  i ts  f ree  zinc c o n t e n t /  
H u m i d i t y  tes t s  also r e v e a l  t he  s u p e r i o r i t y  of the  
a l l oy  to t he  zinc. A p p a r e n t l y ,  such d i f f e rence  in b e -  
h a v i o r  b e t w e e n  t h e  a l l oy  and  zinc is to b e  a t t r i b u t e d  
to t he  p r e s e n c e  of t in.  

The  i n t e r e s t i n g  f inding  of Dr.  P raz~k ,  t ha t  t he  b e -  
h a v i o r  of the  a l loy  is no t  t he  sum of i ts  componen t s ,  
m i g h t  be  due  to t he  fac t  t h a t  a f t e r  t he  in i t i a l  d i s -  
so lu t ion  of t he  zinc t he  c o n c e n t r a t i o n  of t he  t in  a t  
t h e  su r f ace  of t h e  a l l oy  becomes  h i g h e r  t h a n  the  
c o r r e s p o n d i n g  v a l u e  in  t h e  b u l k  of t h e  a l loy .  

Deceased.  

2 T i n  Research Inst i tute ,  " T i n - Z i n c  A l l o y  P l a t i n g , "  Technical  
Publ icat ion,  M a r c h  1952. 

The  oc c u r r e nc e  of two  c u r r e n t  h u m p s  in  the  
p o l a r i z a t i o n  cu rve  of z inc  in  Dr.  P r a z ~ k ' s  Fig.  1 
does not  n e c e s s a r i l y  mean ,  in  ou r  opinion,  a b u i l d -  
ing  of a n e w  ox ide  of zinc. I f  zinc is ab le  to fo rm 
two oxides ,  t h e n  i t  shou ld  r e v e a l  th is  p r o p e r t y  also 
in the  g a l v a n o s t a t i c  cu rves  as do the  o the r  m e t a l s /  
The  first  c u r r e n t  h u m p  in Fig .  1 s t a r t s  at  a p o t e n t i a l  
of abou t  --1.2 v w h i c h  is in  good a g r e e m e n t  w i th  
t he  p o t e n t i a l  of t he  s y s t e m  Z n / Z n O  at  th i s  pH 
va lue .  A c o r r e s p o n d i n g  s tep  is also r e p o r t e d  in  our  
pape r .  The  second,  smal l e r ,  o x i d a t i o n  s tep  s t a r t s  a t  
a b o u t  --0.6 v, a n d  a s i m i l a r  s t ep  is not  o b s e r v e d  in 
our  p o l a r i z a t i o n  curves .  In  our  opinion,  t he  second 
s tep  o b s e r v e d  in t he  p o t e n t i o s t a t i c  e x p e r i m e n t s  of 
Dr. P r a z ~ k  c o r r e s p o n d s  to t h e  t h i c k e n i n g  of t h e  a l -  
r e a d y  p r e s e n t  ox ide  film. S i m u l t a n e o u s  d i s so lu t ion  
in  t he  f o r m  of z inca te  is also to be  expec t ed .  The  
c o n s t a n c y  of t he  c u r r e n t  a s soc ia t ed  w i t h  th is  p rocess  
over  an  i nc r e a s ing  p o t e n t i a l  r a n g e  of a b o u t  1.8 v 
sugges t s  a c o r r e s p o n d i n g  inc rea se  in t he  r e s i s t ance  
of the  s y s t e m  e l e c t r o d e / e l e c t r o l y t e .  The  so lu t ion  
side of t he  s y s t e m  canno t  be  the  cause  of an  inc rease  
in the  res i s t ance ,  first,  b e c a u s e  i t  is a good c o nduc -  
tor,  and,  second,  be c a use  in t h e  p o l a r i z a t i o n  cu rve  
of zinc g iven  in Fig.  1 t h e r e  occur  two  d i f fe ren t  con-  
s t an t  cu r ren t s ,  a fac t  w h i c h  ref lects  the  conc lus ion  
tha t  the  so lu t ion  s ide  of t he  sy s t em canno t  be  the  
cause  of r e s i s t a nc e  increase .  The  cons t ancy  of the  
c u r r e n t  is, t he re fo re ,  to be  a sc r ibed  to the  inc rease  
in the  r e s i s t a nc e  of t he  o x i d e  film. This  can occur  
t h r o u g h  an inc rease  in  t h e  t h i cknes s  of t h e  f i lm 
a n d / o r  the  c los ing  of t he  po re s  of t he  oxide .  Such  
processes  w i l l  h a v e  the  u l t i m a t e  r e s u l t  of dec rea s ing  
the  c o n d u c t i v i t y  of the  su r f ace  film. 

P r o b a b l y ,  if  t he  effect of v a r i a b l e s  such as the  
a l k a l i  c o n c e n t r a t i o n  and  the  p r e s a t u r a t i o n  of the  
so lu t ion  w i th  zinc ox ide  on the  l im i t i ng  c u r r e n t  of 
the  second s tep  w e r e  to be  s tud ied ,  a c l e a r e r  ins igh t  
could  be g a i n e d  conce rn ing  t h e  n a t u r e  of t h e  p r o -  
c e s s ( e s )  t a k i n g  p l a c e  at  t h e  e l e c t r o d e  sur face .  

Before  such  u n d e r s t a n d i n g  of these  p rocesses  at  
t he  su r f ace  of bo th  t he  zinc and  the  a l loy  e l ec t rodes  
is ach ieved ,  t h e  sugges t ion  of a homoge nous  pas s ive  
l a y e r  g r o w i n g  on the  su r f ace  of t he  n o n h o m o g e n o u s  
S n - Z n  a l loy  is to be  c ons ide r e d  as ad hoc. 

Othe r  t h a n  th is  point ,  t he  i n t e r e s t i ng  o b s e r v a -  
t ions  of Dr.  P r a z ~ k  a re  in fu l l  a g r e e m e n t  w i t h  ours .  
Thus,  t he  p o l a r i z a t i o n  c u r v e  of t he  a l l oy  shows 
c l e a r l y  t he  o x i d a t i o n  of b o t h  t he  zinc a n d  t in  a t  
t he i r  r e s p e c t i v e  po ten t i a l s .  The  quan t i t i e s  of e lec -  
t r i c i t y  c o n s u m e d  in the  b u i l d i n g  up  of zinc a n d  t in  
h y d r o x i d e s  on the  a l loy  a r e  less t h a n  those  for  p u r e  

zinc and  t in  a lone.  

:~ S. E. S. E1 W a k k a d  and  S. H. E m a r a ,  J. Chem. Soc., 1952, 461, 
zbld., 1953, 3504, 3508; S. E. S. El  W a k k a d  and  A. M. S h a m s  E1 
Din ,  ibid., 1954, 3094, 3096; S. E. S. E1 W a k k a d ,  A. 1VL S h a m s  E1 
Din.  and  J.  A. E1 Sayed ,  ibid., 1954, 3103; S. E. S. E1 W a k k a d ,  
T. M. Sa lem,  A.M. S h a m s  E1 Din,  and  Z. Hanafi ,  ibid., 1956, 2857. 
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Controlled Potential Reactions of Cadmium and 
Silver in Alkaline Solution 

G. T. Croft (pp. 278-284, Vol. 106, No. 4) 

Indra Sanghi4: W e  h a v e  r e p o r t e d  some g a l v a n o s t a -  
t ic  and  p o t e n t i o s t a t i c  e x p e r i m e n t s  w i t h  zinc 5' 6 and  
h a v e  s im i l a r  w o r k  w i t h  c a d m i u m  in p rogress .  W h i l e  
t he  e x p e r i m e n t a l  p r o c e d u r e  is d i f fe ren t  f rom t h a t  
u sed  b y  Dr. Crof t ,  some  of the  bas ic  i n f e r ences  
f rom the  d a t a  a r e  v e r y  s imi la r .  F o r  th is  reason ,  I 
offer t he  fo l lowing  comment s .  

In  his  pape r ,  Dr.  Crof t  has  m e a s u r e d  cu r ren t s ,  a t  
cons t an t  ove rpo t en t i a l ,  as a func t ion  of t ime.  He  
f o u n d  tha t ,  a f t e r  suff icient  t i m e  h a d  e lapsed ,  c u r -  
r en t  and  t i m e  w e r e  r e l a t e d  b y  an  equa t ion  of t he  
t y p e  I : F ( r  t -1/~. F r o m  this,  he  took  the  ox ide  to 
obey  the  p a r a b o l i c  g r o w t h  l aw  and  i n t e r p r e t e d  
F(~b) as a func t ion  r e l a t i n g  the  r a t e  of r e a c t i o n  to 
t he  ove rpo t en t i a l .  His  bas ic  a s s u m p t i o n  t h a t  t h e  a p -  
p l i c a t i on  of t he  a b o v e  equa t ion  to t he  cur ren t s ,  
measured after suf~cient time, imp l i e s  t h a t  t he  
o x i d e  g rows  f rom t h e  b e g i n n i n g  to the  end in a 
p a r a b o l i c  m a n n e r  is no t  qu i t e  c lear ,  p a r t i c u l a r l y  as 
C h a r l e s b y  7 h a d  shown  tha t  t he  r a t e  e q u a t i o n  w o u l d  
d e p e n d  on the  t i m e  r a n g e  d u r i n g  w h i c h  the  g r o w t h  
is s tud ied .  I n  fact ,  he  has  def ined the  v a r i o u s  t h i c k -  
ness  r a n g e s  in w h i c h  the  l oga r i t hmic ,  t he  cubic,  and  
the  p a r a b o l i c  l aws  can  success ive ly  def ine t he  ox ide  
l a y e r  g r o w t h  u n d e r  t he  same  cond i t ions  and  on the  
same  e lec t rode ,  the  p a r a b o l i c  l a w  t a k i n g  ove r  w h e n  
the  f i lms have  t h i c k e n e d  to a def in i te  ex ten t .  M o r e -  
over ,  D e l a h a y  ~ and  Bie r i  ~ h a v e  shown  t h a t  for  the  
s t u d y  of t h e  It ~I~ r e l a t i o n s h i p  t he  first  few m i n u t e s  
a r e  v e r y  c ruc i a l  in o r d e r  to d e r i v e  any  t h e o r e t i c a l  
conc lus ions  as, l a t e r  on, convec t ion  and  o the r  effects 
i n t e r f e re .  F u r t h e r ,  Dr .  Crof t  found  t ha t  c u r r e n t s  a t  
e q u i v a l e n t  t imes  a f t e r  a p p l i c a t i o n  of t he  s ame  
anod ic  p o t e n t i a l s  w e r e  no t  g e n e r a l l y  r e p r o d u c i b l e .  
T h e r e  is t hen  some d o u b t  a b o u t  t he  s igni f icance  of 
t he  s o - c a l l e d  c o n s t a n c y  of It ~ at  l a r g e  va lue s  of 
t ime.  

Our  own  g a l v a n o s t a t i c  and  p o t e n t i o s t a t i c  s tud ies  ~~ 
on Cd, s i m i l a r  to t h o s e  on Zn, ~'" do no t  l e a d  to a 
cons t an t  Ft in a l l  cases  w h e r e  t he  p a s s i v a t i o n  was  
r e a c h e d  w i t h i n  a f ew  m i n u t e s  (10 m i n ) .  

Dr.  Crof t  f o u n d  t h a t  for  Cd e l ec t rodes  F(4~ ) has  
at  l eas t  one m a x i m u m  and  o f t en  two,  mos t  p r o b -  
a b l y  b e t w e e n  18 and  40 m v  o v e r p o t e n t i a l .  The  s ig -  
n i f icance  of th is  o b s e r v a t i o n  is no t  c lear .  I t  is d o u b t -  
fu l  as to how fa r  t he se  r e p r e s e n t  a c t u a l  l a y e r  g rowth .  
Our  p o t e n t i o s t a t i c  m e a s u r e m e n t s  r e v e a l  tha t ,  in 
K O H  c o n c e n t r a t i o n s  r a n g i n g  b e t w e e n  1 and  3.5 N, 
ac t ive  d i s so lu t ion  occurs  d u r i n g  the  f irst  50 m v  
o v e r p o t e n t i a l .  O n l y  w h e n  the  o v e r p o t e n t i a l  is 

C e n t r a l  E lec t ro  C h e m i c a l  Resea rch  I n s t i t u t e ,  K a r a i k u d i ,  Ind ia .  
(Pzesent  addres s :  G a n n o n  D u n k e r l e y  & Co., L td . ,  P. O. Box  1547, 

For t ,  B o m b a y  1, Ind ia . )  

~I .  S a n g b i  a n d  M. F l e i s e h m a n n ,  Electroch~miea Acta,  1, 161 
(1959.) 

6 I. S a n g h i  and  W. F. K. W y n n e - J o n e s ,  Proc. Indian Acad. ScL, 
47A, 49 (1958). 

TA. Char l e sby ,  Proe. Phys.  Soc. (London) ,  66, B317 (1953). 

s p.  De lahay ,  A n a l  Chem.,  27, 478 (1955). 

O B. Bier i ,  Ph.D.  Thes is ,  B e r n e  U n i v e r s i t y ,  Berne ,  S w i t z e r l a n d  
(1949). 

1o I. S a n g h i ,  This Journal,  Discuss ion  Sec t ion ,  106, 532 (1959). 
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r a i s ed  b e y o n d  50 mv,  a u n i f o r m  c o h e r e n t  ox ide  
l a y e r  s t a r t s  to t h i cken ,  w i t h  d e c r e a s e  of c u r r e n t  
ra te .  A c c o r d i n g  to our  ideas ,  t he  p r e d o m i n a n t  l a y e r  
g r o w t h  occurs  in  t he  c u r r e n t  p l a t e a u  reg ion ,  c l e a r l y  
r e v e a l e d  b y  our  p o t e n t i o s t a t i c  m e a s u r e m e n t s ,  a t  a 
n e a r l y  cons t an t  r a t e  ove r  a w i d e  o v e r v o l t a g e  r a n g e  
(ca  1400 m v )  b e f o r e  o x y g e n  evo lu t i on  commences .  
This  w i d e  r a n g e  of s t u d y  has,  p e r h a p s ,  been  o v e r -  
l ooked  b y  Dr.  Croft .  

Essen t i a l ly ,  th is  l a y e r  g r o w s  as oxide ,  and  on ly  at  
t he  o x i d e / e l e c t r o l y t e  i n t e r f a c e  is i t  p a r t i a l l y  con-  
v e r t e d  into  Cd(OH)~.  The  e lec t rode ,  may ,  t he re fo re ,  
be  p i c t u r e d  as C d / C d O / C d ( O H )  J K O H  solut ion.  

Dr.  Cro f t ' s  o b s e r v a t i o n  t h a t  a h i g h e r  c u r r e n t  is 
r e q u i r e d  to fo rce  the  e l e c t r o d e  to ox id ize  at  30 m v  
t h a n  at  97 m y  is c l e a r l y  e x p l a i n e d  b y  our  p o t e n t i o -  
s ta t ic  m e a s u r e m e n t s  w h i c h  show tha t  in the  ac t ive  
d i s so lu t ion  r eg ion  a h i g h e r  c u r r e n t  i s - s u s t a i n a b l e  at  
a l o w e r  o v e r p o t e n t i a l  t h a n  the  s m a l l e r  cu r r~n t s  t ha t  
can  be  s u s t a i n e d  at  h igh  o v e r p o t e n t i a l s  in t he  
" p se udo  p a s s i v a t i o n  r eg ion"  of 1400 m y  e x t e n d i n g  
f r o m  c a - - 0 . 7  to §  v vs. t he  H g / H g O / N  K O H  
ha l f - ce l l .  

F o r  the  t r i a n g u l a r  w a v e  t r ans i en t s ,  Dr.  Crof t  p r e -  
p o l a r i z e d  Cd a n o d i c a l l y  at  1 m a / c m  ~ t i l l  ~ rose  to 
30 m v  anod ic  w h e n  the  c u r r e n t  was  t u r n e d  off and  
l a t e r  s u b j e c t e d  to t r i a n g u l a r  waves .  Our  cons t an t  
c u r r e n t  p o l a r i z a t i o n  cu rves  i nd i ca t e  t h a t  in  5N 
K O H  (as used  b y  Crof t )  1 ma/cm'- '  w o u l d  inc rease  
the  o v e r p o t e n t i a l  b y  30 m v  in less t h a n  a m inu t e ;  
s u r e l y  i t  w o u l d  not  suffice to r e n d e r  t he  e l ec t rode  
t r u l y  pass ive .  Moreover ,  the  effect of th is  v e r y  
sho r t  anod ic  p o l a r i z a t i o n  w o u l d  be  m o s t l y  los t  d u r -  
ing the  p r o l o n g e d  p e r i o d  in w h i c h  t h e  c u r r e n t  is 
t u r n e d  off a n d  the  e l ec t rode  is a l l o w e d  to come to 
t he  e q u i l i b r i u m  po ten t i a l .  Thus,  t he  e x a c t  s ignif i -  
cance of th is  p r o c e d u r e  is no t  qu i t e  c lear .  

P e r h a p s  i t  was  th is  f ac to r  of obse rv ing  the  Cd 
su r face  in t he  ac t ive  r eg ion  a n d / o r  a f t e r  l e a v ing  i t  
in  t h e  e l e c t r o l y t e  on open  c i r cu i t  for  suff icient  t i m e  
t h a t  was  r e s p o n s i b l e  for  Crof t ' s  o b s e r v a t i o n  of on ly  
C d ( O H ) 2  on the  e l e c t r o d e  surface .  On the  o t h e r  
hand ,  x - r a y  and  e l ec t ron  op t ica l  o b s e r v a t i o n s  of 
H u b e r  and  L a k e  and  Casey  h a v e  c l e a r l y  shown  the  
p r e s e n c e  of CdO. 

S i m i l a r l y ,  Cro f t ' s  o b s e r v a t i o n  of t he  change  of 
o x i d a t i o n  ra te ,  f r o m  the  i n i t i a l  l o g a r i t h m i c  r a t e  to  a 
p a r a b o l i c  r a t e  l a t e r ,  m a y  be  e x p l a i n e d  on t h e  bas is  
of C h a r l e s b y ' s  theor ie s  as i n d i c a t e d  above .  

Our  d e t a i l e d  r e su l t s  a r e  u n d e r  p u b l i c a t i o n  s e p a -  
r a t e ly .  

George T. Croft: Dr. S a n g h i  is qu i te  co r rec t  in t he  
s t a t e m e n t  t h a t  t he  F ( ~ ) t  -11~ r e l a t i o n s h i p  11 implies 
t h a t  t he  h y d r o x i d e  g rows  f r o m  the  b e g i n n i n g  to  t h e  
end  in a p a r a b o l i c  m a n n e r .  On the  o t h e r  hand ,  i t  is 
c l ea r  f r o m  Fig.  2 of t he  d i scussed  p a p e r  t h a t  t he  
en t i r e  g r o w t h  p rocess  is not  d e s c r i b e d  b y  a p a r a -  
bol ic  l a w  and,  in fact ,  mos t  of t he  ox ide  g r o w t h  does  
no t  fo l low the  p a r a b o l i c  law.  H o w e v e r ,  t he  current 
( r a t e  of g r o w t h )  does f i t  a p a r a b o l i c  r e l a t i o n  for  a 
t ime  e q u a l  to a b o u t  70% of t he  t o t a l  t i m e  of o b s e r -  
va t ion .  

11 G. T. Crof t ,  Thi~ Journal,  1@6, 278 (1959). 
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D u r i n g  this  t ime,  the electrode is in  such a s tate  
that ,  if it were  s u d d e n l y  forced to oxidize at a con-  
s t an t  c u r r e n t  dens i ty  of abou t  1 m a / c m  ~, the  elec- 
t rode  po ten t i a l  would  go i m m e d i a t e l y  to the oxygen  
ove rpo ten t i a l  for the  electrode.  A n  electrode in  such 
a s tate  will,  for purposes  of this  discussion, be  con-  
s idered pass ive  or pseudopassive.  It  is for e lectrodes 
in  the pass ive  or pseudopass ive  s tate  tha t  the  p a r a -  
bolic law appears  best  to fit the  data.  F ixed  and  
sweeping  po ten t i a l  m e a s u r e m e n t s  of F ( ~ )  were  
made,  us ing  electrodes in  the  passive state. 

I t  would,  therefore ,  be more  accura te  ( and  pe r -  
haps less confus ing)  to say tha t  Eq. [1] descr ibes  
the  cu r r en t  for a t ime  grea te r  t h a n  tp where  t~ is the 
t ime  r equ i r ed  for pass iv i ty  to set in. 

As regards  the  inf luence  of convec t ion  cu r r en t s  
in  the  electrolyte ,  we found  tha t  the c u r r e n t  
t h rough  the e lect rode (fixed po ten t i a l )  in  the  pas-  
s ive s ta te  was  u n c h a n g e d  if the e lec t ro ly te  was  
st i rred.  If one is s tudy ing  a reac t ion  whose  elec-  
t rode  po ten t i a l  is d e t e r m i n e d  by  the  concen t r a t i on  
in  so lu t ion  of the  ion u n d e r g o i n g  e lec t ron exchange  
at the  e l ec t rode-so lu t ion  in terface ,  the t rue  elec- 
t rode  po ten t i a l  can be observed for on ly  short  
periods of t ime  because,  as the  reac t ion  proceeds,  
local concen t r a t i on  changes  cause convec t ion  cur -  
r en t s  which  give r ise to anomalous  resul ts .  1~ 
Ev iden t ly ,  we  are not  s t udy ing  a p h e n o m e n o n  re -  
la ted  to convect ion  because  of the  long t ime  i n -  
vo lved  and  the  fa i lu re  to observe  convect ion  effects 
direct ly.  

A con t rove r sy  exists  over  the products  of the 
e lec t rochemica l  reac t ion  of c a d m i u m  in  a lka l ine  
solut ion.  I m m e d i a t e  ana lys i s  (by  x - r a y  t echn iques )  
of reac t ion  products  fo rmed  pr ior  to onset  of pas -  
s iv i ty  and  af ter  pass iv i ty  sets in  shows cons i s t en t ly  
no signs of CdO. Cd(OH).~ is the  on ly  reac t ion  p rod-  
uct  we detec ted  in our  l abo ra to ry  by  x - r a y  t ech-  
niques .  This resu l t  is conf i rmed by  the work  of Uno 
Falk,  1'~ who m a d e  a specific search for CdO in  an 
x - r a y  d i f f rac tometer  s tudy  of c a d m i u m  oxida t ion  
and  r educ t ion  in situ. He found  only  Cd and  Cd-  
(OH)~. By we igh ing  exper imen t s ,  he also verif ied 
the reac t ion  as Cd + 2OH- ~ Cd(OH).~ + 2e. Sa l -  
k i n d  1~ has also shown tha t  on ly  Cd(OH)~ forms 
d u r i n g  oxida t ion  of c a d m i u m  in  a lka l ine  e lec t ro-  
lytes. 

Oxide Nucleation and the Substructure of Iron 

E. A. Gulbransen and K. F. Andrew (pp. 511-515, Vol. 106, No. 6) 
J. L. Wal ter  and C. G. Dunnl~: The au thors  state 

tha t  the  g rowth  of oxide nuc le i  may  be re la ted  to 
the n u m b e r  and  a r r a n g e m e n t  of dis locat ions in  the 
u n d e r l y i n g  me ta l  c r y s t a l  They  also s tate  tha t  the  
nuc l ea t ion  centers  become ordered  a long defini te  
c rys ta l lographic  di rect ions  w h e n  the i ron is a n -  
nea led  in  i m p u r e  hydrogen .  They  conclude tha t  

le p. Delahay  Anal.  Chem.,  27, 478 (1955). 

18Uno Falk,  Ba t t e ry  Divis ion  Abs t rac t  No. 27, Elect rochemical  
Society Meeting,  Columbus,  Ohio, Oct. 1959. 

14 A. J.  Salkind,  Ba t t e ry  Divis ion  Abs t rac t  No. 26, Elect rochemical  
Society Meeting,  Columbus,  Ohio, Oct. 1959. 

25 Meta l lurgy  and Ceramics  Research  Dept.,  Research  Lab.,  Gen-  
eral  Electric Co., P. O. Box 1088, Schenectady,  N. Y. 

wate r  vapor  in  the  hyd rogen  is respons ib le  for 
o rde r ing  of the nuc l ea t i on  sites. 

Our  s tudies  of g r a i n  growth  in  h i g h - p u r i t y  i ron  
and  sil icon i ron a n n e a l e d  u n d e r  s l igh t ly  oxidiz ing 
condi t ions  indica te  tha t  the n o n r a n d o m  oxide pa t -  
te rns  corre la te  w i th  the pa t t e rn s  of t h e r m a l  etch 
tha t  exis t  at the surface  of gra ins  of ce r ta in  o r i en -  
ta t ions.  

It  is k n o w n  tha t  i ron  TM and  sil icon i ron  17 wil l  t he r -  
ma l l y  etch w h e n  a n n e a l e d  in a tmospheres  con t a in -  
ing a smal l  a m o u n t  of w a t e r  vapor  or oxygen.  T h e r -  

Fig. ]. 1000 X before reduction for publicQtion 

Fig. 2. 1000 X before reduction for publicotion 

real e tching  wil l  no t  occur if the a tmosphere  is suffi- 
c ien t ly  pure.  Gra in s  h a v i n g  or ien ta t ions  nea r  (100) 
and  (111) at  the g a s - m e t a l  in te r face  t h e r m a l l y  etch 
to s t r ia t ions.  The t h e r m a l  etch steps become curved  
w h e n  the low i nde x  p lanes  (100) a nd  (111) are  
w i th in  1-2 degrees of the p lane  of a s l ight ly  u n e v e n  
surface.  

The  in te rac t ion  b e t w e e n  the t h e r m a l  etch steps 
and  oxides is c lear ly  seen in  Fig. 1 of this  discussion. 
This is a pho tograph  of a sample  of h i g h - p u r i t y  i ron 
a n n e a l e d  for 24 h r  at  875~ in  t a n k  argon.  The  
oxides fo rmed  c i rcu la r  pa t t e rns  s imi la r  to those 
shown by  the au thors '  Fig. 5. A n e a r l y  r a n d o m  
d i s t r i bu t ion  of oxides on a g ra in  n e a r  (112) is 
shown in  Fig. 2 of this  discussion. This  was  a sample  

16j. Benard, $. Moreau, and F. Gronlund, Compt. rend., 246, 
756 (1958). 

17C. G. nunn and J. L. Walter, "On the Thermal Etching of 
Silicon Iron," Letter to the Editor, Acta Met., In press. 
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Fig. 3. 500 X 

Fig. 4, 500 X 

of tv igh-pur i ty  si l icon i ron  a n n e a l e d  at  1200~ for 
1/2 hr  in  t a n k  argon.  Gra in s  of this  o r i en ta t ion  do 
not  show s t rong t h e r m a l  etch pa t te rns .  

Fig. 3 of this  discussion shows a va r i e t y  of oxide 
pa t te rns .  This  sample  of h i g h - p u r i t y  si l icon i ron  was 
a n n e a l e d  for 1 hr  at 1300~ in  pur i f ied  argon.  The 
dew po in t  of the  a rgon  was  - -98~ Al l  th ree  g ra ins  
had (100) p lanes  w i t h i n  3 ~ of the  p l ane  of the 
sample.  I t  can be seen tha t  the  oxides, in  genera l ,  
fo rm in rows along the  t h e r m a l  e tch steps. B e n d i n g  
of the  t h e r m a l  etch steps at  the  groove fo rmed  by  
the in te r sec t ion  of the g ra in  b o u n d a r y  wi th  the  
sample  surface  is c lear ly  visible.  The average  
n u m b e r  of oxides, measu red  at the  a rea  shown  in  
the  photograph,  was 9.1 x 106/cm ~. Af t e r  pho to-  
g r aph ing  the  above  area, ca rbon  was  added  to the  
sample  and  it was  t hen  e lect ropol ished and  elec-  
t roe tched  in  ch rome-ace t i c  acid to p roduce  etch pits 
at d is locat ion sites. F igu re  4 of this  discussion shows 
the  same area  as is shown in  Fig. 3 af ter  the  t r e a t -  
m e n t  to revea l  dislocations.  A separa te  tes t  showed 
tha t  the a m o u n t  of ca rbon  added was  sufficient to 
decorate  the dis locat ions i n t roduced  by  deformat ion .  
I t  is ev iden t  tha t  there  is no r e l a t ionsh ip  b e t w e e n  
the  oxides at the  surface and  the  dis locat ions p re -  
sent  in the  me t a l  since the  n u m b e r  of dis locat ions 
in  the  sample  was es t imated  to be a p p r o x i m a t e l y  
10~/cm ~. 

It  is conc luded  tha t  the p a t t e r n  of the  oxides at 
the  surface  of h i g h - p u r i t y  i ron  and  si l icon i ron  is 
d e t e r m i n e d  by  the  n a t u r e  of the  surface  d i scon-  
t inu i t ies  r a the r  t h a n  by  the a r r a n g e m e n t  of dis loca-  
t ions in  the  u n d e r l y i n g  me ta l  crystal .  

E. A. Gulbransen:  The r e s e m b l a n c e  of t h e r m a l  
e tching  pa t t e rn s  to oxide n u c l e a t i o n  pa t t e rn s  has 
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been  po in ted  out  to us by  Hoar  18 and  by  F ra se r  1~ as 
early, as 1953. We feel tha t  there  m a y  be a r e s e m -  
b lance  b e t w e e n  the  two p h e n o m e n a ,  b u t  we  disagree 
wi th  the  conclus ions  of Wa l t e r  and  D unn .  

U n f o r t u n a t e l y ,  the  e xpe r i me n t s  of Wa l t e r  and  
D u n n  g iven  here  are inconclusive .  The  spots on the i r  
Fig. 3 were  assumed  to be oxide b u t  were  no t  
proven,  whi le  the va lue  of 10~/cm ~ for the  n u m b e r  
of dis locat ions in  Fig. 4 appear  to us to be absurd.  
Si l icon i ron  is a poor m a t e r i a l  to use to d e m o n s t r a t e  
the  r e l a t ionsh ip  b e t w e e n  dis locat ions and  oxide 
nuclei .  At  1300~ select ive evapora t ion  occurs and  
a film of sil ica p r o b a b l y  is fo rmed  on the  surface.  
Solid phase reac t ions  could occur which  wou ld  leave  
res idua l  m a t e r i a l  on the  surface.  

Since w r i t i n g  our  paper ,  we now  feel even  
s t ronger  tha t  nuc l ea t i on  centers  exist  in  metals .  
These cen te rs  are i nvo lved  not  on ly  in  the  fo rma t ion  
of in i t i a l  oxide nuc le i  bu t  in  the  f o r ma t i on  of oxide 
whiskers  and  p la te le t s  ~. These nuc l ea t i on  centers  
can be o r ien ted  by  stress, 21 impur i t i e s  in  the metal ,  
and  by  the  n a t u r e  of the  reac t ion  env i ronrgen t .  = 
Studies  are  now  be ing  made  in  our  l abo ra to ry  to 
e luc ida te  these problems.  W he t he r  these  nuc l ea t i on  
centers  can be re la ted  to the p re sen t  concepts  of 
dis locat ions is p rob l ema t i ca l  at  the  mome n t .  Most of 
the  p re sen t  concepts  of dis locat ions have  been  
developed on the  basis  of mechan ica l  p roper t ies  and  
the  ve ry  compl ica ted  p h e n o m e n a  of etch pits. 

Rectification by Zircaloy 2 in High-Temperature Water  

J. N. Wanklyn and R. Aldred (pp. 529, Vol. 106, No. 6) 
P. Cohen~: In  1950, the wr i t e r  exper ienced  the  

same difficulties r epor ted  by  the  authors ,  n a m e l y  
e lect rolyt ic  corrosion of z i r con ium at  600~ us ing  
60-cycle c u r r e n t  at abou t  6 v, in  hea t ing  a z i r con ium 
spec imen  in  a heat  t r ans f e r  corrosion test. Fa i l u r e  
of the  test  spec imen  occurred  in  200 hr. 

The  p r o b l e m  is a gene ra l  one w he r e  e lectr ical  
hea t ing  of z i r con ium in  h i g h - t e m p e r a t u r e  wa te r  is 
r equ i r ed  for p ro longed  periods.  In  seek ing  a so lu t ion  
to the p rob lem,  the  effect of f r e que nc y  on the  e lec-  
t ro ly t ic  corrosion of z i r con ium in  NaC1 solut ions  
was inves t iga ted  at  room t empera tu r e .  The cor-  
rosion efficiency decreased r ap id ly  and  m o n o t o n i c a l l y  
wi th  inc reas ing  f requency ,  r each ing  v e r y  low va lues  
in f r e q u e n c y  r a nge  400 to 1000 cycles. S ince  it  could 
be most  r ead i ly  procured,  a 400-cycle  50 -kva  a i r -  
craf t  type  gene ra to r  was  obta ined.  Coupled  wi th  an  
ava i l ab le  3000-amp 100-kva  t r ans fo rmer ,  the  400- 
cycle ge ne r a t o r  was  used in  s u b s e q u e n t  tests  of the  
same type.  ~ Actua l ly ,  1000-cycle motor  gene ra to r  
sets of the  size r e q u i r e d  for this type  of work  are  
also ava i l ab le  and  m a y  be more  sat isfactory.  

Is T.  P. H o a r ,  P r i v a t e  c o m m u n i c a t i o n .  

19 M. F r a s e r ,  P r i v a t e  c o m m u n i c a t i o n .  

E. A.  G u l b r a n s e n  a n d  T.  P. e o p a n ,  G e n e r a l  D i s c u s s i o n  of  t h e  
F a r a d a y  S o c i e t y  on  C r y s t a l  I m p e r f e c t i o n s  a n d  t h e  C h e m i c a l  
R e a c t i v i t y  of  Sol ids ,  K i n g s t o n ,  Ont , ,  Sept .  1959. 

E.  A.  G u l b r a n s e n  a n d  T. P. C o p a n ,  " P r o c e e d i n g s  of  t h e  
S y m p o s i u m  on  I n t e r n a l  S t r e s s e s  a n d  F a t i g u e  in  M e t a l s , "  p. 397, 
E l s e v i e r  P u b l i s h i n g  Co.,  N e w  Y o r k  (1959).  

2~ E. A.  G u l b r a n s e n  a n d  T .  P.  C o p a n ,  " P h y s i c a l  M e t a l l u r g y  of  
S t r e s s  C o r r o s i o n  F r a c t u r e , "  p. 155, " M e t a l l u r g i c a l  S o c i e t y  C o n -  
f e r e n c e s  Vol.  4 , "  I n t e r s c i e n c e  P u b l i s h e r s ,  Inc . ,  N e w  Y o r k  (1950).  

~ A t o m l c  P o w e r  Dep t . ,  W e s t i n g h o u s e  E l ec t r i c  Corp . ,  P.  O. B o x  
355, P i t t s b u r g h  30, Pa .  

~ " O u t - o f - P i l e  D y n a m i c  L o o p  T e s t s  of  I r r a d i a t e d  F u e l  M a t e r i a l s , "  
L.  A.  W a l d m a n  a n d  W. T. L i n d s a y ,  J r . ,  W A P D - P W R - C P - 2 9 4 5 ,  p. 
26. O b t a i n a b l e  f r o m  T e c h n i c a l  I n f o r m a t i o n  S e r v i c e ,  U S A E C .  
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On an Ion-Exchange Property of Manganese Dioxide 
A. Kozawa (pp. 552-556, Vol. 106, No. 7) 

Alfons Krause~: In  his  i nves t iga t ion ,  K o z a w a  
f o u n d  an  e x c h a n g e  b e t w e e n  zinc ions  and  H +  ions  
on the  su r face  of MnO~, w h i c h  he  e x p l a i n e d  as oc-  
c u r r i n g  t h r o u g h  h y d r a t i o n  of t he  sur face ;  h o w e v e r ,  
no t  e v e r y  MnO2 is su i t ab l e  for  t he  exchange .  I t  is 
w e l l  known,  and  also m e n t i o n e d  b y  Kozawa ,  t h a t  
MnO2 canno t  be  h y d r a t e d  w h e n  a n n e a l e d  a t  an  
exces s ive ly  h igh  t e m p e r a t u r e ,  w h e r e a s  less a n n e a l e d  
s amp le s  do a d d  w a t e r ,  in sp i te  of be ing  p r a c t i c a l l y  
w a t e r  f ree .  W e  a r e  d e a l i n g  h e r e  w i t h  ac t ive  a n d  
inac t i ve  MnO~, and  d i f fe rences  in s t r u c t u r e  h a v e  no t  
been  cons ide red  b y  K o z a w a  in his  e x c h a n g e - s c h e m e .  
A c c o r d i n g  to th is  o v e r - s i m p l i f i e d  scheme,  each  ox ide  
t h e o r e t i c a l l y  shou ld  be  ab le  to a d d  wa te r ,  r e g a r d l e s s  
of w h e t h e r  or  not  th is  is poss ib l e  in prac t ice .  

In  m y  opinion,  t he se  d i f fe rences  can be  accoun ted  
for  b y  the  r a d i c a l  s t r u c t u r e  ~ w h i c h  accounts  for  t he  
ac t ive  s ta te ,  i.e., t he  ac t ive  s i tes  of a m e t a l  oxide .  
The  a c t u a l  m o d e l  of t he  n o r m a l  s t r u c t u r e  of MnO~ 
is no t  so i m p o r t a n t ,  b u t  r a t h e r  t h a t  on ly  two  t y p e s  
of r ad i ca l s  m a y  be f o u n d  in ac t ive  MnO.., n a m e l y ,  
R=--Mn- and  R - = M n - O - ?  ~ The  l a t t e r  is an e l ec t ron  
accep to r  and  a p o t e n t i a l  anion.  I t  also can  be  con-  
s i d e r e d  as a L e w i s  acid.  The  r a d i c a l  R = M n - ,  
howeve r ,  is an  e Iec t ron  d o n a t o r  and  a poss ib le  
cat ion.  The  r a d i c a l s  d i s a p p e a r  on ly  b y  s t rong  a n -  
ne a l i ng  due  to a " h e a l i n g "  of t he  MnO.~ la t t ice ,  t hus  
m a k i n g  the  ox ide  p r a c t i c a l l y  i nac t ive :  
R---Mn- - O - M n - R  --> R ~ M n - O - M n - = R  ( schema t i c )  

( ac t ive )  ( i n a c t i v e )  
The  r a d i c a l  MnO~ is e n a b l e d  to add  H~O molecu le s  

as e x p r e s s e d  in the  fo l lowing  equa t i on :  
R : M n -  + H~O § - O + M n - R - - >  2R=-Mn-OH 

The  r e s u l t i n g  h y d r o x i d e  r eac t s  f u r t h e r  w i t h  a m -  
m o n i a c a l  zinc ox ide  so lu t ion  w h i c h  is, in fact ,  an  
e x c h a n g e  of h y d r o g e n  for  zinc:  
2 R = - M n - O H  + [Zn(NH~)~C1..,] 

Zn  
2 R -: M n - O  - -  -t- 2 NH,C1 [1]  

2 

F o r  n o n r a d i c a l ,  i.e., i n a c t i v e  MnO~, t he  equa t i ons  
c a n n o t  be  app l i ed .  

The  e x c h a n g e  process ,  i nc iden t a l l y ,  m a y  be  con -  
s i d e r e d  in  a n o t h e r  way ,  n a m e l y  t h a t  t he  MnO,  a s -  
sumes  the  func t ion  of a c h r o m a t o g r a p h i c  co lumn.  
Here ,  also, the  r a d i c a l  s t r u c t u r e  of MnO~ is e s sen t i a l  
as was  shown  p r e v i o u s l y  for  AI~O.~. ~ T h r o u g h  the  
ac t ion  of a m m o n i a ,  the  c h r o m a t o g r a p h i c  co lumn  
(MnO~) a s sumes  a n e g a t i v e  charge ,  w h e r e u p o n  zinc 
ions can be  t a k e n  up.  This  is, in fact ,  an  i n h i b i t e d  
coagu la t i on  of t he  c h r o m a t o g r a p h i c  M n O ~ :  

(R=--Mn-)~ + ( - O - M n - R ) ~  + [Zn(NH~)~CI~] + 
2H~O --> 2 R- - -Mn-OH § 2NH, § + 2 ( O - M n - = R ) -  + 
Zn § -b 2 CF->  Z n ( O - M n - R ) ~  + 2 R - = M n - O H  + 

2NH~ § + 2C1- [2]  

e~ I n s t i t u t e  of I n o r g a n i c  C h e m i s t r y ,  U n i v e r s i t y  of Poznan ,  Poznan ,  
Po land .  

26 A. K r a u s e  and  H. Krach ,  Ber.  deut .  chem.  Ges., 69, 2709 (1936) ; 
A. Krause ,  P r z e m y s l  Chem. ,  28, 267, 558 (1949); A. K r a u s e  in  J.  
A l e x a n d e r ' s  " C o l l o i d  C h e m i s t r y , "  VoL VII ,  p. 175, New York  
(1950). 

'-'v A. Krause ,  Z. anorg, u. allgem. Chem. ,  301, 294 (1959). 

'~ A. Krause ,  Bull .  soc. des  amis  sci. et let tres de Poznan ,  Ser. B. 
XIII, 111 (1956). 

A k i y a  K o z a w a :  I t  s eems  r e a s o n a b l e  to a s sume  
tha t  the  i o n - e x c h a n g e  r e a c t i o n  m o s t l y  t akes  p l ace  
on ly  on the  su r face  of MnO~, s ince  t he  i o n - e x c h a n g e  
r eac t i on  a t t a i n s  at  a e q u i l i b r i u m  in a s h o r t  t ime  and  
i t  is r e v e r s i b l e  on p H  c h a n g e  of t he  so lu t ion  (Fig .  
9 of t he  p a p e r ) .  On the  su r f a c e  of MnO~, t h e r e  ex i s t  
unsa t i s f ied  chemica l  bonds  w h i c h  m i g h t  c o r r e spond  
to "Rad ica l s , "  R=-M- a n d  R - M - O -  m e n t i o n e d  b y  
P ro fe s so r  Krause .  The  f inal  su r face  s t r u c t u r e  of t he  
MnO~ w i t h  the  a d s o r b e d  zinc ion, (R---Mn-O)~Zn,  
p r o p o s e d  b y  P ro fes so r  K r a u s e  [See Eq [1]  and  [2] ;  
I t h i n k  t h e r e  is a m i s t a k e  in Eq. [1] ,  w h i c h  shou ld  
be  2 R ~ M n - O H  -t- Zn(NH~)~CI~ --> ( R = M n - O ) 2 Z n  -t- 
2NH,C1], is qu i t e  s i m i l a r  to t h a t  s h o w n  in Fig.  10. 
Di f fe rence  b e t w e e n  t h e  two  m e c h a n i s m s  is as 
fo l lows :  as the  su r f ace  of MnO~ be fo re  zinc a d s o r p -  
t ion,  he is cons ide r ing  R - M n - O H  r e s u l t i n g  f r o m  
rad i ca l s  R ~ - M n - O -  a n d  R~-Mn-  b y  add ing  H20 
molecules ,  and  I a m  cons ide r ing  R - M n - O H 2  b y  a 
s imp le  h y d r a t i o n .  I do no t  have  e x p e r i m e n t a l  r esu l t s  
to d i s t i ngu i sh  b e t w e e n  the  two.  I t  is, h o w e v e r ,  we l l  
k n o w n  t h a t  m e t a l  ions h y d r a t e  in aqueous  so lu-  
t ions,  and  so i t  w o u l d  be  p e r m i s s i b l e  to cons ider  a 
h y d r a t i o n  of m a n g a n e s e  ions on the  su r f a c e  of ionic 
c r y s t a l  of MnO2 in an  aqueous  solut ion.  

P ro fe s so r  K r a u s e  cons ide r s  t ha t  the  ac t ive  si tes  
of MnO~ surface ,  n a m e l y  the  r a d i c a l  s t ruc tu res ,  a r e  
e ssen t i a l  for  t he  i o n - e x c h a n g e  adso rp t ion .  H o w e v e r  
Fig.  6 shows  tha t  the  a m o u n t  of t he  i o n - e x c h a n g e  
(zinc a d s o r p t i o n )  is p r o p o r t i o n a l  s i m p l y  to the  su r -  
face  a r e a  m e a s u r e d  b y  gas  a d s o r p t i o n  (B.E.T. 
m e t h o d ) ,  r e g a r d l e s s  of those  samples ,  ac t ive  MnO.~ 
or  i nac t i ve  MnO~, w h i c h  w e r e  p r e p a r e d  b y  annea l ing  
the  ac t ive  MnO.~ b e l o w  450~ A c c o r d i n g  to m y  
e x p e r i m e n t a l  resu l t s ,  t he  s a t u r a t e  a d s o r p t i o n  of zinc 
ion in Fig.  8 co r r e sponds  n e a r l y  to t he  m o n o l a y e r  
coverage ,  t h a t  is, e v e r y  two  m a n g a n e s e  a toms  on 
the  su r f a c e  of MnO~ a d s o r b  one zinc ion as shown in 
Fig.  10. F r o m  these  fac t s  on ly  ac t ive  s i tes  w o u l d  
not  be  essent ia l ,  bu t  r a t h e r  a l l  the  su r f ace  of MnO~ 
m a y  be  r e spons ib l e  for  th is  zinc adso rp t ion .  

The Significance of the Flade Potential 
M. J. Pryor (pp. 557-562, Vol. 106, No. 7) 

H. H, Uhlig'-'~: Dr.  P r y o r ' s  m o d e l  fo r  t he  pas s ive  f i lm 
on i ron  i n t r o d u c e s  a n o t h e r  a s s u m e d  s t r u c t u r e  a d d i -  
t i ona l  to s t r uc tu r e s  he quo tes  a s s u m e d  p r e v i o u s l y  
b y  others .  U n f o r t u n a t e l y ,  for  the  p r e s e n t  s ta te  of 
k n o w l e d g e  in th is  field, a n y  of these  mode l s  is no t  
r e a d i l y  p r o v e d  or d i sp roved .  T h e r e  a r e  on ly  f r a g -  
m e n t s  of c i r c u m s t a n t i a l  ev idence  w h i c h  suppo r t  one 
m o d e l  ove r  the  other ,  b u t  as y e t  no c r i t i ca l  e x p e r i -  
m e n t  has  been  p e r f o r m e d  or  offered.  

W e  h a v e  come to accep t  an  a d s o r b e d  fi lm m o d e l  
of the  pas s ive  f i lm ove r  a l l  o the r s  be c a use  i t  a p p e a r s  
to fit in w i t h  the  g r e a t e s t  n u m b e r  of obse rva t ions .  
These  o b s e r v a t i o n s  h a v e  been  s u m m a r i z e d  in a 
p r e v i o u s  p a p e r ?  ~ A m o n g  the  i m p o r t a n t  l ines  of 
ev idence  a r e  t h a t  those  m e t a l s  and  a l loys .  ( t r ans i t i on  
g r o u p )  bes t  ab l e  to c h e m i s o r b  t h e i r  e n v i r o n m e n t  a re  
also those  t ha t  t e n d  to be  pass ive .  F u r t h e r m o r e ,  the  
a l l o y i n g  r e l a t i ons  l e a d i n g  to o p t i m u m  ca t a ly t i c  

2~ Cor ros ion  Lab. ,  Dept .  of M e t a l l u r g y ,  M a s s a c h u s e t t s  I n s t i t u t e  of 
Techno logy ,  C a m b r i d g e  39, Mass.  

3o H. I-I. U h l i g ,  Z. E lek t rochem. .  62, 626 (1958). 
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proper t ies  which  depend  on chemisorp t ion  are s imi -  
lar  to those l ead ing  to o p t i m u m  passivi ty .  In  add i -  
t ion,  the  ca lcula ted  free ene rgy  of fo rma t ion  of the  
chemisorbed  passive film on i ron is close to the ob-  
served va lue  based on m e a s u r e d  heat  of adsorpt ion.  

On the o ther  hand ,  Dr. P ryo r ' s  model  suggests  
tha t  all  meta l s  on wh ich  semiconduc t ing  oxides fo rm 
should exhib i t  pass ive  proper t ies .  This  is no t  the  
case. Copper  on which  a p - t y p e  Cu~O film forms, or 
zinc on which  an  n - t y p e  ZnO film forms, are no t  
passive in  n i t r ic  acid or in  any  aqueous  e n v i r o n m e n t  
in  the  same sense as are  i ron and  chromium.  

The fo rma t ion  of ferr ic  ions on corrosion of pas -  
s ive i ron in  su l fu r i c  acid is r ead i ly  exp la ined  by  
local  act ion cells of which  the adsorbed  passive film 
represen ts  a large cathodic area  in  contact  wi th  ex -  
posed i ron at ve ry  smal l  pores, in  accord wi th  me a s -  
u r e m e n t s  of poros i ty  in  the pass ive  film by  Vetter .  ~1 
High cu r r en t  densi t ies  es tab l i shed  at the  smal l  
anode  sites account  for corrosion products  of va lence  
3 r a t h e r  than,  2, an  effect which  is r ead i ly  observed  
d u r i n g  anodic po la r i za t ion  of i ron  in  sul fur ic  acid 
employ ing  inc reas ing  c u r r e n t  densi t ies .  

M. J. P ryo r :  Professor  Uhl ig ' s  comment s  are r e -  
p re sen ta t i ve  of an  en t i r e ly  di f ferent  v iew as to the  
cause of pass iv i ty  of meta l s  (i.e., adsorp t ion  as op-  
posed to t h r e e - d i m e n s i o n a l  film f o r m a t i o n ) .  These 
di f ferent  v iews on the  n a t u r e  of pass ive  surfaces  
must ,  of necessi ty,  lead to di f ferent  i n t e rp re t a t i ons  
of the m e a n i n g  of the  F lade  potent ia l .  Since these  
opposed views on the m e c h a n i s m  of pass iva t ion  
are wel l  known ,  it appears  idle to r e i t e ra te  t h e m  in 
de ta i l  at this t ime. 

In  order  to exp la in  the  F lade  potent ia l ,  i t  p r e -  
v ious ly  has been  deemed  necessa ry  to assume the  
in i t i a l  exis tence  of e i ther  a t w o - p h a s e  pass iva t ing  
oxide film or an  adsorbed  pass iva t ing  layer  of some 
type.  Nei ther  concept  has rece ived  any  s ignif icant  
e x p e r i m e n t a l  suppor t  f rom s t r u c t u r a l  s tudies  of 
passive i ron surfaces.  Accord ingly ,  it appears  to be  
more  logical  to develop an  e x p l a n a t i o n  of the  F lade  
po ten t i a l  based on the  b r e a k d o w n  of a c rys ta l lo -  
g raph ica l ly  s ing le -phase  pass iva t ing  T-Fe~O~ film. 
The  p resen t  work  shows tha t  such a model  ade -  
qua t e ly  can exp la in  the  F lade  po ten t ia l ,  p rov ided  
tha t  a change  in  defect  s t ruc tu re  w i th  th ickness  is 
assumed.  Such changes  in  defect  s t ruc tu re  w i th  
th ickness  have  been  suggested p rev ious ly  for sulfide 
films on silver2-" 

Professor  Uhl ig  bel ieves  tha t  our  paper  impl ies  
tha t  all  meta l s  wh ich  ca r ry  semiconduc t ing  oxides 
should  develop pass iv i ty  as, for ins tance,  by  i m -  
mer s ion  in  concen t r a t ed  n i t r ic  acid. Such a hypo -  
thesis  is nowhe re  c la imed in the  ar t ic le  nor  is such 
an  impl ica t ion  in tended .  Ins tead,  we have  po in ted  
out  tha t  the F lade  po ten t i a l  observed  on i ron can be 
re la ted  wel l  to e lec t rochemica l  reac t ions  i n v o l v i n g  
pro tec t ive  T-Fe~O. films hav ing  a p - n  defect  s t ruc -  
ture .  We f u r t h e r  have  po in ted  out  how such a fi lm 
s t ruc tu re  m a y  develop  d u r i n g  the  pass iva t ion  of 
iron. 

In  order  for a semiconduc t ive  surface fi lm to 
confer  pass iv i ty  to a metal ,  it is necessa ry  for the  

~1 K. Vet ter ,  Z. Elektrochem. ,  55, 274 (1951). 

3e F. S. S tone ,  Proc. 3rd Int. Congr. React iv i ty  of Solids, Madrid, 
1956, p.  641. 
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film to have  e i ther  a h igh e lec t ronic  resis tance,  a 
h igh ionic resis tance,  or both.  F u r t h e r m o r e ,  the  su r -  
face film mus t  be nonporous  and  compact .  If such 
is no t  the  case, as for i n s t ance  wi th  copper  which  
forms low- res i s t ance  semiconduc t ive  films, t hen  
pass iva t ion  in  the  n o r m a l  sense wi l l  no t  occur. I t  is 
also s ignif icant  to no te  tha t  such meta l s  do not  
n o r m a l l y  exh ib i t  a F lade  potent ia l .  

I t  appears  tha t  one of the  advan tages  of the  
p re sen t  model  lies in  its ab i l i ty  to cover aspects of 
the  F lade  po ten t i a l  which  have  rece ived only  cu r -  
sory a t t e n t i on  in  the past.  For  example ,  most  p r e -  
vious inves t iga tors  have  been  concerned  p r i m a r i l y  
wi th  m e a s u r e m e n t  of the  po t en t i a l  itself. Ra the r  
less a t t e n t i on  has been  d i rec ted  to the d u r a t i o n  of 
the  po ten t i a l  arrest .  It  is of in te res t  to note  tha t  
r epea ted  anodic  pass iva t ion  and  ac t iva t ion  of an  
i ron  spec imen in  su l fur ic  acid resul t s  in  a s teady and  
qui te  spec tacu la r  increase  in  the  d u r a t i o n  of the  
F lade  po ten t i a l  arrest .  This  increase  in  the  d u r a t i o n  
of the po ten t i a l  a r res t  does no t  appear  to be p a r t i -  
cu la r ly  sens i t ive  to the  t ime  for which  the spec imen  
is pe r mi t t e d  to r e m a i n  in  the act ive state. F u r t h e r -  
more, differ ing m e a n s  of i n t e r r u p t i n g  the po la r iz ing  
c u r r e n t  appear  g rea t ly  to inf luence the l eng th  of the  
F lade  po ten t i a l  arrest .  These  obse rva t ions  are diffi- 
cul t  to ra t iona l ize  on the  basis  of e lec t rochemica l  
react ions  u n r e l a t e d  to the  defect  s tate  of the  surface  
oxide films. T h e y  also t end  to confirm the  genera l  
va l id i ty  of the approach  con ta ined  in  our  art icle.  

Peter F. King'S: Dr. P r y o r  is to be  congra tu l a t ed  
for his v a l u a b l e  a t t e m p t  to exp la in  the F lade  p o t e n -  
tial. His e x p l a n a t i o n  is more  sa t i s fy ing  t h a n  some of 
those which  have  been  a t t e m p t e d  in  the  past.  The  
semiconduc t ive  oxide approach  has some th ings  in  
its favor,  bu t  there  are  also some shor tcomings.  One 
of these is the  smal l  a m o u n t  of reac t ion  necessary  
to b r i ng  abou t  pass ivi ty ,  which  is no t  sufficient to 
p roduce  an  oxide fi lm 50.4. thick. It  is t r u e  t ha t  the  
a r g u m e n t  m a y  be made,  and  m a y  be valid,  tha t  the 
onset  of pass iv i ty  has n e v e r  been  s tudied  on an 
abso lu te ly  c lean  me t a l  surface  and  tha t  the  small  
a m o u n t  of reac t ion  u s u a l l y  m e a s u r e d  may,  indeed,  
be  on ly  the  g rowth  of the  excess oxide ion concen -  
t r a t i on  necessary  in  Dr. P r y o r ' s  theory.  E v e n  if 
oxide is no t  p resen t  in i t ia l ly ,  ox ida t ion  of i ron  and 
its al loys in  pas s iva t ing  med ia  occurs in  an ap -  
p a r e n t l y  logar i thmic  fash ion  wi th  t ime, as shown  by  
the  r ecen t  work  of B r a she r  ~ and  S te rn2  ~ It  is l ike ly  
tha t  this  ox ida t ion  resu l t s  in  defect  oxides of the  
type  pos tu la ted  by  Dr. Pryor .  However ,  we do not  
feel tha t  this  oxide d e t e r m i n e s  the  F lade  potent ia l ,  
as it  is on ly  the  result ,  no t  the  cause, of passivi ty.  

We con tend  tha t  the  cause of pass iv i ty  is a l ayer  
of chemisorbed  oxygen  produced  on in i t i a l  i m m e r -  
sion of the  me ta l  into the  pass iva t ing  me d i um.  One  
wou ld  expect,  f rom (a)  the  a p p r o x i m a t e  e q u i v a -  
lence  of the  F lade  po ten t i a l  ob ta ined  on i ron  af ter  
anodic  pass iva t ion  w i th  the  pass iva t ion  potent ia l ,  ~ 
and  (b)  the  equ iva lence  of the  th ickness  of the  film 

~ M e t a l l u r g i c a l  Lab. ,  I ) ow  M e t a l  P r o d u c t s  Co., M i d l a n d ,  Mich .  

:~4 O. K u b a s c h e w s k i  and  D. M. Brashe r ,  Trans. Faraday Soc., 55, 
1200 (1959); D. M. B r a s h e r  and  n .  H. K i n g s b u r y ,  ibid., 54, 1214 
(1958). 

33 M. S te rn ,  This Journal, 106, 376 (1959). 

a~ K. F.  Bonhoef fe r ,  Z. Metallk. ,  44, 77 (1953). 
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on pas s ive  i ron  at  t he  F l a d e  p o t e n t i a l  ~ to t he  
a m o u n t  of r e a c t i o n  w h i c h  occurs  d u r i n g  the  p a s s i v a -  
t ion  process ,  ~ t h a t  the  s u p e r i o r  ox ide  decays  first  
d u r i n g  ac t iva t ion .  The  r e s u l t  ( j u s t  b e f o r e  a c t i v a t i o n  
occurs )  is a f i lm w h i c h  is a lmos t  e q u i v a l e n t  to t he  
f i lm f o r m e d  d u r i n g  the  p a s s i v a t i o n  process .  ~ 

The  m a j o r  a r g u m e n t  in f a v o r  of t he  conc lus ion  
t h a t  c h e m i s o r b e d  o x y g e n  is t he  cause  of p a s s i v i t y  in 
t he  case  of i ron  and  the  i r o n - c h r o m i u m  a l loys  in 
a queous  e n v i r o n m e n t s ,  a p p a r e n t l y  o v e r l o o k e d  by  
Dr.  P r y o r ,  is t he  e q u i v a l e n c e  of t he  e x p e r i m e n t a l l y  
o b s e r v e d  F l a d e  p o t e n t i a l  w i t h  t h a t  ca l cu la t ed ,  a l be i t  
r ough ly ,  f r o m  t h e  hea t  of a d s o r p t i o n  of o x y g e n  on 
i ron?  ~ I t  is h o p e d  t h a t  s i m i l a r  c o m p a r i s o n s  can  be  
e x t e n d e d  to o t h e r  cases, such as t he  a l loys  of i ron  
and  c h r o m i u m ,  w h e r e  the  F l a d e  po t en t i a l s  have  
been  m e a s u r e d  b u t  the  hea t s  of a d s o r p t i o n  a r e  not  
y e t  ava i l ab le .  

M. J. Pryor:  Dr. K i n g ' s  d i scuss ion  is a p p r e c i a t e d  
and  ra i ses  s e v e r a l  i m p o r t a n t  poin ts .  I t  is f irst  w o r t h  
w h i l e  to p o i n t  ou t  t h a t  t he  i n t e r p r e t a t i o n  of the  
F l a d e  p o t e n t i a l  a d v a n c e d  b y  P ro fe s so r  Uhl ig  and 
Dr.  K i n g  '1 and  t h a t  a d v a n c e d  b y  the  w r i t e r  h a v e  one 
i m p o r t a n t  f e a t u r e  in common.  Bo th  i n t e r p r e t a t i o n s  
i n v o l v e  the  r e d u c t i o n  of o x y g e n  assoc ia t ion  in some 
m a n n e r  w i t h  t he  pas s ive  i ron  sur face .  The  m a i n  
d i s a g r e e m e n t  cen te r s  a r o u n d  the  m a n n e r  in wh ich  
this  o x y g e n  is d i sposed  on the  pa s s ive  su r f ace  (i.e., 
as an  a d s o r b e d  l a y e r  or  as p a r t  of a n o n s t o i c h i o -  
m e t r i c  ox ide  f i lm)  and  w h e t h e r  th is  o x y g e n  p e r  se is 
r e s p o n s i b l e  for  pas s iv i ty .  

S e v e r a l  fac tors ,  as p o i n t e d  ou t  in the  r e p l y  to 
P r o f e s s o r  Uh l ig ' s  d iscuss ion,  f a v o r  the  v i ew  t h a t  the  
o x y g e n  is a s soc ia t ed  w i th  a n o n s t o i c h i o m e t r i c  ox ide  
film. These  i nc lude  the  s e n s i t i v i t y  of the  l e n g t h  of 
t h e  F l a d e  p o t e n t i a l  a r r e s t  to t he  m a n n e r  in wh ich  
the  p a s s i v a t i n g  p o t e n t i a l  is i n t e r r u p t e d .  If, for  
ins tance ,  p a s s i v a t i o n  of i ron  is a c h i e v e d  a n o d i c a l l y  
in 1.0N su l fu r i c  ac id  at  a p o t e n t i a l  of ~0 .8  v ( h y -  
d r o g e n  sca le )  and  the  p o l a r i z i n g  vo l t age  is i n t e r -  
r up t ed ,  t hen  a c h a r a c t e r i s t i c  l e n g t h  of F l a d e  p o t e n -  
t i a l  a r r e s t  m a y  be  d e t e r m i n e d .  This  d u r a t i o n  
d e p e n d s  on the  t ime  of anodic  po l a r i za t i on ,  t he  
v o l t a g e  app l i ed ,  and  the  s p e c i m e n  h i s to ry .  I f  t he  
s p e c i m e n  is p o l a r i z e d  for  the  s ame  t i m e  at  0.8 v 
and  the  p o l a r i z i n g  p o t e n t i a l  is t hen  r e d u c e d  
s m o o t h l y  and  q u i c k l y  to 0.6 v a f t e r  w h i c h  the  
po l a r i z i ng  v o l t a g e  is aga in  i n t e r r u p t e d ,  t he  l e n g t h  
of t he  F l a d e  p o t e n t i a l  a r r e s t  is g r e a t l y  sho r t ened .  
In  e x t r e m e  condi t ions ,  the  a r r e s t  m a y  be  v i r t u a l l y  
e l i m i n a t e d .  Such  an  o b s e r v a t i o n  fits we l l  w i t h  the  
concep t  of  a p - n  l a y e r  of T-Fe~O~ in w h i c h  the  d i s -  
t r i b u t i o n  of p - t y p e  defec t s  is f ield s tab i l i zed .  I t  is 
also a diff icult  o b s e r v a t i o n  to e x p l a i n  on p u r e l y  
e l e c t r o c h e m i c a l  g r o u n d s  u n r e l a t e d  to the  de fec t  
s t r u c t u r e  of a t h r e e - d i m e n s i o n a l  su r f ace  film. 

W h i l e  the  a g r e e m e n t  b e t w e e n  the  c a l c u l a t e d  
"hea t s  of a b s o r p t i o n "  for  t he  O'O~ l a y e r  r e f e r r e d  to 
by  Dr. K i n g  a n d  the  F l a d e  p o t e n t i a F  ~ is impres s ive ,  
i t  shou ld  be  r e a l i z e d  t h a t  t h e r e  is a v e r y  b r o a d  a s -  

,8~K.  G. Wel l ,  Z. Elektrochem.  59, 711 (1955).  

3s p.  F. K i n g  a n d  I t .  I-I. U h l i g ,  J. Phys.  Chem. 

~9 H.  H.  U h l i g  a n d  P.  F.  K i n g ,  This Journal, 100, 1076 (1959).  

40 H.  H.  U h l i g  a n d  P.  F.  K i n g .  This Journal,  106, 1 (1959).  

41 H.  H.  U h l i g  a n d  P.  F.  K i n g ,  This Journal, 106, 1 {1959). 

s u m p t i o n  i n v o l v e d  in these  ca lcu la t ions .  In  the  
absence  of s u p p o r t i n g  da ta ,  a p p l i c a t i o n  of resu l t s  
of T o m p k i n  ~2 on c h e m i s o r p t i o n  of d r y  gaseous  o x y -  
gen  to t he  r a t h e r  spec ia l i zed  O.O~ l aye r ,  b e l i e v e d  b y  
Uhl ig  and  K i n g  to ex i s t  u n d e r  p a s s i v a t i n g  cond i -  
t ions,  a p p e a r s  to be  of u n c e r t a i n  t e chn i ca l  va l i d i t y .  
Unless  th is  e x t r a p o l a t i o n  can be  e x p e r i m e n t a l l y  
just i f ied,  i t  shou ld  be  r e a l i z e d  t h a t  t he  a g r e e m e n t  
b e t w e e n  the  c a l c u l a t e d  hea t s  of a d s o r p t i o n  and  the  
F l a d e  p o t e n t i a l  is s p e c u l a t i v e  in n a t u r e .  

Surface to Volume Considerations in the 
Palladium-Hydrogen-Acid System 

J. P. Hoare (pp. 640-643, Vol. 106, No. 8) 
Gilbert  W. Caste l lan ~ and Robert  J. Fallon44: We 

be l i e ve  t h a t  t he  r e su l t s  o b t a i n e d  in th is  i nves t i ga t i on  
can be  g iven  a s i m p l e r  i n t e r p r e t a t i o n  t h a n  the  one 
p r o p o s e d  in  the  a r t i c le .  W e  h a v e  m a d e  an  ex t ens ive  
i n v e s t i g a t i o n  ,5 of t he  r a t e  of e n t r a n c e  of h y d r o g e n  
into p a l l a d i u m  in su l fu r i c  ac id  solut ion.  This  i nves t i -  
ga t ion  shows  qu i t e  c l e a r l y  t h a t  the  r a t e - d e t e r m i n i n g  
s tep is t r a n s p o r t  of m o l e c u l a r  h y d r o g e n  t h r o u g h  the  
d i f fus ion l a y e r  of aqueous  so lu t ion  at  the  su r face  of 
the  me ta l .  The  s u b s e q u e n t  steps,  d i s soc ia t ion  at  the  
surface ,  p e n e t r a t i o n  of t he  m e t a l  skin,  and  dif fus ion 
in the  b u l k  meta l ,  a r e  c o m p a r a t i v e l y  fas t .  We  also 
no t i ced  t ha t  t he  l e n g t h  of the  0.050-v p l a t e a u  is 
i n v e r s e l y  p r o p o r t i o n a l  to  t he  r a t e  of i nc rease  of 
H / P d  w i t h  t ime.  W e  d e v e l o p e d  the  r a t e  equa t ion .  
I t  t u r n s  out  t h a t  t he  r a t e  is a func t ion  of a r e a - t o -  
v o l u m e  ra t io ,  the  g e o m e t r y  of the  spec imen,  and  
the  r a t e  cons tan t s  for  t he  s e v e r a l  s teps.  The  a u t h o r  
finds t h a t  t he  l eng th  of t he  0.050-v p l a t e a u  is a 
l i nea r  f u n c t i o n  of v o l u m e - t o - a r e a  ra t io .  This  is a t  
bes t  o n l y  q u a l i t a t i v e l y  in a g r e e m e n t  w i t h  the  r a t e  
equa t ion .  T h e r e  a r e  two  i m p o r t a n t  r ea sons  for  th is :  
the  a u t h o r  used  t h r e e  d i f fe ren t  geomet r i e s ,  bead ,  
foil, w i r e ;  and  we  b e l i e v e  t ha t  he d id  not  g ive  
sufficient  a t t e n t i o n  to the  s t i r r i n g  in t h e  solut ion.  

T h r e e  po in t s  in the  a u t h o r ' s  i n t e r p r e t a t i o n  need  
f u r t h e r  d i scuss ion :  (A)  s lowness  of p e n e t r a t i o n  of 
t he  m e t a l  skin;  (B)  t he  i r r e g u l a r  " s t e p "  t y p e  of 
c u r v e  r e p o r t e d  for  the  r e l a t i v e  r e s i s t a nc e  vs. t ime ;  
(C)  the  " o v e r s h o o t "  of t he  s - p l a t e a u .  

(A)  S k i n  p e n e t r a t i o n :  I f  p e n e t r a t i o n  of the  m e t a l  
sk in  w e r e  the  s low step,  s low c o m p a r e d  to t r a n s p o r t  
to the  sur face ,  and  c o m p a r e d  to d issoc ia t ion ,  t hen  a 
l a y e r  of H a t o m s  shou ld  a c c u m u l a t e  on the  surface.  
This  su r f ace  c o n c e n t r a t i o n  of H a t o m s  should  a p -  
p r o a c h  t h a t  w h i c h  is a p p r o p r i a t e  to t h e / ~ - a l l o y ' a n d  
the  p o t e n t i a l  of the  e l e c t r o d e  shou ld  be  zero  and  no t  
0.050 v. 

(B)  In  ove r  400 e x p e r i m e n t s  on the  m e a s u r e m e n t  
of r e l a t i v e  r e s i s t ance  vs. t ime,  w e  n e v e r  o b s e r v e d  
the  s t e p - w i s e  b e h a v i o r  r e p o r t e d  b y  the  au thor .  W e  
be l i eve  t h a t  the  r ea son  for  th is  is t h a t  in our  e x -  
p e r i m e n t s  t he  cel l  was  smal l ,  the  w i r e  w a s  a s imple  
loop or  he l ix ,  the  h y d r o g e n  flow p r o d u c e d  good 
s t i r r i n g  a n d  e s t a b l i s h e d  a def in i te  d i f fus ion l a y e r  
a t  the  w i r e  surface .  In  t he  a u t h o r ' s  e x p e r i m e n t s  t he  

~ ~  b y  ]3. T r a p n e l l ,  " C h e m i s o r p t i o n , "  p. 215, A c a d e m i c  
P r e s s  Inc . ,  N e w  Y o r k  (1955).  

~3Dept .  of  C h e m i s t r y ,  C a t h o l i c  U n i v e r s i t y  of  A m e r i c a ,  W a s h -  
ing ton ,  n .  C. 

4~ I n s t i t u t e  of  M o l e c u l a r  P h y s i c s ,  U n i v e r s i t y  of  M a r y l a n d ,  B a l t i -  
m o r e ,  Md .  

45 R. J .  F a l l o n  a n d  G.  W. Cas t e l l an ,  J. Phys.  Chem.,  64, 4 (1960).  
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cell is long, 19 cm, and  the wi re  is s t re tched  d ia -  
gona l ly  across the cell. He says tha t  the  flow ra te  of 
h y d r o g e n  was  a p p r o x i m a t e l y  cons tan t  bu t  gives no 
clue as to where  the  hyd rogen  was  in t roduced ,  or 
how fast  or s teady  the flow ra te  was. We have  not  
observed  the  p l a t eau  at about  R/Ro ~- 1.065 repor ted  
by  F l a n a g a n  and  Lewis  ~6 and  by  the  au thor ;  h o w -  
ever,  in  our  expe r imen t s  the  ra tes  of absorp t ion  
were  u s u a l l y  m u c h  faster  and  our  res i s tance  vs. 
t ime  curves  do show a change  in  slope in  this  
region.  The  typ ica l  dependence  of R/Ro  which  we 
observe  '~ is qu i te  s imi la r  to tha t  r epor ted  in  Fig. 2 
of F l a n a g a n  and  Lewis?  6 

If the  flow ra te  of the  hyd rogen  is cons tan t  as the  
au tho r  claims, and  stirs the  so lu t ion  wel l  enough  to 
es tab l i sh  a defini te  diffusion l ayer  at the  me ta l  su r -  
face, t h e n  we can see no reason  for the  step type  of 
cu rve  which  he observes  in  the  r e l a t ive  res i s tance  
vs. t ime?  ~ On the  o ther  hand,  if the  s t i r r ing  is 
errat ic ,  such an  i r r egu l a r  curve  should  be observed.  

(C) The  " supe r sa tu r a t i on"  or "overshoot"  of the  
a -po t en t i a l :  If, as the  a - a l l oy  reaches  the  s a tu r a t i on  
l imit ,  the  supp ly  of hyd rogen  is res t r ic ted  (due  to 
poor  s t i r r i ng ) ,  then  the hyd rogen  en te r s  ve ry  s lowly 
and  the f l -phase has a longer  t ime  in  which  to 
nuclea te .  The  supe r sa tu r a t i on  which  occurs before  
the  f l -a l loy forms is smal l  and  no overshoot  is 
observed.  If, on the  o ther  hand,  an  amp le  supp ly  of 
H~ is m a i n t a i n e d  as the a - l i m i t  is reached,  the  H~ 
en te rs  qu ick ly  and  the  s u p e r s a t u r a t i o n  reaches a 
no t i ceab le  va lue  before  the f l -phase  nuclea tes .  This  
is exac t ly  ana logous  to supercool ing.  If the me l t  is 
cooled ve ry  slowly, supercool ing  is less l ike ly  to 
occur;  if it is chi l led rapid ly ,  it m a y  wel l  supercool.  
We observe  tha t  the  overshoot  is cons i s t en t ly  more  
p r o n o u n c e d  for smal le r  wires.  This  suppor ts  the 
above exp lana t ion .  The au thor  observes  the  over -  
shoot in  the exact  c i rcumstances  where  the s t i r r ing  
is l ike ly  to have  been  ve ry  g o o d - - t h e  open  he l ix  of 
wire.  We do not  be l ieve  tha t  an  e x t r a o r d i n a r y  su r -  
face film is r e spons ib le  for this  behavior .  Also, we  
have  observed  the  overshoot  too cons i s ten t ly  for 
it  to be  an  accident  in  p repara t ion .  

J. P. Hoare: A l t h o u g h  Cas te l l an  and  Fa l lon  have  
done  v e r y  fine work,  a few c o m m e n t s  m a y  be in 
order.  As one knows,  w h e n  a p a l l a d i u m  sample  is 
i m m e r s e d  in  a wa t e r  solut ion of su l fur ic  acid, the  
surface  wi l l  be covered wi th  adsorbed  wa te r  mo l e -  
cules. W h e n  molecu la r  h y d r o g e n  is b u b b l e d  th rough  
the solut ion,  some of these molecules  wi l l  en t e r  the 
ou te r  He lmhol tz  p l ane  ~ which  is the  closest ap-  
proach of a pa r t i c le  to the sur face  w i thou t  be ing  
phys ica l ly  adsorbed.  Then,  the  h y d r o g e n  wi l l  be 
adsorbed,  p r o b a b l y  by  complex ing  wi th  the  a d -  
sorbed wa t e r  to give hyd rogen  a toms adsorbed on 
the  surface.  These wi l l  t hen  be dissolved in  the  
metal .  The concen t r a t i on  of par t ic les  on the  sur face  
wi l l  con t r i bu t e  to the  m a g n i t u d e  of the potent ia l .  
Cas te l l an  and  Fa l lon  suggest  that ,  if the  solut ion of 
h y d r o g e n  by  p a l l a d i u m  is the slow process, one m u s t  
have  a b u i l d - u p  of adsorbed hyd rogen  a toms on the  
sur face  and  a po ten t i a l  of 50 m v  wou ld  no t  be ob-  

~ T .  B. F lanagan  and F. A. Lewis,  Tra~s. Faraday Soc., 55, 
1409 (1959). 

47D. C. Grahame ,  Chem. Rev. ,  41, 441 (1947). 
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served. This m a y  not  be  the  case since the  b u i l d - u p  
of h y d r o g e n  concen t r a t i on  m a y  take  place in  the 
double  l aye r  as molecu la r  hydrogen ,  if such a 
b u i l d - u p  of h y d r o g e n  exists.  I t  m a y  be possible tha t  
the  H~ in  the  double  l aye r  wi l l  no t  be adsorbed  un t i l  
ce r ta in  surface  condi t ions  are me t  which  are con-  
t ro l led  by  the  so lu t ion  process of hyd rogen  e n t e r i n g  
the p a l l a d i u m  meta l .  

Cas te l l an  worked  wi th  ve ry  smal l  d i ame te r  wires.  
The  repor ted  work  by  Hoare  ind ica ted  tha t  the  
s tep-wise  fo rm of the  cha rg ing  curves  was most  
p ronounced  on wires  of l a rger  d iameters .  The 
p la t eau  at  R / R o  ~ 1.065 is ve ry  shor t  on curves  
t aken  f rom wires  of smal l  d i ame te r  and  migh t  wel l  
be missed. A s t ep -wi se  cu rve  can occur if the  r e -  
s is tance is a f unc t i on  of the  d is tor t ion  in  the  pa l l a -  
d i u m  lat t ice  which  is a func t ion  of the w a y  in  which  
the f l -phase nuclea tes .  If the f l -phase nuc lea tes  by  
the sudden  m e r g i n g  of domains  of the  fl-phase,  a 
series of steps m a y  be reflected in  the  res i s t ance-  
t ime curves.  Fedorova  and  F r u m k i n  ~ have  a r r ived  
at s imi la r  conclusions.  

As far  as the  supe r sa t u r a t i on  effect is concerned,  
it has been  this  au thor ' s  exper ience  tha t  the  over -  
shoot on ly  occurs on electrodes  which have  been  
c leaned and  ac t iva ted  w i t hou t  add i t iona l  mechan i ca l  
stress be ing  appl ied  in  the  m o u n t i n g  of the  elec-  
trode. This  is the  case for Cas te l l an ' s  work.  If, h o w -  
ever, as was  done  here,  the  wire,  af ter  be ing  
prepared,  is w o u n d  abou t  a p o l y e t h y l e n e  fo rm or 
s t re tched  in  moun t i ng ,  the  overshoot  on the charg ing  
curve  is no t  found.  This  suggests  tha t  a film s imi la r  
to t ha t  proposed in  the au thor ' s  paper  has been  
b r o k e n  up  by  the  mechan ica l  stress a nd  the p a l l a -  
d i u m  surface  is exposed. On ly  if the fi lm is intact ,  
as wi th  Cas te l l an ' s  work,  wi l l  the  overshoot  be  
observed since t hen  the  p a l l a d i u m  surface  wi l l  no t  
be  exposed u n t i l  the  film has been  dissolved.  It  is 
the  so lu t ion  process of the film tha t  causes the  ove r -  
shoot in  the  charg ing  curve.  

The Relation of Gas Composition to Current 
Efficiency in an Aluminum Reduction Cell 

T, R. Beck (pp. 710-713, Vol. 106, No. 8) 
Jack D. t tamlin '9:  I have  read  wi th  grea t  in te res t  

the d e v e l o p m e n t  p resen ted  by  Dr. Beck. E n d e a v o r -  
ing to u n d e r s t a n d  fu l ly  his deve lopment ,  i n d e p e n d -  
en t  ca lcu la t ions  have  been  made,  and  a d e v e l o p m e n t  
resul ts  which  leads to somewha t  d i f ferent  conc lu-  
sions. 

Al low me  to a t t e m p t  to m a k e  m y  poin t  by  con-  
s ide r ing  the  electr ic  c u r r e n t  as two components .  First ,  
there  is tha t  f rac t ion  of the  to ta l  c u r r e n t  which  is 
the c u r r e n t  t h a t  is a pa r t  of the e lec t rochemica l  
react ion.  The  second pa r t  of the  c u r r e n t  is tha t  f rac-  
t ion  of the  to ta l  c u r r e n t  which  is no t  t ak ing  pa r t  in  
the  e lec t rochemica l  react ion.  This  pa r t  is e lec t ronic  
conduct ion,  or in  an  ana logous  way,  it  is c u r r e n t  
tha t  is shun t e d  a r o u n d  the  e lec t rochemica l  pa th .  

Now cons ider  on ly  the  f rac t ion  of the  c u r r e n t  
tha t  takes  pa r t  in  the  e lec t rochemica l  react ion.  In  

4s A. Fedorova  and  A. F r u m k i n ,  Zhur.  Fiz. Kh im.  USSR,  To be 
published.  

4~  Engineer ing ,  Reynolds Metals Co., P. O. Box 
191, Sheffield, Ala. 
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t e r m s  of t he  a u t h o r ' s  Eq. [1] ,  th is  a m o u n t  of c u r -  
r en t  p r o d u c e s  4 moles  of a l u m i n u m  and  n mo les  of [2x] 
ca rbon  d iox ide .  S u b s e q u e n t i a l l y ,  -~- moles  of a l u -  

m i n u m  are  r e o x i d i z e d  b y  r e a c t i o n  wl~h CO2- - f rom 
Eq. [2] .  A p o i n t  I w i sh  to e m p h a s i z e  is t h a t  if  n 
moles  of CO2 a re  p r o d u c e d  i n i t i a l l y  t hen  4 mo les  of 
a l u m i n u m  a re  also p r o d u c e d  in i t i a l ly .  

Now cons ide r  t he  f r a c t i o n  of t he  c u r r e n t  t h a t  d id  
not  t a k e  p a r t  in the  e l e c t r o c h e m i c a l  reac t ion .  L e t  us 

Z 
ass ign  a v a l u e  to th is  f r ac t i on  of �9 We can  now 

100 
ask  the  ques t ion :  If  a l l  of the  c u r r e n t  had  t a k e n  p a r t  
in the  e l e c t r o c h e m i c a l  r eac t ion ,  how m u c h  a l u -  
m i n u m  w o u l d  h a v e  been  p r o d u c e d  i n i t i a l l y?  The  
a n s w e r  is: 

( 4 +  1 - -  10---O ' m ~  

I, t he re fo re ,  offer t ha t  if  n mo les  of CO~ a c t u a l l y  
a r e  p r o d u c e d  i n i t i a l l y  as e x p r e s s e d  in Eq. [1]  and  
used  in Eq. [6b]  then ,  l ikewise ,  4 moles  of a l u m i -  
n u m  a re  i n i t i a l l y  p r o d u c e d  and,  consequen t ly ,  Eq. 
[6a]  becomes ,  

% CE = 100 4 - -  10---O 

If  x is t hen  so lved  for  in th is  equa t ion  and  e q u a t e d  
to x as so lved  for  in Eq. [6b] ,  an equa t ion  fo r  c u r -  
r en t  eff iciency r e su l t s  t h a t  is d i f fe ren t  f r o m  t h a t  
p r e s e n t e d  in t h e  pape r .  

3 
o r  

% CE = k(1/2% CO= + 50) 

Using  the  d a t a  p r e s e n t e d  b y  Dr. Beck,  the  c o r r e -  
spond ing  va lue s  of k a re  as fo l lows :  

A n o d e  b a k e  t emp,  ~ 

959 1.01 
1,070 0.98 
1,150 0.96 

T. R. Beck: I am grateful to Mr. Hamlin for point- 
ing out that my derivation does not properly ac- 
count for electronic conduction. My assumption that 
electronic conduction and loss of aluminum or other 
reduced species to the lining or atmosphere were 
exactly equivalent was incorrect. I wish to amend 
my derivation to properly include electronic con- 
duction. 

Assume that Z is the per cent loss of equivalent 
aluminum by the mechanisms presented in the 
paper: (a) escape of sodium from cell; (d) forma- 
tion of sodium and/or aluminum carbide with lin- 
ing; (e) oxidation of aluminum during tapping. As- 
sume Z' is percentage of current carried by mech- 
anisms: (b) direct oxidation of reduced species at 
anode; (c) electronic conduction. In Eq. [4a] : 

A -- 1 
A + B 100 

A = 4  
C = 2/3 x 

Z 
D : 4  

100 

Eq. [6a]  t h e r e f o r e  becomes :  

) % CE ~-- I00 - 1 - -  
4 100 

Eq. [6c]  becomes :  

[ 6 - - n + y  ( 5 0 +  1 /2%CO,_ , ) - -Z]  % C E =  3 

(1- z--i 
100 ) a n d  

Eq. [10] beeomes :  

% cE = [g(50 + 1/2% co  -z] ( 1 - - - z ' )  
100 

A l t h o u g h  not  n e c e s s a r i l y  t r ue  for  a l l  a l u m i n u m  
cells,  t h e r e  a re  good r ea sons  for  b e l i e v i n g  t ha t  e l ec -  
t ron ic  conduc t ion  was  not  s ign i f ican t  in  the  10,000- 
a m p  e x p e r i m e n t a l  cell .  E l ec t ron ic  s h u n t  losses can  
be  d i v i d e d  into  s e v e r a l  t ypes :  1. losses  t h r o u g h  
f a u l t y  i n su l a t i on  e x t e r i o r  to the  b a t h ;  2. e lec t ron ic  
conduc t ion  t h r o u g h  t h e  b a t h ;  3. s h o r t  c i rcu i t s  b e -  
t w e e n  anode  and  c a t h o d e - b y  m e t a l  sp lash ing ;  4. 
e l ec t ron ic  conduc t ion  b e t w e e n  a n o d e  and  ca thode  
t h r o u g h  a c c u m u l a t e d  ca rbon  "dus t , "  s l oughed  f r o m  
the  anodes ,  f loat ing on the  b a t h  sur face .  

I t  is ce r t a in  t h a t  t h e r e  w e r e  no s igni f icant  shun t  
losses e x t e r i o r  to t he  b a t h  for  the  e x p e r i m e n t a l  cell ,  
a l t h o u g h  these  h a v e  been  k n o w n  to occur  in c o m -  
m e r c i a l  cel l  l ines.  T h e  w o r k  of F r a n k  and  F o s t e r  ~ 
ind ica t e s  t ha t  e l ec t ron ic  conduc t ion  is no t  s ignif icant  
t h r o u g h  c ryo l i t e  mel t s .  T h e r e  w e r e  no ind ica t ions  of 
sho r t  c i rcu i t s  by  m e t a l  sp l a sh ing  in the  e x p e r i m e n t a l  
cell .  This,  however ,  can  occur  in l a rge ,  h igh  a m p e r -  
age,  c o m m e r c i a l  cel ls  in w h i c h  l a r g e  e l e c t r o m a g -  
ne t ic  forces  ac t ing  on the  m e t a l  p a d  a r e  deve loped .  
I t  is d o u b t f u l  t ha t  t h e r e  was  s igni f icant  shun t  loss 
t h r o u g h  ca rbon  dus t  because  t h e r e  was  on ly  a s m a l l  
a m o u n t  in the  cell,  i ts  c o n d u c t i v i t y  was  poor  because  
i t  was  loose ly  packed ,  and  the  ca rbon  l in ing  was  in -  
s u l a t e d  f rom it b y  a l a y e r  of f rozen  c ryo l i t e  or  
" l edge . "  T h e r e  was  n o t i c e a b l y  m o r e  "dus t "  in t he  
cel l  w h e n  us ing  the  l o w - b a k e  t e m p e r a t u r e  anodes.  
I f  e l ec t ron ic  conduc t ion  t h r o u g h  t h e  dus t  we re  s ig -  
nif icant ,  t hen  Z' w o u l d  have  been  l a r g e r  for  the  l o w -  
b a k e  t e m p e r a t u r e  a n d  the  v a l u e  of k c a l c u l a t ed  b y  
Mr. H a m l i n  w o u l d  be  smal l e r ,  w h e r e a s  t he  r e v e r s e  
was  t rue .  

It should be pointed out that error in metering 
of cell current also would be reflected in the value 
of Z', making it either plus or minus. The shunt and 

ammeter for the experimental cell were calibrated 
and known to be accurate to -+ i/~ %. 

Whether direct oxidation of reduced species at 
the anode occurs is not known, so it is not certain 
that Z' was zero. On the other hand, there was con- 
siderable direct evidence that Z was not zero. As 
was stated in the paper, pockets of sodium metal 
were frequently found condensed in the cell "crust." 

r~ W. B. F r a n k  and  L. M. Fos te r ,  J. Phys.  Chem. 61, 1531 (1957). 
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Metal l ic  sod ium was also found  in  the  ca rbon  l in ing ,  
and  it has been  observed  in  l in ings  of commerc ia l  
cells. I t  is wel l  k n o w n  tha t  sod ium a n d / o r  a l u m i -  
n u m  carbide  is found  in  used cell l in ings .  

Since the re  was  di rect  ev idence  tha t  Z was grea te r  
t h a n  zero and  there  was no ev idence  tha t  Z' was 
not  zero, I be l ieve  tha t  m y  ana lys i s  of the  da ta  is 
correct  as it s tands.  

Influence of Silicon on the High-Temperature 
Oxidation of Copper and Iron 

J. W. Evans and S. K. Chatterji (pp. 860-866, Vol. 106, No. 10) 

J. L. lYIeijering~l: The  au thors  conclude  tha t  the 
di f fus ivi ty  of oxygen  in Fe is m u c h  grea te r  t h a n  is 
c o m m o n l y  supposed. However ,  the i r  resul t s  agree 
sa t i s fac tor i ly  wi th  subscale  m e a s u r e m e n t s  ~ on i ron 
con t a in ing  A1, and  only  the  la rge  d i sc repancy  wi th  
respect  to the m e a s u r e m e n t s  of Bramley ,  et al., ~ is 
apparen t .  The l a t t e r  au thors  t r ea ted  the i r  deoxidiz-  
ing expe r imen t s  w i th  Fe con ta in ing  0.09% oxygen  by 
we igh t  as if the  oxygen  was homogeneous ly  d i s -  
solved, which  led to a far  too smal l  va lue  of the  
diffusion coefficient Do. It  now is ce r ta in  tha t  the 
so lub i l i ty  co is qui te  small ,  and  t h e n  the  e x p e r i m e n t  
in  footnote  53 can be shown to lead to a va lue  of 
abou t  1.5 x 10 -11 cmVsec for coDo at  1000~ ~ if c0 is 
expressed  as a tomic fract ion.  This  is a th i rd  of the  
va lue  deduced f rom the  i n t e r n a l  ox ida t ion  exper i -  
men t s  wi th  Fe  con ta in ing  1% A1 and,  in  v iew of 
the  var ious  unce r t a in t i e s ,  this  m u s t  be cons idered  
as sat isfactory.  

For  compar ison,  we rough ly  ca lcu la ted  coD, f rom 
the 9 9 8 ~  of the  authors ,  us ing  the  equa t ion  

coD~ = x ( x  + x~) Cs,/t, 

where  x~ is the  th ickness  of the  me t a l  l aye r  con-  
ve r ted  into scale. This  equa t ion  is va l id  on ly  for 
smal l  va lues  of Cs~, the  a tomic f rac t ion  of si l icon 
in  the  alloy. I t  is r ead i ly  deduced  f rom section 3 
of footnote  54 (see be low) ,  if one assumes  t ha t  each 
Si a tom captures  on ly  2 oxygen  a toms in  the  s u b -  
scale. This  is no t  cer ta in ,  and  the  p ropor t iona l i t y  

of x~ wi th  ~ / t  ( a s sumed  in  de r iv ing  the  equa t ion )  
is also no t  wel l  fulfil led. Never theless ,  the  va lue  
3 • 10 -~1 cmVsec found  f rom the  subscale  th ickness  
x and  the  weight  increase  af ter  5 hr  at 998~ can be 
said to be  in  a g r e e m e n t  wi th  the  resul t s  of foot-  
notes  52 and  53. 

$. W. Evans and S. K. Cha t t e r j i :  We are  g ra te fu l  
to Dr. Mei j e r ing  for po in t i ng  out  t h a t  our  resu l t s  
r e l a t ing  to the  di f fus ivi ty  of oxygen  in  i ron confirm 
his own  expe r imen t s  wi th  a l u m i n u m  in iron,  and  
those of Bramley ,  et al., which  he has corrected,  and  
s incere ly  regre t  no t  r e f e r r i ng  to his work.  

A l t h o u g h  we were  aware  tha t  the  oxygen  so lub i l i ty  
assumed  by  B r a m l e y  was  p r o b a b l y  too high (see 
Kitchener ,  Bockris,  Gleiser,  and  Evans  ~) and,  t he re -  

51Ph i l ips  R e s e a r c h  Labs . ,  N. V.  P h i l i p s '  Gloeilampenfabrieken, 
E i n d h o v e n ,  T h e  N e t h e r l a n d s .  

~ J .  L .  M e i j e r i n g ,  Acta  Met . ,  3, 157 {1955). 

A.  B r a m l e y ,  F .  W. H a y w o o d ,  A.  T.  Cooper ,  a n d  J .  T .  W a t t s ,  
Trans. Faraday Soc., 31, 707 (1935).  

54 j .  L .  M e i j e r i n g  a n d  M. J .  D r u y v e s t e t j n ,  Philips Research 
Repts.,  ~, 81 (1947).  

$. A.  K i t c h e n e r ,  5. O 'M.  B o c k r i s ,  M. G l e i s e r ,  a n d  J .  W. E v a n s ,  
Acta Met. ,  1, 93 (1953);  Trans Faraday Soc. ,  48, 995 (1952).  

fore, led to a too low va lue  for the  diffusivity,  we 
see tha t  our  o r ig ina l  r e m a r k s  did no t  imp ly  this. 

We w ou l d  l ike  at  this  t ime  to correct  an  e r ror  in  
the o r igna l  paper .  In  the  list of References,  Ref. 18 
should read:  J. W. Evans  and  S. K. Chat te r j i ,  J. 
Phys.  Chem.,  62, 1064 (1958). 

On the Measurement of the Temperatures of 
Unenclosed Objects by Radiation Methods 

A. G. Ernslie and H. H. Blau, Jr. (pp. 877-880, Vol. 106, No. 10) 

Tibor S. Laszlo~: This paper  is a v a l u a b l e  con t r i -  
b u t i o n  to an  old and  st i l l  cont rovers ia l  p rob lem.  
There  is comple te  a g r e e m e n t  on the fact tha t  the  
dua l  color p y r o m e t e r  operates  on the  a s sumpt ion  
tha t  the  emiss iv i ty  does not  change  wi th  the  change  
in  wave  length .  The con t rove r sy  begins  w he re  the  
va l id i ty  of this  a s sumpt ion  is considered.  The re  are 
severa l  r epor ted  data  on dua l  color p y r o m e t r y  wi th  
r e m a r k a b l y  good accuracy  ( •  1/4% at 1700~ It  
is possible tha t  in  these cases the  e x p e r i m e n t a l  con-  
d i t ions  were  such tha t  the  f u n d a m e n t a l  a s s u m p t i o n  
was valid.  The  va lue  of the  p resen t  work  lies in  the 
fact tha t  it  fu rn i shes  i n f o r m a t i o n  on the m a g n i t u d e  
of er ror  w h e n  the emiss iv i ty  does change  w i th  wave  
length .  

This wr i t e r  canno t  bu t  comple te ly  agree w i th  the 
au thors '  conclus ion  tha t  the  emiss iv i ty  has to be 
measured  at  the  t e m p e r a t u r e  w he r e  the  opt ical  
p y r o m e t e r  is to be used. The  paper  quotes  an  emis-  
s iv i ty  m e a s u r e m e n t  me thod  (Ref. 5) at h igh  t e m -  
pe ra tu res ,  us ing  the  solar  furnace ,  which  was  sug-  
gested by  the  wr i te r .  In  the  f r ame  of the  paper ,  
however ,  the  p rocedure  appears  too difficult to p e r -  
form. The  method,  as descr ibed  brief ly in  the  fol-  
lowing,  is r ea l ly  r a the r  simple.  

For  each solar  fu rnace  the re  is a fixed c o n c e n t r a -  
t ion  factor,  i.e., the  ra t io  b e t w e e n  n o r m a l  i nc iden t  
solar r a d i a t i on  i n t ens i t y  a nd  hea t  flux at  the  focal 
zone. This factor  can be d e t e r m i n e d  by  the  me thod  
p re sen t ed  in  the  reference .  Once  this  factor  is 
known ,  the  emiss iv i ty  d e t e r m i n a t i o n  consists  of a 
n o r m a l  i nc iden t  solar  flux m e a s u r e m e n t  us ing  a 
p y r h e l i o m e t e r  and  of a s imu l t aneous  b r igh tness  
t e m p e r a t u r e  m e a s u r e m e n t  at  the  sample  in  the  
focal zone us ing  an  opt ical  pyromete r .  F r o m  the  
inc iden t  solar  flux, the  flux at the  focal zone can be  
ca lcula ted  and,  1tom tins,  the  Diac~ bocty t e m p e r a -  
t u r e  of the  sample.  K n o w i n g  both  the  b lack  body 
and  b r igh tnes s  t empe ra tu r e ,  the  emiss iv i ty  can be 
calcula ted.  

A. G. Emsl ie  and H. H. Blau, Jr.: A n u m b e r  of 
me thods  have  been  suggested  for t e m p e r a t u r e  
m e a s u r e m e n t  in  imag ing  furnaces .  The me thod  57 
which  we  have  found  most  su i tab le  invo lves  di rect  
m e a s u r e m e n t  of the  spect ra l  ref lectance of the hot  
specimen.  Both  the  abso lu te  t e m p e r a t u r e  of the  
spec imen and  the  spect ra l  ref lectance ( and  hence  
spect ra l  emi t t ance )  can be d e t e r m i n e d  f rom meas -  
u r e m e n t s  of three intensities: the monochromatic 
intensities emitted and reflected by the hot spect- 

re R e s e a r c h  a n d  A d v a n c e d  D e v e l o p m e n t  Div . ,  A v c o  M a n u f a c t u r -  
i n g  Corp . ,  W i l m i n g t o n ,  Mass .  

57 H.  H.  B l a u ,  J r . ,  " M e a s u r e m e n t  of F l u x  E m i t t a n c e  a n d  
R e l a t e d  P r o p e r t i e s , "  Pvoc. Int. S y m p o s i u m  on High Temperature  
Technology,  S tanford Research Insti tute,  1960. 



580 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  June  1960 

men,  and  the  m o n o c h r o m a t i c  i n t e n s i t y  i nc iden t  on 
the  hot  spec imen .  The  m e a s u r e m e n t s  can be  p e r -  
f o r m e d  w i t h  an  op t i ca l  p y r o m e t e r  or  o the r  s u i t a b l e  
i n s t r u m e n t .  Th is  m e t h o d  r e q u i r e s  no a s s u m p t i o n s  of 
e q u a l i t y  of s p e c t r a l  and  t o t a l  e m i t t a n c e  or  of a b -  
sence  of c o n d u c t i v e  and  convec t i ve  h e a t  losses b y  
the  s a m p l e  as w o u l d  s eem to be  t he  case  w i t h  
Lasz lo ' s  me thod .  

Herbert  W. N e w k i r k  58 and B. B. BrendenSh We 
h a v e  the  fo l l owing  r e m a r k s  r e g a r d i n g  Ems l i e  and  
B l a u ' s  a r t i c le .  

The  bas ic  p r i n c i p l e  of t h e  t w o - c o l o r  p y r o m e t e r  is 
tha t ,  w h e n  the  r a t i o  of t h e  r a d i a n t  i n t ens i t i e s  f r o m  
the  s a m p l e  a t  t w o  w a v e  l e n g t h s  is d e t e r m i n e d ,  t h e  
u n k n o w n  e m i s s i v i t y  is e l i m i n a t e d .  Eq. [6]  a s sumes  
a t  l eas t  g r a y - b o d y  condi t ions ,  t h a t  is, t h e  e m i s s i v i -  
t ies  a t  t h e  chosen  w a v e  l eng th s  a r e  equal .  In  g e n -  
era l ,  t he  g r a y - b o d y  a s s u m p t i o n  ove r  a w ide  s p e c t r a l  
i n t e r v a l  is no t  va l id .  H o w e v e r ,  n a r r o w e r  s p e c t r a l  
i n t e r v a l s  can u s u a l l y  be  f o u n d  for  i n c a n d e s c e n t  
sol ids  for  w h i c h  the  g r a y - b o d y  a s s u m p t i o n  is va l id .  
The  choice  of t h e  w a v e - l e n g t h  i n t e r v a l  w i l l  be  d e -  
t e r m i n e d  b y  the  a m o u n t  of r a d i a n t  e n e r g y  a v a i l -  
ab l e  and  the  s e n s i t i v i t y  of t h e  r a t i o  to t e m p e r a t u r e  
changes .  ~ I t  is cons ide red  good p r a c t i c e  in  t w o -  
color  p y r o m e t r y  to m a k e  m e a s u r e m e n t s  of s p e c t r a l  
e m i s s i v i t y  for  t he  m a t e r i a l  in ques t ion  in o r d e r  to 
select the optimum spectral interval? I 

It is highly unlikely that the ratio of the emis- 
sivities for any incandescent solid at the two wave 
lengths can be greater than 1.2. In the case of tung- 
sten, for example, the ratio of emissivities is i.i at 
3606~ with kl ~ 0.47 ~ and )t~ = 0.65 ~. Thus, the 
error in the determination of the true temperature 
using a two-color pyrometer cannot be greater than 
2% at this temperature. This accuracy is equal to or 
considerably better than that attained with conven- 
tional pyrometers. Furthermore, two-color pyrom- 
eters offer the advantage of providing an electrical 
output which can be used to drive a recorder, oper- 

ate control instruments, etc. 
Finally, two-color pyrometers are much less af- 

fected by smoke, fumes, and emissivity changes 
during experiments than single-color pyrometers or 
total radiation pyrometers. Work in this labora- 
tory ..... has  i n d i c a t e d  t h a t  t h e  i n c r e a s e d  accu racy ,  
a u t o m a t i o n ,  f r e e d o m  f r o m  e m i s s i v i t y  effect, and  a 
t e m p e r a t u r e  l i m i t  a b o v e  4000~ a re  f e a t u r e s  of 
t w o - c o l o r  p y r o m e t e r s  w h i c h  can  be  used  a d v a n t a -  
geous ly  in m a n y  a reas  of h igh  t e m p e r a t u r e  r e sea rch .  

~s R C A  Labs . ,  R a d i o  Corp .  of  A m e r i c a ,  P r i n c e t o n ,  N. 3". 
n~ G e n e r a l  E l ec t r i c  Co., R i c h l a n d ,  W a s h .  
~OA. I.  D a h l  a n d  W. E. Hil l ,  " T e m p e r a t u r e  M e a s u r e m e n t s - -  

H i g h  T e m p e r a t u r e  P h y s i c s , "  G e n e r a l  E l e c t r i c  Co. ,  S c h e n e c t a d y .  
N. Y., R e p o r t  No.  58GL6,  J a n  24, 1958. 

~*t W. E. Hil l ,  " T e m p e r a t u r e  M e a s u r e m e n t s - - A p p l i c a t i o n s  of  T w o -  
Co lo r  P y r o m e t r y , "  G e n e r a l  E lec t r i c  Co.,  S c h e n e c t a d y ,  N.  Y., R e p o r t  
No. 58GL257,  Sept .  15, 1958. 

62 B. B.  B r e n d e n  a n d  H.  W. N e w k i r k ,  J r . ,  " M u l t i c o l o r  P y r o m e t r y , "  
G e n e r a l  E l e c t r i c  Co.,  R i c h l a n d ,  W a s h . ,  HW-56506 ,  Sep t .  1, 1958. 

6aB. B. B r e n d e n  and H. W. N e w k i r k ,  J r . ,  " A  M u l t i c o l o r ' P y r o -  
m e t e r , "  G e n e r a l  E l ec t r i c  Co.,  R i c h l a n d ,  W a s h . ,  HW-57162  Rev . ,  
Nov.  11, 1958. 

~ B .  B.  B r e n d e n  a n d  H.  W.  N e w k i r k ,  3.r., " A n  I m p r o v e d  R e -  
c o r d i n g  M u l t i - C o l o r  P y r o m e t e r , "  G e n e r a l  E l ec t r i c  Co., R i c h l a n d ,  
Wash . ,  HW-69678 ,  M a y  27, 1959. 

A. G. Emsl i e  and H. H. Blau,  Jr.: E x p e r i e n c e  shows  
t ha t  t h e  t w o - c o l o r  p y r o m e t e r  can  be  used  for  a c -  
c u r a t e  t e m p e r a t u r e  m e a s u r e m e n t  in  spec ia l  cases  
such as those  q u o t e d  b y  N e w k i r k  a n d  B r e n d e n .  T h e  
conclus ions  g iven  in our  p a p e r  a r e  n e v e r t h e l e s s  
s t r i c t l y  t r u e  and  se r ious  e r ro r s  a r e  o f t en  i n t r o d u c e d  
if e q u a l  e m i t t a n c e  a t  t he  two  w a v e  l eng ths  is a s -  
sumed .  F o r  e x a m p l e ,  the  r a t i o  of e m i t t a n c e s  at  0.46 
and  0.65 ~ is 1.97 for  p u r e  copper .  This  d i f fe rence  
w o u l d  l e ad  to a t e m p e r a t u r e  e r r o r  of 5% a t  1000~ 
In  fact ,  g r a y - b o d y  b e h a v i o r  has  b e e n  o b s e r v e d  to 
be  t h e  excep t ion  r a t h e r  t h a n  the  r u l e ?  ~ 

The Action of Nickel and Cobalt in 
Electroluminescent Zinc Sulfide Phosphors 

P. Goldberg (pp. 948-954, Vol. 106, No. 11) 

W. Lehmann~h ( A )  W h a t  do you  k n o w  abou t  t he  
m e a n  p a r t i c l e  sizes and  t h e  p a r t i c l e  size d i s t r i b u -  
t ions  of y o u r  s a m p l e s ?  We k n o w  n o w  t h a t  t hey  m a y  
h a v e  m a r k e d  inf luence  on the  v o l t a g e  d e p e n d e n c e  
of e l ec t ro luminescence .  

(B)  If  t he  m e a s u r e m e n t s  of t he  v o l t a g e  d e p e n d -  
ence  of e l e c t r o l u m i n e s c e n c e  of y o u r  s amples  h a d  
been  e x t e n d e d  to m o r e  decades  of the  b r igh tness ,  
cou ld  not  a d e v i a t i o n  f rom e i t he r  equa t ion  [i.e., 
n = 0 and  n = 1 in L =AV"  exp  ( - - b lV  11~) ] be  e x -  
pec t ed?  

Paul  Goldberg: ( A )  I t  is u n l i k e l y  t ha t  pa r t i c l e  size 
effects or  size d i s t r i b u t i o n  effects e x e r t  a n y  in f lu-  
ence  ( in  these  e x p e r i m e n t s )  ove r  t h e  changes  in 
v o l t a g e  d e p e n d e n c e  of e l e c t r o l u m i n e s c e n c e  occa -  
s ioned  b y  the  i n c o r p o r a t i o n  of n i c k e l  or  cobal t .  A l l  
of t he  spec imens  in  Fig .  4 and  5 of t he  p a p e r  under  
discuss ion,  i nc lud ing  the  control ,  w e r e  p r e p a r e d  
u n d e r  i den t i ca l  t h e r m a l  cond i t ions  f rom s e p a r a t e  
p o r t i o n s  of a s ingle ,  p r e v i o u s l y  c r y s t a l l i z e d  p h o s -  
phor .  The  modi f ie r  w a s  i n c o r p o r a t e d  b y  solid s t a t e -  
diffusion.  No d a t a  ex i s t  as to size or  d i s t r i b u t i o n  of 
sizes of t he  m a t e r i a l s  in ques t ion .  I t  is i m p r o b a b l e ,  
howeve r ,  t ha t  the  d i f fus ion process ,  w h i c h  occu r r ed  
at  800~ c ha nge d  the  size or  d i s t r i b u t i o n  w i t h i n  
t he  f a m i l y  of phosphor s .  F r o m  p r e v i o u s  e x p e r i e n c e  
w i t h  s im i l a r  p r e p a r a t i o n s ,  t he  m e a n  p a r t i c l e  size 
p r o b a b l y  l ies  b e t w e e n  20 and  30 ~. T h e  d i s t r i b u t i o n  
of sizes is most  l i k e l y  l o g - n o r m a l .  

(B)  I t  is poss ib le  t h a t  t he  v o l t a g e  d e p e n d e n c e  of 
e l e c t r o l u m i n e s c e n c e  could  c h a n g e  w e r e  the  m e a s -  
u r e m e n t s  e x t e n d e d  ou t s ide  t h e  r e p o r t e d  range .  T h e  
b u r d e n  of t he  d a t a  in Fig.  4 and  5 is to show t h a t  
p h o s p h o r s  w i th  v a r y i n g  modi f ie r  concen t ra t ions ,  
w h e n  m e a s u r e d  in t h e  s a m e  r a n g e  of a p p l i e d  field,  
e x h i b i t  a change  in f u n c t i o n a l i t y  w i t h i n  t he  group .  
W e  h a v e  no t  t e s t ed  w h e t h e r  th is  c h a n g e  in f u n c -  
t i o n a l i t y  occurs  in r a n g e s  of a p p l i e d  field no t  cove red  
in t h e  o r ig ina l  pub l i ca t ion .  

e~ G.  G.  G u b a r e f f ,  S h a o - y e n  Ko,  a n d  P. E. MeMal l ,  J r . ,  H o n e y -  
w e l l  R e s e a r c h  C e n t e r  R e p o r t ,  G R  2462-R3 (1956).  

L a m p  n i v . ,  West inghouse  Electric  CorD., B loomf i e ld ,  N. 5. 
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ABSTRACT 

The overvoltage of the oxygen evolution reaction on Pt  electrodes has been 
measured in a te rnary  mixture  of mol ten  Na~CO~-Li~CO~-K2CO3 with current  
densities up to 50 ma /cm ~ and temperatures  up to 1000~ Two well  dist in-  
guished regions in the overvoltage-log current  density relat ion are observed. 
At current  densities less than 1 m a / c m  ~ the marked dependence of the oxygen 
overpotential  on the composition of the gas flow and on temperature  are char-  
acteristic of a concentra t ion- type overpotential  most probably due to the 
bu i ld-up  of oxide-ion in the melt. In  the range of about 1-50 ma / c m ~, the 
oxygen overpotential  seems activation controlled. From the temperature  co- 
efficient of the overpotential,  a value for the energy of activation for oxygen 
evolution of 1[}.4 • 1.1 kcal mole -~ is obtained. The role of the p la t inum elec- 
trode as an oxygen ion electrode in the over-al l  process corresponding to the 
oxygen evolution reaction: 

CO~-~--> CO~ + 0 + 2 e 
is discussed. 

Studies  of the  oxygen  ove rpo ten t i a l  in mo l t en  
salts have  been  qui te  l imited.  Agar  and  Bowden  (1) 
have  inves t iga ted  oxygen  evo lu t ion  on Ni and  P t  
e lectrodes in  fused NaOH up to 340~ whereas  in 
m o l t e n  n i t r a t e s  a s tudy  of this  process at t e m p e r a -  
tu res  up  to 250~ has been  repor ted  b y  K a r p a t -  
scheff and  Pa tzug  (2) .  Some m e a s u r e m e n t s  on the  
oxygen  ove rpo ten t i a l  for sulfates,  silicates, phos-  
phates,  and  ca rbona tes  dissolved in  fluorides, and  for 
a Na,K/CO~ m i x t u r e  at  700~176 have  been  re -  
por ted  by  Flood and  F o r l a n d  (3) .  The  p re sen t  
c o m m u n i c a t i o n  describes the  resul t s  of f u r t he r  
m e a s u r e m e n t s  of the  oxygen  ove rpo ten t i a l  in m o l t e n  
carbonates .  A t e r n a r y  mix tu re ,  Li, Na, K/COs (m. 
403~ was  used to ex tend  the  t e m p e r a t u r e  r a nge  
for the  s tudies  over a m u c h  wider  range .  P l a t i n u m  
was selected for this  s tudy  since resul t s  of emf 
m e a s u r e m e n t s  of oxygen  ion ac t iv i ty  in  Na,K/CO~ 
(4) and  Na/SO4,CO3 (5) m i x t u r e s  had  conf i rmed 
tha t  the CO~-O2, P t  electrode behaves  as an  oxyge n -  
ion electrode in  these melts.  

Experimental 
Chemicals.--Sodium, potass ium,  and  l i t h i u m  ca r -  

bona tes  (Reagen t  Grade )  we re  recrys ta l l ized,  and  
dr ied  at 500~ u n d e r  CO.., a tmosphere .  The  pur i f ied 
ca rbona tes  were  stored in  a desiccator  over P~O~ 
u n t i l  r equ i r ed  for use. In  order  to ex tend  the m e a s -  
u r e m e n t s  to the  wides t  possible t e m p e r a t u r e  range ,  
the  t e r n a r y  m i x t u r e  (6) :  22.8% Li~CO~, 27.4% 
K_~CO,, and  49.8% Na2CO.~, m. 403~ was selected for 
the  p re sen t  inves t iga t ion .  The homogeneous  me l t  of 
this  composi t ion  was  p r e p a r e d  p r e l i m i n a r y  to the  
m e a s u r e m e n t s  in  a smal l  aux i l i a ry  fu rnace  us ing  a 
CO,., a tmosphere  and  p l a t i n u m  crucible.  

Apparatus . - -The e x p e r i m e n t a l  assembly,  i l l u s -  
t r a t ed  schemat ica l ly  in  Fig. 1, consis ted of an  elec-  
t r i ca l ly  hea ted  furnace ,  B, closed by  a wa te r -coo led  
brass  top, A, suppor t ing  the  ceramic  tubes  of the  
the rmocoup le  well ,  gas de l ive ry  tube,  and  e lect rode 

leads, C, E, F, G, respect ively ,  l ead ing  to a 20 ml  
capaci ty  p l a t i n u m  crucible,  D, which  con ta ined  the  
me l t  a nd  also served as the cathodic electrode.  The 
la t te r  was  supported,  as shown, on an  a l u n d u m  base. 
The anode  was  a p l a t i n u m  foil of 2 to 4 cm '~, and  
the  re fe rence  e lect rode was  a fine P t  wi re  p laced  
nea rby .  A series of a l u n d u m  disks above the  cruc ib le  
served as baffles to min imize  heat  losses. Two t h e r -  
mocouples,  a P t - P t  10% Rh couple observed  on a 
record ing  con t ro l le r  (L&N S p e e d o m a x  H) and  a 
c h r o m e l - a l u m e l  couple  observed m a n u a l l y  wi th  a 
po t en t iome te r  were  placed at  the same level  close 
to the cell in  the furnace .  The electr ical  c i rcui t  was  
the  c o n v e n t i o n a l  a r r a n g e m e n t  for the  di rect  meas -  
u r e m e n t  of e lectrode polar izat ion.  The  d-c  c u r r e n t  
source consisted of four  45-v  ba t te r ies  in  series and  

@ 

Fig. 1. Experimental assembly for oxygen overpotential 
measurements in molten carbonates. 
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Table I. Variation of oxygen overvoltage (~1) on platinum with current density (I) in molten Li2COs-Na~CO~-K~CO~ Mixtures 

I, ma/cm~ 25 20 15 10 5 3 1 0.5 0.2 0.1 0.05 0.01 

my A [i) T, 420~ gas flows: (cc/min) CO.2, 1.5; O; 1.3 

~l (iT) 420 391 368 333 286 257 226 206 195 177 173 84 
(iS) 429 396 368 332 279 245 198 173 154 169 173 - -  

A (ii, a, b) T, 420~ CO2, 50; O~, 42.8 

( i t )  a 487 458 430 399 339 304 250 224 190 176 162 - -  
(iS) 540 472 472 458 400 358 301 256 212 190 169 143 
(~t) b 580 540 475 459 415 368 293 260 230 208 190 - -  

'] (iS) 550 547 534 502 469 440 370 334 285 271 249 155 

B (i) T, 480~ CO2, 4.4; 02, 3.7 

( i t )  504 484 437 397 327 282 204 168 129 101 83 48 
~l (iS) 445 430 419 382 315 273 197 163 134 108 84 - -  

:B (ii) T, 480~ CO~, 50; O~, 42.8 

~| ( i  t ) 573 540 433 374 321 256 191 162 132 100 70 12 

B (iii) T, 480~ O~, 42.8 alone 

~l ( i t )  - -  468 436 394 323 273 189 155 131 119 105 65 

C(i) T, 515~ CO~, 4.4; O~, 3.7 

(iS) 407 395 376 337 284 238 168 131 105 86 72 45 
~l ( i t )  495 473 434 384 308 252 181 144 109 88 72 - -  

C (ii) T, 515~ COx, 50; 02, 42.8 

~l ( i$)  540 545 497 482 307 254 180 148 115 98 84 49 
'1 ( i t )  509 462 385 336 287 244 183 156 123 108 88 

C (iii) T, 515 ~ O,, 42.8 alone 

(iS) 479 454 408 354 280 221 139 99 69 55 38 10 

C (iv) T, 515~ COe, 50; O2, 42.8 

(iS) 484 454 415 348 266 221 160 137 114 98 86 63 
/] ( i t )  405 377 354 323 252 210 156 130 107 114 100 - -  

D (i) T, 600~ CO~, 4.4; Of, 3.7 

~] (i$) 378 348 319 281 240 210 167 150 130 102 72 18 
~l (i1') 346 318 296 262 231 209 193 178 122 93 58 - -  

D (ii) T, 600~ CO~, 43; O2, 37 

(iS) 348 324 298 271 231 201 155 134 111 94 74 32 
'l ( i t )  358 335 312 282 238 212 175 152 116 92 69 - -  

D (iii) T, 600~ CO~, 50; O2, 42.8 

~l (iS) 325 302 274 240 194 167 123 103 81 68 53 22 
(i t )  326 310 289 262 219 196 155 125 91 70 53 

D (iv) T, 600~ 02, 42.8 alone 

'l (iS) 354 318 288 247 183 148 90 62 30 15 4 - - 4  



Vol. 107, No. 7 OXYGEN OVERPOTENTIAL IN CARBONATES 

Table I (Cont'd) 

583 

m v  D (v) T,  600~ COw, 50; O,~, 42.8 

(iS) 350 329 304 270 213 177 130 108 
, l ( i  t )  361 342 307 276 225 187 136 112 

E (i) T,  700~ COe, 43; 02, 37 

(iS) 304 285 267 235 201 153 107 82 
(i t )  339 315 289 269 218 173 113 83 

E ( i i ,  a, b) T,  700~ CO2, 50; 03, 42.8 

(iS) a 284 262 240 208 163 142 98 73 
( i t )  279 259 238 214 184 158 101 74 
(iS) b 290 266 240 210 170 143 100 79 
( i t )  294 270 247 218 181 152 96 70 

E (iii) T,  700~ O~, 42.8 a l o n e  

*l (iS) 313 286 259 234 182 142 71 38 

F ( i ,  a,  b) T, 800~ CO2, 50; O2, 42.8 

,i (iS) a 257 233 206 173 137 113 65 42 
(i  t ) 300 275 233 206 157 120 63 39 
(iS) b 333 316 283 220 159 120 68 48 
( i t )  352 308 260 220 152 113 63 45 

F (ii) T,  80O~ O~, 42.8 a lone  

(iS) 315 294 259 220 152 101 25 16 

G (i) T,  90O~ CO,2, 16; 02, 13.6 

(iS) 246 232 206 164 103 69 33 22 
( i t )  - -  224 178 146 87 56 - -  - -  

G (ii, a,  b,  c) T,  9O0~ CO~, 50; 02, 42.8 

(i$) a 233 224 206 162 101 70 35 26 
(iT) 245 222 196 151 92 63 33 25 
(iS) b 230 212 188 154 98 69 30 19 

n ( i t )  230 215 187 149 97 64 29 18 
(iS) c 278 248 218 173 115 76 35 27 
(i  T ) 256 241 216 170 107 74 33 25 

G (iii) T,  900~ 02, 42.8 a lone  

(iS) 286 252 180 134 52 26 7 3 

I-I (i) T ,  1000~ CO2, 50; 03,  42.8 

(iS) 217 200 176 121 68 39 8 O 
(iT) 255 220 170 120 64 35 7 - -1  

H (ii) T,  1000~ No g a s  f low 

(i$) 264 243 230 202 156 120 64 41 
( i t )  265 250 235 222 156 125 55 34 

87 71 52 35 
85 65 56 

57 41 30 20 
54 39 29 

49 32 22 11 
45 30 21 - -  
52 35 28 18 
47 33 26 - -  

8 --8 --12 --16 

30 21 13 10 
23 16 11 
34 28 25 22 
32 27 25 

--6 --9 --10 --10 

18 15 14 14 
- -  16 14 

21 19 17 15 
18 17 16 - -  
13 11 9 9 
13 13 11 9 
18 15 13 13 
18 15 13 

1 O 0 

--4 --9.7 --7 --8 
--5 --7 --7 - -  

25 19 14 11 
18 15 13 

a c a s c a d e  of  v a r i a b l e  r e s i s t o r s  t h r o u g h  w h i c h  t h e  

c u r r e n t  w a s  d r a w n .  
T h e  gases ,  CO~ a n d  02, w e r e  b u b b l e d  t h r o u g h  t h e  

m e l t  w h e n  m e a s u r e m e n t s  w e r e  i n  p r o g r e s s  u s i n g  a 
g o l d  t u b e  e x t e n s i o n  o n  t h e  a l u n d u m  g a s  i n l e t ,  E. 
T h e  g a s e s  w e r e  p a s s e d  t h r o u g h  d r y i n g  t r a i n s  c o n -  

t a i n i n g  s u c c e s s i v e l y  s i l i ca  gel ,  P.,O.~, a n d  s i l i ca  gel ,  
m o n i t o r e d  o n  f l o w m e t e r s ,  a n d  m i x e d  b e f o r e  e n t e r i n g  

t h e  m e l t .  
Measurements.--Exploratory m e a s u r e m e n t s  w i t h  

r e l a t i v e l y  h i g h  c u r r e n t  d e n s i t i e s ,  200 m a / c m  ~ 
s h o w e d  p l a t i n u m  p r e s e n t  i n  t h e  m e l t s  a f t e r  t h e  e x -  
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pe r imen t s  (due  to a t tack  of the c ruc ib le ) .  Sma l l  co- 
h e r e n t  g ray  part icles ,  p r e s u m a b l y  p l a t i num,  were  
no ted  af ter  d isso lu t ion  of the  me l t  in  wa te r  af ter  the  
m e a s u r e m e n t  and  the  crucible  showed attack. Us ing  
c u r r e n t  densi t ies  of 50 m a / c m  ~ and  less, no inso lu -  
bles were  no ted  in  the above test  af ter  an  expe r i -  
ment ,  and  no v is ib le  corrosion of the crucible  was  
not iceable .  Whi le  these observa t ions  qua l i t a t i ve l y  
showed tha t  corrosion did not  occur to a grea t  ex-  
t en t  in  the d u r a t i o n  of the exper imen t s ,  the possible  
fo rma t ion  of surface  oxides e lec t rochemica l ly  on the 
p l a t i n u m  anode  is no t  ru led  out. To condi t ion  the  
anode,  and  thus  ob ta in  h igher  r ep roduc ib i l i t y  in  
measu remen t s ,  the  first m e a s u r e m e n t s  in  each ex-  
p e r i m e n t  were  made  at r e l a t ive ly  h igh t e m p e r a t u r e s  
(700~176  C u r r e n t  densi t ies  were  res t r ic ted  to 
an  uppe r  l imi t  of 50 m a / c m  ~ in  all  m e a s u r e m e n t s  in  
v iew of the above observa t ions  re la t ive  to corro-  
sion effects. 

The  resul ts  of the  m e a s u r e m e n t s  for the r a nge  
420~176 in the t e r n a r y  ca rbona te  m i x t u r e  are 
s u m m a r i z e d  in  Tab le  I. The  res is t ive  po ten t i a l  drop 
for an electrode separa t ion  of 0.1 cm may  be es t i -  
ma t ed  as 6 m v  m a x i m u m  at c.d. of 20 m a / c m  "~ f rom 
the  specific conduc t iv i ty  of mo l t en  ca rbona tes  at 
800~176 The correct ion m a y  be neglec ted  since 
the va lue  is less t h a n  the l imi ts  of accuracy  of the  
measu remen t s .  The  composi t ion  and  ra te  of the gas 
b u b b l i n g  th rough  the melt ,  and  the overpo ten t i a l  
m e a s u r e m e n t s  for the  r u n - u p  ( i t )  and  r u n - d o w n  
(iS) are given,  wi th  severa l  checks to i l lus t ra te  the  
reproduc ib i l i ty  of the  resul t s  at  va r ious  c u r r e n t  
densi t ies .  The p rocedure  in genera l  was to apply  a 
high c.d. to the anode  in i t i a l ly  and  s u b s e q u e n t l y  de-  
crease the po la r iza t ion  c u r r e n t  g r adua l l y  to a low 
value.  Af ter  the first r u n - d o w n ,  the  cu r r en t  was i n -  
creased to its in i t i a l  va lue  for a check run .  Over -  
po ten t i a l  m e a s u r e m e n t s  were  made  i m m e d i a t e l y  
af ter  each c u r r e n t  change;  a m i n i m u m  of approx i -  
m a t e l y  10 rnin was r equ i r ed  in each case for the po-  
t en t i a l  to reach constancy.  At  the  t e m p e r a t u r e  l i m -  
its, 420 ~ and  1000~ on ly  a few m e a s u r e m e n t s  we re  
made.  

Results 

Analyses  of the da ta  s u m m a r i z e d  in  Table  I gave 
a series of curves,  of which  three  are i l lus t ra ted  in  
Fig. 2 to show the re la t ion  b e t w e e n  the ove rpo t en -  
tial,  7, and  loga r i t hm of c u r r e n t  densi ty ,  log i, in  
mo l t en  ca rbona tes  for oxygen  evolut ion.  The curves  
in  Fig. 2 were  selected to i l lus t ra te  the resul t s  at  the  
th ree  t empera tu res ,  480 ~ 600 ~ and  900~ wi th  the  
same gas m i x t u r e  and  flow ra te  in  each case. I n -  
spect ion shows tha t  these curves  exhib i t  two wel l  
d i s t ingu ished  regions  in each case. At  low c.d. 
(<1  m a / c r n  '~) the ove rpo ten t i a l  changes  wi th  i n -  
creas ing t e m p e r a t u r e s  u n t i l  the  7 / -  log i r e la t ion  is 
ve ry  n e a r l y  pa ra l l e l  to the  abscissas (Fig. 2) at the  
h igher  t e m p e r a t u r e s  ( nea r  1000~ In  the  c.d. 
r ange  of 1-50 m a / c m  ~ the  slope of the  ~? --  log i r e l a -  
t ion  is ve ry  n e a r l y  cons tan t  at  a n y  one t empe ra tu r e ,  
and  shows a sma l l e r  t e m p e r a t u r e  dependence  in  
cont ras t  to the p reced ing  region.  T e m p e r a t u r e  co- 
efficients of the  ove rpo ten t i a l  at cons tan t  c u r r e n t  
dens i ty  (Ov/OT), f rom these data  are s u m m a r i z e d  
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Fig. 2. Oxygen overpotential-current density relations in 
molten carbonates as a function of temperature. Data are for: 
A, 480~ B, 600~ C, 900~ and a gas flow in each case 
of: COs, 50 cc/min; 02, 42.8 cc/min. The lines a-o' and b-b' 
are theoret ical .  

in  Tab le  II. Inspec t ion  of the  resul ts  shows that  for 
the two t e m p e r a t u r e  ranges,  (Ov/OT)~ is much  less 
at lower  c.d. t han  at h igher  c.d., the difference be ing  
a p p r o x i m a t e l y  an  order  of magn i tude .  

Since m o l t e n  ca rbona tes  are no t  chemica l ly  iner t  
to O5 and  COx, the va r i a t i ons  in  the ra tes  of flow for 
the gas m i x t u r e  b u b b l i n g  th rough  the mel t  cannot  
be i n t e rp re t ed  s imply  as a s t i r r ing  effect on overpo-  
tent ia l .  The dependence  of ~? on the gas composi-  
t ion  could be checked read i ly  by  va r i a t i on  of the 
CO_,/O._. ra t io  in  the feed gas. The resul t s  at 515~ 
are i l l u s t r a t ed  in Fig. 3. I t  is r ead i ly  no ted  that  the 
overpo ten t i a l  is m a r k e d l y  less w h e n  the concen t ra -  
t ion  of O,., in  the gas m i x t u r e  is increased  at low c.d. 
( ~ 1  m a / c m  ~) whereas  it is essen t ia l ly  i n d e p e n d e n t  
of this va r i ab le  at h igher  c.d. (>1  ma/cm'~). 

At  cons tan t  overpotent ia l ,  the  t e m p e r a t u r e  de-  
pendence  of c u r r e n t  dens i ty  m a y  be expressed by:  

~ / ,  AH/RT ~ [1] 

The resul t s  ana lyzed  accord ing ly  for va lues  of v 
equa l  to 0, 200, and  300 mv,  where  the da ta  for the 
fo rmer  were  ga ined  by ex t rapo la t ion ,  are  i l lus t ra ted  
in  Fig. 4. The  slopes of the  l ines were  ca lcula ted  by  
the l ea s t - squa re s  method.  The va lues  for • thus  
found  were  10.4 --+1.1 k c a l / m o l e  for v ---- 0, and  9.1 
-+1.1 k c a l / m o l e  for v = 200 and  300, respect ively.  
The va r i a t i on  in AH is less t h a n  the  p robab le  error  
and  m a y  be t a ke n  as cons tant ,  i.e., 9-10 k c a l / m o l e  in 
mo l t en  carbonates .  

Table II. Temperature coefficient of oxygen overpotential 
in molten carbonates 

T e m p e r a t u r e  r a n g e  420~176 600~176 

c.d. (ma/cm ~) 0.05 20 0.05. 20 
(OnlOT)~ X 10~(v/~ --0.5 --1.05 --0.06 --0.25 
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Fig. 3. Oxygen overpotentiQI-current density relation in 
molten corbonates os o function of gas composition. Composi- 
tion ond flow rotes of 9os; upper curve, C02, 50 cc/min; Oa 
42 cc/min; middle curve, C02, 4.4 cc/min; 02, 3.7 cc/min; 
lower curve, 02 only, 42.8 cc/min (meosurements at 5]5~ 

Whereas  the  mel t s  were  wh i t e  af ter  the expe r i -  
m e n t s  in  the p resen t  inves t iga t ion ,  some a t tack  on 
the  P t  wi th  the  fo rma t ion  of p l a t i n u m  oxide on the  
electrode seems not  improbable .  The data  f rom re -  
la ted  expe r imen t s  hav ing  P t  in  contac t  wi th  mo l t en  
ca rbona tes  (6-8)  confirm some chemical  a t tack  in 
these basic melts ,  most  p r o b a b l y  an  ox ida t ion  of P t  
w i th  s imu l t aneous  reduc t ion  of the  a lka l i  me t a l  
oxide species f rom the t h e r m a l  dissociat ion of the  
m o l t e n  carbonates .  

D i s c u s s i o n  

Reference  has a l r eady  been  made  to the emf 
s tudies  of the Pt(O~) electrode in  mo l t en  Na, K/CO~ 
(4) and  Na/CO~, SO~ (5) m i x t u r e s  in  which  meas -  
u r e m e n t s  conf i rmed tha t  this  e lect rode rea l ly  be -  
haves  as an  oxygen  (oxide ion)  e lectrode in such 
basic melts.  In  the  p resen t  i nves t iga t ion  the  r e -  
p roduc ib i l i t y  of the  m e a s u r e m e n t s  in  the ~ - - i  cy-  

cles, and  the  r ep roduc ib le  zero ove rpo ten t i a l  at zero 
c.d. in  each e x p e r i m e n t  are most  read i ly  unde r s tood  
in  the func t ion  of the P t  (O.~) e lectrode as an  oxygen -  
ion e lect rode in  ca rbona te  melts.  

Re la t ive  to this point ,  the  t h e r m a l  dissocia t ion of 
the alka]i  me ta l  ca rbona tes  to the  co r respond ing  
oxide and  CO~ is wel l  es tabl ished;  the most  recen t  
i nves t iga t ion  in this field be ing  tha t  of Motzfeld (6) 
for Na~CO8 up to 105O~ us ing  the K n u d s e n  effusion 
technique .  Whi le  no such m e a s u r e m e n t s  have  been  
repor ted  for the t e r n a r y  ca rbona te  melt ,  the re  is 
l i t t le  doub t  tha t  the ca rbona tes  in  the m i x t u r e  dis-  
sociate in to  the oxide ion and  CO~. In  the p resen t  
s tudy  it seems most  l ike ly  tha t  the  ac t iv i ty  of the 
oxide ion is g iven  by  the  express ion:  

aco~-~ 
ao-: = K - -  [2] 

p c o 2  

in  accord wi th  the dissociat ion e q u i l i b r i u m  for the  
ca rbona tes :  

C08 -~ ~ CO~ + 0 --~ [ 3 ]  

for which  both  the ra te  of dissociat ion a nd  the  equ i -  
l i b r i u m  wil l  be func t ions  of the t e m p e r a t u r e  in  the  
conven t iona l  m a n n e r .  

Some i n f o r ma t i on  on the n a t u r e  of the  electrode 
processes con t r i bu t i ng  to the ove r - a l l  reac t ion:  

CO~ -~--> CO~ + 0 + 2 e [4] 

at the anode  can be ga ined  f rom the  dependence  of 
the ove rpo ten t i a l  on c u r r e n t  dens i ty  and  t e m p e r a -  
ture.  

In general the overpotential is expressed in terms 
of the logarithm of current density by the following 
equations: 

Vc= nF in i-- . [5] 

-~ 5 1,0 1,5 2.0 
I /T x 10 3 (~ 

Fig. 4. Temperature dependence of the current density at 
constont oxygen overpotentiol in molten carbonotes. 

a nd  
R T  

V~ = a - -  In i [6] 
n,aF 

where  ~?c and  v~ are the  overpo ten t ia l s  for concen-  
t r a t i on  and  ac t iva t ion  cont ro l led  e lect rode processes, 
respect ively,  and  where  the  la t te r  equa t ion  is the 
w e l l - k n o w n  Tafel  equat ion .  Both types  m a y  arise in  
the  p re sen t  sys tem for, if the  ca rbona t e  dissociates 
to fo rm the  oxide ion, both  (a)  the  t r ans f e r  of the  
oxide ion f rom the b u l k  of the solut ion to the  layer  
of the  me l t  in  contact  wi th  the anode by  mi g ra t i on  
or diffusion, and  (b)  the discharge of the oxide ion 
d i rec t ly  to form atomic oxygen  

O - ~  O + 2e [7] 

or, in  v iew of the  p robab le  fo rma t ion  of oxides on 
the anode  surface 

O -~" + M-*  M--O + 2e [8] 

fol lowed by  processes such as 

M - - O  ~ M - - O  -* M + O~ [9] 

l ead ing  to oxygen  evolut ion ,  u n d o u b t e d l y  are steps 
in the o v e r - a l l  process. 

In  the  case of ac t iva t ion  cont ro l  [i.e., (b)  above]  
wi th  ~ = 0.5, the slope of the V - - l o g  i equa t ion  is 
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equa l  to 2.303 RT/F for a two e lec t ron  t r ans fe r  in  
the  electrode process (i.e., n = 2). For  concen t r a -  
t ion  po la r iza t ion  wi th  n = 2 in  this  system, a slope 
of 2.303 RT/2F is to be predic ted.  The theore t ica l  
slopes for ac t iva t ion  and  concen t r a t i on  type  ove r -  
potent ia l ,  a -a '  and  b-b ' ,  respect ively ,  are  shown  in  
Fig. 2. 

The  t e m p e r a t u r e  coefficient of ~? at cons tan t  cu r -  
r e n t  densi ty ,  f rom the  p reced ing  equat ions ,  is g iven  
by  

~ 0~o ) v e  RT ( ~ ) (  Olnio ) [10] 
\ - ~  .~: T F o fiT 

and  

Using the va lue  of 9-10 k c a l / m o l e  found  in  the pres -  
en t  inves t iga t ion  as the ac t iva t ion  ene rgy  for anodic  
oxygen  evolut ion ,  (Sm/OT)~ is p red ic ted  as approx i -  
m a t e l y  equa l  to --1.0 x 10 '~ v / ~  in  the  r ange  500 ~ 
600~ and  --0.6 x 10 -~ v in  the  ne ighborhood  of 
1000~ On the other  hand,  it has been  found  for a 
n u m b e r  of cases tha t  (O~/OT)~ is gene ra l l y  less t h a n  
(Ov,/OT)~ by a p p r o x i m a t e l y  one order  of magn i tude .  
Compar i son  wi th  the  e x p e r i m e n t a l  resul t s  (Tab le  
II)  shows tha t  the  t e m p e r a t u r e  dependence  of v 
found  is cons is ten t  wi th  the above concepts in the  
first approx imat ion .  

Some add i t iona l  suppor t  for the  above i n t e r p r e t a -  
t ion  of the v --  log i re la t ions  is seen in the effect of 
the composi t ion of the gas flow on 7. The change  in  
the  composi t ion of the  gas ( C O ~ +  O~), i.e., the 
change  in po,, is re la ted  to the oxygen  ion ac t iv i ty  
( re fe r  Eq. [2 ] ) .  The decrease in  v (see Fig. 3) in  the  
region  of low c.d. w h e n  oxygen  only  is b u b b l e d  
t h rough  the me l t  is thus  as p red ic ted  for concen t r a -  
t ion  r a the r  t h a n  ac t iva t ion  ove rpo ten t i a l  in  this  
range .  As ind ica ted  ear l ie r  the  p resen t  expe r i me n t s  
do not  l end  themse lves  to check the  effect of s t i r r ing  
(by  changes  in  the gas flow ra te )  since the me l t  is 
not  chemica l ly  ine r t  to the gas used for this purpose.  
A decreas ing  impor t ance  of the reg ion  of concen t r a -  
t ion  po la r iza t ion  at low c.d. wou ld  be pred ic ted  wi th  
increasing temperatures, i.e., enhanced thermal de- 
composition of the carbonates and thus increased 
oxide ion activity at more elevated temperatures, in 
light of the above. This effect is clearly illustrated 
by the present results (e.g., see Fig. 2). 

In summary, the preceding considerations show 
that the experimental results are more readily un- 
derstood in accord with the carbonate dissociation- 
oxide ion scheme rather than through the direct 
electrochemical oxidation of the carbonate ion, and 
that the overpotential is in large part the concentra- 
tion type in the region of low c.d. (<I ma/em 2) and 
the activation type at higher e.d. (1-50 ma/cm~). 

A point that frequently arises in the field of high- 
temperature chemistry is the need for an estimate 
or "forecast" of the behavior of systems at higher 
temperatures, largely owing to the lack of the nec- 
essary data for the high-temperature systems. A 
comparison of the results of the present study with 
the values found for oxygen evolution on Pt in 
aqueous electrolytes is thus instructive. In molten 
carbonates, the value of AH, the activation energy 
for the over-all process in the region of higher cur- 
rent densities from the present results is in the 
range  9-10 kcal  mole  -~. In  0.1N NaOH, 0.1N HNO~, 
and  0.2N H~SO,, the va lues  for the p a r a m e t e r  are 
(9) 13.8 • 0.6, 18, and  22.1 kcal  mole -1, respect ively.  
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ABSTRACT 

The cathodic reaction in the Leclanch6 dry cell has been described pre-  
viously as consisting of two steps. The first of these steps is the electrochemical 
reduction Mn ~v to Mn H. The second step is the chemical reaction of Mn" pro- 
duced in the first step with unreacted Mn ~v to form an insoluble Mn H~ com- 
pound. Two chemical reactions can occur producing MnOOH and ZnO.Mn.~O:~, 
mangani te  and hetaerolite, respectively. The latter reactions, termed recupera-  
tion reactions, have been subjected to analysis and rate studies to determine 
the effects of factors such as pH, concentration, and temperature.  These reac- 
tions are found to be slow enough to l imit  dry cell operation under  certain 
conditions. The more active depolarizers, such as electrolytic MnO_~, show more 
rapid recuperat ion reaction than the na tura l  MnO,_, ore. The basic concepts of 
heterogeneous chemical kinetics have been applied to this problem, and a 
simple mathemat ical  equation was found which was applicable to all the data. 
These findings, correlated with previous results, support  the cathodic reac- 
tion mechanism theory previously presented. 

Progress  in d ry  cell t echnology  for m a n y  years  
was based l a rge ly  on empir ica l  efforts since only  
meager  f u n d a m e n t a l  da ta  were  avai lable .  The re -  
action, 

Z n + 2 N H , C I + 2 M n O , , = Z n C I ~ .  2NH0+Mn20~-/-H_oO [1] 

was accepted as r ep re sen t a t i ve  of the opera t ion  of a 
ba t te ry .  Ea r ly  e x p e r i m e n t a l  work  in this  l abo ra to ry  
(1) by  F r e n c h  and  MacKenzie  resolved the  cathodic 
por t ion  of reac t ion  [1] in to  two separa te  react ions.  
The first of these is the e lec t rochemica l  r educ t ion  of 
Mn ~v to Mn H, reac t ion  [2] ;  the second is the  chemical  
r emova l  of Mn ~ by  fu r t he r  reac t ion  w i th  u n u s e d  
Mn ~v to fo rm the Mn 1'' r educ t ion  product .  F r o m  more  
recen t  f indings (2),  it  appears  tha t  the  chemical  re -  
act ions a t  the cathode can be r ep re sen t ed  by  two 
dis t inc t  types  of chemical  processes. React ions  [3] 
and  [4], the  " r ecupe ra t ion  react ions ,"  invo lve  r e -  
mova l  of the  Mn ++ produced  by  the p r i m a r y  react ion.  
These can be shown as fol lows:  

MnO~ + 4H + + 2e = Mn ++ + 2H,.,O [2] 

MnOs-4- Mn ++ + 2 (OH)-  = 2MnOOH [3] 

MnO~,+Mn+++4 (OH)--4- Zn+~=ZnO �9 Mn~O~-4- 2H~O [4] 

React ion  [2] found  an  i m p o r t a n t  appl ica t ion  in  the 
u t i l i za t ion  test  (3) ,  a rap id  means  of eva lua t i ng  
m a n g a n e s e  dioxide  deDolarizers on the l abora to ry  
bench.  However ,  ce r ta in  samples  of depolar izers  did 
no t  pe r fo rm as wel l  in  e x p e r i m e n t a l  cells as resul ts  
of the u t i l i za t ion  test had  indicated.  I t  was  obvious 
tha t  some other  factor  l imi ted  the service of these 
pa r t i cu l a r  depolarizers .  A n  i m p o r t a n t  example  was  

1 P r e s e n t  a d d r e s s :  R i e g e l  T e x t i l e  Co rpo ra t i on ,  W a r e  Shoa l s ,  S. C. 
z B a t t e r y  D e v e l o p m e n t  L a b o r a t o r y ,  U n i o n  C a r b i d e  C o n s u m e r  

Produc%s C o m p a n y ,  D i v i s i o n  of U n i o n  C a r b i d e  C o r p o r a t i o n ,  C l e v e -  
land ,  Ohio .  

synthe t ic  pyro lus i t e  p repa red  by  the t h e r m a l  decom-  
posi t ion of m a n g a n e s e  n i t r a t e  (4) .  This  m a t e r i a l  
gave efficient depolar iza t ion  in  the  u t i l i za t ion  test, 
bu t  its effectiveness in e x p e r i m e n t a l  cells was sub-  
s tandard .  I t  seemed !orobable tha t  the ra tes  of the  
r ecupe ra t ion  react ions  migh t  be cr i t ical  for the  
group of samples.  This paper  p resen t s  the  resul t s  
ob ta ined  f rom a s tudy  of severa l  depolar izer  s a m -  
pies. 

Experimental 
To s tudy  the  react ions  b e t w e e n  MnO~ and  MW +, a 

solut ion con t a in ing  m a n g a n o u s  chlor ide is reac ted  
wi th  solid m a n g a n e s e  dioxide. The  progress  of the  
reac t ion  is fol lowed by  obse rv ing  the decrease in  
Mn ~ concen t ra t ion .  

In  first a t t empt s  to es tabl ish  a sa t is factory me thod  
of s t udy ing  the ra te  of the  r e c u p e r a t i o n  react ion,  it  
was found  tha t  an  increase  in  t e m p e r a t u r e  increased  
the  ra te  of the  reac t ion  to such an  ex ten t  tha t  ac-  
cura te  t e m p e r a t u r e  control  in  a t he rmos t a t  became 
necessary.  For  example ,  one depolar izer  sample  
s tud ied  at pH 7 was  comple te ly  r educed  to MnOOH 
at 35~ in  abou t  8% of the t ime  r equ i r ed  at 21~ 
This  f inding is in  accord wi th  the  w e l l - k n o w n  obser -  
va t ion  tha t  the e lectr ical  ou tpu t  of a d ry  cell on a 
s t anda rd  f lashl ight  test, such as 4 ohm HIF,  is i n -  
creased a cons ide rab le  a m o u n t  by  an  increase  in  
t e m p e r a t u r e ,  such as g iven  above,  w h e n  other  fac-  
tors do not  i n t e r f e re  wi th  cell operat ion.  Thus,  cell 
pe r f o r ma nc e  at prac t ica l  t e m p e r a t u r e s  can wel l  be 
l imi t ed  by  the  r ecupe ra t ion  reac t ion  rate.  S imi la r ly ,  
o ther  factors,  such as depolar izer  type, e lec t ro ly te  
pH, etc., were  found  to be as i m p o r t a n t  as the  t e m -  
p e r a t u r e  in  in f luenc ing  the  reac t ion  rate.  F r o m  this  
work,  both  t echn ique  and  a ppa r a t u s  were  f inal ly  
selected for precise control  of the  var iables .  
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In  conduc t ing  an  expe r imen t ,  a p p r o x i m a t e l y  one 
mole  of MnO~ along wi th  o n e - h a l f  l i te r  of 2M NI-LC1 
solut ion is i n t roduced  in to  the  reac t ion  vessel, a 
s ix -necked ,  t h r ee - l i t e r  flask. This  m i x t u r e  is s t i rred,  
and  h i g h - p u r i t y  n i t r ogen  is b u b b l e d  in  for at least  
an  hour.  A second flask ( se rv ing  as a reservoi r )  in  
the wa te r  ba th  conta ins  a l i te r  of so lu t ion  2M in  
NH,C1 and  1.5M in MnCI~. This also has n i t r ogen  
b u b b l e d  t h rough  it to pu rge  the so lu t ion  of d is -  
solved a tmospher ic  oxygen.  The conten ts  of the  
rese rvo i r  flask are a l lowed to equ i l i b ra t e  wi th  the 
ba th  held  cons tan t  w i t h i n  0.5 ~ and  the  pH is ad-  
jus ted  w i th  concen t ra t ed  NH4OH to the  proper  
value.  The  l i ter  of solut ion is then  p u m p e d  f rom the 
rese rvo i r  in to  the reac t ion  flask by  us ing  a smal l  
p ressure  of n i t rogen .  A calomel  ha l f -ce l l  and  a glass 
e lectrode are suspended  in  the  reac t ion  mix tu re .  
These electrodes are connec ted  to a L&N Speedomax  
recorder-controller which in  t u r n  controls  an  au to -  
mat ic  pump.  Since in  the  r ecupe ra t i on  reac t ions  hy -  
d roxy l  ions are  consumed,  the  p u m p  injects  a s t a n d -  
ardized q u a n t i t y  of NH4OH into the  reac t ion  m i x t u r e  
w h e n  the pH falls be low a p r e d e t e r m i n e d  value.  By 
this method,  the solut ion pH is au toma t i ca l ly  m a i n -  
t a ined  w i t h i n  0.3 of a pH uni t .  

D u r i n g  the course of the  react ion,  smal l  samples  
of s l u r r y  are ex t rac ted  and  i m m e d i a t e l y  c e n t r i -  
fuged. The  s u p e r n a t a n t  l iqu id  is t h e n  pu t  t h rough  a 
s in te red  glass filter. A 5 ml  por t ion  is r e t a ined  for 
analysis .  The  q u a n t i t y  of Mn  §247 is d e t e r m i n e d  by  the 
method  of L ingane  and  K a r p l u s  (5) .  F r o m  these 
va lues  of concen t ra t ion  and  the tota l  vo lume  of 
solut ion,  the  up t ake  of Mn ++ can be obta ined .  

Discussion 
I t  is wel l  k n o w n  tha t  Mn  § reacts  wi th  m a n g a n e s e  

dioxide (6) .  It  is also recognized by  others tha t  this 
reac t ion  is i m p o r t a n t  in the func t i on ing  of the dry  
cell (7) .  However ,  phys icochemica l ly  the reac t ion  
has not  been  too wel l  charac ter ized  and  there  ap-  
pears  to have  been  no work  done on the k inet ics  of 
the  react ion.  Cowley and  Wa lk l ey  (8) have  repor ted  
some w o r k  on this reac t ion  in  connec t ion  wi th  the 
cause of the po ten t ia l  dr i f t  of m a n g a n e s e  dioxide 
electrodes.  

A s tudy  (9) has been  conducted  on the  isotopic 
exchange  in  the MnO2-Mn" system. A l though  it is 
no t  def ini te ly  s ta ted by  P u l l m a n  and  Haiss insky,  the  
work  in  this  l abo ra to ry  suggests tha t  they  used acid 
solutions.  They  concluded tha t  the exchange  reac-  
t ions  occur  m u c h  fas ter  wi th  p rec ip i t a ted  oxides 
t han  wi th  those p r epa red  by  the ign i t ion  of 
Mn(NO~), .  The la t te r  were  of the  pyro lus i t e  type.  

The  r ecupe ra t i on  reac t ions  are of a he te rogeneous  
type  in  which  a solid reacts  wi th  a solut ion to fo rm 
an  inso lub le  product  on the  surface  of the  or ig inal  
solid phase. As w i th  al l  he te rogeneous  react ions,  the  
p rob l em of d i f fu s ion - -o r  mass t r a n s f e r - - o f  the re -  
ac tants  to the reac t ing  s u r f a c e - - o r  i n t e r f a c e - - i m -  
poses an  add i t iona l  l im i t a t i on  to the o v e r - a l l  r eac -  
t ion  rate.  U n d e r  ce r t a in  c i rcumstances ,  this  diffusion 
m a y  become ra te  cont ro l l ing .  As the  reac t ion  p ro -  
gresses at  the  solid surface,  the  surface  a rea  of the  
MnO~ is d imin i shed  progress ively .  The n e w  solid 
phase  fo rmed  on the  sur face  of the  or ig ina l  solid can 
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f u r t he r  s igni f icant ly  r e t a rd  the diffusion of the  r e -  
ac tan ts  toward  the  reac t ion  zone. 

Interpretation of Results 

Let Z define the  total  moles of d iva l en t  m a n -  
ganese  consumed  at a ny  t ime t ( in  m i n u t e s )  per  
mole  of MnO~ in i t i a l ly  present .  The moles of MnO~ 
presen t  at t ime  t = 0 are read i ly  ca lcu la ted  f rom the 
weight  of the  s t a r t i ng  ma te r i a l  and  its "f ree  MnO~" ' 
content ,  which  is ob ta ined  by  the usua l  methods  of 
ore analysis .  F r o m  Eq. [3] and  [4],  it is obvious  
tha t  Z = 1 w h e n  the  reac t ion  is completed,  p rov ided  
the  process is s toichiometr ic .  

Rep re sen t a t i ve  data  for e lec t ro ly t ic  MnO~ are 
show n  in  Fig. 1. Here  Z is p lo t t ed  as a f unc t i on  of 
t ime  t ( in  m i n u t e s ) .  Dur ing  this  exper imen t ,  the 
t e m p e r a t u r e  was  m a i n t a i n e d  at 43.95 ~ -+0.05~ and  
so lu t ion  pH held  at 5.40 --+0.15. The e x p e r i m e n t a l  
da ta  m a y  be r ep re sen t ed  qui te  we l l  by  the  re la t ion:  

t t 1 
-- + [5]  

Z b k 

where  b and  k are  cons tants  selected by  the c o n v e n -  
t iona l  method  of least  squares.  

By  t ak ing  the  l imi t  as t approaches  zero, it  is seen 
t ha t  Z also approaches  zero. At  the  other  l imit ,  as 
t becomes inf in i te ly  large, Z approaches  b. Thus,  b 
represen ts  the m a x i m u m  va lue  of Z. If the reac t ion  
was  s to ichiometr ic  and  it w e n t  to complet ion,  t h e n  b 
wou ld  be  un i ty .  

By d i f fe ren t ia t ing  once and  wi th  the  proper  sub-  
s t i tu t ions ,  one ob ta ins  

a z  k 1 - -  [6] 
dt 

Clearly,  this is the  ra te  express ion  for the process 
u n d e r  condi t ions  of cons tan t  t e m p e r a t u r e  and  pH, 
and  wi th  a g iven  s ta r t ing  mate r ia l .  The cons tan t  k 
is the specific ra te  cons tan t  and  dZ/dt is the i n s t an -  
t aneous  ra te  in t e rms  of moles  u p t a k e  of Mn  +§ per  

8 Free  MnO2 is the  a m o u n t  of MnO2 in the  depolar izer  w h i c h  is 
ava i lab le  to reac t  electrochemically, 
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Table I. Reaction rote constants and half-life values for several types of Mn02 

Type of oxide Ternp, ~ Solution pH b k ~. dt t:to.~ J 

African ore 44.80 6.56 0.755 0.00220 1.679 
African ore 37.55 6.56 0.760 0.000926 1.310 
African ore 20.90 6.60 0.510 0.000225 0.708 
African ore 44.74 5.65 0.702 0.000556 1.140 
African ore 37.55 5.65 0.625 0.000333 0.920 
African ore 20.65 5.55 0.588 0.0000625 0.188 
African ore 44.70 4.85 0.552 0.000272 0.826 
African ore 37.55 4.85 0.395 0.000122 0.491 
Electrolytic MnO~ 43.95 6.55 1.272 0.142 3.553 
Electrolytic MnO~ 43.95 5.40 1.056 0.01613 2.605 
Electrolytic MnO~ 43.95 5.25 1.007 0.01163 2.471 
Electrolytic MnO~ 20.93 6.65 0.940 0.00741 2.268 
Synthetic pyrolusite 45.32 6.60 0.996 0.000426 1.026 
Synthetic pyrolusi te 45.31 5.75 0.158 0.000133 0.522 
Activated MnO~ 38.09 6.60 1.362 0.0263 3.410 
Activated MnO~ 20.75 6.55 1.056 0.00400 2.294 
Activated MnO~ 37.60 5.73 1.013 0.00833 2.342 
Activated MnO.~ 20.94 5.68 0.833 0.00120 1.398 
Activated MnO~ 45.20 4.90 0.732 0.00152 1.522 
Activated MnO~ 38.09 4.86 0.761 0.000435 1.082 

mole of MnO~ in i t i a l ly  p resen t  per  minu te .  W h e n  the  
reac t ion  is half  completed,  tha t  is, at the  ha l f - l i f e  
(t  = to..0, the i n s t a n t a n e o u s  ra te  is o n e - f o u r t h  of k. 
For  reasons  po in ted  out  later ,  the ha l f - l i f e  ra te  
d Z  

/ is a usefu l  q u a n t i t y  in  this  s tudy.  
dt Jt ~ to.5 

In Fig. i, the t/Z values obtained in this experi- 
ment are plotted as a function of t. It is seen that, 
except for the initial readings, the data conform to a 
straight line well within the range of the experi- 
mental error. From Eq. [6], one sees that for any 
given finite time there is a finite, single value for 
the rate. At time zero, the rate is numerically equal 
to k and as time increases the rate becomes slower. 
As the time becomes infinitely large, the reaction 
approaches completion and the reaction rate tends 
toward zero. Thus, it is seen that Eq. [5] and [6] not 
only fit the experimental data but also possess the 
necessary qualities of a rate expression. 

Equation [6] shows that the rate is proportional 
to the squa re  of the f rac t ion  of u n r e a c t e d  MnO~ tha t  
is present .  The  reac t ion  migh t  be  cons idered  to be 
second order  w i th  respect  to this  u n r e a c t e d  por t ion ;  
however ,  the  order  of reac t ion  is of l i t t le  significance 
in  a sys tem as complex  as t ha t  of MnO~. 

A n u m b e r  of m a n g a n e s e  dioxide samples  f rom dif -  
f e ren t  sources has been  studied.  These have  been  
tes ted in  the  t e m p e r a t u r e  r ange  of 21~176  and  
w i t h i n  the  solut ion pH i n t e r v a l  of about  4.8-6.6. The 
va lues  of t e m p e r a t u r e  and  pH are those which  appear  
to be comparab le  to the  ones found  in  ac tua l  d ry  cell 
test ing.  F u r t h e r  work  showed tha t  Eq. [5] served as 
the bes t  m a t h e m a t i c a l  r ep re sen t a t i on  of the  data  
f rom e x p e r i m e n t s  us ing  all  types  of m a n g a n e s e  di -  
oxides s tudied.  Thus,  the  equa t ion  has a genera l  
appl ica t ion  to this k ine t ics  problem.  

R e a c t i o n  ra t e  as a Func t ion  oF t e m p e r a t u r e . - - I n  
Fig. 2, the  l oga r i t hm of the  r a t e  a t  the  ha l f - l i f e  is 
plot ted as a func t ion  of pH. The l ines are  isotherms.  
S t a r t i ng  ma te r i a l s  were  e lect rolyt ic  MnO~, syn the t ic  
pyrolus i te ,  and  Af r i can  ore. Values  of k, b, and  the 
reac t ion  ra tes  at  the  ha l f - l i f e  for e lect rolyt ic  MnO~, 

Af r i can  ore, ac t iva ted  MnO~ (10),  and  syn the t ic  
pyro lus i te  appear  in  Tab le  I. For  a g iven  oxide, the  
ver t ica l  d is tance  b e t w e e n  the  l ines gives the  change  
in the loga r i thm of the  ra te  at the ha l f - l i f e  wi th  the  
change  in  t empe ra tu r e .  Us ing  the  w e l l - k n o w n  A r -  
rhen ius  equat ion ,  k ~ se -~ /~T,  and  the change  in  
the ra te  wi th  t e m p e r a t u r e  var ia t ion ,  one can e v a l u -  
ate AHo, the a p p a r e n t  ene rgy  of act ivat ion.  

For  th ree  of the  oxides s tudied,  the  va lues  in  .kilo- 
calories are:  

Elect rolyt ic  MnO~ 
Af r i can  ore 
Act iva ted  ore 

26. • ? k c a l / m o l e  
17. • 4 k c a l / m o l e  
22. • 4 k c a l / m o l e  

Al though  only  one set of va lues  was ava i l ab le  for 
ca lcu la t ion  of the a p p a r e n t  ene rgy  of ac t iva t ion  of 
e lectrolyt ic  MnO~, the va lue  is p re sen ted  so tha t  a 
genera l  order  of m a g n i t u d e  for the  ca lcu la t ion  is 
ava i lab le  for compara t ive  purposes.  The average  
va lue  of about  20 kcal  for the a p p a r e n t  ene rgy  of 
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Fig. 2. Logarithm of the reaction rate as a function of 
temperature and solution pH. 
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activation confirms that the fundamental reaction 
involved is not under diffusion control (i i). 

It is likely that the lower the energy of activation, 
the more rapid is the reaction. On this basis, Afri- 
can ore, for which the lowest value is presented, 
should be the most active depolarizer. However, ac- 
tual test and battery performance show African ore 
to possess the lowest recuperation reaction rate of 
this group of depolarizers. Therefore, we must con- 
clude that the value of s in the Arrhenius equation, 
concerned with such factors as depolarizer surface 
area, crystal type and structure, particle size, etc., is 
important in influencing the recuperation reaction 

rates. 
React ion  rate as a Junct ion of solut ion p H . - - I f  one 

assumes a l i nea r  r e la t ionsh ip  and  the fact tha t  pH 
involves  the  l oga r i t hm of the  hyd rogen  ion act ivi ty ,  
one can show tha t  

dZ 
] ---- K(OH-) '~ [7] 

dt .It ~ to 

where  K is a constant ,  m is the slope of the s t ra igh t  
l ines in  Fig. 2 and  (OH-) is the h y d r o x y l  ion concen-  
t ra t ion .  Theore t ica l ly ,  the  above would  be correct  
for only  one t e m p e r a t u r e  and  at cons tan t  m e a n  ion 
ac t iv i ty  coefficient. However ,  wi th  the n a r r o w  t e m -  
p e r a t u r e  and  pH ranges,  Eq. [7] is no doub t  a close 
approx imat ion .  The slopes of the  l ines for Af r i can  
ore are 0.49 -----0.01. 

If the h y d r o x y l  ion concen t r a t i on  in  the  b u l k  of 
the solut ion were  the i m p o r t a n t  factor, t h e n  f rom 
the  chemical  react ion,  Eq. [3], one could suggest  
tha t  the ra te  should be p ropor t iona l  to the square  
of the h y d r o x y l  ion concen t ra t ion .  The da ta  show 
tha t  this  is not  the case. W h a t  is i m p o r t a n t  is the 
concen t r a t i on  of the h y d r o x y l  ions in  the imm e d i a t e  
v i c i n i t y - - n o  doubt  sorbed on the s u r f a c e - - o f  the 
MnO2 part icles .  The concen t r a t i on  on the  surface  is, 
of course, inf luenced by  the concen t ra t ion  in  the 
b u l k  of the solut ion.  This  p h e n o m e n o n  of p r e f e r e n -  
t ia l  ion adsorp t ion  is wel l  recognized.  

React ion  rate as a func t ion  oS st irring s p e e d . -  
With  the pa r t i cu l a r  e x p e r i m e n t a l  setup, it was  found  
that  chang ing  the s t i r r i ng  speed f rom 480 to 390 
r p m  had no apprec iab le  effect on the reac t ion  rate.  
These va lues  r ep resen t  the  usefu l  r ange  wi th  the  
p resen t  appara tus .  At  s t i r r ing  speeds be low 390 rpm, 
the solid phase  tends  to fo rm a mass in  the  bo t tom 
of the reac t ion  vessel  and  hence  is r emoved  f rom 
the reac t ion  system. Wi th  the plast ic  s t i r re r  and  the  
a l l -g lass  reac t ion  vessel,  i t  seemed unwise  to i n -  
crease the  s t i r r i ng  speed m u c h  above 480 rpm.  Wi th  
this l imi ted  r ange  of s t i r r ing  speeds, however ,  it  is 
doub t fu l  w h e t h e r  the b o u n d a r y  regions  of the p a r -  
t icle wou ld  be changed  and  the diffusion var ied  to 
a n y  extent .  

React ion  rate as a func t ion  o] oxide t y p e . - - A  com-  
par i son  of the  reac t ion  ra tes  for the d i f ferent  oxides 
and  the l oga r i t hm of the  ra te  of r ecupe ra t ion  reac-  
t ion at the ha l f - l i f e  ( u n d e r  condi t ions  of 21~ and  
a so lu t ion  pH of 6.5) are  shown in  Tab le  II. As 
would  be expected,  a cor re la t ion  exists b e t w e e n  re -  
act ion ra te  and  the  gene ra l  order  of d ry  cell pe r -  
formance .  I n  spite of the  fact tha t  the re  is a cor-  

Table II. Reaction rate of representative MnO~ samples 
at the half-life 

Type  of MnO2 ~ dt i t = t o  

Activated ore 2.38 
African ore 0.660 
Synthetic pyrolusite 0.013 
Electrolytic MnO~ 2.13 

re la t ion,  the t rue  re la t ionsh ip  be t w e e n  "ra te"  and  
"service" is no doub t  complicated.  On this account ,  
it is considered u n w i s e  to a t t e m p t  to predic t  the  
ba t t e r y  qua l i t y  of m a n g a n e s e  dioxide f rom r e c u p e r -  
a t ion  ra te  m e a s u r e m e n t s  alone.  

React ion  M e c h a n i s m  

A plaus ib le  m e c h a n i s m  for this  topochemica l  
process has been  proposed. In  the  absence of zinc, 
the  chemical  reac t ion  is descr ibed by Eq. [3].  Be-  
fore  the  reac t ion  can occur, the  r educ ing  agen t  
(Mn ++) and  h y d r o x y l  ions m u s t  first be adsorbed on 
the  surface. Af te r  adsorpt ion,  the  r educ t ion  of the  
MnO~ occurs. A t  the site of react ion,  a l ayer  of Mn  +++ 
oxide is formed.  The  x - r a y  diffract ion p a t t e r n  
shows tha t  this  p roduc t  is i sos t ruc tu ra l  wi th  the  
mineral manganite, MnOOH. Half of the mass of the 
material is formed by the reduction of the MnO~ and 
the other half is produced by oxidation of the ad- 
sorbed Mn § A microscopic examination of the par- 
ticles taking part in the reaction shows that the par- 
ticles have actually increased in size. All four sam- 
ples studied had approximately the same particle 
surface area of 0.20-0.50 m'~/g, even though the 
screen analysis showed differences in the per cent 
through the 200 mesh screen. Particle surface area is 
the term given to the total external area of all of 
the particles in a 1-gram sample and is calculated 
from settling rate curves. 

At first, the MnO~ particles are adjacent to the 
solution phase and the reaction goes fairly rapidly. 
Once the reaction has been initiated, the MnO~ is 
separated from the adsorbed reactants by a layer, or 
film, of MnOOH. This layer offers a resistance to the 
reaction and the rate is slowed down. It has been 
shown that the rate is proportional to the second 
power of the fraction of remaining, unreacted 
MnO~. 

The reduc t ion  of the MnO~ could be accomplished 
by  the mig ra t i on  of hyd rogen  ions and e lect rons  
across the m a n g a n i t e  bar r ie r ,  going f rom the o u t e r -  
most  surface t oward  the un r e a c t e d  MnO~. This 
process of an  ion mi g r a t i on  in  m a n g a n e s e  oxides has 
been  recognized p rev ious ly  (12).  These adsorbed 
d iva l en t  m a n g a n e s e  ions lose an  electron.  They  are 
thus  oxidized to the t r i v a l e n t  s tate  and  are i m -  
med ia t e ly  p rec ip i ta ted  as MnOOH. U nde r  most  con-  
ditions, the t r i v a l e n t  m a n g a n e s e  ion is uns tab le .  

The var ious  oxides obey the  same ra te  equa t ion  
and  they  have  the  same character is t ics ,  such as ap -  
p a r e n t  ene rgy  of act ivat ion,  of the  same order  of 
magn i tude .  I t  is thus  conc luded  tha t  all  of these  
m a n g a n e s e  dioxides  reac t  t h r o u g h  the  same m e c h -  
anism.  The slowest  r a t e  was tha t  d isp layed  by  s y n -  
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thet ic  pyrolus i te .  This  can be a t t r i b u t e d  to the fact 
tha t  pyro lus i t e  has a lower  ox ida t ion  po ten t ia l  t h a n  
a more  reac t ive  form, such as e lect rolyt ic  MnO~. 
This so-cal led  r ecupe ra t ion  reac t ion  is an  ox ida t ion -  
r educ t ion  process. The  MnO~ is the  oxidiz ing agen t  
and  the d iva l en t  m a n g a n e s e  is the  r educ ing  agent.  

W h e n  zinc is p resen t  in so lu t ion  as dissolved zinc 
chloride,  the  r e su l t an t  reac t ion  p roduc t  is he tae ro -  
l i te  (ZnO.Mn~O3) r a t h e r  t h a n  mangan i t e .  I t  is p rob -  
able  tha t  the zinc occurs in  the  solid phase  by  v i r tue  
of a coprec ip i ta t ion  process a long wi th  the Mn § tha t  
becomes oxidized and  precipi ta ted .  W h e n  the  reac-  
t ion  p roduc t  is hetaerol i te ,  the  reac t ion  ra te  is about  
the same as in  the absence  of zinc. A n  example  of 
this is shown  in  Fig. 2. It  is h igh ly  possible tha t  the 
hyd rogen  ions and  e lect rons  mig ra t e  more  rap id ly  
th rough  a he taero l i te  l ayer  t h a n  th rough  a ba r r i e r  
of mangan i t e .  It  is conceivable  tha t  this  b y - p r o d u c t  
l ayer  on the  surface  of the  m a n g a n e s e  dioxide  p a r -  
t icle could cons t i tu te  a b a r r i e r  to p r e v e n t  the com- 
p le t ion  of the r ecupe ra t ion  react ion.  If this were  
t rue,  it should resul t  in a change  in the slope of the 
observed reac t ion  rate.  At  this  t ime, we have  seen 
no ev idence  for such in te r fe rence .  

Manuscript  received Oct. 30, 1959. This paper was 
prepared for del ivery before the Columbus Meeting, 
Oct. 18-22, 1959. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1961 JOUR- 
NAL. 
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The Nitric-Hydrofluoric Acid Pickling of Zircaloy-2 
M. A. DeCrescente, 1 P. F. Santoro, A. S. Powell, and R. H. Gale 

Materials Develop~nent Laboratory, Nuclear Division, Combustion Engineering, Inc., Windsor, Connecticut 

ABSTRACT 

The dissolution of Zircaloy-2 has been studied in the tempera ture  range 15.6 ~ 
37.8~ in unagi ta ted and agitated hydrofluoric-ni tr ic  acid solutions. The dis- 
solution rate was found to increase with HF concentrat ion and agitation. The 
energy of activation for the Zircaloy-2 pickling process compares very well 
with the value for the unal loyed zirconium pickling process, 3.3 kcal/mole.  
The energy of activation does not depend on agitation. 

Smi th  and  Hi l l  (1) s tudied  the ra te  of d issolut ion 
of una l l oyed  z i r con ium in  hydro f luo r i c -n i t r i c  acid 
m i x t u r e s  us ing  Zr 9~ as a rad ioac t ive  t racer .  They  
repor ted  an  ene rgy  of ac t iva t ion  of 3.3 k c a l / m o l e  
for the  process. The  p ick l ing  of Z i rca loy-2  (1.45 
w / o  Sn, 0.133 w / o  Fe, 0.044 w / o  Ni, 0.08 w / o  Cr)  
was s tud ied  by Friedl ,  et al. (2) in order  to de te r -  
m i n e  the  safe l imi ts  of p ick l ing  ba th  operat ion.  A 
va lue  of 5.0 k c a l / m o l e  for the ene rgy  of ac t iva t ion  
was ca lcula ted  f rom a t e m p e r a t u r e - d i s s o l u t i o n  ra te  
s tudy.  F r i ed l  pos tu la ted  tha t  (a)  the  differences in  
ag i ta t ion  used in the  two s tudies  m a y  account  for 
the  observed  differences in  the t e m p e r a t u r e  de-  
p e n d e n c y  of the  d issolu t ion  rate,  or (b)  a rea l  
difference in the  ene rgy  of ac t iva t ion  existed. In  
the s tudy  car r ied  out  by  Hil l  and  Smith ,  the  p ick l ing  
ra te  of z i r con ium increased  wi th  s t i r r ing  ra te  up to 
a point  beyond  which  the  ra te  r e m a i n e d  constant .  
The i r  e x p e r i m e n t s  were  car r ied  out  on the  "flat" 
pa r t  of the  p ick l ing  r a t e - s t i r r i n g  ra te  curve.  The  
p ick l ing  inves t iga t ion  by  F r i ed l  on Z i rca loy-2  was 
carr ied  out  at a cons tan t  s t i r r ing  rate,  100 rpm,  p re -  
s u m a b l y  on the s loping par t  of the p ick l ing  r a t e -  

1 P r e s e n t  addres s :  CANEL,  M i d d l e t o w n ,  Connec t i cu t .  

s t i r r ing  ra te  curve.  Both inves t iga tors  agree tha t  
u n - i o n i z e d  hydrof luor ic  acid is the act ive e tchant .  

The  work  of Smi th  and  Hil l  has es tab l i shed  tha t  
the d isso lu t ion  of z i r con ium is HF diffusion con-  
t ro l led  and  not  adsorp t ion  or reac t ion  control led.  
The  high ene rgy  of ac t iva t ion  ob ta ined  by  Fr iedl ,  if 
rea l  and  i n d e p e n d e n t  of agi ta t ion,  wou ld  ind ica te  
tha t  the a l loy ing  e lements  have  p rov ided  a diffusion 
ba r r i e r  less p e r m e a b l e  to the  HF. The work  re -  
por ted  here  was  in i t i a ted  (a) to resolve the  effect 
of a l loy ing  cons t i tuen t s  in  the p ick l ing  of Zi rca loy-2  
and  (b)  to exp la in  the  va r i ab l e  resul ts  e nc oun t e r ed  
in  p roduc t ion  pickl ing.  The effect of hydrof luor ic  
acid concen t ra t ion ,  t e m p e r a t u r e ,  and  ag i ta t ion  on 
the  p ick l ing  of Zi rca loy-2  in  HF-HNO3 m i x t u r e  
w ou l d  be d e t e r m i n e d  for this  purpose.  

Experimental 
Vapor  b las ted  reactor  grade  Zi rca loy-2  spec imens  

were  degreased  w i th  e thyl  alcohol, washed  wi th  a 
syn the t ic  de te rgent ,  r insed  wi th  demine ra l i zed  
water ,  and  s tored in  a v a c u u m  desiccator.  The p ick-  
l ing  was car r ied  out in a l - l i t e r  po lye thy lene  beake r  
i m m e r s e d  in  a cons tan t  t e m p e r a t u r e  w a t e r  ba th  
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Table I. Pickling rates of Zircaloy-2 in unagitated solutions 

July 1960 

R u n *  ~ 

1 
- - x  10 8 

T ~  Vol  % H F  M o l a r i t y [ H F ]  

P i c k l i n g  
P i c k l i n g  r a t e ,  r a t e / [ H F ] ,  

m i l s / m i n  m i l s / r a i n  

1 15.6 3.46 2.5 0.69 0.280 0.404 
2 15.6 3.46 3.0 0.83 0.325 0.398 
3 15.6 3.46 3.5 0.97 0.400 0.408 
4 15.6 3.46 4.0 1.11 0.451 0.405 
5 21.1 3.40 2.5 0.69 0.304 0.447 
6 21.1 3.40 3.0 0.83 0.364 0.446 
7 21.1 3.40 3.5 0.97 0.451 0.452 
8 21.1 3.40 4.0 1.11 0.493 0.450 
9 26.7 3.34 2.5 0.69 0.307 0.491 

10 26.7 3.34 3.0 0.83 0.367 0.494 
11 26.7 3.34 3.5 0.97 0.469 0.496 
12 26.7 3.34 4.0 1.11 0.544 0.495 
13 32.2 3.28 2.5 0.69 0.349 0.534 
14 32.2 3.28 3.0 0.83 0.445 0.543 
15 32.2 3.28 3.5 0.97 0.532 0.542 
16 32.2 3.28 4.0 1.11 0.574 0.541 
17 37.8 3.22 2.5 0.69 0.400 0.577 
18 37.8 3.22 3.0 0.83 6.490 0.590 
19 37.8 3.22 3.5 0.97 0.514 0.583 
20 37.8 3.22 4.0 1.11 0.643 0.585 

* A r e a  = 0.0975 dm~. 

( • 1 7 6  A p r e l i m i n a r y  s tudy  showed tha t  the  
p i c k l i n g  ra te  was i n d e p e n d e n t  of a rea  and  vapor  
b las t  p r e t r e a t m e n t  (3) .  The  t e m p e r a t u r e  of the 
p ick l ing  so lu t ion  was m e a s u r e d  w i th  a paraff in-  
coated the rmomete r .  Al l  spec imens  were  p ickled  for 
2 m i n  in  700 ml  of f resh so lu t ion  p r epa red  f rom C.P. 
r eagen t s  and  deionized wa te r  jus t  pr ior  to use, 
r insed  4 min ,  dr ied and  stored in  a v a c u u m  desic-  
cator  u n t i l  we igh t  changes  were  de te rmined .  

In i t i a l ly ,  the  p ick l ing  was  car r ied  out  in  u n a g i -  
ta ted  solut ions  ( runs  1-20).  In  order  to min imize  
local concen t r a t i on  and  t e m p e r a t u r e  effects, subse-  
q u e n t  tests  were  car r ied  out  in  solut ion,  ag i ta ted  by  
means  of a po lye thy lene  s t i r re r  (Runs  27-32) .  Dis-  
so lu t ion  ra tes  were  m e a s u r e d  over  the  hydrof luoric  
acid (Baker  and  A d a m s o n  r eagen t  grade, 40 w / o )  
concen t r a t i on  range,  2.5 to 4.0 v /o .  Fo r ty  v / o  n i t r ic  
acid (Baker  Ana lyzed  r eagen t  grade,  70 w / o )  was  
used in  each case. These concen t ra t ions  r ep resen t  
the  composi t ion  of s t anda rd  z i r con ium produc t ion  
p ick l ing  so lu t ion  (2) .  

Resul ts  

DissoLution of Zircatoy-2 in unagitated solution.-- 
Pick l ing  ra tes  were  d e t e r m i n e d  by  m e a s u r i n g  the 
change  in  weight  of a Z i rca loy-2  spec imen after  
2 - m i n  exposures  to p ick l ing  solut ions  f resh ly  p re -  
pa red  for each de t e rmina t ion .  Tab le  I conta ins  the 
p ick l ing  ra tes  of Z i rca loy-2  in u n a g i t a t e d  HF-HNO,, 
solutions.  

The observed  ra tes  p lo t ted  agains t  HF  concen t r a -  
t ions (40 v / o  HNO3) at  15.6 ~ , 21.1 ~ , 26.7 ~ 32.2 ~ , 
and  37.8 ~ gave s t ra ight  l ines  t h rough  the  data.  

Effect of agitation on pickling.--The dissolu t ion  of 
Z i rca loy-2  in  3.5% H F - 4 0 %  HNO~ was s tudied  at  
21.7~ (71~ at a series of s t i r r ing  rates.  A plot  of 
these da ta  appears  in  Fig. 1. The  increase  in  p ick l ing  
ra te  wi th  s t i r r ing  is charac ter i s t ic  of a d i f fus ion-  
cont ro l led  mechan i sm.  

A series of expe r imen t s  were  car r ied  out  in  3.5% 
H F - 4 0 %  HNO3 at a s t i r r ing  ra te  of 500 r p m  in  order  

to de t e r mi ne  if local t e m p e r a t u r e  and  concen t ra t ion  
effects have  a ny  inf luence on the  t e m p e r a t u r e  de-  
pendence  of the p ick l ing  rate.  

The inf luence  of ag i ta t ion  on the  observed p ick l ing  
ra tes  can be exp la ined  as follows: 

As the d issolu t ion  reac t ion  proceeds,  the  concen-  
t r a t i on  of r eac tan t s  i m m e d i a t e l y  s u r r o u n d i n g  the  
spec imen  in an u n s t i r r e d  so lu t ion  ma y  decrease be -  
low the  b u l k  concen t ra t ion ,  especia l ly  if the  ra te  of 
diffusion of r eac tan t s  to the spec imen ' s  surface is low. 
A n  a p p a r e n t  decrease in p ick l ing  ra te  results.  Mix-  
ing serves to r emove  any  concen t r a t i on  grad ien t s  
which  m a y  be found.  Also the  t e m p e r a t u r e  of the  
so lu t ion  at the me ta l  surface m a y  increase  above 
the  b u l k  t e m p e r a t u r e  if the heat  of reac t ion  is no t  
effect ively dissipated.  A n  a p p a r e n t  increase  in  the  
p ick l ing  ra te  resul ts .  A l though  the  two effects, d i f -  
fus ion  and  t empe ra tu r e ,  c o u n t e r b a l a n c e  each o ther  
it can be seen by  compar i son  of the  p ickl ing  rates  in 
u n a g i t a t e d  so lu t ion  (Table  I) to the ra tes  in ag i -  
t a ted  solut ion tha t  the t e m p e r a t u r e  effect is the  
more  i m p o r t a n t  of the two. Mix ing  faci l i ta tes  d i s -  
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vs. 1 /T~ unagitated. 

s i p a t i o n  of  t he  h e a t  o f  r e a c t i o n  and  p r o v i d e s  a u n i -  
f o r m  t e m p e r a t u r e  t h r o u g h o u t  the  ba th .  

Kinetic treatment.--A plo t  of p i c k l i n g  r a t e  ( m i l s /  
m in )  at  2.5, 3.0, 3.5, and  4.0% ( u n a g i t a t e d  so lu t ion)  
vs. r e c i p r o c a l  a b s o l u t e  t e m p e r a t u r e  y i e l d e d  s t r a i g h t  
l ines  (Fig .  2).  V e r y  close a g r e e m e n t  of t he  s lopes  
was  o b s e r v e d  a n d  a v a l u e  of 3.3 k c a l / m o l e  for  t he  
e n e r g y  of a c t i va t i on  of t he  p i c k l i n g  process  resu l t ed .  

v / o  H F  2.5 3.0 3.5 4.0 
Ea,.t ( k c a l / m o l e )  3.2 3.4 3.2 3.4 

U n d e r  condi t ions  of h igh  ac id i t y  (HNO~), a l l  of 
the  f luor ide  p r e s e n t  ex is t s  as und i s soc i a t ed  HF. The  
r a t e  d a t a  ob ta ined ,  t he re fo re ,  w e r e  r e c a l c u l a t e d  on 
the  bas i s  of H F  concen t ra t ions ,  i.e., r a t e / [ H F ] ,  and  
log r a t e / [ H F ]  p l o t t e d  aga ins t  1/T~ (Fig .  3) .  The  
fou r  l i n e s  in Fig.  2 a r e  r e so lved  into  one s t r a i g h t  
l ine.  This  b e h a v i o r  ind ica t e s  t ha t  t he  r a t e  of p i c k -  
l ing of Z i r c a l o y - 2  is d e p e n d e n t  on ly  on the  concen-  
t r a t i o n  of u n d i s s o c i a t e d  H F  at  c o n s t a n t  t e m p e r a -  

0 .9  

0.8 N TM 

o 

0.7 ~ 

0.6  ~'1 

0.s ~ 
(D 
Z 

\ 0.4 "~ 

3.0 3.1 3.2 3.3 3,4 

103/T=K 

Fig. 4. Pickling rate vs. 1 /T~ agitated 

3.5  

tu res .  N i t r i c  ac id  does no t  d i r e c t l y  t a k e  p a r t  in  the  
p i c k l i n g  r e a c t i o n  b u t  i t s  p r e s e n c e  insu res  c o m p l e t e  
a s soc ia t ion  of HF.  

W h e n  an  A r r h e n i u s  p lo t  was  p r e p a r e d  f r o m  the  
p i c k l i n g  d a t a  o b t a i n e d  us ing  a g i t a t e d  b a t h s  (500 
r p m ) ,  an e n e r g y  of a c t i va t i on  of 3.6 k c a l / m o l e  r e -  
su l t ed  (Fig .  4) .  The  a g r e e m e n t  b e t w e e n  the  a c t i v a -  
t ion ene rg ies  in the  a g i t a t e d  and  u n a g i t a t e d  so lu -  
t ions  is we l l  w i t h i n  e x p e r i m e n t a l  e r ror .  I t  is e v i d e n t  
f rom this  a g r e e m e n t  t h a t  the  hea t  of r eac t i on  and  
the  t h e r m a l  p rope r t i e s ,  e.g., hea t  capac i ty ,  of t he  
so lu t ion  r e m a i n  cons t an t  w i t h i n  e x p e r i m e n t a l  e r r o r  
in the  t e m p e r a t u r e  r a n g e  s tud ied .  

The  e x p e r i m e n t a l  e n e r g y  of ac t i va t i on  for  the  Z i r -  
c a loy -2  p i c k l i n g  process ,  3.2-3.6 k c a l / m o l e ,  ag rees  
q u i t e  f a v o r a b l y  w i t h  t he  r e su l t s  of S m i t h  a n d  H i l l  
(3.3 k c a l / m o l e )  o b t a i n e d  w i t h  p u r e  H f - f r e e  z i rco-  
n ium.  A di f fus ion p rocess  i den t i ca l  to the  one d e -  
s c r ibed  for  u n a l l o y e d  z i r c o n i u m  m u s t  be  p o s t u l a t e d  
as the  r a t e - c o n t r o l l i n g  step.  

It is apparent therefore that alloying zirconium 
with Sn, Fe, Cr, Ni does not alter the zirconium 
pickling mechanism. The permeability of the diffu- 
sion layer to HF is not affected by alloying. Neither 
can the high energy of activation observed by Friedl 
be attributed to the effect of stirring. It is interesting 
to note that the Zircaloy-2 used by Friedl had been 
rejected for pressurized water-reactor application 
because of stringer-like corrosion. The discrepancy 
in the energy of activation observed by Friedl et al. 
may be related to the stringer corrosion suscepti- 
bility of the material. 

Manuscript received May 27, 1959. 

Any discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the June  1961 JOUR- 
NAL. 
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ABSTRACT 

The hydrogen  pickup dur ing  corrosion in h i g h - t e m p e r a t u r e  wa te r  and 
s team of var ious  b inary  and t e rna ry  al loys of z i rconium wi th  i ron and t in has  
been studied.  The total  hydrogen  content  of specimens exposed to 400~ steam 
was found to be grea te r  than  tha t  of specimens exposed to 360~ water .  
Fu r the rmore ,  the per  cent of theore t ica l  hydrogen  absorbed in the var ious  a l -  
loys was m a r k e d l y  affected by  the b ina ry  or t e rna ry  al loy addit ion.  The per  
cent theore t ica l  hydrogen  absorbed by  b ina ry  z i rconium-i ron  alloys increased 
as the i ron  content  was increased f rom 0.3 to 1.5 weight  per  cent (w/o)  and 
the va lue  for z i rconium-t in  a l loys increased s l ight ly  as t in was increased f rom 
0.5 to 0.9 w/o.  The hydrogen  pickup behavior  of t e rna ry  z i r con ium- t in - i ron  
alloys reflected the behavior  of z i rcon ium- i ron  b ina ry  alloys. 

S e v e r a l  fac ts  r e l a t i n g  to the  h y d r o g e n  p i c k u p  of 
z i r c o n i u m  a l loys  d u r i n g  cor ros ion  in h i g h - t e m p e r a -  
t u r e  w a t e r  a r e  known.  G o l d m a n  and  T h o m a s  ob -  
s e rved  the  a m o u n t  of h y d r o g e n  p i c k u p  b y  z i rco-  
n i u m  e x p o s e d  to d e g a s s e d  w a t e r  is p r o p o r t i o n a l  to 
the  a m o u n t  of cor ros ion ,  a n d  w h e n  cor ros ion  t e s t ing  
is c a r r i ed  out  in  h y d r o g e n a t e d  wa te r ,  m o r e  h y d r o g e n  
is p i c k e d  up  t h a n  w h e n  the  cor ros ion  m e d i u m  is d e -  
gassed  w a t e r  (1) .  T h e  l a t t e r  is b e l i e v e d  to  occur  
because  m o r e  h y d r o g e n  is a v a i l a b l e  for  r e a c t i o n  in 
the  h y d r o g e n a t e d  w a t e r  t h a n  is a v a i l a b l e  on ly  f r o m  
the  s t o i ch iome t r i c  a m o u n t  p r o d u c e d  d u r i n g  the  co r -  
ros ion  processes .  G o l d m a n  and  T h o m a s  also n o t e d  
tha t  h i g h e r  cor ros ion  r a t e s  and  h ighe r  h y d r o g e n  
p i c k u p  r a t e s  occur  in Z i r c a l o y - 2  as the  in i t i a l  h y -  
d r o g e n  con ten t  of the  m e t a l  is increased .  Recen t ly ,  
w o r k e r s  a t  B a t t e l l e  M e m o r i a l  Ins t i tu te ,  Co lumbus ,  
Ohio,  conf i rmed  the  o b s e r v a t i o n  t ha t  t he  a m o u n t  of 
h y d r o g e n  p i c k u p  is p r o p o r t i o n a l  to the  a m o u n t  of 
cor ros ion  (2) .  P r e v i o u s l y  r e p o r t e d  e x p e r i m e n t s  b y  
Thomas  and  Kass  showed  tha t  p r e - o x i d a t i o n  of Z i r -  
ca loy-2  in  d r y  o x y g e n  at  400~ has  no effect on the  
400~ s t e a m  cor ros ion  k ine t i c s  (3) .  The  i n t e r -  
c h a n g e a b i l i t y  of t he  cor ros ion  d a t a  o b t a i n e d  in bo th  
d r y  o x y g e n  and  s t e a m  ind ica t e s  t ha t  the  cor ros ion  
of Z i r c a l o y - 2  in 400~ s t e a m  is not  a s soc ia t ed  w i t h  
cor ros ion  p r o d u c t  h y d r o g e n .  On the  o t h e r  hand ,  i t  
was  o b s e r v e d  t ha t  c r y s t a l  b a r  z i r c o n i u m  exh ib i t s  
spa l l i ng  ( b r e a k a w a y )  in h i g h - t e m p e r a t u r e  s t e a m  
bu t  not  in d r y  oxygen ,  sugges t ing  tha t  h y d r o g e n  is 
in some w a y  r e l a t e d  to " b r e a k a w a y "  in t he  cor ros ion  
of z i rcon ium.  

Recen t  s tud ies  have  d e t e r m i n e d  the  h y d r o g e n  
p i c k u p  in Z i r c a l o y - 2  d u r i n g  cor ros ion  for  e x t e n d e d  
pe r i ods  in h i g h - t e m p e r a t u r e  w a t e r  and  s t e a m  (4) .  
These  s tud ies  show t h e r e  is a def in i te  i n c r e a s e  in t he  
h y d r o g e n  con ten t  of Z i r c a l o y - 2  d u r i n g  cor ros ion  
t e s t ing  and  th is  h y d r o g e n  inc rea se  is i n d e p e n d e n t  
of the  in i t i a l  h y d r o g e n  con ten t ,  up  to abou t  1000 
ppm,  a f t e r  w h i c h  the  r a t e  of h y d r o g e n  u p t a k e  r i ses  
s h a r p l y  w i th  i nc r ea s ing  in i t i a l  h y d r o g e n  content .  

The  s tud ies  d e s c r i b e d  b e l o w  w e r e  u n d e r t a k e n  to 
d e t e r m i n e  h y d r o g e n  p i c k u p  in v a r i o u s  b i n a r y  and  
t e r n a r y  a l loys  of z i r c o n i u m  wi th  i ron  and  t in  d u r -  
ing cor ros ion  e x p o s u r e  in 360~ (680~  w a t e r  and  
400~ (750~  s team.  

Experimental Procedures 
Materials . - -Fi f teen-pound ingots  w e r e  doub le  

a r c - m e l t e d  f r o m  h i g h - p u r i t y  t in ,  i ron,  and  r e a c t o r -  
g r a d e  sponge  z i r c o n i u m  1 a t  t he  B u r e a u  of Mines,  
A l b a n y ,  Oregon.  The  ingots  w e r e  fo rged  and  ro l l ed  
at  788~ (1450~ to 0.190-in.  s t r i p  and  then  cold  
ro l l ed  w i t h  i n t e r m i t t e n t  v a c u u m  a nne a l s  a t  788~ to 
0.017-in.  s t r ip .  

Experimental  techniques.--Foils  1.5 x 4 x 0.017 
in. w e r e  b r i g h t  e t ched  in an  aqueous  so lu t ion  con-  
t a i n ing  39% HNO~ and  3.5% H F  a t  100~ for  suffi- 
c ien t  t ime  to r e m o v e  0.001 in. p e r  surface .  A f t e r  
w a sh ing  and  soa k ing  in t ap  w a t e r  for  6 to 8 h r  to 
r e m o v e  al l  r e s i d u a l  e tchant ,  t h e  foi ls  w e r e  r i n sed  
in a lcohol  and  a i r  d r ied .  F o u r  foi ls  f r om each ingot  
we re  degas sed  at  800~ for  48 to 72 h r  in v a c u u m  
( less  t h a n  10 -~ m m  H g ) .  A f t e r  degass ing ,  the  1.5 x 4 
x 0.015-in. foi ls  w e r e  she a r e d  in to  0.5 x 0.5 x 
0.015-in.  s p e c i m e n s  and  s u b m i t t e d  to cor ros ion  tes t s  
in 360~ w a t e r  a t  s a t u r a t i o n  p r e s s u r e  and  in 400~ 
s t e a m  at  100 a t m  us ing  m e t h o d s  and  p r e c a u t i o n s  
o u t l i n e d  p r e v i o u s l y  (5, 6) .  W e i g h t  ga in  m e a s u r e -  
m e n t s  we re  m a d e  pe r iod ica l ly .  A m i n i m u m  of two  
spec imens  p e r  a l l oy  w e r e  r e m o v e d  p e r i o d i c a l l y  f rom 
the  cor ros ion  tes t  and  w e r e  a n a l y z e d  for  h y d r o g e n  
us ing  the  hot  v a c u u m  e x t r a c t i o n  me thod .  

Experimental Results and Discussion 
Tab les  I and  II  show the  co r ros ion  w e i g h t  ga ins  

a n d  to t a l  h y d r o g e n  con ten t s  of t he  va r i ous  a l loys  
a f t e r  each  of t he  e x p o s u r e  per iods .  (The  c o n t r i b u -  
t ion  of the  h y d r o g e n  u p t a k e  to t he  w e i g h t  ga in  has  
been  r e g a r d e d  as neg l ig ib l e ;  t hus  t he  we igh t  ga in  

Arc-mel ted  reactor grade zirconium contains approximately  300 
p p m  iron, 20 p p m  ch romium,  20 p p m  nickel ,  <10  ppm tin, <40  
ppm nitrogen.  

594 



Vol. 107, No. 7 595 H Y D R O G E N  P I C K U P  IN Z I R C O N I U M  A L L O Y S  

Table I. 360~ water test results 

Days  of tes t  

Alloy 28 56 84 112 140 169 197 

Zr 

Zr + 0.29% Fe 

Zr -5 0.51% Sn 

Zr -5 0.88% Sn 

Zr + 0.93% Sn 
0.25% Fe 

Zr -5 1.54% Fe 

Zr + 0.50 % Sn 
1.54% Fe 

Weight gain, m g / d m  ~ 
Hydrogen content, ppm 
% Theoretical H~ 

Weight gain, m g / d m  2 
Hydrogen content,  ppm 
% Theoretical H~ 

Weight gain, mg /dm ~ 
Hydrogen content, ppm 
% Theoretical H~ 

Weight gain, m g / d m  '~ 
Hydrogen content, ppm 
% Theoretical Ha 

Weight gain, m g / d m  ~ 
Hydrogen content, ppm 
% Theoretical H~ 

Weight gain, m g / d m  ~ 
Hydrogen content, ppm 
% Theoretical H~ 

Weight gain, rng/dm ~ 
Hydrogen content,  ppm 
% Theoretical H~ 

10 23 64 121 165 210 277 
16 25 151 264 416 735 970 
19 21 23 31 50 40 47 

15 25 24 42 42 52 76 
70 79 89 191 227 264 322 
32 26 34 50 55 53 49 

10 19 24 36 61 80 158 
14 13 16 28 194 247 368 
8 5 5 7 20 21 21 

9 21 81 139 188 234 298 
17 19 177 505 537 738 
30 9 21 28 22 26 

11 21 18 28 38 47 55 
50 69 67 98 139 161 203 
32 25 46 34 39 39 38 

20 37 36 61 68 74 87 
233 173 310 393 502 509 833 

80 54 88 69 72 71 101 

21 42 42 58 70 78 91 
249 266 341 544 570 583 740 
96 65 74 84 79 63 74 

va lue  is cons idered  be ing  due solely to oxide film 
format ion.}  The tables  con ta in  an  add i t iona l  en t ry ,  
per  cent  theore t ica l  h y d r o g e n  which  is defined as the  
ra t io  of hyd rogen  p ickup  in  the  sample  to the  stoi-  
chiometr ic  a m o u n t  of h y d r o g e n  produced  by  the  
corrosion react ion,  Zr § 2H._,O = ZrO~ -5 4H. 

Corrosion behavior.--Maximum corrosion res is t -  
ance in  360~ wa te r  was shown on ly  by  the  al loys 
which  con ta in  i ron as b i n a r y  or t e r n a r y  addi t ions .  
The  una l l oyed  z i r con ium samples  ga ined  weigh t  
t h roughou t  the  test  and  exh ib i t ed  a d h e r e n t  oxide 

films. The add i t ion  of 0.5% t in  to z i r con ium resu l t ed  
in  lower  weight  gains,  bu t  the  0.88% t in  a l loy 
y ie lded  weigh t  ga ins  h igher  t h a n  u n a l l o y e d  zirco-  
n i um.  The  two i ron  b i n a r y  al loys d e m o n s t r a t e d  an  
i m p r o v e m e n t  in corrosion res is tance.  F u r t h e r m o r e ,  
i ron  addi t ions  g rea t ly  improved  the  corrosion p rop-  
ert ies  of z i r c o n i u m - t i n  alloys. 

The s team data  f u r t h e r  verif ied the  noncor ros ion  
r e s i s t an t  n a t u r e  of u n a l l o y e d  z i r con ium and  zirco- 
n i u m - t i n  alloys. The  add i t ion  of 0.5% t in  de layed  
spal l ing  f rom 42 to 56 days, bu t  the  0.88% t in  a l loy 

Table II. 400oC steam test results 

Al loy  

Days  os t e s t  

14 28 42 56 7(} 84 98 112 

Zr 

Zr -b 0.29% Fe 

Zr Jr 0.51% Sn 

Zr -5 0.88% Sn 

Zr -5 0.93% Zn 
0.25% Fe 

Zr -5 1.54% Fe 

Zr + 0.50% Sn 
1.54% Fe 

Weight gain, mg /dm ~ 
Hydrogen content,  ppm 
% Theoretical H2 

Weight gain, m g / d m  ~ 
Hydrogen content, ppm 
% Theoretical H~ 

Weight gain, m g / d m  '~ 
Hydrogen content, ppm 
% Theoretical  H.~ 

Weight gain, m g / d m  ~ 
Hydrogen content, pprn 
% Theoretical H~ 

Weight gain, m g / d m  ' 
Hydrogen content, ppm 
% Theoretical H~ 

Weight gain, mg /dm ~ 
Hydrogen content, ppm 
% Theoretical H~ 

Weight gain, m g / d m  2 
Hydrogen content,  ppm 
% Theoretical H2 

58 80 Spalled 
186 630 
46 87 

19 25 34 43 67 72 
92 133 125 128 209 181 
54 51 38 29 28 22 

43 125 129 Spalled 
184 547 747 
36 45 38 

346 Spalled 
760 
24 

18 29 44 53 82 83 
85 151 151 178 204 205 
47 43 32 34 25 25 

33 43 58 79 Spalled 
258 354 402 418 
82 79 80 57 

32 40 63 78 114 Spalled 
320 433 460 504 758 
82 92 70 56 50 

67 
194 
28 

84 
205 

26 

71 

86 
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spa l l ed  b e t w e e n  14 a n d  28 d a y s  exposu re .  S m a l l  
add i t i ons  of i ron  w e r e  aga in  o b s e r v e d  to p r o d u c e  
cor ros ion  r e s i s t a n t  m a t e r i a l ;  howeve r ,  t he  1.5% i ron  
a l loy  f a i l ed  b y  spa l l i ng  a f t e r  56 days  of exposure .  
Benef ic ia l  effects on the  p r o p e r t i e s  of z i r c o n i u m - t i n  
a l loys  w e r e  also o b s e r v e d  to occur  w i t h  i ron  a d d i -  
t ions.  The  0.25% i ron  a l loy ,  w i t h  or  w i t h o u t  t in ,  
e x h i b i t e d  the  be s t  co r ros ion  res i s tance .  

Hydrogen contents . - -The  t o t a l  h y d r o g e n  con ten t s  
of the  v a r i o u s  a l loys  a r e  no ted  to i nc rea se  w i t h  i n -  
c r eas ing  cor ros ion  exposure ,  and  h i g h e r  h y d r o g e n  
u p t a k e s  a r e  o b t a i n e d  a t  400~ t h a n  at  360~ ( I t  
shou ld  be  no ted  t h a t  a l l  spec imens  w e r e  i n i t i a l l y  d e -  
gassed  to a p p r o x i m a t e l y  2 p p m  h y d r o g e n . )  In  w a t e r ,  
the  u n a l l o y e d  z i r c o n i u m  is seen to p i ck  up  the  l a r g -  
est  a m o u n t  of h y d r o g e n  w h i l e  t he  0.93% t in -0 .25% 
i ron  a l loy  e x h i b i t e d  the  lowes t  t o t a l  h y d r o g e n  con-  
tent .  In  s team,  v e r y  h igh  h y d r o g e n  u p t a k e s  a r e  
no ted .  The  a d d i t i o n  of 0.5% t in  p r o d u c e d  e s sen t i a l l y  
no change  in  the  h y d r o g e n  p i c k u p  of u n a l l o y e d  z i r -  
conium,  b u t  the  0.88% t in  a l loy  showed  a h ighe r  h y -  
d r o g e n  up t ake .  S m a l l  add i t i ons  of i ron  to z i r c o n i u m  
or  z i r c o n i u m - t i n  a l loys  p r o d u c e d  m a r k e d l y  l o w e r  
to ta l  h y d r o g e n  conten ts .  I t  is a lso no ted  t h a t  t he  h y -  
d r o g e n  u p t a k e  of z i r c o n i u m - i r o n  a l loys  inc reases  
w i t h  i nc rea s ing  i ron  content .  

Relationship be tween  corrosion and hydrogen up-  
take . - -Examinat ion  of t he  h y d r o g e n  p i c k u p  of t he  
z i r c o n i u m  a l loys  d u r i n g  aqueous  cor ros ion  shows t h a t  
t h e r e  is an  in i t i a l  p e r i o d  in wh ich  the  r a t e  of h y d r o -  
gen p i c k u p  dec rea se s  w i t h  t ime ,  fo l l owed  b y  a p e -  
r iod  in wh ich  a n e w  r a t e  opera tes .  This  b e h a v i o r  is 
cons i s t en t  w i t h  t he  cor ros ion  r eac t i on  of z i r c o n i u m  
and  its a l loys  (hence,  w i th  t he  r a t e  a t  w h i c h  the  h y -  
d r o g e n  is p r o d u c e d )  w h i c h  is c h a r a c t e r i z e d  b y  the  
r e l a t i o n s h i p  W = kt". I t  does  not  n e c e s s a r i l y  fo l low,  
h o w e v e r ,  t h a t  t he  h y d r o g e n  shou ld  be  p i cked  up  at  
an  i den t i ca l  r a t e  because  the  h y d r o g e n  p i c k u p  p r o c -  
ess d e p e n d s  on m a n y  o t h e r  v a r i a b l e s  i nc lud ing  n a -  
t u r e  of the  o r ig ina l  film, a l loy  con ten t  and  d i s t r i b u -  
t ion,  concen t r a t i on  g r a d i e n t  of h y d r o g e n  f rom the  
m e t a l  ox ide  i n t e r f ace  to t he  center ,  r a t e  of h y d r o g e n  
d i f fus ion  a t  t e s t i ng  t e m p e r a t u r e .  

If  the  360~ w e i g h t  change  and  h y d r o g e n  con ten t  
d a t a  a r e  p lo t t ed  as func t ions  of t ime  on l o g a r i t h m i c  
scales,  r e a s o n a b l y  s t r a i g h t  l ines  w i t h  t he  fo l lowing  
s lopes  a r e  o b t a i n e d :  

Kt  .l, w h e r e  n 1 is t he  h y d r o g e n  slope, a r e  to be  e x -  
pec ted .  R e m a r k a b l e  s i m i l a r i t y  b e t w e e n  the  va lue s  
of n and  n 1 for  each  of t he  a l loys  is obse rved .  

If  i t  is a s s u m e d  tha t  t he  d i f fus ion of h y d r o g e n  is 
a con t ro l l ing  s tep  in  h y d r o g e n  bu i ldup ,  t h e n  p a r a -  
bol ic  r e l a t i o n s h i p  b e t w e e n  h y d r o g e n  c on t e n t  and  
t i m e  is to be  expec ted .  A s lope  of 0.5, w h i c h  ind i -  
ca tes  p a r a b o l i c  behav io r ,  does no t  a p p e a r  in these  i n -  
s tances.  

W h e n  the  h y d r o g e n  d a t a  of t he  cor ros ion  r e s i s t an t  
a l loys  ( those  con ta in ing  i r o n ) a r e  r ev i ewed ,  i t  is a p -  
p a r e n t  t ha t  t he  inc rease  d u r i n g  the  in i t i a l  e x p o s u r e  
p e r i o d  is g rea t ,  t h e n  the  h y d r o g e n  inc rea se  becomes  
smal le r .  The  fac t  t ha t  h y d r o g e n  p i c k u p  dec reases  
a f t e r  the  first  e x p o s u r e  p e r i o d  r e q u i r e s  an  e x p l a n a -  
t ion.  One poss ib l e  m e c h a n i s m  is t ha t  the  ox ide  fi lm 
acts,  in some way ,  as a b a r r i e r  to the  d i f fus ion of h y -  
d r o g e n  ions, p ro tons ,  h y d r o x y l  ions, to t he  m e t a l -  
ox ide  in t e r face .  This  sugges t s  t ha t  the  h y d r o g e n  
p i c k u p  of s a m p l e s  ox id ized  in a n o n h y d r o g e n a t i n g  
m e d i u m  s u b s e q u e n t l y  t r a n s f e r r e d  to a h y d r o g e n  p r o -  
duc ing  m e d i u m  shou ld  not  show la rge  inc reases  in 
h y d r o g e n  content .  

Factors influencing the behavior o] ternary alloys. 
- - T h e  f o l l o w i n g  ana lys i s  and  c o m p a r i s o n s  w e r e  
m a d e  in an  a t t e m p t  to obse rve  w h e t h e r  the  b e h a v i o r  
in w a t e r  and  s t e a m  w i t h  r e spe c t  to h y d r o g e n  p i ckup  
of the  t e r n a r y  a l loys  is d i r e c t l y  inf luenced b y  the  
b e h a v i o r  of t he  c o m p o n e n t  b i n a r y  a l loys .  A m o r e  
c onve n i e n t  w a y  of e x a m i n i n g  the  h y d r o g e n  a b s o r p -  
t ion  p h e n o m e n o n  d u r i n g  aqueous  cor ros ion  e x p o s u r e  
is to exp res s  the  a m o u n t  of h y d r o g e n  p i c k e d  up  b y  
the  spec imens  as a func t ion  of t he  a m o u n t  of h y d r o -  
gen l i b e r a t e d  b y  the  spec imens  d u r i n g  corros ion.  In  
th is  m a n n e r  d i f fe rences  in t he  cor ros ion  r e s i s t ance  of 
the  a l loys  u n d e r  s t u d y  can  be no rma l i zed .  

F i g u r e s  1 and  2 s u m m a r i z e  t he  b e h a v i o r  of the  
p e r  cent  t h e o r e t i c a l  h y d r o g e n  of t he  z i r c o n i u m - t i n  
and  z i r c o n i u m - i r o n  b i n a r y  a l loys  in 360~ wa te r .  
The  cu rve  p e r t a i n i n g  to the  t in  a l loys  i n i t i a l l y  shows 
a m i n i m a l  v a l u e  at  a p p r o x i m a t e l y  0.5% tin.  A f t e r  
p r o l o n g e d  e x p o s u r e  ( g r e a t e r  t h a n  112 d a y s ) ,  no 
d i f ferences  a r e  o b s e r v e d  b e t w e e n  the  0.5 and  0.9% 
al loy.  Di f fe ren t  b e h a v i o r  is no t ed  for  the  effect of 
i ron.  The  p e r  cent  t h e o r e t i c a l  h y d r o g e n  inc reases  
w i th  i nc r e a s ing  i ron  concen t ra t ion .  I t  is t hus  a p -  
p a r e n t  t ha t  i ron  c o n t r i b u t e s  to the  p i ckup  of h y d r o -  

Alloy Weight gain slope Hydrogen slope 

Unal loyed  Zr 1.76 2.10 
0.51% Sn 0.85 then 2.32 0.22 then 3.92 
0.88% Sn 1.63 1.89 
0.29% Fe 0.40 then 1.32 0.20 then 0.88 
1.54% Fe 0.77 1.19 
0.93% Sn -~- 0.25% Fe 0.45 then 0.55 0.35 then 1.34 
0.50% Sn -~- 1.54% Fe  0.78 0.84 

The  cor ros ion  s lopes  r e p r e s e n t  t he  e x p o n e n t  "n"  in 
the  e q u a t i o n  r e l a t i n g  w e i g h t  ga in  and  t ime.  Thus,  
on ly  the  i ron  b e a r i n g  a l loys  a r e  seen  to be cor ros ion  
r e s i s t a n t  in  360~ w a t e r .  H igh  h y d r o g e n  s lopes  a r e  
a s soc ia t ed  w i t h  h igh  cor ros ion  slopes,  i n d i c a t i n g  a 
r e l a t i o n s h i p  b e t w e e n  cor ros ion  and  h y d r o g e n  p ickup .  
I f  t he  h y d r o g e n  u p t a k e  b e h a v i o r  fo l lows  an  e x p o -  
n e n t i a l  r a t e  l aw,  t h e n  equa t i ons  of  t he  f o r m  H = 
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Fig. l. Hydrogen pickup of zirconium-tin alloys in 360~ 
water. 
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Fig. 2. Hydrogen pickup of zirconium-iron alloys in 360~ 
water, 
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Fig, 3. Hydrogen pickup of zirconium-tin alloys in 400~ 
steam. 
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Fig. 4. Hydrogen pickup of zirconiurn-iron alloys in 400~ 
steam. 

gen  d u r i n g  w a t e r  cor ros ion  w h i l e  t he  inf luence  of 
t in  is s l ight .  

F i g u r e s  3 and  4 show the  s ame  a l loys  a f t e r  e x -  
p o s u r e  to 400~ s team.  A l t h o u g h  the  d a t a  a r e  v e r y  
l i m i t e d  because  of t he  low cor ros ion  r e s i s t ance  of 
b i n a r y  t in  a l loys ,  t he  p e r  cen t  t h e o r e t i c a l  h y d r o g e n  
is i nd i ca t ed  to d e c r e a s e  w i th  i nc r ea s ing  t in  conten t .  
The  i ron  con ta in ing  a l loys  show an  inc rease  in p e r  
cen t  t h e o r e t i c a l  h y d r o g e n  as t he  i ron  con ten t  is i n -  
c r ea sed  f rom 0.29 to 1.5 w / o .  The  h i g h e r  i ron  con-  
c e n t r a t i o n  r e p r o d u c i b i l i t y  e x h i b i t e d  h i g h e r  pe r  cen t  
t h e o r e t i c a l  h y d r o g e n  a f t e r  a l l  t e s t  p e r i o d s  t h a n  t h e  
low i ron  a l loy.  

The  m a n n e r  in w h i c h  the  p e r  cent  of t h e o r e t i c a l  
h y d r o g e n  va r i e s  w i t h  t i m e  for  s i m u l t a n e o u s  t in  and  
i ron  add i t i ons  in 360~ w a t e r  is s h o w n  in Fig.  5. I t  
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Fig. 5. Hydrogen pickup of z i rcon ium--1% t i n - -0 .25% 
iron alloy in 360~ water. 
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Fig. 6. Hydrogen pickup of zirconium--0.5% t i n ~ 1 . 5 %  
iron alloy in 360~ water. 

is o b s e r v e d  t h a t  t he  t e r n a r y  a l l oy  shows  p e r  cen t  
t h e o r e t i c a l  h y d r o g e n  b e t w e e n  the  v a l u e s  o b t a i n e d  
for  t he  t in  and  i ron  b i n a r y  a l loys .  The  t in  b i n a r y  
a l loy  e x h i b i t s  t he  l o w e r  v a l u e  w h i l e  t he  i ron  b i n a r y  
a l loy  exh ib i t s  a h i g h e r  va lue .  

F i g u r e  6 shows  s i m i l a r  s u m m a r y  p lo t  of t h e  a l loys  
r e p r e s e n t i n g  the  0.5% t i n - l . 5 %  i ron  a l l oy  in 360~ 
wa te r .  H e r e  i t  is no t ed  t h a t  the  t e r n a r y  a l loy  c l e a r l y  
ref lects  t he  b e h a v i o r  of the  b i n a r y  i ron  a l l oy  w i t h  
r e spe c t  to  t he  p i c k u p  of h y d r o g e n  d u r i n g  cor ros ion  
exposu re .  
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ABSTRACT 

In vo id - f ree  o i l - impregna ted  paper ,  gas evolut ion star ts  at a cr i t ical  stress 
which  is m a r k e d l y  dependent  on the degree of dryness  of the paper .  The gas 
first formed arises f rom decomposi t ion of wate r  in the cellulose, the na ture  of 
the  impregnan t  hav ing  l i t t le  effect. Subsequent  more  rap id  gassing resul t ing 
f rom decomposi t ion of the oil is a secondary  process depending on ionizat ion 
wi th in  gas bubbles  p rev ious ly  formed.  S tudy of the fundamen ta l  p r ima ry  
process suggests that  wa te r  absorbed by the cellulose is ionized by  electron 
bombardmen t  in regions of high stress and is then  decomposed e lec t rochemi-  
cally.  

A l t h o u g h  a l t e r n a t i v e  m a t e r i a l s  a r e  ava i l ab l e ,  
p a p e r  i m p r e g n a t e d  w i t h  an  i n s u l a t i n g  l iqu id  is s t i l l  
w i d e l y  used  as the  i n su l a t i on  for  h igh  v o l t a g e  cab les  
and  i n d u c t i v e  w i n d i n g s  or  as  t he  d i e l ec t r i c  for  ca -  
p a c i t o r s  w h e r e  r e l i a b i l i t y  u n d e r  m o d e r a t e  t e m p e r a -  
t u r e  cond i t ions  a n d  low cost  a re  of i m p o r t a n c e .  

If  gas  pocke t s  w i t h i n  t he  s t r e s sed  i n su l a t i on  a re  
avo ided ,  l i fe  u n d e r  a - c  s t ress  is u s u a l l y  long.  I t  is 
k n o w n  h o w e v e r  t ha t  in o i l - i m p r e g n a t e d  pape r ,  e lec -  
t r i c a l  d i s cha rges  occur  a b o v e  a c e r t a i n  c r i t i ca l  v a l u e  
of a p p l i e d  s t ress ,  E ,  even  if the  p a p e r  is so w e l l  i m -  
p r e g n a t e d  t h a t  no  vo ids  a r e  p r e s e n t  in i t i a l ly .  I f  t he  
v o l t a g e  be m a i n t a i n e d  at  t he  d i s c h a r g e  incep t ion  
level ,  the  d i s cha rges  i nc rea se  r a p i d l y  in m a g n i t u d e ,  
s o m e t i m e s  to s e v e r a l  t imes  the  i n i t i a l  v a l u e  w i t h i n  
t he  first  minu te ,  and  l i fe  m a y  be  v e r y  l imi t ed .  E~ is 
d i r e c t l y  d e p e n d e n t  on the  h y d r o s t a t i c  p r e s s u r e  on 
the  oil, bu t  w h e n  d i f fe ren t  m a k e s  of o i l - i m p r e g n a t e d  
p a p e r  c a p a c i t o r s  w e r e  c o m p a r e d  a t  t he  s a m e  i n -  
t e r n a l  p r e s s u r e  ( n o r m a l  a t m o s p h e r i c )  m e a n  va lue s  
of E1 cove r ing  a r a n g e  of 5:1 w e r e  obse rved .  The  
cause  of these  l a r g e  d i f fe rences  was  no t  known .  The  
effects of such fac to rs  as the  d e n s i t y  and  t y p e  ( r a g  
or  k r a f t )  of pape r ,  and  the  v i scos i ty  and  iod ine  
n u m b e r  of t he  oil, on d i s cha rge  incep t ion  s t ress  a r e  
r e l a t i v e l y  v e r y  sma l l  (1) .  

W h e n  o b s e r v a t i o n s  on e l e c t r i c a l l y  s t r e s sed  o i l - i m -  
p r e g n a t e d  p a p e r  a re  m a d e  u n d e r  the  microscope ,  the  
onse t  of d i s cha rges  coinc ides  w i t h  t he  s u d d e n  a p -  
p e a r a n c e  of a gas  b u b b l e  in t he  oil. A s y s t e m a t i c  
s t u d y  has  been  m a d e  to d e t e r m i n e  w h i c h  p a r t  of an  
o i l - p a p e r  d i e l ec t r i c  g ives  r i se  to gas  f o r m a t i o n  in 
the  absence  of in i t i a l  gas bubbles ,  and  to e l u c i d a t e  
t he  m e c h a n i s m  of t he  process .  

W h e n  e l ec t r i c a l  d i s cha rges  t a k e  p l ace  w i t h i n  a gas 
b u b b l e  a l r e a d y  p resen t ,  t h e y  g e n e r a t e  f u r t h e r  gas 
t h r o u g h  decompos i t i on  of t he  oil, and  the  b u b b l e  i n -  
c reases  in size. This  pape r ,  h o w e v e r ,  is no t  c o n c e r n e d  
w i th  the  r a t e  of gas  p r o d u c t i o n  in oil  once gaseous  
ion iza t ion  has  s t a r t ed ;  the  l a t t e r  p h e n o m e n o n  has  
been  i n v e s t i g a t e d  ex t ens ive ly ,  is k n o w n  to be  d e -  
p e n d e n t  on the  n a t u r e  of t he  oi l  and  the  p r e s e n c e  
of add i t ives ,  a n d  gass ing  tes t s  h a v e  been  d e v e l o p e d  

to ass is t  in  the  se lec t ion  of oils w h e r e  t h e y  a re  r e -  
q u i r e d  to w i t h s t a n d  d i scharges .  

The  n o v e l  f e a t u r e  of t he  p r e s e n t  w o r k  is the  a t -  
t e m p t  to i n v e s t i g a t e  the  p r i m a r y  p rocess  of the  fo r -  
m a t i o n  of t he  first  gas  bubb le .  

The  cond i t ions  u n d e r  w h i c h  gas cou ld  be  evo lved  
w h e n  oil  a lone  was  s t r e s sed  w e r e  first  i nves t i ga t ed ;  
a f t e r w a r d s  a n u m b e r  of sol id  d ie lec t r ics ,  i nc lud ing  
c a p a c i t o r  paper ,  ce l lophane ,  p o l y e t h y l e n e ,  p o l y s t y -  
rene ,  p o l y e t h y l e n e  t e r e p h t h a l a t e ,  glass,  and  mica ,  
w e r e  s t ud i e d  i m m e r s e d  in oil  or o the r  l iquids .  

Tests in Oil Alone 
W h e n  oil  is f i l t e red  c o m p l e t e l y  f ree  f r o m  pa r t i c l e s  

and  f ibers  and  is no t  s u p e r s a t u r a t e d  w i t h  d i s so lved  
gas, gass ing  canno t  n o r m a l l y  be  i n d u c e d  to t a k e  
p lace  by  the  a p p l i c a t i o n  of e lec t r ic  s t ress  us ing  i m -  
m e r s e d  m e t a l  e l ec t rodes  w i thou t  b r e a k d o w n  occu r -  
r i n g  s i m u l t a n e o u s l y .  The  fo l lowing  excep t ions  to 
th is  a r e  known .  

( i )  Gas  evo lu t ion  u n d e r  s t ress  has  b e e n  r e p o r t e d  
at  v e r y  low p r e s s u r e s  even  f rom d e g a s s e d  oil (2) ,  
but  the  or ig in  of the  i n i t i a l  gas p h a s e  is not  known.  

( i i )  W i t h  one e l ec t rode  in the  f o r m  of an e x -  
t r e m e l y  s h a r p  need l e  ( r a d i u s  1 ~ or  less)  and  s eve ra l  
m i l l i m e t e r s  spac ing  b e t w e e n  the  e lec t rodes ,  l oca l -  
ized in t r i n s i c  b r e a k d o w n  of the  oil  a t  t he  need l e  
point ,  w i t h  gas  evo lu t ion ,  is poss ib le  w i thou t  g e n -  
e ra l  b r e a k d o w n  ensuing .  W i t h  n o r m a l  t r a n s f o r m e r  
and  c a p a c i t o r  oils u n d e r  these  condi t ions ,  the  gas 
b u b b l e s  p r o d u c e d  move  a w a y  f rom the  po in t  at  such 
h igh  ve loc i t y  t ha t  t h e y  a r e  difficult  to observe .  If, 
h o w e v e r ,  an e x t r e m e l y  viscous  l i qu id  is used  so tha t  
t he  p r o d u c t s  of t he  loca l i zed  b r e a k d o w n  ( c a rbon  and  
gas b u b b l e s )  r e m a i n  w h e r e  t hey  a r e  fo rmed ,  b r e a k -  
d o w n  channe l s  m a y  g r a d u a l l y  g row f r o m  the  po in t  
and  l e ad  e v e n t u a l l y  to g e n e r a l  b r e a k d o w n .  T r e e - l i k e  
c o n d u c t i n g  channe l s  f o r m e d  in th is  w a y  in h e x a -  
c h l o r d i p h e n y l  a re  i l l u s t r a t e d  in Fig .  1. 

These  e x c e p t i o n a l  m e t h o d s  of i n i t i a t i on  of gass ing  
a r e  no t  b e l i e v e d  to occur  in n o r m a l  o i l - i m p r e g n a t e d  
p a p e r  d ie lec t r ics ,  e.g., in capac i to r s  and  cables .  F i r s t ,  
t hese  sy s t e ms  n o r m a l l y  o p e r a t e  a t  n e a r  a t m o s p h e r i c  
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Fig. 1. Breakdown channels in hexachlordiphenyl 

or h igher  pressure .  Second, the  appl ied  stress is 
u sua l l y  insuff ic ient ly  high for local in t r ins ic  b r e a k -  
down  to take  place except  perhaps  in  the case of d i -  
electr ics con ta in ing  a b n o r m a l  conduc t ing  inc lus ions  
or other  localized faul t s  which  would  lead to fa i lu re  
on proof test. Gass ing  by  the m e c h a n i s m  discussed 
la te r  in this paper  and  consequen t  fa i lu re  by the  ac-  
t ion  of discharges u sua l l y  occur at m u c h  lower  elec-  
tr ic stresses t h a n  those r e q u i r e d  for in t r ins ic  fa i l -  
ure.  The observa t ions  repor ted  here  do however  sug-  
gest how m a n u f a c t u r e r s  can raise discharge incep-  
t ion  stress of l i q u i d - i m p r e g n a t e d  paper  i n su l a t i on  
and  increase  work ing  stress. 

Effects of Stress on Liquid-Solid Mixed Dielectrics 
W h e n  mois t  cellulosic fibers br idge  the  gap be -  

tween  electrodes in  oil, they  give rise to gas f o r m a -  
t ion  at r e l a t ive ly  low electric stress. Gas bubb le s  are  
fo rmed  only  w h e n  the fibers fo rm a con t inuous  
br idge  b e t w e e n  the electrodes,  and  evo lu t ion  is t hen  
observed at points  of contact  b e t w e e n  the  fibers and  
the electrodes.  Evo lu t ion  of gas has also been  ob-  
served at points  where  fibers touch one ano the r  in  
the electrode gap p rov ided  b r i d g i n g  occurred.  

In  an effort to u n d e r s t a n d  the cause of this, v a r i -  
ous so l id - l iqu id  mixed  dielectr ics  were  studied,  u s -  

m 
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Fig. 2. Test cell 

Fig. 3. Evolution of gas at  the point of contact between a 
needle electrode and solid dielectric (cellophane). 

ing t h in  sheet  solid ma te r i a l  and  s imple  electrode 
forms. 

In  the first e xpe r i me n t s  the sheet  die lectr ic  m a -  
te r ia l  to be tes ted was a t tached  to the p l ane  elec-  
t rode  of the  test  cell shown in  Fig. 2. The  other  elec-  
t rode  was a needle  of abou t  40 /~ rad ius  at the  t ip  
which  could be moved  re la t ive  to the  p l ane  elec-  
trode. The electrode gap could be observed  wi th  a 
microscope th rough  opt ical ly  fiat windows.  The cell 
was des igned so tha t  v a c u u m  i m p r e g n a t i o n  of the 
sys tem wi th  dielectr ic  l iquids  could be effected, and  
tests if r e q u i r e d  could be car r ied  out  at r educed  
pressure.  The fo l lowing observa t ions  were  made  at  
a tmospher ic  pressure :  

(i) Wi th  the  cell filled wi th  f i l tered m i n e r a l  oil no 
gassing was  observed be low the b r e a k d o w n  vol tage  
so long as a gap exis ted b e t w e e n  the  need le  and  the 
solid dielectr ic  a t tached to the p l ane  electrode,  
w h a t e v e r  the  n a t u r e  of the solid. 

(ii) Wi th  the solid i n su l a t i on  in  the  fo rm of u n -  
dr ied  cel lulose (ce l lophane  or paper  in  e q u i l i b r i u m  
wi th  o r d i n a r y  room a tmosphere )  and  the need le  
touch ing  the  solid, smal l  gas bubb le s  were  evolved 
con t inuous ly  at the point  of contact  above a cr i t ical  
appl ied  stress. F igu re  3 shows gas evo lu t ion  at the  
po in t  of contact  b e t w e e n  the  needle  electrode and  
sheet  ce l lophane  immersed  in m i n e r a l  oil. The  gas 
bubb l e s  moved  rap id ly  a w a y  f rom the  need le  and, 
in  degassed oil, dissolved in  a few minu tes .  The  
p h e n o m e n o n  was observed wi th  both  a-c  and  d-c  
appl ied  stress bu t  not  necessa r i ly  at the same m a g n i -  
tude  of stress. The onset  of gassing coincided wi th  
"discharge  incep t ion"  w h e n  the  sys tem was con-  
nec ted  to a d ischarge  detector.  

( i i i)  The cr i t ical  gassing stress increased  w i th  the  
state of d ryness  of the cellulose. Wi th  cel lulose 
(paper  or ce l lophane)  which  had  been  in  equ i l i b -  
r i u m  wi th  air  a lmost  s a tu ra t ed  w i th  w a t e r  vapor ,  
gassing c omme nc e d  at a stress of 6-7 v (peak)  per  
micron.  For  cel lulose exposed to o r d i n a r y  room air  
( re la t ive  h u m i d i t y  say 65%) ,  the  cr i t ical  stress was  
cons ide rab ly  h igher  (abou t  70 v//~ for two th icknesses  
of 10 /~ capaci tor  paper )  and  this rose severa l  t imes  
wi th  f u r t h e r  d ry ing  un t i l  w i th  ve ry  d ry  pa pe r  or 
ce l lophane  no gassing was  observed be low the  
b r e a k d o w n  stress (280 v/~, for two th icknesses  of 
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Fig. 4. Dependence of minimum voltage for gas evolution 
(Vg) on dryness of oil-immersed cellophane. 

10 /~ pape r ) .  The r a the r  lower  cr i t ical  stresses ob-  
served in  ac tua l  capaci tors  w i th  mois tu re  free paper  
dielectr ic  are p r e s u m a b l y  due  to the occurrence  of 
sites wi th  an enhanced  local stress f rom conduc t ing  
par t ic les  or t h in  places in  the m u c h  la rger  area  in -  
volved.  

The  effect of progress ive  oven  d ry ing  on the  vo l t -  
age V~ at which  gas evo lu t ion  commenced  at the 
need le  e lect rode for ce l lophane  of 75/L thickness,  
p rev ious ly  exposed to a tmospher ic  humid i ty ,  is 
shown in  Fig. 4. 

( iv)  Wi th  solid dielectr ics of r e l a t ive ly  low wa te r  
absorpt ion ,  e.g., po lye thy lene ,  po lys ty rene ,  po ly -  
e thy lene  t e reph tha la te ,  po ly te t ra f luore thy lene ,  mica, 
and  glass, no gassing was observed  up to stresses ap-  
p roach ing  b r e a k d o w n  [ in  most  cases 400-600 v 
(peak)  per  mic ron]  even af ter  long exposure  to h igh 
humid i ty .  Stresses which  could be appl ied  to these 
mate r ia l s  w i thou t  gassing or b r e a k d o w n  occur r ing  
af ter  exposure  to a lmost  100% R.H. for per iods of 
1/2-1 hr  are shown in  Table  I, which  also inc ludes  
gassing stresses for cellulosic ma te r i a l s  which  had 

been  exposed to the  damp  a tmosphere  before i m -  
mer s ion  in  the  oil. 

(v)  Other  ma te r i a l s  of high w a t e r  absorpt ion,  
e.g., cel lulose t r i ace ta te  and  gelat ine,  behaved  l ike 
ce l lophane  and  paper ,  i.e., w h e n  d a m p  gassing oc- 
cur red  at low stress, bu t  the gassing stress increased  
w i th  dry ing .  Resul t s  for cellulose t r iace ta te  and  
ge la t ine  in  the damp  condi t ion  are inc luded  in  
Tab le  I. 

(v i )  Evo lu t ion  of gas u n d e r  electr ic  stress f rom 
incomple te ly  dr ied  cel lulose occurred  w h e n  a s i l i -  
cone fluid, ca rbon  te t rachlor ide ,  pen tach lo rd ipheny l ,  
or ca rbon  disulfide was subs t i tu t ed  for m i n e r a l  oil, 
the m i n i m u m  gassing stress be ing  subs t an t i a l l y  u n -  
affected by  the change  of i mme r s i on  med ium.  Ca r -  
bon disulf ide is especia l ly  in t e res t ing  in  tha t  it is not  
expected  to y ie ld  gaseous decomposi t ion  products .  
The gas bubb les  m u s t  therefore  arise f rom the solid 
or its con ta ined  mois ture .  

Since the  vol tage  at  which  gas is evolved  f rom oi l -  
i m p r e g n a t e d  cel lulose increases  wi th  increas ing  d r y -  
ness of the cellulose, it should be possible to increase  
the d ischarge  incep t ion  vol tage  of an  o i l - i m p r e g -  
na t ed  paper  capaci tor  by  special a t t e n t i on  to the  
d r y i n g  of the dielectric.  M e a s u r e m e n t s  were  t he re -  
fore made  of res i s t iv i ty  and  discharge  incept ion  
vol tage  on samples  of rag paper  (40/~ th ickness)  
dr ied  to di f ferent  degrees.  V a c u u m  dr ied  paper  was  
a l lowed to rega in  moi s tu re  to the r equ i r ed  degree 
and  i m m e d i a t e l y  immersed  in oil and  assembled  in to  
a smal l  capaci tor  wi th  a l u m i n u m  electrodes u n d e r  
the oil. The electrodes were  flat foils 6 ~ thick,  
pressed on to the  die lect r ic  the  a rea  of which  was  4 
cm ~. A - C  discharge incept ion  vol tages  were  meas -  
u red  wi th  a detector  sens i t ive  to 0.5 p coulomb. The 
resul t s  are shown in  Fig. 5 where  d ischarge  incep-  
t ion  stress E~ is p lot ted  as a func t ion  of res i s t iv i ty  
of the i m p r e g n a t e d  paper .  E~ increased  wi th  inc reas -  
ing res i s t iv i ty  by  a factor  of 4 b e t w e e n  paper  in  
e q u i l i b r i u m  wi th  room a tmosphere  and  "dry."  The  
res is t iv i t ies  shown in  Fig. 5 are cons ide rab ly  lower  
t h a n  cor responding  resis t ivi t ies  for o r d i n a r y  rol led 
paper  capacitors.  This  is due to the  t ight  c l amping  
employed  in  the  p r e se n t  tests which  gave a more  
i n t i m a t e  contact  wi th  the  paper.  

Table I. Evolution of gas from solid dielectrics which had been exposed to damp atmosphere 

Gassing 
Thickness, stress, v 

Substance /~ Behavior  under  electric stress (peak)//~ 

Polyethylene 45 No evolution of gas bubbles at voltages up to >76 
the breakdown voltage 3.4 kv (peak) 

Polystyrene 12 No evolution of gas bubbles at voltages up to >580 
7 kv (peak) 

Polyethylene terephthalate 12 No evolution of gas bubbles at voltages up to >390 
4.7 kv (peak) 

Polytetraf luorethylene 17 No evolution of gas bubbles at voltages up to >410 
7 kv (peak) 

Mica 10 No evolution of gas bubbles at voltages up to >540 
the breakdown voltage 5.4 kv (peak) 

Glass 150 No evolution of gas bubbles at voltages up to >67 
the breakdown voltage 10 kv (peak) 

Capacitor paper 10 Evolution of gas bubbles at about 70 v (peak) 7 
Cellophane 75 Evolution of gas bubbles at 420 v (peak) 6 
Cellulose tr iacetate 30 Evolution of gas bubbles at about 570 v (peak) 19 

(BDV = 2.46 kv ( p e a k ) )  
Gelat ine 33 Evolution of gas bubbles at 280 v (peak) 7 
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In  add i t ion  to the above tests  on c lamped  pla te  
capacitors,  some n o r m a l l y  w o u n d  0.02 /~F k ra f t  
paper  un i t s  (4 paper  layers  x 10/~) were  im pr e g -  
na t ed  in  the l abora to ry  wi th  capaci tor  oil. The i n -  
su la t ion  res i s tance  was var ied  by  v a c u u m  d r y i n g  the 
un i t s  to di f ferent  degrees before  impregna t ion .  Only  
a few tests have  been  made  so far, b u t  the  resul t s  
shown in  Fig. 6 indica te  tha t  the  more  thorough  the 
d ry ing  process the grea te r  is the E~ va lue  of the  ca-  
pacitor.  A l though  precise m e a s u r e m e n t s  of mo i s tu re  
con ten t  of the pape r  dielectr ic  of these capaci tors  
were  no t  made,  these resul t s  and  others  suggest  tha t  
E~ increases  f rom 15 to more  t h a n  100 v (peak)  per/~ 
as mois tu re  con ten t  decreases f rom a few per  cent  to 
to less t h a n  0.1%. 

Discussion of Results 
The obse rva t ions  repor ted  here  s t rong ly  suggest  

tha t  the gas in i t i a l ly  gene ra t ed  in  e lec t r ica l ly  
s t ressed pape r  i m p r e g n a t e d  w i th  a die lect r ic  l iqu id  
is der ived  f rom wa te r  con ta ined  in  the cellulose. 
P rov ided  gas bubb le s  are no t  p resen t  in i t ia l ly ,  the  
th resho ld  va lue  of stress for gassing a t  n o r m a l  pres -  
sures is low only  wi th  i m p r e g n a t e d  ma te r i a l s  con-  
t a i n ing  an  apprec iab le  a m o u n t  of absorbed  mois ture ,  
and  is increased  by  drying .  The  gas observed is no t  
wa te r  in the vapor  phase formed,  say, t h r o u g h  local  
hea t ing  at poin ts  of contact  b e t w e e n  the  electrodes 
or conduc t ing  inc lus ions  and  the  cel lulose;  bubb le s  

of s t eam produced  in  this  way  wou ld  condense  in  a 
smal l  f rac t ion  of a second, con t r a ry  to the  observed  
life of the bubb le s  of severa l  minu tes .  

Wa t e r  in  l iqu id  form can be e lect rolyzed read i ly  
into its cons t i t uen t  gases at a f r e que nc y  of 50 cps at 
su i tab le  c u r r e n t  densi ty .  Exper imen t s ,  in  which  the  
gas evolved f rom moist  e lec t r ica l ly  s tressed pape r  
u n d e r  an  i n su l a t i ng  l iqu id  was  collected, also 
showed tha t  an  explosive  m i x t u r e  of hyd rogen  and  
oxygen  was  fo rmed  f rom the wa te r  w i th  bo th  d-c  
and  a-c  ( 5 0 ~ )  voltages,  a l though  u n d e r  m i n e r a l  
oil some of the oxygen  m a y  be absorbed  i m m e d i -  
a te ly  by  ox ida t ion  of the  oil. The average  leakage  
c u r r e n t  dens i ty  t h r ough  an o i l - i m p r e g n a t e d  paper  
capacitor,  however ,  is insufficient  to account  for the 
observed ra te  of gas evo lu t ion  at the d ischarge  i n -  
cept ion  stress on the  basis  of e lectrolysis  of the 
wa te r  (3) ,  un less  some m e c h a n i s m  exists  to cause 
a grea t  increase  in  c u r r e n t  in  a few ve ry  smal l  areas 
w he r e  a b n o r m a l  stresses are present .  Such a local  
e n h a n c e m e n t  of conduc t iv i ty  canno t  be exp la ined  by  
mois tu re  m o v e m e n t  toward  high stress regions;  
theore t ica l  cons idera t ions  based on ene rgy  of sorp-  
t ion  of w a t e r  in  cel lulose ru le  this  out  as a ma jo r  
effect even  at stresses of the same order  of m a g -  
n i t ude  as the  in t r ins ic  s t r eng th  of cellulose. E x p e r i -  
m e n t a l  resul t s  have  conf i rmed this. 

Tests pe r f o r me d  on paper  in var ious  states of d r y -  
ness show however  tha t  its conduc t iv i ty  increases  
v e r y  g rea t ly  as the  b r e a k d o w n  stress is approached  
especia l ly  w h e n  it is moist.  F igu re  7 shows the  effect 
of v a r y i n g  the d-c  m e a s u r i n g  vol tage  on the  res is-  
t i v i ty  of 28 cm 2 areas of k ra f t  capaci tor  paper  20/~ 
th ick  (2 x 10/~ layers)  af ter  cond i t ion ing  in  va r ious  
a tmospheres .  The observed grea t  increase  in  con-  
duc t iv i t y  of cel lulose con ta in ing  moi s tu re  at  h igh 
stresses m a y  be a consequence  of e lec t ron  emiss ion 
f rom the  electrodes,  the  e lec t ron b o m b a r d m e n t  of 
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the  cel lulose caus ing  dissociat ion of the b o u n d  wa te r  
molecules .  A l though  the  m a x i m u m  appl ied  stress in  
Fig. 7 is on ly  0.5 m v / c m ,  local ly  it m a y  be severa l  
t imes  h igher  due to stress concen t r a t i on  at the edges 
or at any  microscopic i r r egu la r i t i e s  on the elec-  
trodes, and  because  of va r i a t i ons  of th ickness  of the  
paper  and  the presence  of conduc t ing  inclusions.  
Stresses of more  t h a n  1 m v / c m  would  ce r t a in ly  be 
sufficient for e lec t ron  emission.  

It  is possible the re fore  tha t  gas evo lu t ion  in  a ca-  
paci tor  commences  at local poin ts  of stress concen-  
t ra t ion ,  say nea r  the site of a conduc t ing  inc lus ion  in  
the  paper  or at e lectrode edges, where  the r e s u l t a n t  
h igh degree  of dissociat ion of the wa te r  would  lead 
to rap id  electrolysis.  

Such a m e c h a n i s m  would  exp la in  why  discharge  
incep t ion  stress in o i l - i m p r e g n a t e d  pape r  capaci tors  
is not  g rea t ly  affected by  t ime  of appl ica t ion  of d -c  
stress or f r equency  of a-c  stress and  is l i t t le  d e p e n d -  
en t  on t e m p e r a t u r e  which  has a v e r y  cons iderab le  
effect on leakage c u r r e n t  at w o r k i n g  stress. In  a wel l  
sealed capacitor,  t e m p e r a t u r e  m a y  have  an  ind i rec t  
effect on discharge incep t ion  stress by  caus ing  a 
change  of pressure,  bu t  at  cons tan t  p ressure  the  
effect of t e m p e r a t u r e  is small .  It  is c lear  therefore  
tha t  a s imple  e lec t rochemical  m e c h a n i s m  based on 

average  cu r r en t s  at w or k i ng  stress is inadequa te ,  
b u t  tha t  an  e xp l a na t i on  i nvo l v i ng  e lec t ron  emiss ion 
at h igh stress is in  a g r e e m e n t  wi th  e x p e r i m e n t a l  
observat ions .  

The prac t ica l  va lue  of this work  is tha t  it d e m o n -  
s t ra tes  the impor t ance  of v e r y  thorough  d ry ing  of 
o i l - i m p r e g n a t e d  paper  i n su l a t i on  if the h ighes t  pos-  
sible w or k i ng  stress is requi red .  

Acknowledgment 
The au thors  wish  to t h a n k  the  Director  (Dr.  H. G. 

Tay lor )  and  the Counci l  of the  Br i t i sh  Elect r ical  and  
All ied Indus t r i e s  Research Associat ion for pe rmis -  
sion to pub l i sh  this  paper.  

Manuscript  received Feb. 15, 1960. This paper w a s  
prepared for delivery before the Phi ladelphia Meeting, 
May 3-7, 1959. 

Any discussion of this paper  will appear in a Dis- 
cussion Section to be published in the June  1961 JOUR- 
NAL. 

REFERENCES 

i. P. Cucka, Electrical Research Association Technical 
Report Ref. L/T356, 1957. 

2. H. Basseches and M. W. Barnes, Ind. Eng. Chem., 50, 
959 (1958). 

3. H. F. Church and C. G. Garton, Proc. I.E.E., I00, IIA, 
IIi (1953). 

ZnS:Cu, CI and (Zn, Cd)S:Cu, CI Electroluminescent Phosphors 
A. Wachtel 

Research Department, Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

Procedures for the preparation of ZnS: Cu,CI and (Zn,Cd)S: Cu,Cl EL ~ phos- 
phors are based on firing in an atmosphere containing elementary S. Cl-in- 
corporation is controlled by firing in capped silica tubes or in open boats in a 
current of N.~ ~- S..,CI._,. Dependence of brightness on activator concentration is 
established on the basis of presumably constant excess Cu as Cu.~S. The use of 
Pb was found to be disadvantageous. Introduction of Cd causes formation of 
the hexagonal phase and a (Cu,Cd)S compound and simultaneous decrease of 
electroluminescence brightness as well as dependence of electroluminescence 
emission color on Cd concentration. A two-step firing procedure is given by 
means of which this effect may be partially avoided. 

This paper  deals wi th  efforts to improve  the  
b r igh tness  and  m a i n t e n a n c e  of b lue  and  g reen  e m i t -  
t ing  EL phosphors,  as wel l  as a t t empt s  to p repa re  
phosphors  emi t t i ng  at  longer  wave  l eng ths  by  me a ns  
of pa r t i a l  subs t i t u t i on  of Z n  by  Cd. Whi le  a con-  
s iderab le  a m o u n t  of data  on the p r epa ra t i on  of 
ZnS:Cu,  C1 EL phosphors  has appeared  in the l i t e ra -  
t u r e  (1) ,  the e x p e r i m e n t a l  p rocedures  used in  the  
p resen t  s tudy  are based on those developed by Leh -  
m a n n  (2) .  These m a y  be s u m m a r i z e d  as follows: 

1. The  h ighes t  EL ou tpu t  is ob ta ined  for compo-  
si t ions p repa red  wi th  on ly  ZnS,  Cu, and  C1 and  
p r e f e r a b l y  exc lud ing  o ther  cat ions  such as Pb. 

2. A cons iderab le  i m p r o v e m e n t  of the  phosphor  
is ob ta ined  by  fir ing in  an  a tmosphere  con ta in ing  
e l e m e n t a r y  S. I t  is be l i eved  tha t  this  i m p r o v e m e n t  

l E l e c t r o l u m i n e s c e n c e  o r  e l e c t r o l u m i n e s c e n t  i s  h e r e a f t e r  a b b r e v i -  
a t e d  E L .  

is due to r educ t ion  of the n u m b e r  of S -vacanc ies  and  
consequen t ly  deep t raps  wh ich  o therwise  t end  to 
form. 

The  second poin t  necessa r i ly  impl ies  tha t  the  
addi t ion,  or presence  af ter  firing, of ZnO is de t r i -  
menta l .  This  is con t r a ry  to da ta  first ob ta ined  by  
Des t r i au  (3) and  then  by  a n u m b e r  of workers  in 
the  field [a r ev iew as wel l  as or ig ina l  da ta  have 
been  pub l i shed  by  W e n d e l  (4 ) ] .  A n  e xp l a na t i on  
m a y  be offered in  te rms  of a mode l  for the  EL ex -  
c i ta t ion  m e c h a n i s m  as proposed by  L e h m a n n  (5) 
according to which  e lec t r ica l ly  conduc t ing  inc lus ions  
in  ZnS crys ta l l i tes  s imi la r  to the C u- r i c h  surface 
layers  proposed by  Zalm, Diemer ,  and  Klasens  (6) 
and  by  Z a l m  (7) provide  sufficient local in tens i f ica-  
t ion  of the  appl ied  field. Accordingly ,  e i ther  ZnO 
or Cu~S m a y  p lay  such a role. L e h m a n n ,  has shown 
e x p e r i m e n t a l l y  tha t  Cu~S is p re fe rab le .  
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Experimental Techniques 
Unf i red  m i x e s  w e r e  p r e p a r e d  b y  s l u r r y i n g  p u r e  

ZnS  ( R C A  No. 33Z19) w i t h  aqueous  so lu t ions  of 
Cu(C~H,O,),~'H~O and  NH+C1, fo l lowed  b y  d ry ing ,  
a d d i t i o n  of S a n d  r e m i x i n g .  F i r i n g  was  u s u a l l y  done  
in 10 g q u a n t i t y  of m a t e r i a l  f i l led into t r a n s p a r e n t  
s i l ica  tubes ,  75 m m  long,  15 m m  ID, and  17 m m  OD, 
c losed  at  one end  and  c a p p e d  w i t h  s im i l a r  t ubes  
18 m m  ID and  20 m m  OD. S e v e r a l  such tubes  could  
be  a r r a n g e d  in a l a r g e r  s i l ica  t ube  n e a r  i ts c losed 
end  and  p r o t e c t e d  w i t h  an  a t m o s p h e r e  of pur i f i ed  
N~ in the  u s u a l  m a n n e r .  A l l  f i red p h o s p h o r s  w e r e  
w a s h e d  in NaCN so lu t ion  fo l lowed  b y  H~O and  
alcohol ,  and  w e r e  t hen  d r i e d  and  sc reened .  

E L - b r i g h t n e s s  r e a d i n g s  w e r e  p e r f o r m e d  w i t h  a 
S p e c t r a  B r igh tne s s  Spot  Meter ,  ~ us ing  a d e m o u n t -  
ab le  cel l  f i l led w i th  40% ( b y  v o l u m e )  suspens ions  
of p h o s p h o r  in cas to r  oil. S ince  s m a l l  g e o m e t r i c a l  
d e v i a t i o n s  of the  cel l  a s s e m b l e d  a t  d i f f e ren t  t imes  
could  not  a l w a y s  be  avo ided ,  t he  effect ive  field 
s t r e n g t h  across  the  p h o s p h o r  l a y e r  was  s t a n d a r d i z e d  
b y  o p e r a t i n g  the  cel l  a t  a vo l t age  such t h a t  a s t a n d -  
a r d  p h o s p h o r  (a lso  i n c l u d e d )  h a d  a p r e d e t e r m i n e d  
b r igh tnes s .  

ZnS:Cu, CI Phosphors 
Mechanism of C1 incorporation.--The a m o u n t  of 

C1 i n c o r p o r a t e d  at  a g iven  concen t r a t i on  of Cu was  
e s t i m a t e d  in a r e l a t i v e  b u t  sens i t ive  m a n n e r  b y  
v i sua l  c o m p a r i s o n  of t he  b l u e - g r e e n  hue  of e m i s -  
s ion of t he  f ired phosphor .  P r e l i m i n a r y  i n v e s t i g a -  
t ions  i n d i c a t e d  t ha t  the  C1 con ten t  dec reases  w i th  
i nc rea s ing  b a t c h  size a n d  inc reases  s l i g h t l y  w i t h  
f i r ing t i m e  and  the  v o l u m e  of t he  f i r ing con t a ine r  
used,  so long as th is  v o l u m e  is s m a l l  enough  to p e r -  
m i t  t he  p h o s p h o r  m i x  to be  s u r r o u n d e d  b y  a s a t u -  
r a t e d  a t m o s p h e r e  of i ts own  t h e r m a l  decompos i t i on  
p roduc t s .  F o r  l a r g e r  s a m p l e  sizes fired, an  e m p i r i c a l  
r e l a t i o n s h i p  

%C1 = x(0 .97  -{- 0.003 g ZnS)  

was  f o u n d  to r e su l t  in equa l  emiss ion  color,  w h e r e  
x is the  a m o u n t  of C1 a d d e d  to a 10-g sample .  

The  o b s e r v a t i o n s  s u g g e s t e d  tha t ,  d u r i n g  the  in i t i a l  
s tages  of f ir ing,  t h e r m a l  decompos i t i on  r e l eases  s u b -  
s t a n t i a l l y  a l l  of t he  a d d e d  C1 to the  a t m o s p h e r e .  
As the  f i r ing p roceeds  th i s  C1 is s u b s e q u e n t l y  a b -  
so rbed  at  a s lower  ra te .  The  su l fu r  a d d e d  a p p e a r s  
to dec rea se  s t r o n g l y  the  C1 i n c o r p o r a t i o n  i n a s m u c h  
as i t  causes  a sh i f t  in emiss ion  to s h o r t e r  w a v e -  
l eng th s  (8) ,  i.e., in f a v o r  of t he  b lue  emiss ion  band .  
This  m a y  be  c o m p e n s a t e d  for  b y  h i g h e r  C1 add i t i ons  
such as p r e s e n t l y  desc r ibed .  

The  E L  b r i g h t n e s s  w a s  found  to r e a c h  a b r o a d  
m a x i m u m  for  f i r ing t e m p e r a t u r e s  in t h e  n e i g h b o r -  
hood of 950~ S i n g l y  f i red p h o s p h o r s  w e r e  u s u a l l y  
c h a r a c t e r i z e d  b y  n o n h o m o g e n e o u s  C1 conten t ,  i.e., 
a m i x t u r e  of m o r e  b lu i sh  and  m o r e  g reen i sh  e m i t t i n g  
por t ions .  G r i n d i n g  and  re t i r ing  w i t h  no add i t i ons  
o the r  t h a n  S a l w a y s  r e s u l t e d  in homogeneous ,  
b r i g h t e r ,  and  m o r e  r e p r o d u c i b l e  phosphor s .  D u r i n g  
the  re t i r ing ,  abou t  30% of t he  i n c o r p o r a t e d  C1 is 
lost,  w h i c h  m u s t  be  c o m p e n s a t e d  for  in t he  in i t i a l  
un f i r ed  composi t ion ,  s ince  a f t e r  f i r ing the  r a t e  of C1 
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i n c o r p o r a t i o n  is s t r o n g l y  r educed .  F i r i n g  t imes  of 
1.5 h r  w e r e  found  to r e su l t  in e q u i l i b r i u m  condi t ions .  

Activator concentration.--An EL Z n S : C u ,  C1 
p h o s p h o r  is k n o w n  to r e q u i r e  the  p r e s e n c e  of a 
h igh  c o n c e n t r a t i o n  of a c t i v a t o r  s i tes  (9, 10) whose  
f o r m a t i o n  is, for  p r e s e n t  purposes ,  a s s u m e d  to be 
a func t ion  of c o a c t i v a t o r  (C1) i n c o r p o r a t e d ,  so long 
as the  m o l a r  c onc e n t r a t i on  of Cu a p p r e c i a b l y  e x -  
ceeds  t h a t  of C1. The  p e r f o r m a n c e  of an  EL p h o s -  
p h o r  depends ,  howeve r ,  not  on ly  on the  a m o u n t  of 
i n c o r p o r a t e d  (a t  l eas t  p a r t i a l l y  c h a r g e - c o m p e n -  
s a t ed )  Cu, b u t  also on the  c onduc t i ng  p h a s e  of Cu~S 
whose  f o r m a t i o n  d e p e n d s  on, and  is a func t ion  of, 
the  p re sence  of excess  Cu d u r i n g  the  f i r ing process .  + 
Cond i t ions  for  k e e p i n g  th is  cons t an t  and  a t  a n e a r -  
o p t i m u m  v a l u e  w e r e  e m p i r i c a l l y  d e t e r m i n e d  for  
10-g qua n t i t i e s  f i red to obey  the  r e l a t i o n s h i p  

mo le  % Cu = 0 . 5 5 + 0 . 4 5  mo le  % C1 

U n d e r  p r e s e n t  condi t ions ,  t he  s in t e r ing  of the  
p h o s p h o r  a p p e a r s  to be  d e t e r m i n e d  e n t i r e l y  b y  the  
a m o u n t  of excess  Cu~S fo rmed ,  so t h a t  a r ap id ,  a l -  
t h o u g h  a p p r o x i m a t e  and  on ly  r e l a t i ve ,  e s t i m a t e  of 
excess  Cu c o n c e n t r a t i o n  could  be  m a d e  in th is  m a n -  
ner .  

P h o s p h o r s  p r e p a r e d  w i t h  C1 a d d i t i o n s  up  to 30 
mo le  % and  c o r r e s p o n d i n g  add i t i ons  of Cu showed  
a p p r o x i m a t e l y  e q u a l  s in te r ing .  F i g u r e  1 shows  the  
EL b r i g h t n e s s  o b t a i n e d  at  two  f r e q u e n c i e s  ove r  a 
po r t i on  of th is  r a n g e  of compos i t ions .  The  fac t  t h a t  
an  EL o u t p u t  a p p r e c i a b l y  h i g h e r  t han  zero is no t ed  
for  no C1 a d d i t i o n  m a y  be  e x p l a i n e d  by  a s m a l l  C1 
c on t e n t  of t he  r a w  ma te r i a l s ,  a n d  the  b r i g h t n e s s  
f o u n d  at  th is  po in t  was  no ted  to be  qu i t e  va r i ab l e ,  
d e p e n d i n g  on the  p a r t i c u l a r  lo t  of ZnS used.  The  
s i m i l a r i t y  of the  cu rves  to t he  d e p e n d e n c e  of b r i g h t -  
ness  on A1 a d d i t i o n  as no t ed  b y  F r o e l i c h  (11) is 
qu i t e  ev iden t .  I t  is also i n t e r e s t i n g  to no te  t h a t  c o m -  
pos i t ions  r e s u l t i n g  in m a x i m u m  E L  b r i g h t n e s s  a r e  
such t h a t  a b o u t  25% of the  a d d e d  Cu is r e t a i n e d  
a f t e r  NaCN wash ing ,  w h i c h  is the  s ame  f igure  r e -  
p o r t e d  b y  F r o e l i c h  (12) for  Z n S : C u ,  Mn p h o s p h o r s  
f i red at  l l 0 0 ~  in tt,.,S. The  p r a c t i c a l  a spec t s  of these  
r e su l t s  a r e  p r e s e n t e d  in m o r e  de t a i l  in a r e c e n t  

a N a C N - w a s h e d  E L  p h o s p h o r s  s h o w  a n  i n c r e a s e  in  g r e e n / b l u e  
r a t i o  of e m i s s i o n  a n d  lose  m o s t  of  t h e  E L  w h e n  r e t i r e d  a t  t h e  
o r i g i n a l  f i r i ng  t e m p e r a t u r e  ( 950~  
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Fig. 1. Brightness of ZnS:Cu, CI phosphors fired with 5 wt 
% S at 950~ 2 x 90 rain, as a function of activator addition. 
The CI additions specifically refer to lO-g quantities fired in 
silica tubes of 13.5 ml volume. 
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Table I. Typical activator additions and retained concentrations 
(in mole %)  for lO-g batches of ZnS, fired at 950~ x 90min 

60 cps  Z0,000 cps 
LigHt  b lue  g r e e n  g reen  

Cu added 0.62 0.71 0.89 
Cu re ta ined after 

NaCN washing 0.033 0.105 0.50 
C1 added 0.14 0.34 0.75 
C1 reta ined 0.095 0.16 0.32 

p a t e n t  (13) .  Tab le  I shows typ ica l  va lues  of Cu 
and C1 found  by chemica l  ana lys is  of N a C N - w a s h e d  
phosphors  des igned  for  l i gh t  b lue  emission,  as we l l  
as m a x i m u m  br igh tness  at 60 and at 10,000 cps e x -  
ci tat ion,  r e spec t ive ly .  

Efyect o] P b . - - B e c a u s e  of the  f r e q u e n t  use of Pb  
(15) in the  p r e p a r a t i o n  of EL phosphors ,  its effect 
was  also inves t iga ted .  Tab l e  II  shows the  resu l t s  
obta ined,  w h e r e  the  first t h r e e  samples  ( excep t  fo r  
S) r e p r e s e n t  a compos i t ion  ob ta ined  by  a v e r a g i n g  
a n u m b e r  of r e p r e s e n t a t i v e  fo rmu la t i ons  descr ibed  
in the  p a t e n t  l i t e ra tu re .  Samples  4, 5, and  6 differ  
only  in t he  use of ex t r a  NH~C1, so as to compensa t e  
for  the  effect of Pb wh ich  consists of vo la t i l i z ing  
excess C1 as PbCI~. 

In samples  7, 8, and 9, an a t t e m p t  was  m a d e  to 
dup l i ca t e  p re sen t  composi t ions,  excep t  t ha t  Pb  was  
also used  which,  in turn ,  r e q u i r e d  h ighe r  C1 add i -  
t ions so as to m a i n t a i n  a b l u e / g r e e n  hue  of emiss ion 
color  s imi la r  to t h a t  p r e s e n t l y  r e p r e s e n t i n g  o p t i m u m  
ac t iva t ion  incorpora t ion .  S a m p l e  10 is a n o r m a l  
cont ro l  phosphor  p r e p a r e d  w i t h o u t  Pb. 

I t  can be  seen tha t  in al l  cases the  use of Pb  r e -  
su l ted  in a s t rong  r educ t ion  of EL as c o m p a r e d  to 
the  control .  S ince  the  use of 5 mole  % C1 a lone  
wou ld  r e su l t  in a n e a r l y  100% coac t iva ted  and a l -  
most  n o n - E L  phosphor ,  any  a d v a n t a g e s  of the  use 
of Pb, as obse rved  by others,  is p r o b a b l y  r e s t r i c t ed  
to cases w h e r e  r a w  m a t e r i a l s  w i t h  h igh  C1 con ten t  
w e r e  employed .  

Efyect of Z n O . - - F i g u r e  2 shows the  effect  of in-  
c reas ing  addi t ions  of ZnO to composi t ions  des igned  
e i the r  for  60 cps or for  10,000 cps exc i ta t ion .  The  
in i t ia l  s l ight  increase  in b r igh tness  lies w i t h i n  the  
r ep roduc ib i l i t y  of phosphor  p r e p a r a t i o n  and m e a s -  
u r e m e n t s .  

The  p re sence  of ZnO resu l t s  in an effect s imi la r  
to an inc rease  in C1 addi t ion.  Most of the  S added  
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Fig. 2. Brightness of  ZnS:Cu,  CI phosphors w i th  ac t i va to r  
addi t ions designed for  60 cps and for  10 ,000  cps exc i ta t ion ,  
respectively, as a func t ion  of  ZnO added before f i r ing.  A,  60 
cps phosphor excited at 60 cps; B, 60 cps phosphor excited at 
10,000 cps; C, 10,000 cps phosphor excited at 60 cps; D, 
10,000 cps phosphor excited at 10,000 eps. 

evapo ra t e s  be fo re  reac t ion  w i t h  ZnO can occur;  the  
r em a inde r ,  h o w e v e r ,  m a y  r eac t  w i t h  ZnO and can 
no longer  dec rease  inco rpora t ion  of C1. Moreover ,  
K r S g e r  and Dikhoff  (14) h a v e  shown tha t  oxygen  
i tse l f  causes p r e f e r e n t i a l  associa t ion w i t h  Cu and 
has a def ini te  so lubi l iz ing  effect. S ince  the  decreased  
b r igh tness  obse rved  m a y  t h e r e f o r e  be i n t e r p r e t e d  
as m e r e l y  a d e p a r t u r e  f rom o p t i m u m  final ac t iva to r  
and  Cu.oS concent ra t ions ,  a n u m b e r  of phosphors  
w e r e  p r e p a r e d  w i t h  about  a t e n t h  of the  usual  add i -  
t ions of C1 so as to ma tch  the  g r e e n / b l u e  ra t io  of 
emiss ion  of n o r m a l  phosphors .  The  best  resu l t s  ob-  
t a ined  were ,  h o w e v e r ,  only  abou t  o n e - t h i r d  of the  
ou tpu t  n o r m a l l y  ob ta ined  at  60 cps, w h i l e  at 10,000 
cps the  EL  was  c o m p a r a t i v e l y  negl ig ib le .  S i m i l a r l y  
poor  resul t s  w e r e  ob ta ined  by f i r ing phosphors  w i t h -  
out  f ree  S, even  in the  absence of ZnO. 

Efyect o] alkali chlorides.--The i nco rpora t ion  of 
C1, a l though  sub jec t  to the  p a r a m e t e r s  descr ibed  
above,  a p p e a r e d  to be  i n d e p e n d e n t  of its f o r m  of 
addi t ion,  so long as no ex t r aneous  ca t ion  is included.  
On the  o ther  hand,  the  addi t ion  of C1 in the  f o r m  of 
a lka l i  ch lor ides  as o r ig ina l ly  r e p o r t e d  by  B e u t l e r  
and P r e n e r  (16) resul t s  in a shif t  in emiss ion color  
to the  b lue . '  Wi th  inc reas ing  a tomic  w e i g h t  of the  
cation,  the  shif t  becomes  m o r e  p ronounced .  The  

4 On t he  bas i s  of  e n o u g h  C1 to  r e s u l t  i n  g reen  e m i s s i o n  c o l o r  i f  
i n t r o d u c e d  as NH~C1, ZnCI~, or  HC1. O t h e r w i s e ,  t h e r e  is,  o f  c o u r s e ,  
no color  shif t .  

Table II. EL response obtained with various compositions containing Pb 

S a m p l e  
No. 

C o m p o s i t i o n  in  m o l e  % be fo re  f i r ing  

t ~ .  f P b  ( O H )  ~ C u  (C2H802) ~.H.~O NH4C1 S F l u o r e s c e n c e  
ZnO ,zo 1. 2PbCO~ F b C b  emis s ion  c o l o r  

E L  b r i g h t n e s s  

60 10,000 
cps  cps  

1 * 7.2 0.28 - -  0.085 - -  - -  Green-b lue  
2 7.2 0.28 - -  0.085 - -  15 Blue 
3 7.2 0.28 - -  0.085 - -  15 Blue-green  
4 7.2 0.28 - -  0.085 0.84 15 Blue 
5 7.2 0.28 - -  0.085 5.5 - -  Green-b lue  
6 7.2 0.28 - -  0.085 5.5 15 Green-b lue  
7 - -  - -  0.28 0.77 5.0 - -  Yel low-green  
8 - -  - -  0.28 0.77 5.0 15 Green 
9 Sample  No. 8 retired with 15 mole %S only Green 

10 - -  - -  - -  0.77 0.75 15 Blue-green  

0.15 2.0 
0.05 2.5 
0.10 3.4 
0.30 5.6 
0.20 5.8 
0.30 6.4 
0.60 20.0 
0.20 25.0 
0.80 45.0 
3.0 180.0 

* F i r e d  i n  open  boa t  in  c u r r e n t  of i ~ .  A l l  o t h e r  s a m p l e s  a r e  f i r e d  in  capped  tubes .  
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Table III. Effective CI retention in mole % estimated by emission 
color of ZnS fired with 0.75 mole % Cu and 2.75 mole % CI 

added as alkali chlorides 

HCl  LiC1 NaC1 K C l  RbC1 CsCl 

1.25" 0.32 0.12 0.10 0.07 0.055 

* On t he  bas i s  t h a t  a b o u t  45% of the  a d d e d  C1 is i nco rpora t ed .  
A c t u a l l y ,  t h i s  w o u l d  r e q u i r e  a t  leas,t 1.25 mo le  % Cu addi t ion .  

m e c h a n i s m  w h e r e b y  this occurs  has not  been  as-  
ce r t a ined  bu t  seems to r e semble  the  C l - g e t t e r i n g  
act ion of K~CO~ as desc r ibed  by R a n b y  (17) and 
could be  i n t e r p r e t e d  e i the r  as dec reas ing  i nco rpo ra -  
t ion of the  ch lor ide  due  to dec reas ing  so lub i l i ty  of 
the  K - s a l t  in the  ZnS lat t ice,  or dec reas ing  associa-  
t ion of ch lor ide  w i t h  Cu ac t iva t ion  sites (18, 19) due  
to inc reas ing  associa t ion of the  C1 w i t h  the  a lka l i  
m e t a l  ions. The  effect is, of course, no t i ceab le  only  
at Cu concen t r a t ions  we l l  above  those  n o r m a l l y  
e m p l o y e d  in p h o t o l u m i n e s c e n t  phosphors .  Tab le  I I I  
shows the  resu l t s  of adding  2.75 mole  % C1 as a lka l i  
ch lor ides  to ZnS w i t h  0.75 mole  % Cu, w h e r e  the  
ef fec t ive  C1 concen t r a t i on  of the  fired phosphors  was  
e s t ima ted  on the  basis of emiss ion color.  W i t h  the  
excep t ion  of the  va lues  for  Rb and Cs wh ich  are  
v e r y  u n c e r t a i n  due  to the  difficulty of c o m p a r i n g  
deep hues,  the  points  m a y  be p lo t t ed  as a s t r a igh t  
l ine  of log C1 vs. log a tomic  w e i g h t  of the  cation. 

The  EL ou tpu t  of the  b l u e - e m i t t i n g  phosphors  
(such as those  fired w i t h  KC1) does not  differ  s ig-  
n i f icant ly  f r o m  n o r m a l  b l u e - e m i t t i n g  Z n S : C u ,  C1 
p r e p a r e d  w i t h o u t  KC1 bu t  wi th  a suff ic ient ly  low 
addi t ion  of NH~C1. The  o u t p u t  of the  g r e e n e r - e m i t -  
t ing  phosphors  fired w i t h  NaC1 and LiC1 is, h o w e v e r ,  
cons ide rab ly  poorer .  It  m a y  be no ted  tha t  the  emi s -  
sion color  of the  phosphor  fired w i t h  LiC1 ma tches  
tha t  of a n o r m a l  EL phosphor  fired w i t h  0.75 mole  
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% NH,C1 ( o p t i m u m  for  10,000 cps exc i t a t ion )  w h i l e  
the  EL  b r igh tness  is only  about  60% of such a con-  
t ro l  sample.  

It  was  i n t e r e s t i ng  to obse rve  tha t  h igh  c o n c e n t r a -  
t ions of KC1 also inh ib i t  the  ef fec t ive  inco rpora t ion  
of add i t iona l  C1 added  in an " a v a i l a b l e "  f o r m  (i.e., 
as NH,C1, ZnC12, etc.) to the  e x t e n t  t ha t  for  each  
mole  per  cent  KC1 present ,  about  0.5-0.75 mole  % 
N, H4C1 is r e q u i r e d  to shif t  the  emiss ion color  f r o m  
b lue  to green.  H e r e  again,  howeve r ,  g r e e n - e m i t t i n g  
phosphors  p r e p a r e d  in this  m a n n e r  are  cha rac t e r i zed  
by v e r y  poor  output .  

The  effect of KC1 on m a i n t e n a n c e  of ou tpu t  d u r -  
ing opera t ion  is p a r t i c u l a r l y  p ronounced .  Tab le  IV 
shows the  r e su l t  of m e a s u r e m e n t s  in P V C A  (po ly -  
v i n y l  ch lor ide  ace ta te  c o p o l y m e r )  d ie lec t r ic  t aken  
at 4000 cps on phosphors  fired wi th  v a r i a b l e  add i -  
t ions of KC1 and NH4C1. The  last  two  rows  r e p r e -  
sent  n o r m a l  cont ro l  phosphors .  I t  can be seen tha t  
the  m a i n t e n a n c e  of the  b l u e - e m i t t i n g  cont ro l  phos -  
phor  is qu i te  poor,  but  can be i m p r o v e d  by a fac to r  
of 5 by the  use of KC1. I n a s m u c h  as the  m a i n t e n a n c e  
of Z n S : C u ,  C1 phosphors  increases  w i t h  ac t i va to r  
concen t r a t ion  (20),  it seems not  too far  f e t ched  
to v i sua l ize  tha t  the  v e r y  h igh  C1 addi t ions  m a d e  
in the  p re sen t  m a n n e r  s o m e h o w  become  ava i l ab le  
wi th  respec t  to the i r  inf luence  on ma in t enance ,  a l -  
t hough  w i t h o u t  co r re spond ing  f o r m a t i o n  of g r e e n -  
emi t t i ng  centers .  

Use of S~CI~.--The f ir ing t e c h n i q u e  as desc r ibed  
ea r l i e r  in this  pape r  was  d e v e l o p e d  m a i n l y  because  
the  compos i t ion  of the  a t m o s p h e r e  s u r r o u n d i n g  the  
phosphor  d u r i n g  f ir ing is a func t ion  of the  compos i -  
t ion of the  unf i red  mix ,  so tha t  the  C1 inco rpora t ion  
could  be con t ro l l ed  in a s imple  m anne r .  I n c o r p o r a -  
t ion of C1 f r o m  a con t inuous  supply  such as HC1, 
i n t roduced  f r o m  the  outside,  wou ld  p r e s u m a b l y  con-  
t i nue  un t i l  al l  of the  Cu has been  t r a n s f o r m e d  into  

Table IV. Properties of KCI-fluxed ZnS:Cu, CI phosphors fired with 0.2 mole % Cu, as a function of additional CI added as NH4CI. 
Brightness measurements at 400 cps in castor oil; maintenance measurements at 4,000 cps in PVCA dielectric 

B r i g h t -  
KC1, NH4C1, Spec t r a  m e t e r  ra t ios*  % M a i n t e n -  ness  x 
mo le  mo le  P a r t i c l e  B r igh tne s s ,  E m i s s i o n  ance  a f t e r  m a i n -  

% % size,/z f t - L  Color  r ' g b 20 h r  t enance  

10 0 2-6 3.95 Blue 0.025 0.257 0.718 11.7 0.46 
10 1 2-10 3.6 Green-b lue  0.030 0.335 0.635 35.0 1.26 
10 2 2-10 3.9 Green-b lue  0.043 0.390 0.567 - -  - -  
10 5 3-12 3.25 Blue-green  0.053 0.497 0.450 - -  - -  
10 10 3-20 2.3 Green 0.060 0.570 0.370 84.0 1.93 
20 0 2-10 2.35 Blue 0.020 0.200 0.780 27.6 0.93 
20 2 2-10 4.65 Light  blue 0.033 0.307 0.660 42.5 1.98 
20 4 2-10 3.3 Green-b lue  0.040 0.333 0.627 - -  - -  
20 10 3-15 2.5 Blue-green  0.052 0.402 0.546 - -  - -  
20 20 6-25 2.85 Green 0.058 0.507 0.435 80.3 2.3 
30 0 2-3 3.2 Blue 0.023 0.181 0.796 46.0 1.47 
30 3 1-3 3.95 Light  blue 0.035 0.275 0.690 58.8 2.32 
30 6 2-6 1 . 9 5  Green-b lue  0.040 0.290 0.670 - -  - -  
30 15 3-20 1.9 Green-b lue  0.042 0.350 0.608 - -  - -  
30 30 6-40 4.1 Blue-green  0.047 0.393 0.560 66.6 2.74 
50 0 2-4 2.3 Blue 0.017 0.193 0.790 35.8 0.83 
50 5 1-2 3.65 Green-b lue  0.034 0.322 0.644 55.6 2.03 
50 10 1-4 1.7 Green-b lue  0.035 0.345 0.620 - -  - -  
50 20 3-50 3.45 Blue-green  0.030 0.333 0.637 - -  - -  
50 50 8-50 3.55 Blue-green  0.033 0.365 0.602 80.0 2.83 

0 0.35 5-15 20.0 Green 0.070 0.630 0.300 37.0 7.4 
0 0.08 3-10 4.7 Light  blue 0.025 0.260 0.715 8.7 0.41 

* Ra t ios  of the  response  a t  the  Spec t r a  Me te r  s e t t i ngs  " r e d " ,  " f t - L "  (green) ,  and  " b l u e , "  r e spec t i ve ly ,  d i v i d e d  by  the  sum.  
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g r e e n - e m i t t i n g  Cu-C1 cen te rs ,  f o l l owed  b y  e v e n t u a l  
conve r s ion  of the  ZnS  in to  ZnCLo. In  o r d e r  to l i m i t  
th is  reac t ion ,  m i x t u r e s  of HC1 -k H.~S a r e  g e n e r a l l y  
emp loyed ,  and  i nves t i ga t i ons  of a q u a n t i t a t i v e  n a -  
t u r e  p e r t a i n i n g  to such r eac t i ons  have  been  p u b -  
l i shed  b y  KrSger ,  H e l l i n g m a n ,  and  S m i t  (9)  and  b y  
K r S g e r  and  S m i t  (21) .  

As  m e n t i o n e d  before ,  t he  ro le  of S in s i m i l a r l y  
l i m i t i n g  the  i n c o r p o r a t i o n  of C1 has  been  ver i f ied  
e x p e r i m e n t a l l y ,  a l t h o u g h  on ly  in a q u a l i t a t i v e  m a n -  
ner .  H o w e v e r ,  u n l i k e  H.oS, the  S cons t i tu te s  an  o x -  
id iz ing  e n v i r o n m e n t  d u r i n g  f i r ing w h i c h  is a d v a n -  
t ageous  for  t he  f o r m a t i o n  of good EL phosphors .  In  
o r d e r  to c a r r y  th is  one s tep  fu r the r ,  the  a d d i t i o n  of 
C1 in e l e m e n t a r y  f o r m  was  cons idered .  The  most  
c o n v e n i e n t  m a n n e r  of a ccompl i sh ing  th is  was  in 
the  fo rm of ~2C1~ a d d e d  to t h e  N~ b y  a e r a t i o n  in a 
gas  s c r u b b i n g  bot t le .  F o r  th is  purpose ,  no S or  
ha l i de  was  a d d e d  to t he  unf i red  mix ,  w h i c h  was  
p l aced  in an  open  boa t  n e a r  the  c losed end  of the  
f i r ing tube .  I t  t u r n e d  out  t h a t  the  e q u i m o l e c u l a r  
a d d i t i o n  of S and  C1 effected in th is  m a n n e r  r e s u l t e d  
in C1 i n c o r p o r a t i o n  to t he  e x t e n t  n o r m a l l y  o b t a i n e d  
for  p h o s p h o r s  de s igned  for  h i g h - f r e q u e n c y  e x c i t a -  
t ion.  The  p h o s p h o r s  w e r e  c h a r a c t e r i z e d  b y  a l i g h t e r  
( less y e l l o w - g r e e n )  b o d y  color  a f t e r  NaCN w a s h -  
ing, and  a s t r o n g e r  d e p e n d e n c e  of b r i g h t n e s s  on a p -  
p l i ed  vo l tage .  De ta i l s  p e r t a i n i n g  to the  p r e p a r a t i o n  
of th is  t y p e  of p h o s p h o r  have  also been  d e -  
sc r ibed  (22) .  

(Zn, Cd)S:Cu, CI Phosphors 
The  s a m e  f ir ing t echn ique ,  us ing  c a p p e d  s i l ica  

tubes  as desc r ibed ,  was  used  t h r o u g h o u t  th is  phase  
of the  inves t iga t ion .  The  CdS r a w  m a t e r i a l  was  
RCA33C291.  The  Cu and  C1 add i t i ons  w e r e  g e n -  
e r a l l y  m a i n t a i n e d  at  those  su i t ab l e  for  h i g h - f r e -  
q u e n c y  exc i t a t ion ,  so as to f a v o r  t he  long w a v e -  
l eng th  emiss ion  band .  

F i g u r e  3 shows  the  r e su l t s  of s u b s t i t u t i n g  an  i n -  
c r eas ing  m o l a r  p e r c e n t a g e  of CdS for  ZnS.  A sma l l  

~ 
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Fig. 3. Effect of Cd concentrat ion on EL and contact-EL of 
(Zn, Cd)S:Cu, CI phosphors. Measurements taken at  1000 v, 
8,000 cps in 200 # castor oil cell wi th 25 /~ My la r  protection. 
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a d d i t i o n  (3 .3%)  r e su l t s  in t he  e x p e c t e d  sh i f t  in 
emiss ion  color  to y e l l o w - g r e e n  and  s o m e w h a t  i m -  
p r o v e d  b r igh tness .  I n c r e a s i n g  a d d i t i o n s  of Cd, h o w -  
ever ,  r a p i d l y  d e c r e a s e  the  o u t p u t  of t he  phosphor s .  
W h i l e  th is  m a y  be  caused  p a r t l y  by  the  i n t r o d u c t i o n  
of deep  t r aps  a s soc ia t ed  w i th  Cd as p r o p o s e d  b y  
Z a l m  (7) ,  t h r e e  a d d i t i o n a l  p h e n o m e n a  w e r e  noted ,  
p a r t i c u l a r l y  in the  r eg ion  of r a p i d  d e c r e a s i n g  EL:  

1. F o r m a t i o n  of h e x a g o n a l  phase .  The  first  two  
po in t s  in Fig.  3 r e p r e s e n t  s a mp le s  w h i c h  a r e  100% 
cubic ,  the  t h i r d  s a m p l e  is 57% he xa gona l ,  and  the  
r e s t  a re  100% h e x a g o n a l .  I t  shou ld  be  m e n t i o n e d  
t h a t  Z a l m  (7) also cons ide red  the  cubic  phase  of 
ZnS  to be  m o r e  s u i t a b l e  f rom the  s t a n d p o i n t  of EL, 
w h i l e  Jaffe  (23) no ted  a c o r r e s p o n d i n g  dec rease  
of EL on i n t r o d u c t i o n  of Mg in to  ZnS,  occu r r ing  
s i m u l t a n e o u s l y  w i t h  f o r m a t i o n  of  h e x a g o n a l  m a t e -  
r ia l .  

2. A shif t  in EL e xc i t e d  emiss ion  color  back  to 
s h o r t e r  w a v e  lengths .  The  emiss ion  color  of (0.9Zn, 
0 .1Cd)S  was  g r e e n i s h  blue,  a l t h o u g h  its p h o t o -  
l umine sc e nc e  was  g r e e n - y e l l o w  as e x p e c t e d  for  th is  
compos i t ion .  No e x p l a n a t i o n  of th is  p h e n o m e n o n  
can  be  g iven  at  p re sen t .  

3. F o r m a t i o n  of a d a r k - c o l o r e d  s e p a r a t e  phase ,  
i n so lub le  in NaCN solut ion.  W h e n  p r e p a r e d  in p u r e  
form,  th is  m a t e r i a l  is b l a c k  and  shows  a h e x a g o n a l  
x - r a y  d i f f rac t ion  p a t t e r n  v e r y  s im i l a r  to t ha t  of 
CdS.  Chemica l  ana lys i s  shows  18.5% Cu. I ts  e x a c t  
i d e n t i t y  has  not  as y e t  been  es t ab l i shed ,  a l t h o u g h  it  
a p p e a r s  to be some t y p e  of (Cd, C u ) S .  

The  dec reas ing  EL o u t p u t  caused  b y  the  i n t r o d u c -  
t ion  of Cd into  Z n S : C u ,  C1 p h o s p h o r s  a p p e a r s  to 
occur  s i m u l t a n e o u s l y  w i t h  the  f o r m a t i o n  of h e x a -  
gona l  m a t e r i a l  and  is a s soc ia ted  w i t h  the  f o r m a -  
t ion  of the  ( C d , C u ) S  phase .  P h o s p h o r e s c e n c e  ob -  
s e r v e d  in such p h o s p h o r s  s t r o n g l y  ind ica tes  t h a t  
the  m e c h a n i s m  in w h i c h  h igh  a c t i v a t o r  c o n c e n t r a -  
t ions  n o r m a l l y  quench  p h o s p h o r e s c e n c e  in Z n S : C u ,  
C1 phosphor s  is d i s t u rbe d .  Since,  on the  o the r  hand ,  
t he  c h a r a c t e r i s t i c  u l t r a v i o l e t - e x c i t e d  f luorescence  
is not  so s t r o n g l y  inf luenced,  t he  fo l lowing  m e c h a n -  
i sm m a y  be p roposed .  The  Cu._.S inc lus ions  t end  to 
be  assoc ia ted  p r i m a r i l y  w i t h  t he  cub ic  modi f i ca t ion  
of the  base  m a t e r i a l .  I n t r o d u c t i o n  of  more  t h a n  a 
few pe r  cent  of Cd causes  f o r m a t i o n  of a h e x a g o n a l  
p h a s e  wh ich  a l lows  the  excess  Cu to combine  w i t h  
CdS to fo rm a s e p a r a t e  c o m p o u n d  w h i c h  is no t  
c a p a b l e  of fu l f i l l ing  the  same  ro le  of field in tens i f i -  
ca t ion  as Cu,~S. A t  t he  s ame  t ime,  dep l e t i on  of th is  
excess  Cu d i s tu rbs  t he  C u - e q u i l i b r i u m  of the  sys -  
t e m  d u r i n g  f i r ing a n d  l ower s  t he  ac t i va to r  concen -  
t r a t i o n  of the  p h o s p h o r  to the  po in t  w h e r e b y  p e r -  
s i s t en t  phospho re sc e nc e  m a y  be  obse rved .  R e m o v a l  
of t he  Cu~S e f fec t ive ly  d e s t r o y s  t he  E L - e x c i t a t i o n  
m e c h a n i s m .  

The  hypo thes i s  was  t e s ted  b y  m i x i n g  the  p h o s -  
p h o r s  w i t h  Cu- f i l ings  and  s u b j e c t i n g  t h e m  to con -  
t a c t - E L  (24) .  Because  of th is  c o m p a r a t i v e l y  i n -  
efficient m a n n e r  of EL exc i t a t ion ,  as we l l  as t he  
l o w e r  a c t i v a t o r  c o n c e n t r a t i o n  of the  (Zn, C d ) S : C u ,  
C1 phosphors ,  the  i nc rea se  {n b r i g h t n e s s  o b t a i n e d  
was  smal l .  On the  o t h e r  hand,  the  n o r m a l  sh i f t  in 
E L - e x c i t e d  emiss ion  color  was  n o w  obse rved .  This  
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Fig. 4. Brightness at 600 v, 10,000 cps excitation of 
(9Zn:lCd)S:Cu, CI prepared from ZnS:Cu, CI phosphor -I- 
CdS as a funct ion of f i r ing temperature.  Firing times, 1 hr. 
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Fig. 5. Spectral distribution of (0.86 Zn, 0.14 Cd)S:Cu, CI 
in comparison with that of green-emitting ZnS:Cu, CI and 
sensit iv i ty of human eye. 

m e a n s  tha t ,  a t  h igh  Cd concen t r a t ion ,  the  s l i gh t ly  
b r i g h t e r  o r ange  con tac t  E L  r e p r e s e n t e d  a c o n s i d e r -  
a b l y  h ighe r  e m i t t a n c e  t h a n  the  s l i gh t ly  less b r i g h t  
green,  n o r m a l l y  exc i t ed  EL. I t  shou ld  also be  m e n -  
t i oned  t h a t  cubic  or  h e x a g o n a l  p h o t o l u m i n e s c e n t  
Z n S : C u ( 0 . 0 1 % ) ,  C1 p e r f o r m e d  abou t  e q u a l l y  we l l  
w h e n  s u b j e c t e d  to con tac t  EL. 

A m o n g  s e v e r a l  m e t h o d s  t r i e d  to o v e r c o m e  th is  
i n t e r f e r ence ,  on ly  one was  a t  l e a s t  p a r t i a l l y  success -  
ful :  A n o r m a l l y  p r e p a r e d ,  b u t  no t  N a C N - w a s h e d ,  
g r e e n - e m i t t i n g  ZnS:Cu ,  CI E L  p h o s p h o r  is m i x e d  
w i t h  unf i red  CdS a n d  S and  r e t i r ed  at  a l o w e r  t e m -  
pe ra tu r e .  F i g u r e  4 shows  the  effect of r e t i r ing  t e m -  
p e r a t u r e  on 0.9 Z n S : C u ,  C1 + 0.1 CdS w h i c h  can  be  
seen to be  qu i t e  cr i t ica l .  A t  t he  p r e s e n t  s t age  of 
d e v e l o p m e n t ,  t he  p r o c e d u r e  is, howeve r ,  no t  v e r y  
r e p r o d u c i b l e  and  a p p a r e n t l y  sub j ec t  to t he  p a r t i c l e  
size and  t e c h n i q u e  of m i x i n g  of t he  two  c o m p o n e n t s  
to be  re t i red .  A t  best ,  14 mo le  % CdS have  been  i n -  
c o r p o r a t e d  into  ZnS:Cu,C1 w i t h o u t  f o r m a t i o n  of 
t h e  s e p a r a t e  (Cd, C u ) S  p h a s e  and  f o r m a t i o n  of h e x -  
agona l  s t ruc tu re .  F i g u r e  5 shows  the  emiss ion  spec -  
t r a  o b t a i n e d  at  two  f r equenc i e s  of exc i t a t i on  of a 
(0.86Zn, 0 .14Cd)S:Cu,C1 p h o s p h o r  p r e p a r e d  in th is  
m a n n e r .  A l t h o u g h  the  s p e c t r a l  d i s t r i b u t i o n  a t  10,000 
cps r e s e m b l e s  the  e y e - s e n s i t i v i t y  d i s t r i b u t i o n  m o r e  
closely,  t he  b r i g h t n e s s  o b t a i n e d  was  on ly  a b o u t  one -  
t h i r d  t ha t  of the  g r e e n - e m i t t i n g  ZnS:Cu,C1 p h o s -  
pho r  p r i o r  to r e t i r ing  w i t h  CdS.  H o w e v e r ,  i t  shou ld  
be  m e n t i o n e d  t ha t  even  r e t i r i ng  at  650~ of ZnS:  Cu, 
C1 w i t h o u t  CdS a d d i t i o n  r e s u l t e d  in d e c r e a s e d  
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b r igh tnes s ,  g e n e r a l l y  to the  e x t e n t  of abou t  25%. 
The  m e t h o d  is t h e r e f o r e  a c o m p r o m i s e  des igned  to 
effect m a x i m u m  i n c o r p o r a t i o n  of CdS w i t h  a m i n i -  
m u m  of c h e m i c a l  i n t e r f e r ence .  E t ch ing  of such p h o s -  
p h o r s  in HC1 r e v e a l e d  t ha t  t h e y  a r e  not  h o m o g e n e -  
ous, i n a s m u c h  as t he  emiss ion  color  c o n t i n u o u s l y  
sh i f t ed  to s h o r t e r  w a v e  l e ng th s  w i t h  i nc r e a s ing  t ime  
of e tching .  This  t y p e  of p h o s p h o r  m a y  t h e r e f o r e  
r e p r e s e n t  an  o p t i c a l l y  f i l t e red  s y s t e m  of l i t t l e  p r a c -  
t i ca l  i m p o r t a n c e .  

Summary 
P r o c e d u r e s  for  t h e  p r e p a r a t i o n  of l e a d - f r e e  

ZnS:Cu,C1 a n d  (Zn,  C d ) S : C u , C 1  h a v e  been  p r e -  
sen ted ,  based  on f i r ing of t he  r a w  m a t e r i a l s  in an  
ox id i z ing  a t m o s p h e r e  c on t a in ing  su l fu r  vapor .  The  
d e p e n d e n c e  of EL o u t p u t  on a c t i v a t o r  c o n c e n t r a t i o n  
is m e a n i n g f u l  on ly  for  p h o s p h o r s  f i red w i t h  a d d i -  
t ions  of Cu such as to r e s u l t  in p r e s u m a b l y  s im i l a r  
c o n c e n t r a t i o n s  of excess  Cu~S and  c o n s e q u e n t l y  
s i m i l a r l y  efficient e x c i t a t i o n  processes .  Con t ro l  of 
i n c o r p o r a t e d  C1 m a y  be  ef fec ted  b y  f i r ing in c a p p e d  
s i l ica  t ubes  or  b y  f i r ing in N~ -t- S~CI~. A l k a l i  ch lo -  
r i des  dec rea se  the  i n c o r p o r a t i o n  of C1, m o r e  so w i t h  
i nc r e a s ing  a tomic  w e i g h t  of the  cat ion.  E x p e r i m e n t s  
w i t h  KC1 h a v e  r e s u l t e d  in b l u e - e m i t t i n g  p h o s p h o r s  
w i t h  g r e a t l y  i m p r o v e d  m a i n t e n a n c e .  

S u b s t i t u t i o n  of Zn  b y  Cd dec reases  the  e m i t t a n c e  
as w e l l  as the  d e p e n d e n c e  of E L - e x c i t e d  emiss ion  
color  on Cd c o n c e n t r a t i o n  w h i c h  is n o r m a l l y  o b -  
s e r v e d  w i t h  u l t r a v i o l e t  exc i t a t ion .  This  effect oc-  
curs  s i m u l t a n e o u s l y  w i t h  f o r m a t i o n  of h e x a g o n a l  
(Zn,  C d ) S  and  a ( C d , C u ) S  c o m p o u n d  w h i c h  is 
i n so lub l e  in NaCN solut ion .  A t w o - s t e p  f i r ing p r o -  
c e d u r e  m a y  be  e m p l o y e d  b y  m e a n s  of w h i c h  th is  
i n t e r f e r e n c e  is p a r t i a l l y  a vo ide d  t h r o u g h  f o r m a t i o n  
of a n o n - h o m o g e n e o u s  o p t i c a l l y  f i l t e red  sys tem.  The  
b r i g h t n e s s  of such phosphor s ,  howeve r ,  is low. 
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ABSTRACT 

Gold is shown to produce three emission bands in  CdS at 640, 800 and 
1150 m~. The long wave band appears only when a coactivator is used while 
the short wave bands are observed with activation by gold alone. The 1150 m~ 
band in CdS is shown to correspond to the 530 m~ gold band in  ZnS. 

The  g reen i sh  f luorescence of go ld -ac t iva t ed  zinc 
sulfide is wel l  k n o w n  (1-3) ,  bu t  the  proper t ies  of 
the l u m i n e s c e n t  centers  have  been  inves t iga ted  on ly  
l imi ted ly .  I t  was gene ra l l y  a s sumed  in  ear l ie r  work  
tha t  they  differed cons ide rab ly  in  charac te r  f rom 
the  centers  of copper  and  s i lver  in  zinc sulfide. This 
was a t t r i b u t e d  to the  theore t ica l  poss ib i l i ty  of gold 
be ing  incorpora ted  in  the  t r i v a l e n t  as wel l  as the  
m o n o v a l e n t  state. By us ing  t r i v a l e n t  meta l s  as co- 
ac t iva tors  ins tead  of halogens,  KrSger  and  Dikhoff 
(4) showed tha t  the  gold b a n d  was  composed of 
two bands  at 470 and  530 m~, and  tha t  the l a t t e r  
became  p r e d o m i n a n t  by  coact ivat ion.  

The re  is some l ikel ihood of confus ing  the  short  
wave  b a n d  of gold a t  470 m~ wi th  the  se l f - ac t iva ted  
b a n d  of zinc sulfide at 460 m~. However ,  the short  
wave  b a n d  seems to be rea l ly  due to gold because  
the two gold bands  r e m a i n  d is t inc t  even  w h e n  the 
ac t iva tor  concen t r a t i on  is increased  to 1 mole % (5).  
At  such high ac t iva tor  concen t r a t i on  the se l f -ac-  
t iva ted  b a n d  is u sua l ly  comple te ly  suppressed.  The 
two gold bands  were  assumed (4) to cor respond 
to the  "b lue"  and  "green"  bands  of copper, a l though  
the  order  of the  coact ivated bands  of s i lver  (435 
m~) ,  copper  (516 m~) and  gold (530 m~) does not  
cor respond to the i r  order  in  the per iodic  system. 

Recen t ly  a f u r t he r  a t t emp t  was made  by  H e n -  
derson,  Ranby ,  and  Hals tead  (6) to find a cor re la -  
t ion b e t w e e n  the l u m i n e s c e n t  p roper t i es  of Cu, Ag, 
and  A u  in  ZnS  and  in  ( Z n , C d ) S  phosphors .  These  
au thors  did no t  cont ro l  the a tmosphere  in which  
they  fired the i r  phosphors  and  they  used  ch lor ine  
coac t iva t ion  t h rough  the  addi t ion  of fluxes. No sys-  
t emat ic  cor re la t ion  b e t w e e n  the bands  of the  va r ious  
ac t iva tors  could be found,  a l though  the  au thors  
c la imed to have  d e m o n s t r a t e d  th ree  emiss ion bands  
for copper  and  gold and  two bands  for si lver.  

The  shor t  w a v e  s i lver  b a n d  in  ZnS  was shown by  
Van  Gool (7) to be s i tua ted  at  388 m~, by  s t a r t ing  
f rom CdS and  t rac ing  the  shift  of the  emiss ion bands  

1 On l e a v e  of absence  f r o m  the  Scient i f ic  D e p a r t m e n t ,  M i n i s t r y  of 
Defense ,  I s rae l .  

in  a series of m i xe d  (Zn,  C d ) S  crys ta ls  up  to ZnS. 
The  short  a nd  the  long w a v e  bands  are r a t h e r  wel l  
resolved in  CdS. In  the  p re sen t  work  we inves t i -  
gated the  emiss ion  bands  of gold by s t a r t ing  f rom 
CdS and  fo l lowing the  ba nds  as more  a nd  more  of 
the  c a d m i u m  was replaced  by  zinc. 

Experimental 
The a l u m i n u m  coact iva tor  was added to the  pure  

base ma te r i a l  as a so lu t ion  of the a m m o n i u m  alum, 
and  the gold was added as a solut ion of the  chloride. 
The powders  were  dr ied  at  120~ ove rn igh t  and  
then  fired in  smal l  quar tz  test  tubes  at 950~ for 
2 hr  in  a s t r eam of pu re  hyd rogen  sulfide. Af te r  
w i t h d r a w a l  f rom the  f u r na c e  the tubes  were  a l -  
lowed to cool, again  in  a s t r eam of h y d r o g e n  sulfide. 
The products  were  g r o u n d  and  ret i red in  hyd rogen  
sulfide at l l 0 0 ~  for 1 hr. A n  ac t iva tor  concen t r a -  
t ion of 2.10 -4 a tom per  mole  was  used, which  is about  
the  o p t i m u m  concen t ra t ion  for these sulfide phos-  
phors. No fluxes were  used. 

The p resen t  e xpe r i me n t s  were  l imi ted  to ac t iva-  
t ion  by  gold a lone  or gold ba l anced  by  an  equal  
mola r  concen t r a t i on  of a t r i va l e n t  coactivator.  
Phosphors  w i th  ac t iva tor  to coact ivator  ra t io  dif-  
fe ren t  f rom u n i t y  were  not  inves t igated .  It  is known,  
however ,  tha t  in  the  case of copper and  s i lver  ad-  
d i t iona l  emiss ion  bands  m a y  appear  (4, 7). 

The emiss ion  was m e a s u r e d  by  a record ing  spec- 
t ropho tomete r  w i th  pho tomul t ip l i e r  or lead sul -  
fide detector,  and  the  u sua l  correct ions  w e r e  ap-  
pl ied for ob t a in ing  equa l  ene rgy  spectra.  Exc i ta t ion  
was  by  the  u l t rav io le t ,  blue,  and  green  l ines  of a 
h i gh - p r e s su r e  m e r c u r y  l amp  for phosphors  con-  
t a in ing  a h igh  p ropor t ion  of CdS. F i l te rs  were  used 
to remove  progress ive ly  the  longer  wave  l ines as 
the  emiss ion ba nds  shif ted towards  the  u l t rav io le t .  
For  20 mole  % or less of CdS the  313 m~ l ine  of m e r -  
cu ry  was used, un less  o therwise  indicated.  In  this 
w a y  the exc i ta t ion  was  mos t ly  f u n d a m e n t a l  for the 
var ious  composi t ions  and  a l lowed detec t ion of both  
the i m p u r i t y  and  the  edge emission.  
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Fig. 1. Emission spectrum of gold-activated CdS at room 
and liquid nitrogen temperature. 
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Fig. 2. Emission spectrum of CdS activated by equal 
amounts of Au and AI at room and liquid nitrogen tempera- 
ture. 

R e s u l t s  

W e  find t ha t  w h e r e a s  coppe r  (8) and  s i lve r  (7)  
a r e  k n o w n  to g ive  two  emiss ion  bands  each  in CdS, 
gold  p r o d u c e s  t h r e e  d i s t inc t  bands .  Two  bands  a r e  
f o u n d  at  640 m/~ and  800 m/L w h e n  go ld  a lone  is u sed  
as an  a c t i v a t o r  (Fig .  1). The  t h i r d  b a n d  a p p e a r s  as 
the  on ly  b a n d  a t  1150 m/~ w h e n  the  gold  a c t i v a t o r  is 
b a l a n c e d  b y  a t r i v a l e n t  c o a c t i v a t o r  such as a l u m i -  
n u m  (Fig .  2) .  T h e  s a m e  emiss ion  b a n d  is a lso  f o u n d  
w h e n  i n d i u m  is used  i n s t ead  of a l u m i n u m .  On cool -  
ing to l i qu id  n i t r o g e n  t e m p e r a t u r e  i t  shows  on ly  a 
s l igh t  sh i f t  t o w a r d  l o n g e r  w a v e  l eng ths  (Fig.  2),  
and  no o t h e r  emiss ion  bands  appea r .  W h e n  zinc is 
s u b s t i t u t e d  for  c a d m i u m  in t he  hos t  l a t t i c e  th is  
b a n d  is d i sp l aced  in a r e g u l a r  m a n n e r  t o w a r d  
s h o r t e r  w a v e  l eng ths  (Fig .  3, 4) and  a p p e a r s  a t  530 
m/~ in zinc sulfide.  Thus  the  1150 m/L c o a c t i v a t e d  go ld  
emiss ion  in CdS co r r e sponds  v e r y  w e l l  to t he  e m i s -  
s ion b a n d s  of coac t i va t ed  s i lve r  and  coppe r  at  730 
and  1020 m/~, r e s p e c t i v e l y  (Fig .  4) .  

The  op t i ca l  a b s o r p t i o n  of t he  c o a c t i v a t e d  gold  
cen te r s  in CdS ex t ends  b e y o n d  the  f u n d a m e n t a l  a b -  
so rp t ion  edge  (Fig .  5) and  g ives  t h e  p o w d e r  a r e d d i s h  
b r o w n  b o d y  color.  In  th is  respect ,  too, t he  coac -  
t i v a t e d  go ld  cen te r s  r e s e m b l e  c lose ly  the  coac-  
t i v a t e d  cen t e r s  of copper  and  s i lver .  

Omiss ion  of the  c o a c t i v a t o r  shows i m p o r t a n t  
d i f fe rences  b e t w e e n  gold  a n d  the  o t h e r  ac t iva to r s .  
The  sho r t  w a v e  emiss ions  of copper  and  s i lve r  a p -  
p e a r  in  CdS  w h e n  the  a c t i v a t o r  c o n c e n t r a t i o n  e x -  
ceeds  t he  c o a c t i v a t o r  concen t ra t ion .  W i t h  no coac-  
t i v a t o r  a t  a l l  g r a y  p r o d u c t s  a r e  o b t a i n e d  on f i r ing in 
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Fig. 5. Absorption spectrum of gold-activated CdS. Room 
temperature. 

an  a t m o s p h e r e  of h y d r o g e n  sulfide, i n d i c a t i n g  t ha t  
m u c h  of the  a c t i v a t o r  r e m a i n s  u n i n c o r p o r a t e d  as the  
f ree  sulfide.  Go ld  a lone  as an  ac t iva to r ,  h o w e v e r ,  is 
we l l  i n c o r p o r a t e d  in  CdS w i t h  on ly  a sma l l  change  
in the  a b s o r p t i o n  s p e c t r u m  (Fig .  5) .  Two emiss ion  
b a n d s  have  been  found  in th is  case  (Fig .  1) a t  640 
and  800 m/~. T h e  s m a l l  a m o u n t  of ch lo r ine  i n t r o d u c e d  
w i t h  t he  gold  ( w h i c h  was  a d d e d  as gold  ch lo r ide )  is 
p r o b a b l y  d r i v e n  out  b y  the  c u r r e n t  of h y d r o g e n  su l -  
fide on firing, and  i ts  effect as a c o a c t i v a t o r  is no t  
felt .  This  is s u p p o r t e d  b y  the  o b s e r v a t i o n  t h a t  t he  
t w o  b a n d s  a r e  bo th  d i f fe ren t  f r o m  the  c o a c t i v a t e d  
band ,  t ha t  these  b a n d s  do not  a p p e a r  in a coac t i -  
v a t e d  phosphor ,  and  also b y  the  s l igh t  effect on the  
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Fig. 6. Shift of emission peak of the short wave bands of 
(Zn,Cd)S phosphors activated by Au, Cu, and Ag. Liquid nitro- 
gen temperature. 

a b s o r p t i o n  spec t rum.  The  c o a c t i v a t e d  b a n d  appea r s ,  
t o g e t h e r  w i t h  o the r  bands ,  w h e n  h igh  ch lo r ide  con-  / 
c e n t r a t i o n s  a re  used,  as  in the  e x p e r i m e n t s  of H e n -  
derson ,  et al. (6) .  

The  640 mF band  p r e d o m i n a t e s  a t  low t e m p e r -  
a t u r e s  in  CdS a c t i v a t e d  b y  gold  alone,  b u t  in con-  
t r a s t  to coac t i va t ed  p h o s p h o r s  the  edge  emiss ion  is 
no t  s u p p r e s s e d  (Fig .  1) so t h a t  t he  v i s ib le  emiss ion  
looks  ye l low.  Indeed ,  i t  is r e m a r k a b l e  t h a t  for  h igh  
zinc con ten t  and  f u n d a m e n t a l  exc i t a t i on  the  edge  
emiss ion  su rpasses  in i n t e n s i t y  the  ac t i va to r  e m i s -  
s ion (Fig .  7). 

On i n t r o d u c i n g  zinc in to  t he  l a t t i c e  t he  640 mF 
b a n d  is d i s p l a c e d  t o w a r d s  sho r t e r  w a v e  lengths ,  b u t  
i ts i n t e n s i t y  fa l l s  q u i c k l y  so t h a t  t he  b a n d  canno t  be  
t r a c e d  into  t he  z i n c - r i c h  r eg ion  (Fig .  7).  F u r t h e r  
i n t e r f e r e n c e  a r i ses  f r o m  the  s t rong  edge  emiss ion  
and  f r o m  the  c o a c t i v a t e d  b a n d  w h i c h  comes  up  even  
w i t h o u t  a d d i t i o n  of c o a c t i v a t o r  as t he  zinc con ten t  
is inc reased .  H o w e v e r ,  if n o r m a l  d i s p l a c e m e n t  of 
the  b a n d  w i th  zinc con ten t  is a s s u m e d  (Fig .  6) ,  th is  
b a n d  shou ld  a p p e a r  a t  a b o u t  400 mF in zinc sulfide. 
No such emiss ion  has  been  r e p o r t e d  to date .  

The  800 mF b a n d  w h i c h  a p p e a r s  a t  r o o m  t e m p e r a -  
t u r e  in CdS  a c t i v a t e d  b y  gold  a lone  (Fig .  1) is r a t h e r  
w ide  and  of w e a k  in tens i ty .  I ts  i n t e n s i t y  is abou t  
10% of t he  i n t e n s i t y  of t he  640 mtL b a n d  at  low t e m -  
p e r a t u r e s .  The  d i s p l a c e m e n t  of th is  b a n d  w i th  zinc 
con ten t  also could  not  be  fo l l owed  because  of i n t e r -  
f e r ence  f r o m  o the r  b a n d s  as t he  zinc con ten t  was  
inc reased .  I f  w e  a s sume  n o r m a l  d i s p l a c e m e n t  wi th  
zinc conten t ,  we see (Fig .  6) t ha t  th is  band  should  
c o r r e s p o n d  to t he  470 mF gold  b a n d  in ZnS.  

I t  is i n t e r e s t i n g  to no te  t h a t  in g o l d - a c t i v a t e d  ZnS 
wi th  h i g h e r  gold  concen t r a t i on  the  c o a c t i v a t e d  b a n d  
a t  530 mt~ a p p e a r s  even  w h e n  no c o a c t i v a t o r  is added .  
I n  Fig.  8 is g iven  the  emiss ion  of Z n S ( A u )  for  long 
w a v e  u.v. exc i t a t i on  so t h a t  i n t e r f e r e n c e  f rom the  
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Fig. 7. Emission spectra of gold-activated (Zn,Cd)S phos- 
phors at l iquid nitrogen temperature. Fundamental excita- 
tion was used for each composition. Intensities were normal- 
ized with respect to the "edge emission." 

edge  emiss ion  is e l imina t ed .  W e  see t ha t  bo th  the  
coac t i va t ed  b a n d  at  530 mF and  the  sho r t  w a v e  band  
at  470 mt~ a p p e a r  in c o m p a r a b l e  in tens i t i es .  The  
emiss ion  can  be  we l l  a ccoun ted  for  b y  a s suming  
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Fig, 8. Emission spectrum of gold-activated ZnS at room and l iquid nitrogen temperatures. Resolution into sub-bands 
was done assuming that these change only in intensity, and 
not in position, with temperature. 
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these two bands  to change  on ly  the i r  re la t ive  i n -  
tensi t ies  and  not  the i r  posi t ion wi th  t empe ra tu r e .  

Discussion 
The emiss ions  of coact ivated gold phosphors  were  

found  to cor respond closely to coact iva ted  copper 
and  s i lver  emiss ions  over  the whole  r ange  f rom CdS 
to ZnS, and  it m a y  be concluded tha t  in  this  case 
gold is incorpora ted  in  the same state  as the  other  
act ivators .  In  v iew of the  work  of Henderson ,  et al. 
(6) it is i n t e re s t ing  to note  tha t  chlorine,  and  p re -  
s u m a b l y  also other  halogens,  do not  fu l ly  coact ivate  
gold in  ( Z n , C d ) S  phosphors.  Such a m a r k e d  differ-  
ence b e t w e e n  the  ha logens  and  the t r i v a l e n t  meta l s  
has not  been  observed  for ac t iva t ion  by  copper and  
silver.  

On the other  hand ,  the  short  wave  emiss ion bands  
of gold show no tab le  differences f rom the  shor t  wave  
bands  of copper  and  silver.  The  n a t u r e  of these cen-  
ters  is st i l l  u n k n o w n .  
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Electrolytic Reduction of Nitro-and Dinitronaphthalenes 
R. N. Boyd and A. A. Reidlinger 

Department of Chemistry, Washington Square College, New York University, New York, New York 

ABSTRACT 

The polarographic reduct ion of mono-  and dini t ronaphthalenes  was studied 
in buffered solutions at four different pH values. The relat ive wave heights of 
the mult iple  waves could be reasonably interpreted in terms of certain elec- 
t ron changes, and these were also checked by coulometric measurements  on 
electrolyses run  at controlled potentials. The first stage in reduction appeared 
to be a four-electron change. At pH 2.1 reduction often proceeded to comple- 
tion, but  there was polarographic evidence of in termediate  stages for the 
homonuclear  dinitro compounds. At pH 11, 1,4-dini tronaphthalene shows a 
two-electron change which may be due to a quinoid intermediate,  as may a 
ten-e lect ron change at pH 9.4 for the same compound. 

The  pola rographic  behav io r  of n u m e r o u s  d in i t ro  
der iva t ives  of benzene  has been  inves t iga ted  by  
Pea r son  (1) ,  B e r g m a n  and  James  (2) ,  and  others,  
bu t  v e r y  l i t t le  has been  done (3-5)  wi th  n i t ro  com-  
pounds  in  the n a p h t h a l e n e  series. Therefore ,  al l  
t en  possible  d i n i t r o n a p h t h a l e n e s  w e r e  prepared ,  
and  the  po la rograph ic  r educ t ion  of 5 x 10-~M solu-  
t ions of the  n i t ro  compounds  in  80% e thano l  was  
s tud ied  in  four  buffered solut ions.  

Elec t ro ly t ic  r educ t ions  at  cons t an t  po ten t ia l s  of 
2 --  5 x 10~M solut ions  of the  n i t ro  compounds  in  
80% e thano l  were  car r ied  out  at pH 2.1 us ing  a 
s t i r red  m e r c u r y  cathode.  The a m o u n t  of c u r r e n t  
passed in  each r educ t ion  was m e a s u r e d  by  a s i lver  
coulometer ,  and  these  coulometr ic  va lues  were  
compared  w i th  the  r e l a t ive  wave  heights  of the  
po la rographic  curves  in  order  to d e t e r m i n e  the  p a r -  
t i cu la r  r educ t ion  processes associated wi th  each 
wave.  

Experimental 
Nitro compounds . - -The  n i t r o -  and  d i n i t r o n a p h -  

tha lenes  were  p r epa red  by  p rev ious ly  pub l i shed  p ro -  
cedures,  and  the  me l t i ng  poin ts  of the  products  
agreed  wi th  the  l i t e r a t u r e  values.  

In  pa r t i cu la r ,  2 , 3 - d i n i t r o n a p h t h a l e n e  was p r e -  
pa red  by  the  me thod  of Chudozi lov  (6) ,  m.p. 170- 
170.5 ~ (Lit . :  170.5-171~ since the  p rocedure  g iven  
by  Hodgson and  T u r n e r  (7) led to a p roduc t  which,  
a l though  c la imed to be the  2,3-isomer,  me l t ed  at  
159 ~ and  was  found  in the  p resen t  w o r k  and  by  
W a r d  (8) to be  1 , 7 - d i n i t r o n a p h t h a l e n e  (mixed  m.p. 
of a l leged 2,3- isomer and  au then t i c  1,7- isomer gave 
no depress ion) .  

Potarographic and coulometric procedure . - -The  
pola rograph ic  and  c o n s t a n t - p o t e n t i a l  cou lomet r ic  
s tudies  we re  car r ied  out  wi th  the  same equ ipmen t ,  
in  the  same m a n n e r  and  in  the  same buffers,  as de-  
scr ibed for the work  wi th  the  n i t r o t e t r a l i n s  (9) ,  ex -  
cept tha t  2 , 6 - d i n i t r o n a p h t h a l e n e  was  r u n  at a con-  
cen t r a t i on  of 1.0 x 10-~M because  of its e x t r e m e l y  
low so lub i l i ty  in  80% ethanol .  

Po la rograph ic  data  are g iven  in  Tab le  I and  con-  
s t a n t - p o t e n t i a l  coulometr ic  data  in Tab le  II. 

Discussion 
In  Ta b l e  II the re  is a compar i son  of the  n va lues  

es t imated  f rom the  r e l a t ive  w a v e  he ights  of the  
po la rograph ic  curves  and  those ob ta ined  by  coulo-  
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Table I. Polarographic reduction of the nitro- and dinitronaphtholenes" 

July 1960 

2.1 6.4 9.4 11.0 
Ell2 i,~/C EII~, id/C EIle id/C Ell2 id/C 

--0.30 11.0 --0.51 10.4 --0.73 10.8 --0.83 10.3 
--0.65 15.8 ? ? 

--0.30 10.3 --0.49 I i . i  --0.70 11.0 --0.82 i0.9 
--0.72 15.7 ? ? 

--0.12 10.4 --0.30 10.1 --0.42 I0.I --0.44 ? 
--0.38 30.1 --0.62 29.8 --1.06 31.4 --0.83 ? 

--1.09 ? 

--0.62 9.8 
--0.86 20.6 

1-Nitro 

2-Nitro 

1, 2-Dinitro 

1, 3-Dinitro --0.16 10.4 --0.33 10.2 
--0.27 21.1 --0.50 20.2 
--0.93 30.7 --1.45 ? 

i, 4-Dinitro --0.06 9.3 --0.29 9.7 --0.36 9.5 --0.39 5.6 
--0.36 29.1 --0.62 28.6 --0.93 25.5 --1.49 28.4 

--1.32 29.0 

i, 5-Dinitro --0.22 22.9 --0.37 10.6 --0.57 10.3 --0.63 10.4 
--0.78 29.6 --0.50 19.7 --0.74 20.4 --0.84 20.2 

--1.48 26.9 

1, 6-Dinitro --0.22 23.6 --0.38 10.1 --0.58 10.2 --0.64 10.5 
--0.82 31.1 --0.51 20.7 --0.74 21.2 --0.85 21.6 

--1.43 26.7 

1, 7-Dinitro --0.22 24.1 --0.35 9.3 --0.50 10.5 --0.58 10.7 
--0.86 29.9 --0.51 19.7 --0.76 20.3 --0.85 21.4 

--1.36 26.5 

1, 8-Dinitro --0.26 24.7 --0.48 19.8 --0.64 20.2 --0.72 20.7 
--0.69 29.9 --1.23 28.1 ? ? ? ? 

2, 3-Dinitro --0.20 21.7 --0.34 9.9 --0.51 i0. I --0.60 10.4 
--0.67 28.3 --0.45 19.0 --0.68 18.9 --0.77 19.9 

--1.39 24.0 

2, 6-Dinitro --0.14 5.2 --0.34 5.5 --0.49 5.6 --0.55 5.5 
--0.28 12.5 --0.55 10.9 --0.78 11.2 ? ? 
--0.90 16.7 --1.36 14.6 

2, 7-Dinitro --0.23 21.2 --0.37 10.3 --0.55 10.4 --0.63 10.6 
--0.81 29.3 --0.52 20.2 --0.73 19.7 --0.82 21.4 

? 

--0.52 10.7 
--0.76 21.2 

T h e  v a l u e s  of EI/~ a r e  in  v o l t s  vs .  S ,C.E. ,  a n d  t h o s e  o f  i~/C a r e  i n  ~ a / m m o l e / l ,  A q u e s t i o n  m a r k  i n d i c a t e s  t h a t  t h e  w a v e  is  too i n d e f i -  
n i t e  to a s s i g n  v a l u e s  w i t h  a n y  d e g r e e  of c e r t a i n t y .  T h e  p H  v a l u e s  l i s t e d  a r e  the apparent values for t h e  e t h a n o l i c  s o l u t i o n s  used  in  t h e  
e l e c t ro ly se s .  T h e  v a l u e s  of i~/C a r e  t h e  s u m s  of t h e  i n d i v i d u a l  w a v e  h e i g h t s .  

metr ic  analyses .  It  is ev iden t  tha t  the re  is fa i r ly  
good a g r e e m e n t  be tween  the  two sets; and  the re  is 
exce l len t  a g r e e m e n t  b e t w e e n  them in  the  cases 
w h e r e  the  po la rographic  waves  are  wel l  defined. It  
appears  l ike ly  tha t  for these  compounds  the  elec-  
t ro ly t ic  processes are  the  same at  a s t i r red  m e r c u r y  
cathode as at  a d ropp ing  m e r c u r y  electrode.  

As has been  found  wi th  der iva t ives  of benzene  
(1 ,2 )  and  t e t r a l i n  (9) ,  the  first of the mu l t i p l e  
waves  ob ta ined  f rom the  po la rographic  reduc t ions  
of n i t ro  de r iva t ives  of n a p h t h a l e n e  is u s u a l l y  one 
co r re spond ing  to a f ou r - e l ec t ron  change,  the  t r a n s -  
f o rma t ion  of a n i t ro  group  to a h y d r o x y l a m i n o  
group.  This is especia l ly  t r u e  w h e n  the  reduc t ions  
are  car r ied  out  at the  h igher  pH's.  

Kasag i  (3) r epor ted  a s ingle  wave  for " m o n o n i t r o -  
n a p h t h a l e n e "  ( p r e s u m a b l y  the  1- i somer)  a t  abou t  
--0.9 v. A p p a r e n t l y  the  e lect rolyt ic  m e d i u m  he 
used, b e n z e n e - e t h y l  a l coho l - l i t h ium chloride,  was 
a lka l i ne  ( comparab le  to pH 11 in  the  p resen t  w o r k ) .  
Thus  his repor t  of two waves  of equa l  he igh t  for 
" d i n i t r o n a p h t h a l e n e "  ( p r o b a b l y  the  1,5- isomer)  at  
po ten t i a l s  be low --1.0 v agrees  w i th  the  p re sen t  r e -  

sults  for 1 , 5 - d i n i t r o n a p h t h a l e n e  at  pH 11 or even  
at pH 9.4, and  the  two waves (as we l l  as tha t  for 
the monon i t r o  compound)  r ep re sen t  fou r - e l ec t ron  
changes.  

The cons tancy  of wave  he ight  r epor ted  by Be-  
zugly i  and  Ogdane t s  (5) for " m o n o n i t r o n a p h t h a -  
l ene"  over  a p H  r a n g e  of 2 to 12, a nd  the  va r i a t ion  
of Elz~ wi th  pH for 1- and  2 - n i t r o n a p h t h a l e n e  r e -  
por ted  by  Imoto (4) ,  also agree w i th  the  p resen t  
f indings.  

F igu re  1 shows two polarographic  curves;  cu rve  
A is a p o l a r o g r a m  (uncor rec ted  for res idua l  c u r -  
r en t )  tha t  was ob ta ined  f rom a so lu t ion  of 1,2-di-  
n i t r o n a p h t h a l e n e  at  a p p a r e n t  pH 2.1; cu rve  B is a 
po l a rog ram (uncor rec ted  for r e s idua l  c u r r e n t )  tha t  
was ob ta ined  f rom the  same solu t ion  af ter  an  e lec-  
t rolysis  in  which  a q u a n t i t y  of e lec t r ic i ty  e qu iva -  
l en t  to 3.9 e lec t rons  per  molecule  of d in i t ro  com-  
p o u n d  had been  passed th rough  the  cell. I t  can be 
seen tha t  cu rve  B is a p p r o x i m a t e l y  two- th i rd s  the  
he igh t  of cu rve  A, and  tha t  it  has the  same ha l f -  
w a v e  po ten t i a l  as the  second w a v e  in  A. The con-  
c lus ion tha t  can be d r a w n  f rom these  facts are the  



Vol. 107, No. 7 R E D U C T I O N  O F  D I N I T R O N A P H T H A L E N E S  613 

Table II. Constant potential reduction of the nitro- and 
dinitronaphthalenes ~ 

Compourzd  E r  n ( cou lom. )  n (po l a rog . )  b 

1-Nitro --0.35 3.97 4 
--0.80 5.83 6 

2-Nitro  --0.35 4.00 4 
ra ised to --0.95 5.93 6 

1, 2-Dini t ro  --0.20 3.90 4 
--0.70 11.75 12 

1, 3-Dini t ro  --0.17 4.31 4 
ra ised to --0.40 8.28 8 

--0.90 12.48 12 

1, 4-Dini t ro  --0.13 4.07 4 
--0.65 11.93 12 

1, 5-Dini tro --0.50 7.59 (9) 
--0.85 11.64 12 

1, 6-Dini tro --0.40 8.65 (9) 
--0.90 11.91 12 

O0 
i i 

- 0 . 2 O  - 0 . 4 0  - O l e O  - O . 8 0  
I i i i i | * 

E VS S.G.I=. 

1, 7-Dini tro --0.35 10.00 (10) 
ra ised to --0.92 11.91 12 

I, 8-Dinitro ~ --0.50 8.85 10 
--0.85 11.58 12 

2, 3 -Dinitro --0.40 8.15 (9) 
--0.90 12.15 12 

2,6-Dinitro --0.17 4.19 4 
--0.85 12.03 12 

2, 7-Dinitro --0.37 8.09 8 
--0.95 11.55 12 

a E r  is t h e  p o t e n t i a l  of  t h e  c a t h o d e  (vs. S .C.E.)  a t  w h i c h  t h e  r e -  
d u c t i o n  w a s  c a r r i e d  ou t ;  n is  t h e  n u m b e r  of e l e c t r o n s  i n v o l v e d  i n  
t h e  r e d u c t i o n .  T h e  a p p a r e n t  p H  w a s  2.1. 

b E s t i m a t e d  to n e a r e s t  i n t e g r a l  n u m b e r  of" e l e c t r o n s  f r o m  w a v e  
h e i g h t s  of  t h e  p o l a r o g r a p h i c  c u r v e s .  

c a t  p H  6.4 a n d  - -0 .80  v,  n w a s  8.17. W h e n  Er  w a s  r a i s e d  to 
1.30 v,  n w a s  12.47. 

fo l l owing :  (a )  t he  f irst  w a v e  of c u r v e  A c o r r e -  
sponds  to a f o u r - e l e c t r o n  change ;  (b )  t he  second  
wave ,  w h i c h  is tw ice  t he  h e i g h t  of the  first, u n -  
d o u b t e d l y  r e p r e s e n t s  an  e i g h t - e l e c t r o n  change;  (c)  
t he  i n t e r m e d i a t e  r e d u c t i o n  p roduc t ,  mos t  l i k e l y  an  
h y d r o x y l a m i n e ,  was  s t ab l e  e n o u g h  in t he  ac id ic  
so lu t ion  to y i e l d  a s a t i s f a c t o r y  p o l a r o g r a m .  

The  chemica l  ( a n d  e l e c t r o l y t i c )  r e d u c t i o n  of 
n i t ro  compounds  in ac id  so lu t ion  l eads  to t he  fo r -  
m a t i o n  of amines ,  and  i t  is h i g h l y  p r o b a b l e  t h a t  
those  p o l a r o g r a p h i c  r educ t i ons  of d in i t r o  c o m p o u n d s  
w h i c h  r e q u i r e  t w e l v e  e l ec t rons  l e a d  in  ac id  to c o m -  
p l e t e  r e d u c t i o n  w i t h  t h e  f o r m a t i o n  of d i amines .  
As  t h e  pH increases ,  r e d u c t i o n  becomes  m o r e  diffi-  
cu l t  a n d  t h e  p o l a r o g r a p h i c  cu rves  show tha t  e i g h t -  
and  t e n - e l e c t r o n  changes  a r e  c o m m o n l y  found.  A t  
p H  11 the  cu rves  a r e  too dif fuse  in some cases  to 
p e r m i t  i n t e r p r e t a t i o n .  A t  th is  p H  the  r a t e  of con-  
d e n s a t i o n  of i n t e r m e d i a t e  p r o d u c t s  can  be  a p p r e c i -  
able ,  and  the  d i f fuseness  is p r o b a b l y  due  to s econd-  
a r y  processes  i n v o l v i n g  these  c o n d e n s a t i o n  p roduc t s .  

I t  can  be  seen  f r o m  T a b l e  I tha t ,  as t he  p H  in -  
creases ,  t he  s e p a r a t i o n  b e t w e e n  t h e  c o m p o n e n t  
w a v e s  for  the  d in i t r o  c o m p o u n d s  also g e n e r a l l y  i n -  
creases .  P e a r s o n  (1)  f o u n d  th is  to be  t r u e  for  d i -  
n i t r o b e n z e n e s  and  d i n i t r o t o l u e n e s  [as  t he  p r e s e n t  

Fig. 1. Polarograms of 1,2-dinitronaphthalene at pH 2.1. A, 
Original nitro compound; B, after reduction equal to 3.9 elec- 
trons per molecule. 

a u tho r s  d id  for  t he  t e t r a l i n  ser ies  ( 9 ) ]  and  i t  is 
a t t r i b u t e d  to a d e c r e a s e  in s a l t  f o r m a t i o n  as t he  
m e d i u m  becomes  m o r e  a lka l ine .  F o r  if --NR2 or  
- - N H O H  is an  e l e c t r o n - r e l e a s i n g  g r o u p  b u t  --NR~ + 
( a n d  p r e s u m a b l y  --NH~OH ~, too)  is e l e c t r o n - a t -  
t r ac t ing ,  one shou ld  e x p e c t  t h a t  t h e  n i t ro  g r o u p  in 
an  N - a r y l h y d r o x y l a m i n e  w o u l d  accep t  e l ec t rons  (be  
r e d u c e d )  less r e a d i l y  t h a n  a n i t ro  g r o u p  in an  
N - a r y l h y d r o x y l a m m o n i u m  salt .  

The  d i f fe rence  in t h e  r e l a t i v e  ease  of r e d u c t i o n  
b e t w e e n  1 - n i t r o n a p h t h a l e n e  and  2 - n i t r o n a p h t h a -  
l ene  is s m a l l e r  t h a n  t h a t  f o u n d  for  t h e  c o r r e s p o n d -  
ing  5-  a n d  6 - n i t r o t e t r a l i n s  (9) .  A n  e x a m i n a t i o n  of 
m o l e c u l a r  mode l s  showed  t h a t  if t h e r e  w e r e  a n y  
i n t e r f e r e n c e  b e t w e e n  t h e  1 -n i t ro  g r o u p  a n d  the  
h y d r o g e n  a t o m  of t h e  8-pos i t ion ,  i t  was  m u c h  less  
t h a n  t h e  i n t e r f e r e n c e  a t  c o r r e s p o n d i n g  pos i t ions  in 
5 - n i t r o t e t r a l i n  (9 ) .  H e n c e  i t  is r e a s o n a b l e  t ha t  1- 
and  2 - n i t r o n a p h t h a l e n e  r e s e m b l e  each  o t h e r  m o r e  
c lose ly  t h a n  do 5-  and  6 - n i t r o t e t r a l i n  [or  o -  and  
m - n i t r o t o l u e n e  (1) ]. 

The  p o l a r o g r a m s  o b t a i n e d  in t he  p r e s e n t  w o r k  
for  1 , 3 - d i n i t r o n a p h t h a l e n e  b e a r  a s t r i k i n g  s i m i l a r -  
i t y  to t h e  curves  o b t a i n e d  p r e v i o u s l y  for  c o m p o u n d s  
of s i m i l a r  " m e t a "  s t r uc tu r e ,  n a m e l y  m - d i n i t r o b e n -  
zene ( 1 , 2 ) ,  2 , 4 - d i n i t r o t o l u e n e  (1)  and  5 , 7 - d i n i t r o -  
t e t r a l i n  (9) .  In  genera l ,  p r e s e n t  r e su l t s  for  t he  
h o m o n u c l e a r  d i n i t r o n a p h t h a l e n e s  ( e x c e p t  for  t he  
2 ,3 - i somer  w h i c h  as a f l , f l - isomer is u n i q u e  in s t r u c -  
t u r e )  a g r e e  w i t h  t he  f indings  for  ortho-, meta-, and  
para-dinitro groups  in t he  be nz e ne  (1, 2) and  t e t r a -  
l in  ser ies  (9) .  

W h e r e  two  n i t ro  g roups  a r e  " o r t h o "  or  " p a r a "  
w i t h  r e s p e c t  to each  o t h e r  in  t h e  h o m o n u c l e a r  d i -  
n i t r o n a p h t h a l e n e s ,  t he  g r e a t e r  s e p a r a t i o n  of t he  
c o m p o n e n t  w a v e s  can  be  a t t r i b u t e d  to a l e s sen ing  
of t h e  p o s i t i v i t y  ( a n d  h e n c e  r e d u c i b i l i t y )  of t he  
n i t ro  g roup  in t he  i n i t i a l l y  f o r m e d  n i t r o h y d r o x y l -  
amine .  F o r  e x a m p l e ,  r e s o n a n c e  shou ld  p l a y  a g r e a t e r  
p a r t  in t he  s t ab i l i z a t i on  of t h e  1,2- a n d  1 , 4 - d e r i v a -  
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t ives (I and II, respect ive ly)  than  it does in the 
case of the 1,3- or 2 ,3-der ivat ive  ( I I I ) .  

~ HOH 
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NHOH 

II 

No impor tan t  ex t ra  s t ructures  can reasonably  be 
d r a w n  for the  1,3-isomer; in the  instance of 2,3- 
d in i t ronaph tha lene  only one quinoid s t ruc ture  ( I I I )  
can be drawn,  and it can make  only a small  contr i -  
but ion to the resonance energy. This may  account 
for the anomalous behavior  of the 2,3-isomer, which 
was not unexpected.  The decrease in the posi t ivi ty  
of the ni t ro group in the n i t rohydroxy lamine  de-  
r ived  f rom 2 ,3-d in i t ronaphtha lene  cer ta in ly  would 
not be so great  as that  in the 1,2- and 1,4-isomers, 
and hence the separat ion of the component  polaro-  
graphic  waves should be less marked.  

At  pH 6.4, and in a lka l ine  solutions, all  the 
he teronuclear  d in i t ronaphtha lenes  except  the 1,8- 
isomer are  reduced in much the same manner.  The 
first wave  corresponds to a four -e lec t ron  change, 
and the second wave  to an e ight -e lec t ron  change. 

F rom Table I it can be seen tha t  the separa t ion  
of the  component  waves is d is t inct ly  grea te r  in the 
curves obtained from 1,7-dini t ronaphthalene  than 
in the curves obtained from 1,5-, 1,6-, and 2,7-di-  
n i t ronaphtha lene ,  and is greates t  of al l  in the  curve 
for 2 ,6-dini t ronaphthalene.  Of the heteronucIear  
n i t rohydroxylamines ,  quinoid s t ructures  can be 
d rawn only for the 1,5-, 2,6-, and 1,7-isomers (IV, 
V, and VI, respec t ive ly) .  

•Oz• 
+ HOH 

IV 

HOH+N~~ NOz- 
V 
+~HOH -02N~ 

VI 

The quinoid s t ruc ture  for the 2,6-isomer (V) is 
undoubted ly  the most impor tan t  of these (2,6- 
naphthoquinone,  for example ,  is the  only known 
heteronuclear  naphthoquinone)  ; and, therefore,  the 
reduc ib i l i ty  of the remain ing  nitro group should be 
most affected. I t  is notable  that  2 ,6-d in i t ronaphtha-  
lene also shows a four -e lec t ron  wave  in acid solu- 
tion (as well  as at pH 6.4 and in a lka l ine  media) .  
The occurrence of a four -e lec t ron  step in acid solu- 
tion indicates an unusual  s tabi l i ty  for the  hydroxy l -  
amine stage (V),  since reduction in acid genera l ly  
leads to a d iamine (or some other h ighly  reduced 
produc t ) .  

The separa t ion  of waves  for the 1,7-isomer is less 
(only one p-benzoquinoid" ring, VI) than for the 
2,6-isomer, and it is in accord with conjecture that  
the separa t ion  for the  1,5-isomer (no p-benzo-  
quinoid ring, IV) is not apprec iab ly  grea ter  than 
for the 1,6- and 2,7-isomers, for which one can 
wr i te  no quinoid s t ructures  at all. 

1 ,8-Dini t ronaphthalene  is the only d in i t ronaph-  
thalene  tha t  does not show an ini t ia l  four-e lec t ron  
wave  in any of the  buffered solutions studied. It 
has been repor ted  (10) that  2 ,2 ' -d ini t robiphenyl  
also does not give a four -e lec t ron  wave  at any of 
the pH values  studied;  instead, its first wave at pH 
6.4 corresponds to an e ight -e lec t ron  change. Large-  
scale reduct ion (11) at a controlled potent ia l  and 
at pH 6.4 showed benzo(c)c innol ine  (VII)  to be the 
major  reduct ion product  obta ined f rom 2,2 ' -dini t ro-  
biphenyl .  

~ + BH + +Be- ~ 

VII 

It is possible tha t  the polarographic  reduct ion p rod-  
uct from 1,8-dini t ronaphthalene  at pH 6.4 (and at 
higher  pH values)  is correspondingly  1,8-naphtho-  
pyrazole  (VII I ) .  

~ z +  8H + + 8e- - - ' p [ ~  

VII I  

At pH 2.1 the p robab le  t en-e lec t ron  reduct ion could 
be in te rp re ted  as the format ion of the d ihydro  de-  
r iva t ive  of the pyrazole  (corresponding to the for-  
mation of a hydrazo compound) .  Under  acidic condi- 
tions, where  a low coulometr ic  value  was obtained 
for 1 ,8-dini t ronaphthalene,  the e lectrolyzed solu-  
t ion became deep purp le  in color. When the elec- 
trolysis  was carr ied  out at  pH 6.4 the final solution 
was o range-ye l low in color; yet  it, too, turned  to 
purp le  on s tanding in contact  wi th  air. I t  has been 
shown (10) that  the d ihydro  der iva t ive  of benzo- 
(c ) -c inno l ine  undergoes dismutat ion to give a m i x -  
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t u re  of benzo ( c ) c i n n o l i n e  and  2 ,2 ' -d iaminob ipheny l .  
Pe rhaps  the  d ihydro  de r iva t ive  of the  pyrazo le  also 
is s imi l a r ly  uns tab le .  

A n i n e - e l e c t r o n  change,  such as found  for 1,5- 
and  1 ,6 -d in i t ronaph tha lene ,  m a y  be the  resu l t  of 
two c o n c u r r e n t  e lectrode processes (1) ; it wou ld  be 
a w k w a r d  to account  for an odd-e !ec t ron  change  in  
any  o ther  way.  

The po la rograph ic  curve  for 1 , 4 - d i n i t r o n a p h t h a -  
lene  at pH 11 displays  an  u n u s u a l  w a v e  tha t  ap-  
pears  to be  associated wi th  a two-e l ec t ron  step. 
This cu rve  is ve ry  s imi la r  to the  one tha t  Hol leck 
and  E x n e r  (12) ob ta ined  f rom 1 ,4 -d in i t robenzene  
in a lka l i ne  solut ion.  Hol leck and  E x n e r  s tud ied  the  
r educ t ion  of the  th ree  isomeric  d in i t robenzenes  at 
the d ropp ing  m e r c u r y  electrode over  a wider  r ange  
of pH va lues  t h a n  is found  in the  work  of Pea r son  
(1) .  They  s ta ted tha t  1 ,4 -d in i t robenzene  gave ve ry  
pecu l ia r  m u l t i - s t a g e  curves  tha t  we re  caused by  
two c o n c u r r e n t  processes. They  c la imed tha t  in 
a lka l ine  so lu t ion  a two-e l ec t ron  change  p roduced  a 
s table  q u i n o n e - l i k e  i n t e r m e d i a t e  ( IX)  which  was 
then  reduced  to N - ( 4 - a m i n o p h e n y l ) h y d r o x y l a m i n e .  

6 6 " 2e-~ Be- 

NO z NH z 

IX 

I t  wou ld  be expected  tha t  the  double  bonds  b e t w e e n  
the  n i t r ogen  atoms and  the  r ing  would  be s imi la r  
in s te reochemica l  r e q u i r e m e n t s  to c a r b o n - t o - c a r b o n  
double  bonds,  and  there fore  all  the  a toms m u s t  be 
in the p l ane  of the  r ing.  I t  is indeed  in t e re s t ing  tha t  
1 , 4 - d i n i t r o n a p h t h a l e n e  and  1 ,4 -d in i t robenzene  can 
sat isfy the  steric demands  and  do exh ib i t  a two-  
e lec t ron change  at pH 11; whereas  5 ,8 -d in i t ro t e t r a -  
lin, in  which  ne i the r  n i t ro  group can ever  be co- 
p l a n a r  w i t h  the  a romat ic  r ing  (9) ,  gives a first 
wave  at pH 11 which corresponds  to a typ ica l  fou r -  
e lec t ron change,  and  the re  is no ev idence  of a two-  
e lec t ron step. 

If one accepts the  proposal  of a qu ino id  i n t e r -  
med ia te  for a t w o - e l e c t r o n  step, one migh t  r ea son -  
ab ly  ex t end  the  genera l  idea and  suggest  tha t  
po la rograph ic  waves  which  appear  to r ep resen t  
t e n - e l e c t r o n  reduc t ions  can be i n t e r p r e t e d  b y  means  
of qu ino id  s t ruc tures ,  too, r a the r  t h a n  as N - ( a m i n o -  
a ry l )  h y d r o x y l a m i n e s  (12).  This  would  m e a n  tha t  the 
reduc t ion  p roduc t  would  be a q u i n o n e  di imine .  I t  is 
therefore  poss ib ly  more  t h a n  mere ly  coincidence 
tha t  at  pH 9.4 the  on ly  compounds  tha t  show waves  
ind ica t ing  t e n - e l e c t r o n  changes,  1 , 4 - d i n i t r o n a p h t h a -  
lene, 5 ,6 -d in i t ro t e t r a l in  (9),  and  6 ,7 -d in i t ro t e t r a l in  
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(9) ,  are  those for which  d i imines  appear  to be qui te  
r easonab le  (X, XI, and  XII,  r espec t ive ly ) .  

NH 
X 

• 

Xll 

However ,  it should be po in ted  out  tha t  the po ten t i a l  
of --1.32 v (Tab le  I) for r educ t ion  of the  a l leged 
1 ,4-d i imine  to a 1 ,4 -d iamine  does seem high for an  
analog  of 1 ,4 -naph thoqu inone .  
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ABSTRACT 

The polarographic reduction of the nitro and carbonyl  groups in 2-ni t ro-  
fluorenone, 2,7-dinitrofluorenone, and 2,5-dinitrofluorenone has been studied 
in buffered solutions over a pH range of about 1-13. To aid in in terpre t ing  the 
electrode reactions, addit ional polarographic studies were made with several  
compounds containing only the nitro or carbonyl  group. These compounds 
were fluorenone, 4-ni t robiphenyl ,  4,4 '-dinitrobiphenyl,  2.4 '-dinitrobiphenyl,  
2,5-dinitrofluorene, and 2-aminofluorenone, and the polarography was carried 
out under  the same solution conditions. The nu~nber of electrons involved in 
the reduct ion steps of several of these compounds was measured using the 
controlled cathode potential  technique. It  was found that  the characteristic 
double waves of the carbonyl  group in fluorenone are merged into a single 
two-electron wave in the dinitrofluorenones. This effect is apparent ly  a gen-  
eral one, caused by the decrease in stabili ty of the in termediate  free radical 
brought  about by the hydroxylamine  groups in the aromatic nucleus. 

The po la rographic  r educ t ion  of r e la t ive ly  few 
compounds  con ta in ing  both  n i t ro  and  ca rbony l  
groups has been  repor ted  in  the l i t e ra ture .  The  n i -  
t robenza ldehydes  have  been  most  t ho rough ly  s tud -  
ied (1-4) ,  and  it has been  possible to assign the  v a r i -  
ous waves  to the di f ferent  steps in  the  r educ t ion  of 
the  n i t ro  and  ca rbony l  groups.  

We were  p a r t i c u l a r l y  in t e re s t ed  in  the  effect tha t  
an amino  (or  h y d r o x y l a m i n o )  group has on the  ca r -  
bony l  waves  in compounds  where  both  groups are 
a t tached to a s ingle  a romat ic  nucleus .  A n  aromat ic  
n i t ro  group is n o r m a l l y  reduced  at  a lower  po ten t ia l  
t h a n  a ca rbony l  group;  hence,  w h e n  the  ca rbony l  
group is u n d e r g o i n g  r educ t ion  the o ther  subs t i t uen t  
in  the a romat ic  nuc leus  is the amino  or h y d r o x y l -  
amino,  not  the n i t ro  group.  It  has been  observed 
that,  whereas  an a romat ic  a ldehyde  is n o r m a l l y  r e -  
duced in  two w e l l - s e p a r a t e d  one -e l ec t ron  steps in  
sodium hydrox ide  solutions,  the waves  are a p p a r -  
en t ly  merged  into a s ingle  t w o - e l e c t r o n  step in 
m e t a - n i t r o b e n z a l d e h y d e  (2) .  In  the case of or tho 
and  p a r a - n i t r o b e n z a l d e h y d e s  the waves  r e m a i n  sep-  
a ra te  (2) .  

The ke tone  f luorenone  is wel l  k n o w n  for its t e n d -  
ency to reduce  in two w e l l - s e p a r a t e d  one -e l ec t ron  
steps in both acid, neu t r a l ,  and  basic media.  It  was  
therefore,  of in te res t  to s tudy  the behav io r  of the  
ca rbony l  group in f luorenone  in cases where  a n i t ro  
group  was subs t i tu t ed  in  the  2 or 7 posi t ion of the 
f luorene nucleus .  As the  work  progressed some di -  
n i t ro f luorenones  were  s tudied  and  to aid in  the  i n -  
t e rp re t a t i on  of the i r  behav io r  of the  fo l lowing com-  
pounds  is descr ibed he re in :  f luorenone,  2 - n i t r o -  
f luorenone,  2 ,7-d in i t rof luorenone ,  2 ,5 -d in i t ro f luoren-  
one, 2 -aminof luorenone ,  4 -n i t r ob ipheny l ,  4 ,4 ' -d in i -  
t rob ipheny l ,  2 ,4"-dini t robiphenyI ,  and  2 ,5 -d in i t ro -  
fluorene. 

Experimental 
Pola rograph ic  da ta  were  ob ta ined  wi th  a L&N 

Elec t rochemograph  Type  E. H a l f - w a v e  poten t ia l s  

were  corrected for IR drop a nd  for lag caused by  
ga lvanome te r  damping .  The electrolysis  cell, expe r i -  
m e n t a l  procedure ,  and  buffer  solut ions were  the  
same as descr ibed  p rev ious ly  (5) .  However ,  because  
of the  low so lubi l i ty  of severa l  of the  compounds  in 
e t h a n o l - w a t e r  mix tures ,  a m i x t u r e  of w a t e r  and  
acetone was employed.  The  compound  of in te res t  
was  dissolved in  acetone,  a nd  the  cell so lu t ion was  
made  by  m i x i n g  equa l  vo lumes  of this  so lut ion wi th  
the  appropr i a t e  aqueous  buffer.  A single cap i l l a ry  
of Corn ing  m a r i n e  b a r o m e t e r  t u b i n g  was used. Its 
character is t ics  were :  d rop t ime  5.0 sec, m ~ 1.34 mg 
sec -1, d e t e r m i n e d  in a w a t e r - a c e t o n e  mix tu re ,  buff -  
ered wi th  c i t r a t e -phospha te  ( a p p a r e n t  pH 5.0) wi th  
an  open circuit .  The ca lcula ted  va lue  of m ~8 t 1/~ was  
1.59 mg ~/8 see -1~. 

The coulometr ic  m e a s u r e m e n t s  were  car r ied  out 
us ing  a po ten t ios ta t  of the  L i n g a n e - J o n e s  type  (6) 
and  a h y d r o g e n - o x y g e n  coulometer .  The cell, e lec-  
trodes, and  e x p e r i m e n t a l  p rocedures  were  essen-  
t i a l ly  those r e c o m m e n d e d  by  L i n g a n e  (7).  

Samples  of 2 -n i t ro f luorenone ,  2 -aminof luorenone ,  
2 ,5-dini t rof luorene ,  2 ,5-d in i t rof luorenone ,  and  2,7- 
d in i t ro f luorenone  were  k i n d l y  fu rn i shed  us by  the 
la te  Professor  C. W. B e n n e t t  of Wes te rn  I l l inois  
Sta te  College (8) .  All  o ther  compounds  s tudied  
were  E a s t m a n  K oda k  Whi te  Labe l  chemicals.  Rea-  
gent  grade acetone was found  to give no po la ro-  
graphic  waves  in  the po ten t i a l  r ange  n o r m a l l y  e m -  
ployed.  

Results 
The h a l f - w a v e  poten t ia l s  of the  several  com-  

pounds  at d i f ferent  pH va lues  are l is ted in  Tab le  I, 
a long wi th  measu red  and  es t ima ted  va lues  of the 
n u m b e r  of e lec t rons  consumed  in  the r educ t ion  
process. 1 The behav io r  of the compounds  wi l l  be  dis-  
cussed ind iv idua l ly .  

1 A m o r e  comple t e  l i s t  is  a v a i l a b l e  and  m a y  be o b t a i n e d  by w r i t -  
i n g  to the  au tho r s .  
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Table I. Half-wave potentials of nitro and carbonyl compounds 

P O L A R O G R A P H Y  O F  S O M E  N I T R O  C O M P O U N D S  

W a v e  1 W a v e  2 W a v e  3 
S u b s t a n c e  p H  (aq.)  --E1/2 n - -E l /2  n --E~/~ n 

Fluorenone 1.5 0.61 [1]" 0.86 [1]* 
3.4 0.74 [1] 0.99 [1] 
5.0 0.85 [1] 1.02 [1] 
7.4 1.05 [2] 
9.8 1.13 - -  1.53 - -  

12.0 1.15 [1] 1.49 [1] 

2-Aminofluo- 1.3 0.62 [2] 
renone 3.7 0.77 [2] 

5.O 0.86 [2] 
7.0 1.02 [2] 
9.6 1.13 [2] 

12.0 1.18 [1] 1.45 [1] 

2-Nitrofluo- 1.4 0.20 4 0.68 2 0.98 2 
renone 4.0 0.38 [4] 0.84 [2] 

6.5 0.54 [4] 1.03 [2] 
9.6 0.74 [4] 1.16 ~2_] 

11.0 0.85 [4] 1:21 - -  

4-Nitrobi-  1.4 0.20 [4] 0.74 [2] 
phenyl  3.8 0.38 [4] 0.87 [2] 

6.8 0.63 [4] 
9.2 0.76 [4] 1.06 - -  

11.2 0.79 - -  1.00 - -  

4, 4 ' -Dini t ro-  1.4 0.15 8 0.78 2 
biphenyl  3.6 0.35 [8] 0.91 [2] 

7.0 0.54 [4] 
0.68 [4] 

8.5 0.63 [4] 1.20 [2] 
0.76 [4] 

11.7 0.70 - -  1.18 - -  

2, 4 ' -Dini t ro-  1.3 0.24 8 0.82 2 
biphenyl  3.0 0.33 [8] 0.87 [2] 

4.0 0.40 [4] 
0.62 [4] 

7.9 0.67 [4] 
0.82 [4] 

11.7 0.65 - -  1.09 - -  

2, 5-Dini t ro-  1.4 0.20 ? 
fluorene 4.1 0.39 [8] 

8.5 0.71 [8] 
10.9 0.72 - -  1.07 - -  
11.6 0.72 - -  1.10 - -  

2, 5-Dini t ro-  1.5 0.20 8 0.61 2 1.01 2 
fluorenone 4.0 0.36 [8] 0.88 [2] 

6.3 0.42 4 1.04 2 
0.56 4 

8.5 0.55 [4] 1.15 [2] 
0.71 [4] 

10.2 0.73 - -  1.16 [2] 
11.5 0.72 - -  1.16 [2] 

2, 7-Dini t ro-  1.4 0.25 8 0.68 4 1.00 2 
fluorenone 4.3 0.36 [8] 0.89 [4] 

6.6 0.42 4 1.07 2 
0.56 4 

7.7 0.49 - -  1.12 [2] 
0.65 - -  

10.4 0.73 - -  1.20 [2] 1.72 - -  
11.3 0.74 - -  1.20 [2] 1.75 - -  

V a l u e s  of n g i v e n  in  b r a c k e t s  w e r e  e s t i m a t e d  f r o m  t h e  d i f fu s ion  
c u r r e n t s .  V a l u e s  n o t  i n  b r a c k e t s  w e r e  m e a s u r e d  c o u l o r n e t r i c a l l y  
a n d  r o u n d e d  off to t h e  n e a r e s t  w h o l e  n u m b e r .  

F l u o r e n o n e  gives  two  w e l l - d e f i n e d  o n e - e l e c t r o n  
w a v e s  in bo th  acid and basic media .  In the  pH  r ange  
of about  7-9 the  w a v e s  are  merged .  In e t h a n o l - w a t e r  
solut ions of low alcohol  con ten t  these  w a v e s  are  
usua l ly  sepa ra t e  ove r  the  en t i r e  pH  range ;  h o w e v e r ,  
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t h e y  are  m e r g e d  in the  pH r ange  of 6-8 in solut ions  
w h i c h  conta in  a h igh  p e r c e n t a g e  of a lcohol  (9) and 
it is not  su rp r i s ing  to find t h e m  m e r g e d  h e r e  in a 
m e d i u m  wh ich  is f a i r l y  h igh  in ace tone  c o n c e n t r a -  
t ion. The  2 - am ino  d e r i v a t i v e  is r educed  in a s ingle  
2 - e l ec t ron  s tep t h r o u g h o u t  the  acid r ange ;  s epa r a -  
t ion into two  w a v e s  was  not  obse rved  un t i l  the  pH  
was  ra i sed  to abou t  11. At  pH  12 the  w a v e s  w e r e  
w e l l  s epa ra t ed  into two  o n e - e l e c t r o n  steps. This  b e -  
h a v i o r  is in accord  w i t h  tha t  p r e v i o u s l y  obse rved  
for  m e t a - n i t r o b e n z a l d e h y d e  (2) excep t  at the  h igh -  
est pH studied.  

In  the  case of 2 -n i t ro f luo renone  it is a p p a r e n t  t ha t  
w a v e  1 cor responds  to the  r educ t ion  of the  n i t ro  
g roup  to h y d r o x y l a m i n e ,  this  be ing  a 4 - e l ec t r on  
step. W a v e  2 is obv ious ly  due  to r educ t ion  of the  
carbonyl ,  and h e r e  too the  w a v e  is a 2 - e l ec t ron  step. 
T h e r e  was  no e v i d e n c e  of sepa ra t ion  of the  c a r b o n y l  
w a v e  into  two  steps at  any  pH a l t hough  the  w a v e -  
he igh t  did decrease  a p p r e c i a b l y  at h igh  pH values .  
A th i rd  w a v e  was  obse rved  at pH  1.4, and the  
cou lome t r i c  n - v a l u e  co r r e sponded  to a 2 - e l ec t ron  
step. This  p r o b a b l y  cor responds  to r educ t ion  of the  
h y d r o x y l a m i n o  group  to the  amine .  The  w a v e  was  
not  obse rved  at h i g h e r  pH values .  

The  b e h a v i o r  of 4 - n i t r o b i p h e n y l  was  s imi la r  to 
t ha t  of n i t r obenzene  (10, 11) in the  low pH region,  
two  w a v e s  of four  and  two  electrons,  r e spec t ive ly ,  
be ing  fo rmed .  The  second w a v e  was  not  obse rved  in 
n e u t r a l  med ia  bu t  did r e a p p e a r  in solut ions  of pI-I 
g r e a t e r  t han  8.6. This  b e h a v i o r  is not  obse rved  w i t h  
n i t r o b e n z e n e  and m a y  resu l t  f r o m  the  fact  t ha t  the  
u n s u b s t i t u t e d  benzene  r ing  can  supp ly  e lec t rons  to 
t he  subs t i tu t ed  r ing,  t h e r e b y  f ac i l i t a t ing  the  r e l ease  
of t he  h y d r o x y l  g roup  and the  f o r m a t i o n  of a r e -  
duc ib le  qu ino id  s t r u c t u r e  (12).  A mac roe l ec t ro ly s i s  
was  ca r r i ed  out  in 0.1M HC1 at a po ten t i a l  of --0.50 
v. The  r educ t ion  p roduc t  was  i so la ted  and r e c r y s t a l -  
l ized. The  m e l t i n g  po in t  (152~176  ind ica ted  tha t  
the  p roduc t  was  4 - h y d r o x y l a m i n o b i p h e n y l .  The  
p roduc t  gave  a cha rac te r i s t i c  r ed  color  w i t h  concen -  
t r a t e d  su l fur ic  acid. 

A t  low pH va lues  t he  c o m p o u n d  4 ,4 ' -d in i t rob i -  
p h e n y l  gave  r educ t ion  w a v e s  of e ight  and two  e lec -  
t rons,  r e spec t ive ly .  This  cont ras t s  to the  b e h a v i o r  
shown by  p - d i n i t r o b e n z e n e  (10) in g iv ing  two  
w a v e s  of four  and e igh t  e lectrons .  A p p a r e n t l y  both  
n i t ro  groups  in the  d i p h e n y l  compound  are  r educed  
to h y d r o x y l a m i n e  s imul t aneous ly ,  w h e r e a s  the  two  
groups  in the  benzene  r ing  a re  r educed  in sepa ra t e  
steps. In  the  pH  r ange  of about  7-10, h o w e v e r ,  the  
8 - e l ec t ron  w a v e  of d in i t r ob ipheny I  does spl i t  in to  
two  4 - e l ec t ron  steps. It  is p robab l e  tha t  each 4 - e l ec -  
t ron  w a v e  cor responds  to r educ t ion  of a s ingle  n i t ro  
g roup  to the  h y d r o x y l a m i n e ,  r a t h e r  t han  to r e d u c -  
t ion  of the  two  groups  s i m u l t a n e o u s l y  to the  n i t roso  
stage. A t  low pH the  h y d r o x y l a m i n e  can add a p r o -  
ton, and the  r e su l t i ng  pos i t i ve ly  cha rged  g roup  
m a k e s  eas ier  the  r educ t ion  of the  second n i t ro  
group.  A t  h ighe r  pH  the  f ree  h y d r o x y l a m i n e  can act  
as an e l e c t r o n - r e l e a s i n g  group,  t h e r e b y  m a k i n g  the  
r educ t ion  of the  second n i t ro  g roup  m o r e  difficult. 
This  w o u l d  account  for the  sp l i t t ing  of the  8 -e l ec -  
t ron  w a v e  as the  pH is increased.  The  2 - e l ec t r on  
s tep m e n t i o n e d  above  was  not  p r e s e n t  in solut ion of 
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abou t  pH 7, bu t  did r eappea r  about  pH 8.5. Hence,  
f rom pH 8.5 to 10 there  were  th ree  waves  of 4, 4, 
and  2 electrons,  respect ively .  Abou t  pH 10 the first 
two waves  were  merged  again.  Comple te  r educ t ion  
of bo th  n i t ro  groups  to amines  (12 e lect rons)  was 
not  observed at any  pH, whereas  p - d i n i t r o b e n z e n e  
did show complete  r educ t ion  up to pH 4.1 (10).  

The behav io r  of 2 ,4 ' - d in i t rob ipheny l  was ve ry  
s imi la r  to tha t  of the 4,4 '- isomer.  The in i t ia l  8-e lec-  
t ron  w a v e  split  into two 4-e lec t ron  steps at a lower  
pH (abou t  4) and  the two did not  merge  aga in  u n t i l  
about  pH 11. This behav io r  more  n e a r l y  corresponds  
to tha t  of m - d i n i t r o b e n z e n e  (10) which  gives two 
in i t i a l  4 -e lec t ron  waves  up to pH 9.2. Again,  h o w -  
ever,  no more  t h a n  10 e lect rons  were  t aken  up by  
the b i p h e n y l  compound  whereas  Pea r son  found  com- 
p le te  r educ t ion  of m - d i n i t r o b e n z e n e  at low pH va l -  
ues (10).  

The  behav io r  of 2 ,5 -d in i t ro f luorene  was different  
f rom tha t  of both  the  d in i t robenzenes  and  the d i n i -  
t rob ipheny l s .  On ly  one wave,  cor responding  to an  
8 -e l ec t ron  reduct ion ,  was  observed over  the  pH 
r ange  of about  1-10. A p p a r e n t l y  bo th  n i t ro  groups 
are r educed  s i m u l t a n e o u s l y  even  though  they  are in 
d i f ferent  r ings,  and  ro ta t ion  of the  two r ings  wi th  
respect  to one ano the r  is not  possible. This  r e m a i n e d  
the case even  at h igher  pH values  where  the 8-e lec-  
t ron  wave  of the  d i n i t r o b i p h e n y l s  split  into two 
4 -e l ec t ron  steps. Two waves  were  observed a r o u n d  
pH 11 and  12, bu t  in  such basic solut ions  side reac-  
t ions of the r educ t ion  products  complicate  the pic-  
tu re  and  the  m e c h a n i s m  is complex.  

The  behav io r  of the  n i t ro  groups  of both  d in i t r o -  
f luorenones  r e sembled  tha t  of the d in i t r ob ipheny l s  
more  t h a n  tha t  of d in i t rof luorene .  At  low pH there  
was an  in i t i a l  8 -e lec t ron  wave  which  spli t  above pH 
4 in to  two 4 -e l ec t ron  waves.  The waves  were  
merged  again  at h igh pH. With  both  compounds  
wave  2 is obvious ly  produced  by reduc t ion  of the 
ca rbony l  group. The h a l f - w a v e  poten t ia l s  are ve ry  
n e a r  the  va lues  of those of 2 -aminof luo renone  and  
those of the second wave  of 2 -n i t ro f luorenone .  At  all  
pH va lues  the c u r r e n t  cor responded  to the up take  of 
two electrons,  there  be ing  no ind ica t ion  of a sepa ra -  
t ion  in to  two one -e l ec t ron  steps, nor  a s ignif icant  
decrease  in  cu r r en t  at high pH. A p p a r e n t l y  the two 
h y d r o x y l a m i n o  groups in the f luorene nuc leus  (me ta  

to the ca rbony l )  g rea t ly  decrease  the s tab i l i ty  of the 
i n t e r m e d i a t e  free rad ica l  fo rmed  by  add i t ion  of one 
e lec t ron to the  ca rbony l  group.  The free radica l  is 
t hen  reduced  at its f o r ma t i on  po ten t ia l  and  d imer i -  
zat ion does no t  occur. This  effect is the same as tha t  
p rev ious ly  observed wi th  m - n i t r o b e n z a l d e h y d e .  

Both d in i t ro f luorenones  give a 2 -e lec t ron  wave  
a round  --1.00 v at pH 1.4. This  corresponds  to the 
r educ t ion  of one h y d r o x y l a m i n e  group to the amine.  
Wave  2 of 2 ,7 -d in i t ro f luorenone  in  solut ions  of low 
pH cor responded  to an  u p t a k e  of four  electrons.  This 
is p r o b a b l y  caused by  o v e r - l a p p i n g  of the waves  
cor responding  to the r educ t ion  of the ca rbony l  group 
and  one of the  h y d r o x y l a m i n o  groups. In  other  
words  at pH 1.4 the 2,7 c o m p o u n d  took up  14 elec- 
trons,  cor responding  to comple te  r educ t ion  of both 
n i t ro  groups to amines,  and  the  ca rbony l  group to 
the secondary  alcohol. At  pH va lues  g rea te r  t h a n  4 
the  r educ t ion  of the  n i t ro  groups  stopped at  the hy -  
d r o x y l a m i n e  stage, as is n o r m a l l y  found  for aro-  
mat ic  n i t ro  compounds .  

Manuscript  received Jan. 18, 1960. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1961 JOUR- 
NAL. 
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ABSTRACT 

Kinetic studies were made on the oxidation of tungsten  from 500 ~ to 1300~ 
for t ime periods up to 6 hr, and for oxygen pressures from 0.1 atm to 0.00132 
arm. The rate data were fitted to the parabolic rate law. A number  of devia-  
tions and transit ions were observed. For all of the experiments  the init ial  
slopes of the parabolic rate law plots were smaller than the final values found 
for thick films. A transi t ion in the rate of oxidation was observed for weight 
gains of 2500-4000 ~g/cm ~ at temperatures  of 650~176 Photographs of the 
oxidized surface above 650~ show that  oxidation occurs in a preferent ia l  
manne r  at the edges. Pressure had a strong effect on the rate of oxidation for 
the experiments  above 950~ At 1200~ weight loss curves were observed for 
pressures as high as 0.1 atm. Above 1200~ the oxidation reaction is similar 
to the combustion of graphite. The rate of oxidation is l imited by the volat i l i ty 
of WO~, the diffusion of oxygen to the surface, and the diffusion of W~O~ away 
from the surface. 

The behav io r  of t u n g s t e n  and  its surface  oxides 
in oxidiz ing and  n e u t r a l  a tmospheres  and  in  v a c u u m  
at h igh t e m p e r a t u r e  is an  in t e res t ing  scientific p rob -  
lem. This  pape r  p resen t s  resul ts  of an  ex tens ive  
s tudy  of the fo l lowing prob lems:  (a) the  effect of 
t ime  and  t e m p e r a t u r e  on the  ra te  of ox ida t ion  of 
t u n g s t e n  f rom 500 ~ to 1300~ (b)  the effect of 
p ressure  on the  t ime  course of ox ida t ion  at  four  
t empera tu re s ,  (c) phys ica l  s t ruc tu re  and  crys ta l  
s t ruc tu re  of the  oxide scale, and  (d)  m e c h a n i s m  of 
react ion.  

The oxida t ion  of t u n g s t e n  below 500~ has been  
s tudied  by  G u l b r a n s e n  and  Wysong  (1) and  by  
G o r b o u n o v a  and  Ar s l amb6kov  (2) .  G u l b r a n s e n  and  
Wysong  (1) found  the ox ida t ion  to fol low the  p a r a -  
bolic ra te  law b e t w e e n  400 ~ and  500~ Devia t ions  
were  found  to occur at  550 ~ and  be low 400~ A 
heat  of ac t iva t ion  of 45,650 ca l /mo le  was  ca lcula ted  
f rom the  parabol ic  ra te  law constant .  T u n g s t e n  
oxides were  found  to volat i l ize  at t e m p e r a t u r e s  as 
low as 800~ for th ick  oxide films. T h i n  oxide films 
were  found  to r equ i r e  a h igher  t e m p e r a t u r e  for 
vo la t i l i za t ion  of WO,. G o r b o u n o v a  and  Ars l amb~kov  
(2) found  tha t  the  hea t  of ac t iva t ion  for the  t e m -  
p e r a t u r e  r ange  of 390~176 was d e p e n d e n t  on the 
surface p repara t ion .  Oxida t ion  expe r imen t s  on elec-  
t ro ly t i ca l ly  pol ished samples  gave a hea t  of ac t iva -  
t ion  of 46,500 c a l / m o l e  f rom the parabol ic  ra te  law 
cons tan t  whi le  s tudies  on mechan i ca l l y  pol ished 
samples  gave a heat  of ac t iva t ion  of 41,000 ca l /mole .  

D u n n  (3) s tud ied  the  oxida t ion  of t u n g s t e n  f rom 
700 ~ to 1000~ and  found  the parabol ic  r a t e  law was 
followed. The  t e m p e r a t u r e  va r i a t i on  of the  p a r a -  
bolic ra te  law cons tan t  was found  to fol low an  ex-  
ponen t i a l  l aw of the  A r r h e n i u s  type.  A n  inflect ion 
was not iced at 850~176 and  was a t t r i b u t e d  to a 
phase  change  in the oxides. 

Schei l  (4) s tudied  the  oxida t ion  ra te  at 500 ~ and  
700~ over long periods of t ime  and  found  a l inear  

ra te  law. This  was i n t e r p r e t e d  as ev idence  for the 
presence  of a nonpro t ec t i ve  film. 

A n  i n t e r m e d i a t e  type  of ra te  law was suggested 
by  Nacht iga l l  (5) and  Kieffer  and  Ko lb l  (6) .  

Webb,  Norton,  and  W a g n e r  (7) s tudied the  ox ida-  
t ion  of t u n g s t e n  b e t w e e n  700 ~ and  1000~ The  oxi-  
da t ion  reac t ion  was  found  to fol low the  parabol ic  ra te  
law in i t i a l ly  b u t  t r a n s f o r m e d  to a l i nea r  r a t e  law for 
th ick  films. Two oxide layers  appeared  to form. In  
the outer  l ayer  a porous powdery  ye l low tungs t i c  
oxide WO~ was formed,  whi le  in  the  i nne r  l ayer  a 
th in  film of a d h e r e n t  oxide of u n c e r t a i n  composi t ion 
was formed.  Two ra te  processes were  combined  to 
give the ove r - a l l  ra te  law. These were  the parabol ic  
ra te  law for the  i n n e r ' o x i d e  l ayer  and  the l i nea r  ra te  
law for the outer  layer .  

Baur ,  Bridges,  and  Fassel l  (8) s tudied  the ox ida-  
t ion  of t u n g s t e n  rod and~sheet  f rom 600 ~ to 850~ 
as a func t ion  of oxygen  pressures  f rom 20 to 500 
psia. A l inea r  ra te  law was found.  Oxygen  pressure  
increased the  ra te  of oxidat ion.  A n  e q u i l i b r i u m  ad-  
sorpt ion process was proposed to occur pr ior  to the  
ra te  d e t e r m i n i n g  step. 

A r k h a r o v  and  K o z m a n o v  (9) s tudied  the  com- 
posi t ion of the  oxide scale on t u n g s t e n  b e t w e e n  
500~176 and  the m e c h a n i s m  of react ion.  They  
concluded tha t  diffusion of oxygen  was  the r a t e - c o n -  
t ro l l ing  process. 

Semmel  (10) s tudied  the ox ida t ion  of t u n g s t e n  in  
flowing air  f rom 982 ~ to 1371~ The  oxida t ion  of 
t u n g s t e n  was found  to change  f rom a l i nea r  to a 
parabol ic  ra te  law as the  t e m p e r a t u r e  was  increased.  
Oxide me l t i ng  was proposed to account  for the  de-  
crease in  ox ida t ion  ra te  above 1150 ~ C. 

Experimental 
Kine t i c  s tudies  we re  made  us ing  the  v a c u u m  

mic roba lance  me thod  (11).  Sma l l  s tr ips of 5 rail  
t u n g s t e n  sheet  or smal l  l engths  of 9 mi l  wi re  were  
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suspended  f rom a sens i t ive  qua r t z  b e a m  mic r oba l -  
ance opera t ing  ins ide  an  all  glass and  ceramic  vac-  
u u m  sys tem (12).  A 1-in.  I. D. gas t igh t  mu l l i t e  f u r -  
nace  t ube  was  used to enclose the sample.  This  tube  
was sealed d i rec t ly  to the  a l l -g lass  v a c u u m  system. 
No metal ,  rubber ,  grease jo in t s  or stopcocks were  
used in  the  reac t ion  system. Pressures  of less t h a n  
10 -8 m m  Hg could be a t t a ined  af ter  24 hr  of p u m p -  
ing (12).  

To min imize  the reac t ion  of t u n g s t e n  wi th  the 
res idua l  gases p resen t  in  the  v a c u u m  sys tem on 
hea t ing  to t e m p e r a t u r e  the  sample  and  fu rnace  tube  
were  p u m p e d  for severa l  hours  at a p ressure  of 10 -~ 
m m  Hg or lower.  Pur i f ied  oxygen  was added  af ter  
the fu rnace  was  ra ised  and  t h e r m a l  e q u i l i b r i u m  es-  
tabl ished.  The  t ime course of the reac t ion  was  fol-  
lowed semicon t inuous ly  by  read ing  the  ba lance  posi-  
t ion  re l a t ive  to a fixed point .  

The fu rnace  t e m p e r a t u r e  was m a i n t a i n e d  con-  
s t an t  to --1.5~ by  the  use of a ca l ib ra ted  high sens i -  
t iv i ty  recorder  cont ro l le r  and  a ca l ib ra ted  P t - P t  + 
10 % Rh thermocouple .  

Two mic roba lances  of different  sens i t iv i t ies  were  
used. For  rap id  react ions  a special ly  cons t ruc ted  low 
sens i t iv i ty  mic roba lance  was  used hav ing  a sens i t iv -  
i ty  of 0.234 x 10 -~ cm/~g.  The  high sens i t iv i ty  ba l -  
ance had a sens i t iv i ty  of abou t  0.9 x 10 -~ cm/~g.  
Fou r  sample  sizes were  used cor responding  to su r -  
face areas of 2.69 cm ~, 1.34 cm ', 0.61 cm '~, and  0.32 
cm ~. The  spec imens  weighed  0.3770 g, 0.1533 g, 
0.07019 g, and  0.0315 g, respect ively.  The wire  s am-  
ples were  1 cm long, we ighed  0.0078 g, and  had 
surface areas of abou t  0.0743 cm ~. 

Weight  gains  of 8 mg could be measu red  on speci-  
mens  h a v i n g  a surface area  of 0.32 cm ~ and  we igh ing  
0.0315 g. This weight  ga in  was equ iva l en t  to 94% 
of the me ta l  reac t ing  wi th  oxygen  to form WO.. 

Spec imens  were  p repa red  f rom Wes t inghouse  
h i g h - p u r i t y  5 mil  cold rol led t u n g s t e n  sheet  or 9 mi l  
wire.  The spect rographic  ana lys i s  of the sheet  was 
as follows: A1, 0.0001-0.001; Mn, not  detected;  Fe, 
0.001-0.01; Si, 0.001-0.01; Mg, 0.0001-0.001; Mo, 
0.001-0.01; Cu, < 0.001; Ag, 0.0001-0.001; Ni, 0.0001- 
0.001; and  Ca, 0.0001=0.001. 

Spectroscopic ana lyses  of the t u n g s t e n  wi re  were  
as follows: A1, 0.0004; Mn, < 0.0005; Fe, 0.0020; Si, 
0.003; Mg, < 0.0005; Ni, < 0.0005; K, 0.0035; Mo, 
0.0015; C, 0.005; O, 0.0024; N, 0.0005; H, 0.0007; Cd, 
0.002. 

Spec imens  were  cut  to shape by  a smal l  shear ing  
mach ine  wi th  the spec imen  hot  or cold. The  hole for 
the suppor t ing  wi re  was  dr i l led  by  a high veloci ty  
jet  of AI_~O~. A t u n g s t e n  etch con ta in ing  NaOH and  
K,,Fe(CN)~ was  used to r e m o v e  the  scale fo rmed  b y  
hea t ing  d u r i n g  the shea r ing  operat ion.  Samples  
were  nex t  washed  wi th  dis t i l led  water .  

The surface  was pol ished wi th  emery  pape r  
t h rough  4/0 and  f inal ly  c leaned  wi th  p e t r o l e u m  ether  
and  abso lu te  alcohol. 

Each oxida t ion  e x p e r i m e n t  was made  wi th  a ne w  
specimen.  The  e x p e r i m e n t a l  resul t s  were  r ep r oduc -  
ible  to 10% except  for the t e m p e r a t u r e  ranges  where  
t r ans i t i on  effects were  observed.  

In i t ia l ly ,  cold sheared  spec imens  were  used. How-  
ever, the  ox ida t ion  curves  were  not  r ep roduc ib le  

16:~ iO 2 
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Fig. ] .  Ox ida t ion  of  tungsten,  5 0 0 ~ 1 7 6  0.1 atrn. O=, 
abraded,  A - ~ 5 0 0 ~  B - - 5 5 0 ~  C - - 6 0 0 ~  

due  to excessive sp l i t t ing  of the me ta l  du r ing  oxida-  
tion. This sp l i t t ing  effect opened  up new areas of 
me ta l  for react ion.  Most of the resul t s  repor ted  in  
this  s tudy  were  for hot  sheared  t u n g s t e n  samples.  
Sp l i t t ing  also occurred  for hot sheared  samples  bu t  
to a m u c h  lesser degree. 

Results 
EJ~ect of temperature.--Abraded hot sheared  

t u n g s t e n  str ip spec imens  were  oxidized over the  
t e m p e r a t u r e  r ange  of 500~176 at  a p ressure  of 
0.1 a t m  of purif ied oxygen.  For  the  500~176 t e m -  
p e r a t u r e  r ange  the  t ime  per iod was  6 hr. At  1150~ 
a t ime  per iod of 6 m i n  was  sufficient for n e a r l y  
comple te  reac t ion  of the t u n g s t e n  sample.  F igures  
1 to 4 show weigh t  ga in  versus  t ime  plots of the 
e x p e r i m e n t a l  measu remen t s .  Weigh t  gain  is g iven  
in mic rograms  per  square  cen t ime te r  and  t ime in  
minu tes .  No correct ion was m a d e  for surface area 
changes  du r ing  react ion.  

To re la te  the weight  ga in  in  mic rograms  per  
square  cen t ime te r  to oxide th ickness  in  Angs t roms  a 
factor  of 67.5 could be used. This  factor  was ca lcu-  
la ted  f rom a dens i ty  of 7.16 for the  oxide WO~ and  a 
sur face  roughness  ra t io  of un i ty .  However ,  th ickness  
ca lcula t ions  based on this factor  were  subjected  to 
th ree  l imi ta t ions  for heav i ly  oxidized specimens.  Re-  
act ion occurs more  r ap id ly  at the  edges, c rack ing  
in t roduces  porosi ty  in  the oxide layer ,  and  surface  
area  for reac t ion  decreases. The  factor  67.5 is s ig-  
n i f icant  only  for the  ear ly  stages of the oxida t ion  
react ion.  

F i g u r e  1 shows the  weigh t  ga in  curves  for the  
500 ~ 550 ~ and  600~ runs .  The  ra te  of oxida t ion  
decreases as the oxide th ickens  which  indicates  tha t  
the oxide scale was l imi t ing  the  ra te  of oxidat ion.  
Ca lcu la t ions  based on Fig. 1 show an  average  oxide 
film of about  100,000A thick was fo rmed  on t u n g s t e n  
at 6O0~ in 6 hr. For  the same oxida t ion  condi t ions  
a 2120A thick oxide film was fo rmed  on nickel  and  
a 32,600A thick oxide  film was fo rmed  on z i rconium.  

Tab le  I shows a s u m m a r y  of the oxide weight  
gains  af ter  5, 10, 60, 180, 360 m i n  of oxidat ion for 
the  complete  set of exper iments .  The  color of the  
oxide at the surface  and  edges a nd  the s tab i l i ty  of 
the  oxide scale to c rack ing  and  sp l i t t ing  were  also 
t abu la ted .  

F igu re  2 shows oxida t ion  curves  for the 600 ~ 
750~ runs .  S - s h a p e d  oxida t ion  curves  were  ob-  
served in  some of the  exper iments .  Rapid  changes  
in ra te  of ox ida t ion  occurred in  the  weight  gain  vs. 
t ime  curves  for we igh t  gains  of a bou t  2,500 to 3,000 
~g / c m -~. Smal l  ye l low crystals  of oxide were  formed 
on the  650~ oxidized surface  whi le  green  oxide 
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Table I. Weight gain vs. time, tungsten oxidized at temperatures of 500~ 7.6 cm of 03 pressure, also color and adherence of oxide 
film 

(/Lg/cm 2) 
Wt.  g a i n  a t  t ime ,  r a in  A d h e r e n c e  of ox ide  

T, ~ 5 10 60 180 360 Color  Su r f ace  Edge  

500 8.72 12.2 49 104 171 B l u e  b l a c k  S t a b l e  S t a b l e  
500 19.5 31.0 91 180 283 
550 36.3 54.0 169 353 564 B l u e  b l a c k  S t a b l e  S t a b l e  
600 67.4 119 473 1,020 1,560 B l u e  b l a c k  S t a b l e  S t a b l e  

w i t h  g r e e n  edges  
600t  93.5 143 523 1,080 1,620 B l u e  b l a c k  S t a b l e  Sp l i t  
600* 84.8 136 496 1,020 1,520 B l u e  b l a c k  S t a b l e  S t a b l e  
612.5 90.0 149 569 1,270 1,710 B l u e  b l a c k  S t a b l e  S t a b l e  
625 130 211 776 1,620 3,160 B l a c k  w i t h  S p a l l e d  Sp l i t  

y e l l o w  spots  
625 140 263 1,340 2,880 4,660 
637.5 152 255 930 1,820 3,680 B l a c k  w i t h  S p a l l e d  Sp l i t  

y e l l o w  spots  
650.0 228 330 1,130 2,930 8,020 B l u e  b l a c k  w i t h  S p a l l e d  Sp l i t  

y e l l o w  c o v e r i n g  
650.0 230 390 1,300 2,310 4,300 B l u e  b l a c k  w i t h  S p a l l e d  S t a b l e  

y e l l o w  c o v e r i n g  
700 550 930 2,420 - -  - -  B l a c k  w i t h  S t a b l e  S t a b l e  

g r e e n  edges  
750 1,050 1,600 3,380 - -  - -  B l a c k  w i t h  S t a b l e  S t a b l e  

g r e e n  edges  
750 1,180 1,790 4,130 11,800 - -  B l a c k  w i t h  S t a b l e  S t a b l e  

g r e e n  edges  
750 1,340 1,740 3,740 - -  - -  B l a c k  w i t h  S t a b l e  Sp l i t  

g r e e n  edges  
775 1,470 2,000 4,980 - -  - -  B l a c k  w i t h  S t a b l e  Sp l i t  

g r e e n  edges  
800 1,590 2,140 8,780 - -  - -  B l a c k  w i t h  S t a b l e  Sp l i t  

g r e e n  edges  
800 1,730 2,310 9,300 - -  - -  B l a c k  w i t h  S t a b l e  Sp l i t  

g r e e n  edges  
825 1,830 2,760 - -  - -  - -  B l a c k  w i t h  S t a b l e  Sp l i t  

g r e e n  edges  
850 2,980 4,940 16,100 - -  - -  B l u e  b lack ,  g r e e n i s h  S t a b l e  S p l i t  

y e l l o w i s h  edges  
900 2,510 4,060 17,600 - -  - -  B l u e  b l ack ,  g r e e n i s h  S t a b l e  S p l i t  

y e l l o w i s h  edges  
950 3,620 5,940 - -  - -  - -  B l a c k  w i t h  S t a b l e  Sp l i t  

g r e e n  edges  
950 3,950 6,140 - -  - -  - -  
950 4,320 6,540 - -  - -  - -  

1000 7,110 14,500 - -  - -  - -  B l a c k  w i t h  S t a b l e  Sp l i t  
g r e e n i s h  edges  

1050 13,800 21,900 - -  - -  - -  
1100 16,000 25,000 - -  - -  - -  Y e l l o w - b l a c k  S t a b l e  Sp l i t  
1150 14,700 . . . .  

t Hea t  t r e a t ed  a t  1000~ o v e r n i g h t .  
* H2 r e d u c e d  o v e r n i g h t  a t  600~ 

c r y s t a l s  f o r m e d  o n  t h e  e d g e  of  t h e  s a m p l e s  o x i d i z e d  
a t  700 ~ a n d  750~  

A t  7 5 0 ~  a w e i g h t  g a i n  of  11,800 / ~ g / c m  ~ w a s  
f o u n d  a f t e r  3 h r  of  r e a c t i o n .  V i s u a l  o b s e r v a t i o n s  of  
t h e  o x i d i z e d  s u r f a c e  a n d  t h e  k i n e t i c  d a t a  s h o w  t h a t  
t u n g s t e n  h a s  p o o r  r e s i s t a n c e  to  o x i d a t i o n  a t  750~  
R a p i d  o x i d a t i o n  o c c u r s  i n  a p r e f e r e n t i a l  m a n n e r  a t  
t h e  e d g e s .  S p a l l i n g  o c c u r r e d  i n  s o m e  of  t h e  e x p e r i -  

x I0 ~' 

_ _  ~._~__ ~ 
40 80 120 160 200 240- 280 520 560 

Time (min.) 

Fig. 2. Oxidation of tungsten, 600~176 0.1 arm. 05, 
abraded, A-~600~ B--625~ C--650~ D--700~ E-- 
750~ 

m e n t s .  I f  c r a c k i n g  o r  s p a l l i n g  o c c u r s  so t h a t  o x y g e n  
c a n  r e a c t  m o r e  r a p i d l y  w i t h  t h e  m e t a l ,  a r a p i d  
c h a n g e  w i l l  o c c u r  i n  t h e  r a t e  of o x i d a t i o n .  D u e  to  
s t r e s s e s  a t  t h e  s a m p l e  e d g e s ,  c r a c k i n g  o c c u r s  f i r s t  a t  
t h e  e d g e s .  

2C 
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90  

Fig. 3. Oxidation of tungsten, 800 ~ to 950~ 0.1 atm. 
Qbraded, A-800~ B--850~ C--900~ D--950~ 
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F i g u r e  3 shows ox ida t ion  cu rves  for  the  800 ~ 
950~ ox ida t ion  runs.  A g a i n  S - s h a p e d  curves  w e r e  
found  at  800 ~ and 850~ A w e i g h t  gain  of 16,090 
/~g/cm ~ was obse rved  at 850~ in 1 hr. E x a m i n a t i o n  
of the  sample  showed  sp l i t t ing  had occur red  at the  
edges. Ca lcu la t ions  based  on Fig.  1-3 shows tha t  t he  
increase  in r a t e  of ox ida t ion  w i t h  t e m p e r a t u r e  be -  
comes smal l e r  above  800~ 

F i g u r e  4 shows ox ida t ion  cu rves  for  the  950 ~ to 
1150 ~ r ange  of t e m p e r a t u r e .  Reac t ion  t imes  of 6-45 
min  gave  n e a r l y  comple t e  r eac t ion  of the  t ungs t en  
to f o r m  WO~. 

The  l l 0 0 ~  ox ida t ion  showed  an in i t ia l  r eac t ion  
ra te  of 83.0 /~g/cmVsec and an a v e r a g e  ra te  of 41.5 
/~g/cm~-/sec for  the  10-min  run.  A s s u m i n g  a WO~ 
scale is formed,  the  hea t  of f o r m a t i o n  of WO~ 
con t r ibu tes  0.34 ca l / cm~/sec  to the  sample.  W i thou t  
r ad i a t i on  and convec t ion  losses this hea t  wou ld  ra ise  
the  sample  t e m p e r a t u r e  82~ A s s u m i n g  b lack  
body  condit ions,  r a d i a t i o n  losses a lone wou ld  l imi t  
the  to ta l  t e m p e r a t u r e  r ise to 24~ A f t e r  the  first 
m i n u t e  of reac t ion  the  sample  wou ld  assume a t e m -  
p e r a t u r e  r ise  of 12~ H o w e v e r ,  convec t ion  cu r ren t s  
in the  gas w o u l d ' a l s o  t r ans f e r  hea t  f r o m  the  speci -  
m e n  and l imi t  the  t e m p e r a t u r e  r ise  to less t han  
12~ 

If r eac t ion  occurs  loca l ly  at the  edges, local  h e a t -  
ing can occur  wh ich  w o u l d  lead to a h ighe r  t e m p e r a -  
t u re  and a m o r e  r ap id  r eac t ion  at  t he  edges.  This  
fac tor  combined  w i t h  stress condi t ions  at the  edges 
leads to b r e a k d o w n  condi t ions  for  oxidat ion.  

F i g u r e  5 shows ox ida t ion  cu rves  for  the  1100 ~ to 
1200~ range  of t e m p e r a t u r e  us ing 9 -mi l  w i re  speci -  

32 x 103 
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Fig. 4. Oxidation of tungsten, 950~ to 1150~ 0.1 atm. 
O..,, abraded A- -950~ B- - ]000~ C- - ]050~  D - -  
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Fig. 5. Oxidation of tungsten, wire sample, 1100~176 
0.1 atm. O~, abraded, A- -1100~ B--1150~ C--1200~ 

mens.  The  1100 ~ and 1150~ runs  show ini t ia l  
w e i g h t  gains.  A f t e r  2-5 m i n  of ox ida t ion  the  speci-  
mens  s t a r t  to lose w e i g h t  at a n e a r l y  cons tan t  rate.  
The  1200~ cu rve  shows a w e i g h t  loss i m m e d i a t e l y  
a f te r  add ing  oxygen.  As fast  as ox ide  is f o rmed  
e v a p o r a t i o n  occurs. 

The  l l 0 0 ~  run  showed  an a v e r a g e  reac t ion  r a t e  
of 85.5 /~g/cm2/sec for the  first 4 rain of react ion.  
This  compare s  to a v a l u e  of 83.0 /~g/cm~/sec for the  
in i t ia l  r eac t ion  ra te  of a s t r ip  spec imen  of tungsten .  
The  w i r e  spec imens  w e r e  oxid ized  o v e r  a fa i r ly  
long t ime  pe r iod  to show the  effect of evapo ra t i on  on 
the  ox ida t ion  process. At  1200~ the  t heo re t i c a l  r a te  
of e v a p o r a t i o n  of WO~ was  fas te r  t han  the  ra te  of 
oxidat ion.  The  ne t  resu l t  is a w e i g h t  loss curve.  

A b o v e  1200~ the  r a t e  of ox ida t ion  at 0.1 a tm of 
o x y g e n  p re s su re  was  too r ap id  to m e a s u r e  on our  
m ic roba l ance  appara tus .  Ox ida t ion  and evapo ra t i on  
of the  9 -mi l  t ungs t en  w i r e  spec imen  was  comple t e  in 
1 or 2 m i n  os r eac t ion  t ime.  To e x t e n d  our  resul ts  
to 1300~ the  ox ida t ion  reac t ion  was  s tud ied  at a 
p ressu re  of 0.0013 atm. F i g u r e  6 shows the  results .  
We igh t  loss in /~g/cm ~- was  p lo t ted  aga ins t  t ime  in 
minutes .  S - s h a p e d  w e i g h t  loss vs. t ime  curves  w e r e  
found.  

F igu res  5 and  6 sugges t  t ha t  for  t e m p e r a t u r e s  of 
1200~ and h igher  e v a p o r a t i o n  of WO~ occur red  as 
fast  as the  oxide  was  fo rmed .  The  f o r m  of the  ox ida -  
t ion c u r v e  was  g o v e r n e d  by  diffusion of o x y g e n  to 
the  sur face  and g e o m e t r i c a l  cons idera t ions  of the  
decreas ing  sur face  a v a i l a b l e  for  react ion.  As oxide  
vola t i l i zes  t he  surface  a rea  of me ta l  dec reased  and 
a s lower  r a t e  of reac t ion  resu l ted .  

Ef]ect o5 pressure.--For m a n y  meta l s  the  effect 
of p ressu re  on the  k ine t ics  of the  ox ida t ion  reac t ion  
is less i m p o r t a n t  t han  t i m e  and t e m p e r a t u r e .  For  
tungs ten  wh ich  forms a vo la t i l e  oxide  o x y g e n  pres -  
sure  and the  p ressure  of ine r t  gases a re  v e r y  i m -  
por tant .  
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Fig. 6. Oxidation of tungsten, wire sample, 1200~176 
0.0013 atm. O.-., abraded, A - - ] 200~  B--1250~ C - -  
1300~ 
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Fig. 7. Oxidation of tungsten at 600~ effect of O~ pres- 
sure, A - - 0 . ]  arm., B--0.058 arm., C--0.0355 arm., D - -  
0.0]32 atm., E--0.0079 otto. 
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Three  t e m p e r a t u r e s  were  chosen for the  s tudies  
on the  p ressure  effect us ing  str ip specimens,  600 ~ 
950 ~ and  1050~ A d d i t i o n a l  expe r imen t s  were  made  
at 1000 ~ and  1100~ F i g u r e  7 shows ox ida t ion  
curves  at  600~ for five pressures  b e t w e e n  0.1 a t m  
and  0.0079 atm. Each cu rve  shows a s lowly  decreas-  
ing ra te  of reac t ion  as the  oxide thickens.  Decreas ing  
the  oxygen  p ressure  f rom 0.1 a tm to 0.0132 a rm 
s l ight ly  increased the  ra te  of oxidat ion.  The effect 
of p ressure  is smal l  on the ra te  of oxidat ion.  At  
600~ the vo la t i l i ty  of WO~ was u n i m p o r t a n t  in  the  
d ry  ox ida t ion  of pu re  tungs ten .  F igu re  8 shows the  
effect of oxygen  pressure  on the  ra te  of ox ida t ion  at  
950~ together  w i th  the vo la t i l i ty  curve  of WO~ 
(13, 14). Decreas ing the  oxygen  p ressure  lowers  the  
ra te  and  ex ten t  of oxidat ion.  The vo la t i l i ty  of WO~ 
and  diffusion of WO~ away  f rom the  surface has 
affected the  t ime  course of oxidat ion.  

F i g u r e  9 shows the  effect of oxygen  p ressure  on the  
t ime  course of ox ida t ion  at 1050~ together  wi th  
the vo la t i l i ty  curve  for WO~ (14).  At  this  t e m p e r a -  
t u r e  the  oxygen  p ressure  has a ma jo r  effect on the  
t ime  course of the react ion.  For  oxygen  pressures  of 
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Fig. 10. Oxidation of tungsten, wire sample, at 1200~ 
effect of pressure, abraded, A- -0 .1  arm., B--0.047 atm., 
C--0.025 atm., D--0.012 atm., E--0.0066 arm., F--0.0033 
atm., G--0.0013 arm. 

Fig. 11. Photograph Oxidized Tungsten Sample 750~ 0.1 
atm. of O~, 2 Hours, Hot Sheared, 20x, A. Edge, B. Surface. 
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Fig. 12. Photogroph Oxidized Tungsten Sample 950~ 0.1 
atm. 02, 54 minutes, 20x, Hot Sheared, A. Edge, B. Surface. 
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Fig. 8. Oxidation of tungsten, at 950~ effect of pres- 
sure, A - -0 .  I atm., B--0 .047 atm., C - -0 .0 ]  18 atm., D - -  
0.00528 arm., E--0.0033 arm., F--0.00132 atm., G--vola-  
t i l i ty WOs. 
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Fig. 9. Oxidation of tungsten at 1050~ effect of pres- 
sure, A-~0. ]  arm., B--0.0512 atm., C--0.0263 atm., D - -  
0.0 ! 12 atm., E----0.0066 arm., F - -  0.0033 atm., G--0.00 ] 3 ] 
atm., H--volat i l i ty  we3. 

0.0033 a t m  and  lower,  curves  F and  G, a we igh t  
loss is observed.  This plot  demons t r a t e s  the  fact tha t  
two processes control  the  weight  ga in  vs. t ime  
curves  at 1050~ The  first process is the  fo rma t ion  
of the oxide scale and  the  second process is the vo l -  
a t i l i ty  of WO8 and  its diffusion into the gas phase. 
The la t te r  process is a f unc t i on  of the dens i ty  of 
the  oxygen  a tmosphere  s u r r o u n d i n g  the specimen.  
Curve  H shows the  vo la t i l i ty  curve  of WO~ in  vac -  
u u m  (14).  

Tab le  II  summar i ze s  the  s tudies  on the p ressure  
effect at the  t e m p e r a t u r e s  of 600~176 

F igu re  10 shows a s tudy  of the effect of oxygen  
pressure  on the ox ida t ion  of wi re  specimens  of 
t u n g s t e n  at 1200~ for 7 pressures .  Tab le  I I I  s u m -  
marizes  the  data.  Weigh t  loss curves  were  ob ta ined  
for all  p ressures  at 1200~ The m a x i m u m  weight  
loss curve  occurs at  an  oxygen  pressure  of 0.012 atm. 
The decrease in  the ra te  of weight  loss be low 0.012 
a tm oxygen  pressure  is p r o b a b l y  due to the lower  
ra te  of oxidat ion.  A ga i n  S - shaped  curves  were  ob-  
t a ined  for the  lower  oxygen  pressures .  The  S - shaped  
curve  is due to the  decrease  in  surface area. 

Photographic studies.--To show the localized n a -  
t u r e  of the  ox ida t ion  reac t ion  at the edges a n u m b e r  
of the  oxidized samples  were  pho tographed  at  20 X 
magnif icat ion.  F igures  11-12 show photographs  of 
bo th  the  edge and  surface  of the oxidized me ta l  
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Table II. Weight gain vs. time, tungsten oxidized at temperatures of 600~176 varying 02 pressure, also color and adherence of oxide 
film 

Os (/~g/cmS) 
p res su re ,  Wt .  g a i n  a t  t ime ,  m i n  A d h e r e n c e  of o x i d e  

T, ~ cm H g  5 10 60 180 360 Color  S u r f a c e  Edge  

G r e e n  edges  
600 7.6 67.4 119.0 473 1,030 1,560 B lue  b l a c k  S tab le  S t ab le  
600 5.2 57.5 104 438 970 1,570 B lack  S t ab l e  S t ab l e  
600 2.7 71.0 119 480 1,060 1,640 B l a c k  S t ab l e  Spi l t  
600 1.0 74.8 125 492 1,380 2,000 B l a c k  S t ab l e  Spi l t  
600 0.50 67.4 109 393 860 1,350 B lack  S t ab l e  S t ab le  
950 7.6 3,950 6,140 - -  - -  - -  
950 3.6 2,970 4,660 18,800 - -  - -  Sp i l t  
950 1.9 2,360 3,790 - -  - -  - -  Sp i l t  

G r e e n  e d g e s  
950 0.9 2,300 3,980 14,800 - -  - -  G r e y  b l ack  S t a b l e  Spi l t  

G r e e n  edges  
950 0.4 1,550 2,850 11,900 - -  - -  G r e y  b l ack  S t ab l e  Spi l t  

G r e e n  edges  
950 0.25 1,070 2,100 9,700 19,600 - -  B l a c k  S t ab l e  Spi l t  

G r e e n  edges  
950 0.10 1,370 2,230 6,600 11,900 44,700 G r e y  b l ack  S tab le  Spi l t  

G r e e n  edges  
1000 7.6 7,100 14,500 - -  - -  - -  B lack  S t ab l e  Spi l t  
1000 0.90 4,000 6,930 22,500 - -  - -  S t ab l e  
1000 0.25 1,330 2,380 8,500 10,700 - -  S t ab l e  
1050 10.0 14,100 . . . .  S tab le  
1050 7.6 13,800 21,900 - -  - -  - -  S t ab l e  

Y e l l o w  edges  
Y e l l o w  g rey  

1050 5.3 10,100 15,800 23,100 - -  - -  S u r f a c e  S t ab le  Spi l t  
1050 3.9 9,200 15,000 - -  - -  - -  S t ab l e  
1050 2.0 7,500 12,200 - -  - -  - -  S t ab l e  
1050 0.86 3,820 6,850 - -  - -  - -  S t ab l e  
1050 0.50 1,560 2,520 3,700 - -  - -  S tab le  
1050 0.25 --535 --1,820 18,800 - -  - -  G r e y  b l ack  S t ab l e  S t ab le  
1050 0.10 --907 --2,180 - -  - -  - -  G r e y  b l ack  S tab le  S t ab le  
1100 7.6 16,000 25,000 - -  - -  - -  Y e l l o w  b lack  S t ab l e  Spi l t  
1100 3.9 11,600 19,100 - -  - -  - -  
1100 0.25 --4,730 --10,700 - -  - -  - -  G r e y  b l ack  S t ab l e  S tab le  

s a m p l e s  f o r  e x p e r i m e n t s  a t  750~  a n d  950~ T a b l e  
I V  s h o w s  a s u m m a r y  of  t h e  o x i d a t i o n  c o n d i t i o n s ,  
w e i g h t  ga ins ,  a n d  p h o t o g r a p h i c  o b s e r v a t i o n s  on  
t h e s e  s a m p l e s .  I n i t i a l  b r e a k d o w n  of  t h e  o x i d e - m e t a l  
i n t e r f a c e  o c c u r s  a t  t h e  e d g e s  d u r i n g  o x i d a t i o n  f o r  
b o t h  h o t  a n d  c o l d  s h e a r e d  s a m p l e s .  H o w e v e r ,  b r e a k -  
d o w n  o c c u r s  o n  t h e  co ld  s h e a r e d  s u r f a c e s  a t  a n  
e a r l i e r  s t a g e  of  t h e  r e a c t i o n .  

R a t e  l a w  c o r r e l a t i o n . - - B o t h  t h e  l i n e a r  a n d  p a r a -  
bo l i c  r a t e  l a w s  h a v e  b e e n  u s e d  to  e x p l a i n  t h e  o x i d a -  
t i o n  r a t e  of  m e t a l s .  T h e  l i n e a r  r a t e  s t a t e s  

W = A t ~ - C  

A s u r f a c e  o r  i n t e r f a c e  r e a c t i o n  m a y  c o n t r o l  t h e  r a t e  
of  o x i d a t i o n .  I n  t h e  a b o v e  e q u a t i o n  W is t h e  w e i g h t  

Table III. Weight gain vs. time, 9-mil tungsten wire, oxidized 
at 1200~ varying O~ pressure 

O~ /zg/cm ~ 
p ressure ,  Wt. g a i n  a t  t ime ,  r a in  
C m  of H g  1 2 4 

7.6 --4,000 --10,500 --27,500 
3.57 --12,000 --27,000 --55,000 
1.9 --17,000 --35,500 --70,500 
0.91 --22,000 --44,500 - -  
0.502 --12,500 --23,000 --36,000 
0.251 --4,000 --9,500 --22,500 
0.099 --2,500 --5,000 --11,500 

ga in ,  t is t h e  t i m e ,  a n d  A a n d  C a r e  c o n s t a n t s .  T h e  
p a r a b o l i c  r a t e  l a w  s t a t e s  

W 2 ~ A t  ~- C 

H e r e  t h e  s y m b o l s  h a v e  t h e  s a m e  m e a n i n g  as  b e f o r e .  
T h i s  e q u a t i o n  h a s  b e e n  d e r i v e d  f r o m  f u n d a m e n t a l  

p r i n c i p l e s  of  d i f f u s i o n  (15,  16) .  
To test the application of the parabolic rate law 

and to show the existence of rapid changes in the 
rate of oxidation, plots were made of the square of 
the weight gain versus time over the temperature 
range. Because of the complex nature of the oxida- 
tion reaction of tungsten it is not expected that the 
parabolic rate law will hold over the complete time, 
temperature, and pressure conditions. Initial values 
of the constants probably represent diffusion con- 
trolled reactions. Changes from these conditions can 
be seen by the use of the parabolic rate law plots. 

Figure 13 shows the parabolic rate law plot for 
the 500~ run. The plot shows a steady increase in 
the value of the rate law constant. An initial value 
of 4.18 x I0 -Is (g/cm~) 2 sec -I was calculated for A. 

The value for the 5-6 hr time period was 1.75 x i0 -" 
(g/cm2) ~ see -I. At temperatures as low as 500~ the 
protecting properties of the oxide decrease as the 

oxide thickens. 
Similar plots for the oxidation runs at 550 ~ and 

600~ show curves like those of Fig. 13. At 625~ a 



Vol. 107, No. 7 KINETICS OF OXIDATION OF PURE TUNGSTEN 

Table IV. Summary photographic studies oxidation of tungsten 600~176 

625 

O x i d a t i o n  c o n d i t i o n s  
Pressure ,  Type  of  W e i g h t  g a i n  

Temp ,  ~ a t m  T i m e  S h e a r i n g  /Lg/cm~ Resu l t s  

600 0.0343 6 h r s  Co ld  2,850 

725 0.10 75 m i n  Co ld  5,460 
750 0.10 2 h r s  H o t  5,350 

850 0.10 75 m i n  H o t  18,700 

950 0.10 54 m i n  H o t  20,000 

t r a n s i t i o n  w a s  n o t e d  f r o m  p a r a b o l i c  p l o t s  of  t h e  r a t e  
of  o x i d a t i o n  d a t a .  F i g u r e  14 s h o w s  t h e  p a r a b o l i c  
r a t e  l a w  p l o t  of  t h e  6 5 0 ~  r u n .  A t r a n s i t i o n  w a s  
f o u n d  a f t e r  200 r a i n  of  r e a c t i o n  o r  a t  a n  o x i d e  t h i c k -  
n e s s  of  2400  ~ g / c m  ~. A f t e r  300 m i n  of  r e a c t i o n ,  F ig .  
14 s h o w s  t h e  p a r a b o l i c  r a t e  l a w  w a s  a g a i n  o b e y e d .  

T r a n s i t i o n s  w e r e  f o u n d  a l so  f o r  t h e  o x i d a t i o n  r u n s  
a t  650 ~ 700 ~ 750 ~ a n d  800~  H o w e v e r ,  t h e  w e i g h t  
g a i n  f o r  t r a n s i t i o n  w a s  l a r g e r .  T a b l e  V s h o w s  t h e  
i n i t i a l  a n d  f i n a l  p a r a b o l i c  r a t e  l a w  c o n s t a n t s .  

F i g u r e  15 s h o w s  a p a r a b o l i c  r a t e  l a w  p l o t  of  t h e  
9 0 0 ~  o x i d a t i o n  r u n .  T h e  s l o p e  of  t h e  p l o t  i n c r e a s e d  
d u r i n g  t h e  f i r s t  45 m i n  of  r e a c t i o n  to  a n e a r l y  c o n -  
s t a n t  v a l u e .  T h e  i n i t i a l  v a l u e  of  A w a s  1.725 x 10 -~ 
( g / c m ~ )  ~ sec  -~ a n d  t h e  f i n a l  v a l u e  1.45 x 10 -~ ( g / c m ~ )  ~ 
sec  -~. S i m i l a r  p a r a b o l i c  r a t e  l a w  p l o t s  w e r e  f o u n d  
f o r  t h e  950 ~ 1000 ~ 1050 ~ 1100 ~ a n d  1 1 5 0 ~  r u n s .  

T h i s  a n a l y s i s  s u g g e s t s  t h a t  t h e  r a t e  of  o x i d a t i o n  
of  t u n g s t e n  is  n o t  a s i m p l e  f u n c t i o n  of  t h e  t i m e  o f  
r e a c t i o n .  A d h e s i o n  of  t h e  o x i d e  s c a l e  to  t h e  m e t a l  is  
v e r y  i m p o r t a n t .  L o c a l i z e d  c r a c k i n g  of  t h e  o x i d e  
s c a l e  m a y  a c c o u n t  f o r  t h e  r a p i d  c h a n g e s  o b s e r v e d  i n  

t h e  r a t e  of  o x i d a t i o n .  
F i g u r e  16 s h o w s  a l o g a r i t h m i c  p l o t  of  t h e  p a r a -  

b o l i c  r a t e  l a w  c o n s t a n t s  A vs .  1/T. T h r e e  v a l u e s  
f r o m  o u r  e a r l i e r  w o r k  (1 )  a t  400 ~ 450 ~ a n d  5 0 0 ~  
w e r e  i n c l u d e d .  I n  a d d i t i o n  t h e  d a t a  o b t a i n e d  b y  
D u n n  (3 )  a n d  b y  W e b b ,  N o r t o n ,  a n d  W a g n e r  ( 7 )  

Table V. Parabolic rate law constants hot sheared tungsten, 
abraded, 500%11S0~ 

A ( g / c m  ~) 2 sec-1 A ( g / c m  s) 2 sec-1 
T e m p ,  ~ i n i t i a l  v a l u e  f ina l  v a l u e  

500 1.59 • 10 -= 4.72 • 10 -~" 
550 5.56 • 10 -= 1.97 • 10 -= 
600 3.34 • 10 -= 1.168 X 10 -~~ 
600 3.34 • 10 -= 1.36 • 10 -~~ 
625 1.39 • 10 -~~ 1.667 • 10 -~ 
650 2.78 • 10 -~~ 6.75 • 10 -~ 
700 8.33 X 10 -~~ 4.03 X 10 -~ 
750 3.17 • 10 -9 8.22 • 10 -~ 
750 5.00 • 10 -~ 2.21 • 10 ~ 
750 3.67 • 10 -g 2.10 • 10 -s 
775 5.56 • 10 -~ 2.87 • 10 -8 
800 8.05 • 10 -~ 3.13 • 10 -s 
800 6.67 • 10 -~ 3.00 • 10 -~ 
850 3.22 • 10 ~ 1.017 • 10 -~ 
900 1.725 • 10 -~ 1.45 • 10 -7 
950 4.13 • 10 -8 2.01 • 10 -7 

1000 1 . 4 •  10 -~ 3.33 • 10 -~ 
1050 4.7 • 10 -7 9.34 • 10 -7 
1100 6.7 • 10 -~ 

1.08 X 1 0  -6 

1150 8.1 X 10 -7 

S h o w s  i n i t i a l  b r e a k d o w n  of  o x i d e  
a t  edges  

R e a c t i o n  a t  edges  w i t h  c r a c k i n g  
R e a c t i o n  a t  edges  a n d  s c r a t c h e s  

on  s u r f a c e  
S t r o n g  edge  r e a c t i o n  w i t h  

c r a c k i n g  
S t r o n g  edge  r e a c t i o n  e x t e n d i n g  

o v e r  s u r f a c e  

w e r e  i n c l u d e d  i n  t h e  p l o t s .  S i n c e  t h e  p a r a b o l i c  r a t e  
l a w  c o n s t a n t s  w e r e  t i m e  d e p e n d e n t ,  b o t h  t h e  i n i t i a l  
a n d  f i n a l  v a l u e s  of  t h e  c o n s t a n t s  f r o m  o u r  d a t a  w e r e  
p l o t t e d .  

T h r e e  s t r a i g h t  l i n e s  w e r e  d r a w n  to  r e p r e s e n t  t h e  
d a t a .  T h e  d a s h e d  l i n e  i n  F ig .  16 w a s  d r a w n  to  p r e -  
s e n t  t h e  i n i t i a l  v a l u e s  of  t h e  p a r a b o l i c  r a t e  l a w  c o n -  
s t a n t s  a n d  t h e  e a r l i e r  v a l u e s  of  G u l b r a n s e n  a n d  W y -  
s o n g  ( 1 ) .  T h e  s l o p e  of  t h e  d a s h e d  l i n e  g a v e  a h e a t  
of  a c t i v a t i o n  of  44,500 c a l / m o l e .  T h i s  v a l u e  w a s  
f o u n d  a l so  b y  G u l b r a n s e n  a n d  W y s o n g  (1 )  to  e x -  
p l a i n  t h e  o x i d a t i o n  of  t u n g s t e n  f o r  t e m p e r a t u r e  of  
400 ~ to  500~  G o r b o u n o v a  a n d  A r s l a m b ~ k o v  (2 )  

xI03 ~A 3C 

c I0 ~ 

1 40  80 120 160 ZOO 240 280 320 360 
T ime  (minl)  

Fig. 13. Ox ida t ion  o f  W, parabo l ic  plot,  ab raded  th rough  
4 / 0 ,  5 0 0 ~  0. ]  atm. o f  0=, A , . ~ t , , ~ =  4 .18  x 10 -~8, A3oo-86o 
= ] .75 x 1 0 -~2 (g/cm=) = sec -1. 
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Fig. 14. Ox ida t ion  o f  W parabo l ic  plot, abraded th rough  
4 / 0 ,  6 5 0 ~  0.1 atrn. o f  02, A i~ l t l ,1  = 3 .33 x 10-% A.~oo_~, 
= 1.03 x 10 -9 (g/cm2) s sec -1. 
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Fig. 15. Ox ida t ion  o f  W, parabo l ic  plot, abraded th rough  
4 / 0 ,  9 0 0 ~  0.1 atm. o f  02, A45-6o = 1.45 x 10 -7 (g/cm2) 2 
sec -I. 
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Fig. ]6. Log A vs - - ,  ~ H,~B ~--- 54,500 cals per mole, 

T 
HBC ~ 32,500 eels per mole, /% HA]) = 44,500 cals per 

mole. 

obta ined  va lues  of the hea t  of ac t iva t ion  for the  low-  
t e m p e r a t u r e  r ange  of 300~176 of 41,000-46,500 
ca l /mole .  

44,500 calories per  mole p r o b a b l y  r ep resen t s  the  
heat  of fo rma t ion  of defects and  the  heat  of ac t iva -  
t ion  of diffusion of meta l  a toms for the  ea r ly  stage 
of ox ida t ion  w h e n  the oxide fi lm is p ro tec t ing  the  
metal .  The final  va lues  for the  parabol ic  ra te  law 
cons tants  could be fitted by  two s t ra ight  l ines.  The 
va lues  be low 750~ were  fit ted by  a s t ra igh t  l ine  
which  gave a hea t  of ac t iva t ion  of 54,500 ca l /mole .  
The high final va lues  for A found  be tween  600 ~ and  
700~ were  due  to the  t r ans i t i on  stage in the  ox ida-  
t ion  process. Above  750~ the  parabol ic  ra te  l aw 
cons tants  were  fitted to a l ine  hav ing  a heat  of ac-  
t iva t ion  of 32,500 ca l /mole .  No i n t e r p r e t a t i o n  can be 
g iven  to the final va lues  of the  parabol ic  ra te  l aw 
constants .  

The parabol ic  ra te  data  of the  several  groups  of 
inves t iga tors  were  in fair  ag r eemen t  wi th  our  data.  

Effect of sur]ace treatment and sample pretreat- 
ment . --Three sample  p r e t r e a t m e n t s  are compared:  
no p r e t r e a t m e n t ,  reduced  in  H~ at 600~ and  p re -  
hea ted  to 1000~ in v a c u u m  of less t han  10 -~ m m  Hg. 
The resul ts  show tha t  the as - rece ived  and  ab raded  
sample  oxidized a l i t t le  s lower t h a n  ab raded  samples  
g iven  a hyd rogen  or v a c u u m  p re t r ea tmen t .  For  
pract ica l  purposes  the  ra te  of ox ida t ion  at  600~ is 
n e a r l y  i n d e p e n d e n t  of a tmospher ic  p r e t r ea tmen t s .  

Two surface  p r e t r e a t m e n t s  are compared:  elec-  
t ropol i sh ing  and  abras ion.  Elec t ropol i sh ing  was 
carr ied  out  in  a KOH solution.  The resul ts  show tha t  
the e lect ropol ished sample  reac ted  at a l i t t le  s lower  
ra te  t h a n  the ab raded  sample.  

Crystal structure studies o] oxide scales.--An ex-  
tens ive  s tudy  was  made  of the  crys ta l  s t ruc tu re  of 
the  oxide scales formed af ter  oxidiz ing t u n g s t e n  
f rom 600 ~ to l l 0 0 ~  A G u i n i e r - H ~ g g  (17-21) type  
of focusing x - r a y  camera  was used to b r i ng  out 
the  presence  of m i n o r  phases  in  the oxide scale. 
Monochromat ic  NiKo rad ia t ion  was  used. 

Monocl in ic  WO~ was the  p r inc ipa l  oxide fo und  in  
the  scale for the  complete  t e m p e r a t u r e  range .  S t u d -  
ies on a sect ioned oxide scale showed the outer  l ayer  
to be WO, and  the  i n n e r  l ayer  ad jacen t  to the  me ta l  
WO~ and  W,Ou. The crys ta l  s t ruc tu res  of the  oxygen  
compounds  of t u n g s t e n  have  been  rev iewed  by  H~gg 

and  Magn~l i  (21).  The x - r a y  dif f ract ion method  is 
no t  sens i t ive  enough  to show the  oxide  in  contact  
wi th  the  metal .  

Discussion of Mechanism of Oxidation 

E x p e r i m e n t a l  s tudies  show tha t  the t ime  course of 
the ox ida t ion  curves  depends  s t rong ly  on the  t e m -  
pera tu re ,  pressure,  and  the stress p a t t e r n  of the 
me ta l  at  the edges. E leven  or m o r e  physica l  and  
chemical  p h e n o m e n a  m u s t  be cons idered  in deve lop-  
ing a complete  p ic tu re  of the ox ida t ion  of tungs ten .  
These are:  (a) n o r m a l  diffusion processes i nvo lv -  
ing the fo rma t ion  of defects and  the  diffusion of 
meta l  or oxygen  a toms th rough  the  oxide scale, (b)  
the adhes ion  of the  oxide scale to the  meta l  at the  
surface  and  at the spec imen  edges, (c) heat  effects 
associated wi th  the  h igh  ra tes  of ox ida t ion  at the  
surface,  (d) solid phase  chemical  react ions  occur-  
r ing  in  the oxide scale, (e) decrease in  surface area 
as a resu l t  of scale format ion ,  (]) diffusion of oxy-  
gen th rough  the  gas phase  to the surface  for reac-  
tion, (h) chemisorp t ion  of oxygen  at the  oxide or at 
the c lean meta l  surface,  (i) chemica l  react ion of 
oxygen  at  a c lean  me t a l  surface,  ( j )  desorpt ion  or 
evapora t ion  of WO~, (k)  diffusion of WO~ away  
f rom the  surface into the gas phase,  (l) decrease 
in  surface  area as a resu l t  of vo la t i l i ty  of WO~. 

No one ra te  process can be used to expla in  the  
complex  oxida t ion  reac t ion  of tungs ten .  At  low t e m -  
pe ra tu res  the k ine t ics  m a y  be i n t e r p r e t e d  in  te rms  
of a s imple  diffusion process. However ,  at  high t e m -  
pera tu re ,  the ox ida t ion  of t u n g s t e n  closely resembles  
the combus t ion  of graphi te .  I t  is usefu l  to consider  
the reac t ion  for th ree  t e m p e r a t u r e  ranges  (a) 500 ~ 
600~ (b)  650~176 and  (c) 1000~176 

Mechanism of oxidation 500~176 this  
t e m p e r a t u r e  r ange  a nd  for lower  t e m p e r a t u r e s  the  
ox ida t ion  react ion is p r o b a b l y  diffusion controlled.  
No evidence  was found  for local c racking  at the  
spec imen edges at 500~ af ter  6 hr  of reaction.  At  
600~ some localized cracking  was observed.  A 
parabol ic  ra te  law plot  of the 500~ da ta  shows the  
rate  law cons tan t  to increase  wi th  t ime. We con-  
clude tha t  the p ro tec t ive  proper t ies  of the oxide 
scale are s teadi ly  becoming  poorer.  This  ma y  be a 
resul t  of composi t ional  changes  in  the  oxide scale or 
to microscopic c rack ing  of the oxide scale at the 
ox i de - me t a l  interface.  These smal l  cracks a l though 
not  r e su l t ing  in  spa l l ing  give a short  c i rcui t  for oxy-  
gen to reach the me t a l  for react ion.  

Composi t ion  changes  are t h e r m o d y n a m i c a l l y  
feasible  and  have  been  observed by  H i c k m a n  and  
G u l b r a n s e n  (22) in  an  ear l ie r  e lec t ron  diffract ion 
study.  WO~ is formed first and  appears  in the outer  
pa r t  of the  scale. Solid phase reac t ions  of t u n g s t e n  
wi th  the  h igher  oxide lead to the fo rma t ion  of WO~ 
or o ther  oxides of tungs ten .  

X - r a y  diffract ion s tudies  on the 600~ oxidized 
sample  show no ev idence  for an  oxide other  t h a n  
WO~. This  appears  to conflict wi th  the  ear l ier  s tudies  
of H i c k m a n  and  G u l b r a n s e n  (22 ) .  We in t e rp re t  this  
d i sc repancy  as due to the  difficulties in  sampl ing  for 
our  x - r a y  diffract ion me thod  and  to the  fact tha t  
H i c k m a n  and  G u l b r a n s e n  (22) worked  at lower  
p ressure  and  shor ter  ox ida t ion  times. 
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P res su re  has on ly  a m ino r  inf luence  on the  t ime  
course of ox ida t ion  for this  t e m p e r a t u r e  range.  

Mechanism o~ oxidation 650~176 this  
t e m p e r a t u r e  r ange  severa l  new  factors  m u s t  be used 
to exp la in  devia t ions  f rom diffusion cont ro l led  oxi-  
dat ion.  Res idua l  stresses and  s t ra ins  in  the  me ta l  at  
the  edges give a h igh ly  localized ox ida t ion  react ion.  
P re s su re  also p lays  an  act ive role at  950~ 

A rap id  change  is found  in  the  ox ida t ion  curves  at  
a scale th ickness  of 2000-4000 y g / c m  ~. The change  is 
one which  leads to a more  rap id  oxidat ion.  Local ized 
edge type  of ox ida t ion  develops and  adhes ion  of the  
oxide scale becomes poor. Crys ta l  s t ruc tu re  s tudies  
show WO3 to be the oxide formed.  

We in t e rp re t  the ox ida t ion  reac t ion  in  this t e m -  
p e r a t u r e  r ange  as follows: A t h i n  l ayer  of oxide 
scale is fo rmed  according to the  genera l  laws of 
diffusion. Af te r  reach ing  a ce r t a in  th ickness  the  
oxide cracks away  f rom the me ta l  at local areas.  
The cracked areas give access to oxygen  and  hea l ing  
occurs un t i l  the  cr i t ical  th ickness  of oxide is aga in  
formed.  This c rack ing  process is a con t inuous  one 
over  the surface  as a func t ion  of t ime.  Since on ly  the  
t h i n  oxide fi lm is fo rmed  u n d e r  diffusion cont ro l led  
condi t ions  the ma jo r  pa r t  of the  oxide scale has 
l i t t le  inf luence on the  kinet ics  of the  react ion.  

Due  to the i n t i m a t e  contact  of oxygen  wi th  most  of 
the  oxide scale the  highest  oxygen  con ta in ing  oxide 
is formed, n a m e l y  WO3. This is observed  in  all  of 
the  x - r a y  diffract ion studies.  For  th ick  oxide scales 
the  on ly  place whe re  WO, could fo rm wou ld  be in  
the  th in  oxide film at the  m e t a l - o x i d e  interface.  

Since oxygen  pressure  has a m a j o r  inf luence on 
the  t ime  course of ox ida t ion  at 950~ the  vo la t i l i ty  
of WO~ in  low oxygen  a tmospheres  is b e g i n n i n g  to 
inf luence  the react ion.  

Mechanism of oxidation 1000~176 this  
t e m p e r a t u r e  r ange  the  m e c h a n i s m  of ox ida t ion  
changes  grea t ly  w i th  t e m p e r a t u r e  and  pressure .  At  
1000~ and  0.1 a tm oxygen  pressure  an  oxide scale is 
fo rmed  whi le  at 1200~ and  h igher  at 0.01 a t m  
pressure  no m e a s u r a b l e  oxide p ickup  is noted.  H o w -  
ever,  a t h i n  oxide scale may  sti l l  be p resen t  on the  
meta l .  The oxide evapora tes  as fast  as it is formed.  
We conclude the t ime  course of ox ida t ion  is de t e r -  
m i n e d  by  the  ra t e  at which  oxygen  ar r ives  a t  the  
surface,  by  diffusion of the vola t i l ized  oxide a w a y  
f rom the  surface,  and  by  geomet r ica l  cons idera t ions  
of the  sample  surface  area. At  some t e m p e r a t u r e  
in  this  t e m p e r a t u r e  range  the  theore t ica l  ra te  of 
evapora t ion  is g rea te r  t han  the  ra te  of oxidat ion.  
This  t e m p e r a t u r e  depends  on the  oxygen  pressure .  

The  m e c h a n i s m  of ox ida t ion  of t u n g s t e n  at  1200~ 
and  h igher  is s imi la r  to tha t  observed  in  the com-  
bus t ion  of carbon.  G u l b r a n s e n  (23) has de r ived  ra te  
equa t ions  for the combus t ion  of art if icial  g raph i t e  
u n d e r  ideal ized condi t ions  of l o w - t e m p e r a t u r e  com- 
bus t ion  at 425~176 and  for smal l  a m o u n t s  of 
b u r n i n g .  

The  combus t ion  reac t ion  of t u n g s t e n  in  oxygen  is 
more  difficult to s tudy  t h a n  the  combus t ion  of car -  
bon  since reac t ion  var iab les  are  different.  Oxide 
scales are fo rmed  on t u n g s t e n  be low 1200~ at 0.1 
a tm pressure.  Therefore ,  s tudies  m u s t  be made  at  
t e m p e r a t u r e s  above 1200~ whe re  rap id  reac t ion  

occurs. Sample  area  cons idera t ions  are i m p o r t a n t  
and  the  t ime  per iod  of reac t ion  is v e r y  short.  Our  
p resen t  methods  are not  sufficiently accura te  for us 
to apply  the absolu te  reac t ion  ra te  theory  (24) and  
to ana lyze  the  r a t e - l i m i t i n g  processes. 

Other interpretations.--Semmel (10) suggests  
tha t  the  change  in the  ox ida t ion  curves  above 
1150~ is due to me l t i ng  of the oxide. No ev idence  
was  p re sen t ed  except  t ha t  the  h i g h - t e m p e r a t u r e  
runs  showed the spec imen  to have  r ounde d  edges. 
Vola t i l iza t ion  of WO3 could also account  for the  
r o u n d i n g  of the edges. We have  seen no evidence  
for me l t i ng  in  our  studies.  

A r k h a r o v  and  K o z m a n o v  (9) i n t e r p r e t  the  change  
in  the ra te  of ox ida t ion  above  1150~ as due to a 
s t r uc tu r a l  t r a n s f o r m a t i o n  in  the oxide. We suggest  
f rom our  s tudies  on the  effect of p ressure  tha t  vo l -  
a t i l i ty  of the  oxide is the  ma j o r  factor  con t ro l l ing  
the ox ida t ion  reac t ion  in  the  t e m p e r a t u r e  r ange  of 
1100~176 

Summary 
1. Rate  m e a s u r e m e n t s  were  made  on the  ox ida-  

t ion  of t u n g s t e n  f rom 500 ~ to 1300~ for t imes up 
to 6 hr, and  for oxygen  pressures  f rom 0.1 to 0.00132 
atm. 

2. The  effect of surface  p r e p a r a t i o n  and  sample  
p r e t r e a t m e n t  was  also studied.  

3. The k ine t ic  da ta  were  fitted to the parabol ic  
ra te  law. However ,  a n u m b e r  of dev ia t ions  were  ob-  
served. For  all  e xpe r i me n t s  the in i t i a l  pa rabo l ic  ra te  
law cons tan t s  were  sma l l e r  t h a n  the  f inal  va lues  
found  for th icker  films. A t r ans i t i on  was observed 
in  the ra te  of ox ida t ion  for weight  gains  of 2500 to 
4000 ~ g / c m ~ at t e m p e r a t u r e s  of 650~176 

4. The parabol ic  ra te  l aw data  p lot ted  on a loga-  
r i thmic  plot  as a f unc t i on  of 1/T showed th ree  
s t ra igh t  l ines.  The  in i t i a l  va lues  of the  ra te  law 
cons tan t s  were  fitted to a l ine  which  gave a hea t  
of ac t iva t ion  of 44,500 ca l /mole .  The final va lues  
were  fitted to ano the r  l ine  which  gave a hea t  of ac-  
t iva t ion  of 54,500 ca l /mole .  Above  800~ the  f inal  
va lues  could be fitted to a s t ra igh t  l ine  which  gave 
a heat  of ac t iva t ion  of 32,500 ca l /mole .  

5. P re s su re  had  a s t rong effect on the  ra te  of 
oxidation for the experiments at 950 ~ i050 ~ and 
1200~ For these temperatures the volatility of 
WO~ must be considered. At 1200~ weight loss 
curves were observed for pressures as high as 0.I atm. 
At this temperature, diffusion of oxygen to the 
specimen limits the rate of oxidation. 

6. Photographs of the oxidized specimens for 
t e m p e r a t u r e s  of 600~176 show tha t  the  ox ida t ion  
of t u n g s t e n  occurs in  a p r e f e r en t i a l  m a n n e r  at the  
edges. This  causes localized hea t ing  and  f u r t he r  r e -  
action. 

7. The poor pro tec t ive  proper t ies  of the oxide 
scale on t u n g s t e n  is a t t r i b u t e d  to th ree  factors:  (a)  
the  rap id  ox ida t ion  react ion,  (b)  the  poor adhe rence  
of the  oxide to the meta l ,  a nd  (c) the  vo la t i l i ty  of 
the  t u n g s t e n  oxides. 
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Thermodynamic Properties of the Aluminum-Silver System 
Thomas C. Wilder and John F. Elliott 

Department of Metallurgy, Massachusetts Institute of Technology, Cambridge, Massachusetts 

ABSTRACT 

An electrode potential  study of the liquid a luminum-s i lve r  system has been 
conducted with the cell 

AI(1) I AI+++ (in KC1 + NaC1) I A1 in Ag(1) 

in the tempera ture  range 700~176 The activities of both components, F, M, 
F, E, F '~, and TS '~ were determined for 700 ~ and 900~ and H~ M and H M for the 
tempera ture  range of 700"-980~ The activity curves are found to be similar 
in shape to those estimated by Chou and Elliott, but  they are more ideal in 
the vicinity of pure A1. Values for log 7,1 in the liquid systems A1-Fe, 
A1-Fe-C, and A1-Fe-Si-C at 1600~ have been redetermined using the distri-  
but ion data of Chipman and Floridis, and Chipman and Langenberg.  

The revers ib le  concen t ra t ion  cell has p r o v e n  in  
m a n y  cases to be a v a l u a b l e  and  re l iab le  me thod  for 
d e t e r m i n i n g  the  t h e r m o d y n a m i c  proper t ies  of an  
a l loy system. W h e n  p rope r ly  a r r a n g e d  and  opera ted  
revers ib ly ,  this type  of cell can be used to m e a su r e  
the po ten t i a l  b e t w e e n  a pu re  metal ,  u sua l ly  the  
selected re fe rence  state, and  its al loy wi th  ano the r  
me ta l  or metals .  This  paper  repor t s  the  resul t s  of 
an  e x p e r i m e n t a l  s tudy  of the l iqu id  a l u m i n u m -  
s i lver  sys tem b e t w e e n  700 ~ and  980~ wi th  the cell:  

A l ( l i q )  I AI+++( in  mo l t en  KC1) + NaC1 I 

[A1 in  Ag]  ( l iq)  

The  d r i v i n g  force is the  ne t  t r ans f e r  of a l u m i n u m  
f rom the  p u r e  s ta te  on the left  to the al loy on the  
r ight .  In  this  paper ,  the s t a n d a r d  state for a l u -  
m i n u m  is the  p u r e  l iqu id  metal .  Severa l  except ions  
to this  are no ted  as they  arise. 

The v i r t ua l  cell r eac t ion  is 

A l ( p u r e  l iqu id)  ~ [A1 in Ag]  ( l iqu id)  (I) 

wi th  th ree  F a r a d a y s  be ing  t r a n s f e r r e d  per  g r am 
a tom of a l u m i n u m .  The severa l  t h e r m o d y n a m i c  r e -  
la t ionships  based on the  revers ib le  po ten t ia l  E of 
the cell are:  

F A ,  - -  F~ ~ F~,l ---- - -  3FE [1] 

S,1 - -  S~  ---- S~,, ---- 3F XA,, P [2] 

Also f rom [1] 
- -  3FE = R T l n  aA, [3] 

In  these equa t ions  F is F a r a d a y ' s  constant ,  23,063 
c a l / v  eq. I t  is a s sumed  tha t  the va lence  of the a lu -  
m i n u m  ion in  the  e lec t ro ly te  is 3. E x p e r i m e n t a l  
cons idera t ions  j u s t i f y i n g  this  a s sumpt ion  are dis-  
cussed later .  



Vol. 107, No. 7 T H E R M O D Y N A M I C  P R O P E R T I E S  O F  A 1 - A g  629 

~ ~ TO Pofentlometer 
~ Clamp 

Tygon Tubing - - ?ram 0 D Vycor Tubing 

Black Rubber 
Tubing J Argon Out 

Argon ~n.voc~um f Water Cooled Copper 
OuHet Furnace Head 
Rubber Gasket / . :~-~ ,,/  , �9 .; . �9 

�9 ; r  ~ Tantalum Lead Inside 
6mmOD V y c o r ~ "  r - . . . . . .  ~AIzOsSheoth 

ProtetionTherm~176 " ~ : ~ ~ ~ Porcelain Thermocouple 
Chr omel Wound - ~  �9 Sheath 
Reststance Fur noce j 2"O.D, x 3" High Porcelain 

�9 Crucible with Notch 
p 'h, ', 65 mfn OO, V~.O, " ~T~r,_;I/rj)~ " 

Furnace Tube ~ - -  

Crucible2"O D x 3" AI 2 03 ~. ~ --~t~ Electrolyte 
AI 2 03Crucible Cover 

18ram O.D x26mm " ~  
Pk~AI'k03 Crucible �9 ~ Aluminum Standard 
Alloy ~ ' ~ 
Tariff:lure Lead ~ �9 ~ Therrnocouple 

Porceloln Beads , v 

I 2"O,D 3" High AI203Cructble 

2 Electrolyte 

3.AIz03 Centering Dtscs 

418ram OD x 28 m m  H}gh 
AI203 Ct Uclbles 

5 Aluminum Standard 

6 Tantalum Leads With AIzO:s 
Sheaths 

7 AI-A 9 Alloys 

8. Chrornel Alumel Thermocouple 
with Vycor Protectmn Tube 

Table I. Lot analyses of pure metals 

Meta l  I m p u r i t y ,  w t  % 

Aluminum* Cu 0.002 
Fe  0.002 
Si 0.001 
Other  0.000 
(AI 99.995) 

Bi <0.0001 
Cu 0.003 
Fe  <0.0001 
Pb <0.0001 
(Ag 99.997) 

Silver* * 

* G i f t  of  t he  A l u m i n u m  C o m p a n y  of Amer ica �9  
** S u p p l i e d  b y  t h e  A m e r i c a n  S m e l t i n g  a n d  R e f i n i n g  C o m p a n y .  

Fig. 1. Cell design. Left, 1A, cell apparatus (only 2 of 4 
leads are shown; right, I B, top view of cell. 

The Experiments 

Cell design.--Figures l a  a n d  l b  show t h a t  each  
cel l  con t a ined  fou r  e lec t rodes ,  one of p u r e  a l u -  
m i n u m  and  the  o the r  t h r e e  of a l u m i n u m - s i l v e r  
a l loys .  The  m e t a l  e l e c t rodes  w e r e  c o n t a i n e d  in  
d o u b l y  r e c r y s t a l l i z e d  p u r e  a l u m i n a  c ruc ib le s  ( M o r -  
g a n i t e ) .  The  l a r g e  con t a in ing  c ruc ib l e  and  the  
s h e a t h i n g  for  t he  t a n t a l u m  l ead  w i r e s  w e r e  of 97% 
p u r e  v i t r e o u s  a lumina �9  The  s m a l l  sp ide r s  w h i c h  
c e n t e r e d  the  l e a d s  in t he  e l e c t r o d e  c ruc ib l e s  also 
w e r e  of h i g h - p u r i t y  a l u m i n a .  The  l a r g e  u p p e r  
p o r c e l a i n  c r u c i b l e  s e r v e d  as a t h e r m a l  shield ,  and  
b y  m e a n s  of ho les  in the  bo t tom,  i t  h e l p e d  to gu ide  
and  loca te  the  cel l  leads�9 The  c h r o m e l - a l u m e l  t h e r -  
m o c o u p l e  was  p r o t e c t e d  b y  a 6 m m  V y c o r  tube .  The  
l o w e r  end  of th is  t ube  f i t ted  in to  the  c e n t r a l  ope n ing  
b e t w e e n  the  fou r  e l ec t rode  crucibles �9  The  w h o l e  
cel l  a s s e m b l y  w a s  con t a ined  in a 65 m m  V y c o r  t u b e  
t h a t  was  f i t ted  w i t h  a w a t e r - c o o l e d  b r a s s  top.  S u i t -  
ab l e  f i t t ings  in  the  top  p e r m i t t e d  e n t r y  of leads ,  
t h e r m o c o u p l e  shea th ,  and  gas  and  v a c u u m  conne c -  
t ions  so t h a t  t h e  cel l  cou ld  be  e v a c u a t e d  or  p r e s -  
su r i zed  as des i red .  

Cell preparation.--The i n i t i a l  s tep  in m a k i n g  a 
cel l  was  the  p r e p a r a t i o n  of the  e l ec t ro ly t e .  A suffi- 
c ien t  q u a n t i t y  of an  e q u i m o l a r  ( azeo t rop i c )  m i x t u r e  
of KC1 and  NaC1 (C.P. )  was  pur i f i ed  u n d e r  v a c -  
u u m  p r o d u c e d  b y  a m e c h a n i c a l  p u m p .  The  m i x t u r e  
was  s l o w l y  b r o u g h t  to fus ion  t e m p e r a t u r e  a n d  t h e n  
he ld  for  20 h r  a t  750~ S e v e r a l  ba t ches  w e r e  p u r i -  
fied b y  b u b b l i n g  h y d r o g e n  ch lo r ide  t h r o u g h  the  
fused  sa l t  for  a p p r o x i m a t e l y  10 h r  w h i c h  was  fo l -  
l o w e d  b y  v a c u u m  t r ea tmen t � 9  Cel ls  con t a in ing  e lec -  
t r o l y t e s  p r e p a r e d  in th is  m a n n e r  p r o d u c e d  p o t e n -  
t i a l s  w h i c h  w e r e  no t  as s t ab le  as w i t h  the  s t r a i g h t  
v a c u u m  t r e a t e d  e l ec t ro ly t e ;  hence ,  t he  s imp le  v a c -  
u u m  t r e a t m e n t  was  used  for  a l l  cells�9 Because  of 
i ts h igh  v o l a t i l i t y ,  a l u m i n u m  ch lo r ide  was  pur i f i ed  
b y  s u b l i m i n g  i t  a t  a p p r o x i m a t e l y  190~ u n d e r  a 
v a c u u m  of a f ew  m m  of Hg. The  pur i f i ed  c r y s t a l s  
w e r e  co l l ec ted  on a w a t e r - c o o l e d  P y r e x  glass  co ld  
f inger  s u s p e n d e d  1 in. a b o v e  the  c r u d e  (C.P. )  
m a t e r i a l .  

The  e l ec t rodes  w e r e  p r e p a r e d  b y  w e i g h i n g  to t he  
n e a r e s t  0.1 m g  p ieces  of the  a p p r o p r i a t e  p u r e  m e t -  

als. The  t h r e e  h i g h - s i l v e r  e l ec t rodes  w e r e  p re fused .  
A l l  o the r s  w e r e  p r e p a r e d  b y  i n s e r t i n g  b i t s  of t he  
p u r e  m e t a l s  in t he  e l e c t r o d e  c ruc ib les ,  and  fus ion  
o c c u r r e d  as t he  cel l  was  b r o u g h t  to t e m p e r a t u r e .  
A n a l y s e s  of t he  p u r e  m e t a l s  u sed  a r e  shown  in 
T a b l e  I. 

Tungs ten ,  m o l y b d e n u m ,  and  t a n t a l u m  wi re s  w e r e  
t r i e d  as  l e a d s  in i t i a l l y .  On ly  t a n t a l u m  re s i s t ed  a t -  
t a c k  b y  the  a l u m i n u m  al loys ,  a n d  on ly  s l igh t  a t t a c k  
was  n o t e d  up  to 900~ w i t h  e x p o s u r e  of 20 to 30 hr .  
P r o l o n g e d  e x p o s u r e  at  a b o v e  1000~ r e s u l t e d  in  t he  
w i r e  sp l i t t i ng  as a r e s u l t  of the  f o r m a t i o n  of a sol id  
b r i t t l e  p roduc t .  The  t e m p e r a t u r e  e xc u r s ions  used  
d u r i n g  the  e x p e r i m e n t  w e r e  d e s i g n e d  to avo id  in -  
t e r f e r e n c e  f r o m  th is  effect�9 The  l eads  e m b r i t t l e d  
s e v e r e l y  w h e n  e x p o s e d  to t he  ch lo r ide  v a p o r s  in t he  
u p p e r  p o r t i o n  of t he  cel l  b u t  no t  w h e n  in con tac t  
w i th  t h e  m o l t e n  sal t .  Consequen t ly ,  each  l e ad  was  
p r o t e c t e d  w i t h  an  u n b r o k e n  shea th  of a l u m i n a  f r o m  
the  e l e c t r o d e  su r f a c e  to t he  w a t e r - c o o l e d  head .  

The  c lean  cel l  c ruc ib le ,  a l loys ,  e l e c t r o d e  leads ,  
etc., w e r e  c o m p l e t e l y  a s s e m b l e d  ou t s ide  t he  l a r g e  
V y c o r  tube .  W i t h  the  t h e r m a l  sh ie ld  r a i s e d  s l i g h t l y  
a b o v e  i ts  n o r m a l  pos i t ion ,  t he  fused  KC1-NaC1 so lu -  
t ion  was  t r a n s f e r r e d  b y  a V y c o r  p i p e t t e  f r o m  the  
pur i f i ca t ion  t u b e  to t he  cell .  On sol id i f ica t ion,  t he  
sa l t  h e l d  t h e  c o m p o n e n t s  of t he  ce l l  s e c u r e l y  in 
pos i t i on  so t h a t  t he  w h o l e  a s s e m b l y  could  be  
h a n d l e d  as a s ingle  uni t .  This  t e c h n i q u e  e xposed  
the  sa l t  m i x t u r e  to  t he  a i r  for  a few seconds  w h e n  
i t  was  l iquid ,  and  the  u p p e r  su r face  a f t e r  so l id i f ica-  
t ion  was  e x p o s e d  for  a p p r o x i m a t e l y  1/2 hr .  In  
r e c o g n i t i o n  t ha t  th is  was  u n d e s i r a b l e ,  a t e c h n i q u e  
was  d e v i s e d  for  t r a n s f e r r i n g  the  sa l t  b y  s y p h o n  so 
i t  d id  no t  con tac t  t h e  air .  This  m e t h o d  g r e a t l y  i n -  
c r ea sed  t h e  diff icul t ies  of a s s e m b l y  a n d  h a d  no a p -  
p a r e n t  effect on the  p e r f o r m a n c e  of t he  cells,  so i t  
was  a b a n d o n e d  in f a v o r  of t he  eas i e r  me thod .  

A f t e r  t he  sa l t  h a d  cooled  suff ic ient ly ,  p ieces  of 
pur i f i ed  A1CI~ ( a b o u t  5 g)  w e r e  t r a n s f e r r e d  q u i c k l y  
f r o m  a s ea l ed  c o n t a i n e r  to t he  cell .  T h e n  the  cel l  
was  p l a c e d  in t he  l a r g e  V y c o r  t ube  a n d  t h e  s y s t e m  
was  evacua ted �9  This  e x p o s e d  t h e  A1CI8 to t he  a i r  for  
no m o r e  t h a n  30 sec. S u b s e q u e n t l y ,  t he  ce l l  t u b e  
was  p r e s s u r i z e d  w i t h  pur i f i ed  a rgon  and  p l a c e d  in 
t he  furnace �9  A l l  cel ls  w e r e  o p e r a t e d  w i t h  an  a r g o n  
p r e s s u r e  of abou t  25 m m  Hg a b o v e  a t m o s p h e r i c  
p re s su re .  Because  of t he  v e r y  s m a l l  p r e s s u r e  co-  
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efficient of the po ten t i a l  of this  type  cell, no cor-  
rec t ions  for the  r e l a t ive ly  smal l  va r i a t ions  in  a t -  
mospher ic  p ressure  were  appl ied  to the  po ten t ia l s  
read.  

Operation o] the cell.--A cell  was r u n  for ap -  
p r o x i m a t e l y  30 hr. D u r i n g  this  t ime  poten t ia l s  were  
s teady  and  reproducib le .  A longer  t ime  at t e m p e r a -  
t u r e  was possible,  bu t  some of the e lec t ro ly te  
vola t i l ized and  condensed  on the  cooler por t ions  of 
the  system. Runs  were  d i scon t inued  before the level  
of the  e lec t ro ly te  was  lowered  sufficiently to i n t e r -  
fere wi th  the pe r fo rmance  of the cell. The concen-  
t r a t i on  of A1CL did no t  change  m a t e r i a l l y  f rom the  
in i t i a l  analysis ,  and  repea ted  checks on the o r ig ina l  
and  final weights  of the  electrodes showed v i r t u a l l y  
no change,  w i t h i n  a few mi l l ig rams ,  in  the i r  weights  
f rom tha t  charged.  The e lec t ro ly te  vola t i l ized es-  
sen t ia l ly  with 'out  chang ing  its concen t r a t i on  which  
ind ica ted  tha t  the  A1CL had l i t t le  effect on the  azeo- 
t ropic  charac te r  of the base  composit ion.  At  al l  
t imes  the e lec t ro ly te  was colorless, t r anspa ren t ,  and  
w i thou t  sediment .  

A cell was a l lowed to r e m a i n  at 680~176 for 
12 hr  p r ior  to the t ime  m e a s u r e m e n t s  were  taken .  
This  pe rmi t t ed  the cell to "s tabi l ize"  and  fitted the  
work  schedule.  Af t e r  this period, the  po ten t ia l s  d i f -  
fered  somewhat  f rom the va lues  ob ta ined  i m m e d i -  
a te ly  af ter  the  n e w  cell was  b rough t  to t e m p e r a -  
ture.  Severa l  typ ica l  examples  are  shown in  Tab le  
II. This  s tab i l iza t ion  p rocedure  was  fol lowed be -  
cause it resu l ted  in  the po ten t ia l s  be ing  much  less 
sens i t ive  to the  flow of smal l  cu r r en t s  inc iden t  to 
t ak ing  measu remen t s ,  and  it has been  found  g e n -  
e ra l ly  tha t  the  in i t i a l  r ead ings  were  not  r ep roduc i -  
ble and  a p p a r e n t l y  no t  revers ible .  

The  t e m p e r a t u r e  sequence  fol lowed in a r u n  were  
u sua l l y  a p p r o x i m a t e d  as follows: (a) 700~ (b)  
750~ (c) 800~ (d) 720~ (e) 780~ and  (f) 
850~ On the h igh - s i l ve r  side of the d iagram,  a 
s imi la r  p a t t e r n  was fol lowed wi th  9 or 10 read ings  
be ing  taken,  and  the  final r ead ing  was at 983~ 
Because  of the  vo la t i l i za t ion  p rob lem,  t e m p e r a -  
tu res  above 900~ were  avoided if possible, bu t  it 
appeared  tha t  sa t is factory read ings  could be ob-  
t a ined  at 1000~ Sl ight  a t tack  of the  leads and  the  
the rmocoup le  sheath  and  no a t tack  of the a l u m i n a  
ware  were  observed in the h i g h - t e m p e r a t u r e  runs .  

Sources of  Error 

Reversibility.--The majo r  p rob lems  faced in the  
opera t ion  of a cell for es tab l i sh ing  the t h e r m o d y -  
namic  re la t ionsh ips  for a reac t ion  such as React ion  
I is tha t  the  cell func t ion  essen t ia l ly  in  a r evers ib le  

Table II. Effect of 12-hr "stabilization" on the 
potentials of new cells 

P o t e n t i a l  i n  m v  
E lec t rode  Change ,  

No. Temp,  ~ XA1 I n i t i a l  A f t e r  12 h r  m v  

m a n n e r ,  and  tha t  the  reac t ion  occur r ing  in  the cell 
is ac tua l ly  the  one ascr ibed  to it. Seve ra l  tests pe r -  
fo rmed  on the cells s tud ied  and  a n u m b e r  of obser -  
va t ions  ind ica ted  tha t  the  cell used was  revers ib le  
for the  t ime  and  t e m p e r a t u r e s  employed.  The more  
s ignif icant  of the observa t ions  were:  

1. In  seeking  the n u l l  po in t  at wh ich  the  po ten t i -  
omete r  po ten t i a l  ba l anced  the  po ten t i a l  of the cell, 
a smal l  c u r r e n t  f rom the  po t e n t i ome t e r  could be 
passed in  e i ther  d i rec t ion  th rough  the  cell w i thou t  
d i s rup t i ng  the  n u l l  point .  In  all  cases the  n u l l  po in t  
could be approached  wi th  assurance.  The  readings  
were  no t  "soft" or vague.  

2. Cons i s ten t  r ead ings  were  ob ta ined  for different  
cells which  had  al loy composi t ions  tha t  were  the 
same. A po ten t i a l  r ead ing  at a g iven  t e m p e r a t u r e  
could be reproduced  aga in  af ter  the  cell t e m p e r a -  
tu re  had  been  raised or lowered.  Also, the re  was no 
pe rcep t ib le  dr i f t  of the  po ten t ia l s  w i th  t ime.  

3. The  v e r y  sl ight  a t t ack  on the  ceramics  and  
lead wires,  the  cons tancy  of the  A1CL concen t ra t ion  
in  the  e lectrolyte ,  the  cons tancy  of we igh t  of the  
electrodes,  and  the absence  of s i lver  in  the  electro-  
ly te  ind ica ted  tha t  side reac t ions  or the  r ep l acemen t  
of a l u m i n u m  by  s i lver  were  of no consequence.  
Also, the re  was  no sign of reac t ion  w i th  the  other  
componen t s  of the  electrolyte .  Tab le  I I I  shows tha t  
the s t a n d a r d  free energies  of fo rma t ion  of the other  
componen ts  of the e lec t ro ly te  were  sufficiently low 
(nega t ive )  re la t ive  to tha t  of A1CL to avoid an ex-  
change  react ion.  

4. Sepa ra t e  re fe rence  electrodes of pu re  a l u m i n u m  
agreed b e t w e e n  themse lves  w i t h i n  an  average  of 0.1 
my. Po ten t i a l s  of dup l ica te  al loy electrodes in d i f -  
f e ren t  r u n s  u sua l ly  agreed w i t h i n  0.15 m v  at a g iven 
t empe ra tu r e .  Dupl ica tes  were  r u n  on all  bu t  two of 
the al loys reported.  (Ra the r  t han  ave rage  readings,  
it was cons idered  to be more  su i tab le  to use resul ts  
f rom the  one of a pai r  tha t  showed the  more  stable 

readings . )  
5. Resul ts  of a recent  s tudy  (1) of the  behav ior  of 

a n u m b e r  of meta l l ic  ions in  the azeotropic composi-  
t ion of fuzed NaC1-KC1 at  738~ ind ica ted  s t rongly  
tha t  e lectr ical  conduc t ion  in  the salt  is essent ia l ly  
ionic. The presence  of A1CL in  smal l  concen t ra t ions  
and  contact  wi th  l iquid  A1 should not  a l te r  this. 

Wr i t i ng  the  v i r t ua l  React ion I and  Eq. [1 ] th rough  
[3], as shown,  assumes tha t  on ly  t r i v a l e n t  a l u m i n u m  
is p resen t  in  the electrolyte .  A n  ind ica t ion  that  the 
concen t r a t i on  of m o n o v a l e n t  a l u m i n u m  m u s t  be ve ry  
low can be ob ta ined  f rom the data  in Tab le  III  and  

the reac t ion  
A1CL + 2A1 = 3A1C1 (II)  

A s s u m i n g  tha t  the  ac t iv i ty  coefficient of A1CI~ and  
A1C1 are s imi la r  at low concen t ra t ions  in  the  e lectro-  

Table III. Free energy of formation of chlorides at 800~ 

Reac t ion  AF~ c a l / g  mole  

21-3 686 0.922 1.96 2.03 +0.07 
21-4 686 0.571 11.54 12.33 +0.78 
18-3 700 0.363 36.06 36.85 + 0.79 
22-2 696 0.174 105.0 103.9 --1.1 
22-4 696 0.039 175.5 178.9 ~-3.4 

Na (1) -}- 1/2CL (g) : NaC1 (1) --75,900 (~) 
K(1)-}- 1/2Cl:(g) = KCI(1) --78,800 (:) 
1/3A1(1) -[- 1/2CL (g) = 1/3A1CL (g) --42,400 (:) 
A1 (1) + 1/2CL (g) ~ A1C1 (g) --32,380 _-_+ 3 kcal (~) 
Ag(s)  ~- 1/2C1~(g) ---- AgCI(1) --18,500 (:) 
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Tab le  IV.  Potent ia ls  of  exper imenta l  cells for 
l iquid A I - A g  solutions 
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Fig. 2. Examples of emf vs. temperature plots for five liq- 
uid Ag-AI alloys. 
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Elec t rode  E, v 
compos i t ion ,  ~ E / O T x A  I P 

XAI 700~ 900~ v / ~ 2 1 5  106 

lyte,  and  wi th  N,,c,. equal  to 0.01, N,,c, is app rox i -  
m a t e l y  10-'. This, wi th  the c lar i ty  of the  e lec t ro ly te  
and  the cons tancy  of the weight  of the  electrodes,  
was  considered sufficient jus t i f ica t ion to conclude  
tha t  React ion  II was of no significance in  this  work.  

Other sources of e r ror . - -Tempera tures  were  
measu red  wi th  c h r o m e l - a l u m e l  the rmocouples  made  
f rom a lot of wi re  tha t  had been  s t anda rd ized  aga ins t  
the  me l t i ng  poin ts  of Ag, Cu, Pb, Sn ,  and  A1. No 
t e m p e r a t u r e  g rad ien t s  could be detec ted  in the  cell 
w h e n  the the rmocoup le  was moved  f rom the bo t tom 
of the  cruc ib le  to the  top of the e lect rolyte .  Cons ider -  
ing the u n c e r t a i n t y  in the the rmocoup le  ca l ib ra t ion  
and  unce r t a in t i e s  in  the po t en t iome te r  circuit ,  it is 
e s t imated  tha t  the  t e m p e r a t u r e s  recorded were  w i t h -  
in  _+ 1 ~ of the  t rue  t empera tu re .  

A plot  of E vs. ~ y ie lded  s t ra igh t  l ines  for all  
al loys at t e m p e r a t u r e s  above the  l i qu idus  (Fig. 2). 
F r o m  these lines,  po ten t ia l s  at  severa l  t e m p e r a t u r e s  
were  ob ta ined  for subsequen t  calcula t ions .  Based on 
the  scat ter  of e x p e r i m e n t a l  poin ts  abou t  the l ine,  
it is es t imated  tha t  a po ten t i a l  t a k e n  at 700 ~ or 
900~ (Tab le  IV) for the  s u b s e q u e n t  ca lcu la t ions  
were  w i th in  --+0.15 m v  of the  t rue  va lue  for cells in  
the composi t ion r ange  of 0.093 <X, ,<0 .857 .  The  u n -  
ce r t a in ty  is g rea te r  for the  electrodes which  were  
ve ry  high in s i lver  because  it was  necessary  to ex-  
t r apo la te  the po ten t ia l s  f rom the l iqu id  region  down  
to the t e m p e r a t u r e s  of which  ca lcula t ions  were  
made.  

E x p e r i m e n t a l  R e s u l t s  

The po ten t ia l s  for the  var ious  al loy electrodes at 
700 ~ and  900~ and  the t e m p e r a t u r e  coefficients of 
the  potent ia l s  are shown in Tab le  IV. These resul t s  
have  been  conver ted  in to  a lpha  and  be ta  func t ions  
(4) for cor re la t ion  and  to fac i l i ta te  s u b s e q u e n t  ca l -  
culat ions .  The def ining equa t ions  are:  

In  7,L --3F E / R T  -- in  XA, 
a,,  (1--X~,) s (1--XA,)" [4] 

0.973 0.00080 0.00108 1.56 
0.922 0.00207 0.00265 3.00 
0.857 0.00352 0.00470 6.50 
0.799 0.00472 0.00678 10.5 
0.727 0.00665 0.0098 16.2 
0.631 0.00961 0.0145 24.4 
0.571 0.01276 0.0192 32.2 
0.500 0.0180 0.0263 41.1 
0.414 (0.0307) * 0.0404 48.2 
0.363 (0.0428) 0.0539 56.3 
0.308 (0.0623) 0.0730 53.1 
0.245 (0.0919) 0.0998 40.5 
0.174 (0.1260) 0.1348 43.6 
0.093 (0.1635) 0.1764 65.4 
0.039 (0.1851) (0.2124) * 137 

* P a r e n t h e s e s  i nd i ca t e  t h a t  t he  l i q u i d  is m e t a s t a h l e  and  p o t e n t i a l s  
are  e x t r a p o l a t e d  f r o m  re su l t s  a t  h i g h e r  t e m p e r a t u r e s .  

and  

H~, ~ - -3F  [ E - - T (  OE 

fl~, - - [5] 
( 1 - - X A I  ) 2 ( 1 - - X A I )  ~ 

Figure  3 shows the  a lpha  func t ion  for a l u m i n u m  at 
700 ~ and  900~ and  Fig. 4 shows the  be ta  func t ion  
which  is appl icab le  in  the t e m p e r a t u r e  r ange  of 
700~176 

As XA~ approaches  un i ty ,  the a lpha  and  be ta  f u n c -  
t ions become v e r y  sens i t ive  even  to v e r y  smal l  
errors.  In  the l imit ,  the func t ions  mus t  be finite and  
the ex t r apo la t ion  to this  l imi t  is based on the  curve  
below XA~ = 0.9 r a t h e r  t h a n  the  points  above  this  
composit ion.  At  the  other  end  of the  composi t ion  

I I 1 I I . 

o 

A 

o 

yg. ~-7oo-c 

7 

XAJ 

Fig. 3. Alpha function (~.~1) for liquid AI-Ag system. Dashed 
lines show extrapolation from higher temperatures. 
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Fig. 4. Beta function (/~.~) for liquid AI-Ag alloys 
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Table V. Limiting activity coefficient of aluminum in 
liquid silver (,/,~ 

Temp, *C --log 7*A] 7~ 

950 1.36 0.044* 
900 1.41 0.039* 
800 1.52 0.030* 
700 1.66 0.022* 

* Liquid phase is metastable (mp pure Ag ~ 961~ 

scale,  t he  po in t  a t  XA~ = 0.039 has  c o n s i d e r a b l e  u n -  
c e r t a i n t y  because  t h e  a l loy  was  l i qu id  on ly  a b o v e  
943~ Thus  i t  was  n e c e s s a r y  to e x t r a p o l a t e  th is  
p o i n t  to t he  l o w e r  t e m p e r a t u r e  b y  m e a n s  of t he  v a l u e  
of dE/dT  for  th is  cell .  This  v a l u e  h a d  c o n s i d e r a b l e  
u n c e r t a i n t y  because  the  p o t e n t i a l  for  the  l iqu id  p h a s e  
cou ld  be  m e a s u r e d  on ly  in  t he  r a n g e  of 943~176 
F i g u r e  5 shows  the  a l p h a  f u n c t i o n  a t  950~ for  w h i c h  
the  l i m i t i n g  a c t i v i t y  coefficient  of a l u m i n u m  in s i l ve r  
(3,~ is 0.044. B y  t h e  G i b b s - H e l m h o l t z  r e l a t i o n s h i p  
and  the  l i m i t i n g  v a l u e  of H ~ ,  of --6460 c a l / g  a t o m  
the  l i m i t i n g  v a l u e  of the  a c t i v i t y  coefficient  of a l u m i -  
n u m  can be  o b t a i n e d  at  v a r i o u s  t e m p e r a t u r e s .  The  
r e su l t s  g iven  in T a b l e  V a n d  the  t e r m i n i  of the  a l p h a  
f u n c t i o n  at  p u r e  s i lve r  in Fig .  4 a r e  d r a w n  a c c o r d -  
ingly .  

Calculations 
The  a l p h a  and  b e t a  func t ions  for  a l u m i n u m  can 

be  used  to ca l cu l a t e  t he  c o r r e s p o n d i n g  p r o p e r t i e s  of 
s i l ve r  b y  an a p p l i c a t i o n  of t he  G i b b s - D u h e m  i n t e g r a -  
t ion  (4) .  

In ~,A, = -- ~A,XA,XA~ + fxA, a~,dXA, [6] 
X A I = 0  

HM,, = - -  ,SA,X,,X,,, + f=*'  f lA,dX,, [7]  
X A 1 =o 

The  rnolar  excess  m i x i n g  p r o p e r t i e s  a re  

F" = X, :  RT fxA, a , ,dX, ,  [8]  
XA 1 =o 

H M = X , ,  f* , ,  f l , ,dX, ,  [9]  
x~,=o 

T h e  v a l u e  of each  i n t e g r a l  on the  r i g h t  of Eq. [6]  to 
[9]  is o b t a i n e d  b y  d e t e r m i n i n g  the  a r e a  u n d e r  the  a p -  

p r o p r i a t e  c u r v e  in  Fig.  3 or  4. F r o m  the  resul t s ,  t he  
v a l u e s  of ac t iv i t ies ,  a c t i v i t y  coefficients and  en t rop i e s  
can  be  found  b y  u s u a l  t h e r m o d y n a m i c  fo rmulas .  The  
r e su l t s  of t he  ca l cu la t ions  a r e  i nc luded  in Tab le  VI. 
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Fig. 6.  Activity curves of Ag and AI  in their binary system. 
a~, calculated by Gibbs-Duhem Equation. 
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P lo t s  of t he  i m p o r t a n t  func t ions  a r e  s h o w n  in Fig.  
6 and  7. 

D i s c u s s i o n  o f  R e s u l t s  

The  a c t i v i t y  va lues  o b t a i n e d  in th is  w o r k  a re  to be  
p r e f e r r e d  ove r  those  c a l c u l a t e d  b y  Chou  and  E l l io t t  
(5)  (F ig .  6) ,  who  o b t a i n e d  t h e m  b y  combin ing  ac -  
t iv i t i e s  c a l c u l a t e d  f r o m  the  phase  d i a g r a m  of the  P b -  
A g  s y s t e m  w i t h  d a t a  on the  d i s t r i b u t i o n  of s i lver  b e -  
t w e e n  l i qu id  l e ad  and  l iqu id  a l u m i n u m  which  was  
d e t e r m i n e d  b y  Lorenz  a n d  E rbe  (6) .  H u l t g r e n  and  
c o - w o r k e r ' s  (7)  r e c a l c u l a t i o n  of Chou and  E l l io t t ' s  
w o r k  us ing  K l e p p a ' s  (8)  c a l o r i m e t r i c a l l y  d e t e r m i n e d  
hea t s  of so lu t ion  for  t he  P b - A g  sys t em g ives  va lue s  
of F ~ for the AI-Ag system which are in reasonably 
good agreement with the present work. However, 
recent results by the present authors show a nar- 
rower solubility gap in the Ag-AI-Pb system than 
that reported by Lorenz and Erbe. These results will 
be reported in the near future, and a recalculation of 
the old Chou-Elliott results may be attempted in the 
l i gh t  of t h e  d a t a  n o w  ava i l ab l e .  I t  is suff icient  to s ay  
at  th is  p o i n t  t ha t  t h e r e  is r e a s o n a b l e  a g r e e m e n t  b e -  
t w e e n  ac t iv i t i e s  in t he  l i qu id  phase  o b t a i n e d  f r o m  
the  p h a s e  d i a g r a m  ca l cu la t ions  and  those  f rom the  
d i r ec t  e x p e r i m e n t a l  resu l t s .  

Activities in the Solid Phases 

The  r e su l t s  r e p o r t e d  h e r e  have  been  used  to e s t i -  
m a t e  t he  ac t iv i t i e s  in t he  sol id  phases  in the  A1-Ag 
sys tem.  This  p e r m i t s  a c o m p a r i s o n  w i t h  t he  e a r l i e r  
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Table Yl. Properties of the liquid aluminum-silver system 
All values are computed from the curves in Fig. 3 and 4 
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P a r t  A 700"C 

XAl aAl aAg ~AI ~/Ag 

F~A! FMAg FEA ! FEAg F E 
c a l / g  c a l / g  c a l / g  c a l / g  c a l / g  
mo le  mo le  mole  m o l e  mo le  

0.0" 0.00 1.000 
0.05* 0.00118 0.946 
0.10" 0.00320 0.873 
0.20* 0.0168 0.651 
0.30* 0.0939 0.365 
0.40* 0.304 0.197 
0.50 0.523 0.128 
0.60 0.674 0.094 
0.70 0.772 0.073 
0.80 0.843 0.056 
0.90 0.914 0.035 
0.95 0.954 0.020 
1.00 1.00 0.00 

0.0217 1.000 - - ~  0 
0.0236 0.996 --13000 --110 
0.0320 0.970 --IIi00 --260 
0.0838 0.814 --7910 --830 
0.313 0.522 --4570 --1950 
0.759 0.328 --2300 --3140 
1.05 0.255 --1250 --3980 
1.12 0.235 --760 --4570 
1.10 0.244 --500 --5060 
1.05 0.280 --330 --5575 
1.02 0.347 --175 --6480 
1.00 0.399 --90 --7570 
1.00 0.471 0 --or 

--7410 
--7240 
--6660 
--4800 
--2250 
--530 
+90 

-~220 
+190 
+100 

+30 
+10 

0 

0 
--i0 
--60 

--400 
--1260 
--2160 
--2640 
--2800 
--2730 
--2460 
--2050 
--1780 
--1460 

0 
--370 
--720 

--1280 
--1560 
--1510 
--1280 
--990 
--690 
--410 
--180 
--80 

0 

P a r t  B 900~  

XA1 aA1 ahg ~A] ~Ag 

FMA1 FMAg FEA1 FEAg F E TS E 
c a l / g  c a l / g  c a l / g  c a l / g  c a l / g  c a l / g  
m o l e  mo le  mo le  m o l e  mo le  mo le  

0.0" 0.00 1.000 0.0390 1.000 - - ~  0 --7570 0 0 0 
0.05* 0.00221 0.944 0.0443 0.994 --14200 --135 --7270 --15 --380 +50 
0.10 0.00598 0.872 0.0578 0.969 --11900 --320 --6570 --75 --720 +40 
0.20 0.0263 0.671 0.131 0.838 --8480 --930 --4730 --410 --1270 --20 
0.30 0.1036 0.426 0.345 0.608 --5280 - - 1 9 9 0  - - 2 4 8 0  - - 1 1 6 0  --1560 +10 
0.40 0.275 0.254 0.687 0.424 --3010 --3190 --880 - - 2 0 0 0  --1550 +290 
0.50 0.460 0.168 0.921 0.336 --1810 --4150 --190 - - 2 5 4 0  --1360 +550 
0.60 0.607 0.120 1.01 0.300 --1160 --4940 +30 - - 2 8 1 0  --1110 +730 
0.70 0.722 0.087 1.03 0.290 --760 --5680 +70 --2880 --820 +780 
0.80 0.819 0.060 1.02 0.298 --470 --6550 +50 --2820 --520 +670 
0.90 0.907 0.033 1.01 0.326 --230 --7940 +20 --2620 --240 +410 
0.95 0.952 0.018 1.00 0.350 --115 --9350 + 5  --2450 --120 +230 
1.00 1.00 0.00 1.00 0.384 0 --oo 0 --2230 0 0 

P a r t  C 700~176 
HMA1 H~Ag HM 
c a l / g  e a l / g  c a l / g  

XA l mo le  m o l e  m o l e  

0 --6460 0 0 
0.05 --6900 +20 --330 
0.10 --6900 +10 --680 
0.20 --5100 --340 --1290 
0.30 --1210 --1700 --1550 
0.40 -{-1210 --2900 --1260 
0.50 +1480 --3100 --810 
0.60 +1210 --2760 --380 
0.70 +770 --1940 --40 
0.80 +370 --720 +150 
0.90 + 100 + 840 + 170 
0.95 + 20 + 1720 + 100 
1.00 0 +2670 0 

* F o r  compos i t i ons  b e l o w  XA1 = 0.42 a t  700~ a nd  b e l o w  XA1 = 0. 085 a t  900~ t he  l i q u i d  is me tas t ab le .  

resul ts  of Hi l ler t ,  Averbach ,  and  Cohen 's  (9) meas -  
u r e m e n t s  on solid al loys in  this  system. 

A few potent ia l s  we re  ob ta ined  for al loys in the  
a lpha  phase  (h igh Ag)  as shown in  Fig. 8. These 
po ten t ia l s  were  ex t r apo la t ed  to 820~ (547~ and  
corrected for the change  of re fe rence  s tate  of solid 
A1. The  poten t ia l s  ob ta ined  are in  reasonab le  agree-  
m e n t  w i th  those of Hi l l e r t  and  co-workers .  

In the composition range above XA, = 0.35, the po- 
tentials of the liquid alloys were extrapolated to the 
l i qu idus  t e m p e r a t u r e s  to give the  po ten t ia l s  at  the  
cor responding  solidus t empera tu res .  W h e n  these po-  
ten t ia l s  are  t hen  ex t r apo la t ed  to 820~ and  corrected 
for the  change  in  r e fe rence  state, they  resu l t  in  an  ac- 
t iv i ty  curve  for a l u m i n u m  h a v i n g  a v e r y  s t rong pos i -  

t ive  d e p a r t u r e  f rom idea l i ty  in  the  del ta  phase.  A l -  
t hough  the  genera l  charac te r  of the  phase  d i a g r a m  
and  some u n c e r t a i n t y  as to the pos i t ion  of the  solidus 
l ine  of the  8 phase  (9, 10) makes  this  ca lcu la t ion  
somewha t  unce r t a in ,  there  is a r e m a r k a b l y  good 
a g r e e m e n t  b e t w e e n  the ear l ie r  resu l t s  of Hi l ler t ,  
Averbach ,  and  Cohen (9) ( the i r  Fig. 2) and  those 
ob ta ined  here.  I t  is to be no ted  tha t  Wi t t ig  (11) r e -  
cen t ly  has r epor t ed  va lues  of H M for the  ~ phase  
which  are a l i t t le  more  exo the rmic  t h a n  Hi l l e r t ' s  
values .  

Activity Coe~cients of Aluminum in Iron Alloys 

The e x p e r i m e n t a l l y  d e t e r m i n e d  act iv i t ies  of a lu -  
m i n u m  in  s i lver  al loys and  the  en tha lp ies  of so lu-  



634 JOURNAL OF THE ELECTROCHEMICAL SOCIETY July 1960 

| I - - - I  I I I j - ~ T  I -  I 
220 r -  Run i22 / Liquid 

.~ / ' ~ "  Llqu dus Yernperol~re 
210 

+Liquid 

+ o  ~.~= o ~ S o l i d u s  T e m p e r o l u r e  

I 90 F ~ T . . . . . . / ~ P ~ -  Sol, d a 

180 ~ / : / ~ ~  

t ! 
160 / 

150 ~ /  
Solid = 

140 

. . - - 6 " "  
I~0  

0 XAI =0.093 f 

120 h XAI  : 0 , 1 7 4  

110 
S o l i d < =  

=00 I I I ,  I I [ I 
700 750 800 850 900 950 I000 IOf-:~ I I00 

T~ 

Fig. 8. Potentials for high melting AI-Ag alloys 

-0~4 

--0.5 

-0.6 

-0 ,7  

2 - 0 8  

-O.9 

_ I [ I I i - -  

~////111///~l/ 
i /  /11 

1/11 

/ 
-I,0 

/ /  
/ 

/ 
-I ,2 / /  

/ 

- [ 3  
I 

005 

/ 
/ /  

/ ------ ESf by Chlpmot~ ~, Fiorld,s 12 
/ /  from Hdlert Averbach ~ Cohen ~ 

/ 
- -  Es f  f r o m  thqs study, 

I I I I 
0.10 0.15 0.20 0.25 

X A I  

Fig. 9. Log ~'A~ in liquid AI-Ag alloys at 1600~  e,+., +''~> 
5.3 

t ion  r e p o r t e d  h e r e  d i f fer  s o m e w h a t  f r o m  those  
r e p o r t e d  b y  Hi l l e r t ,  A v e r b a c h ,  and  Cohen  (9) 
wh ich  C h i p m a n  and  F l o r i d i s  (12) used  to d e t e r -  
m i n e  the  a c t i v i t y  coefficients of a l u m i n u m  in i ron  
a l loys  f r o m  the  d i s t r i b u t i o n  of a l u m i n u m  b e t w e e n  
l iqu id  s i lve r  and  i ron  a l loys .  In  add i t ion ,  C h i p m a n  
and  F l o r i d i s  a s s u m e d  t h a t  log ~,~ in l i qu id  A 1 - A g  
a l loys  was  i n v e r s e l y  p r o p o r t i o n a l  to t h e  abso lu t e  
t e m p e r a t u r e .  

B y  use  of t h e  e x p e r i m e n t a l  r e su l t s  r e p o r t e d  here ,  
t he  v a l u e s  for  t h e  a c t i v i t y  coefficients of  a l u m i n u m  
in t he  Fe-A1,  Fe -A1-C ,  and  F e - A 1 - S i - C  sy s t e ms  at  
1600~ h a v e  been  r e c a l c u l a t e d  f r o m  the  d a t a  r e -  
p o r t e d  b y  C h i p m a n  and  F l o r i d i s  (12) on the  d i s -  
t r i b u t i o n  of A1 b e t w e e n  l a y e r s  of F e  and  Ag. The  
re su l t s  a r e  s h o w n  in Fig .  9, 10, and  11 and  in Tab le  
VII .  I t  is to be n o t e d  t h a t  e~ ~ = (a In ,y~t) /aX,  for  
t he  in f in i t e ly  d i l u t e  so lu t ion  of i in A 1 - F e  a l loys .  
The  co r r ec t i on  a p p l i e d  b y  C h i p m a n  and  L a n g e n b e r g  

Table VI I .  Activity of aluminum in AIIAg alleys at 1600~ 

Xn 

E s t i m a t e d  
by  C h i p m a n  E s t i m a t e d  f r o m  th i s  w o r k  

a n d  F l o r i d i s  (12) 
aAl aAl log  ~/A1 

0.00 0.00 0.00 - -0 .972  
0.05 0 .00363 0.0072 - -0 .8 5 4  
0.10 0 .0104 0 .0184 - - 0 . 7 4 4  
0.15 0 .0215 0.035 - -0 .633  
0.20 0.0400 0.061 - -0 .5 1 4  

(13) for  t h e  s i l icon  in  t he  s i lve r  l a y e r  has  been  in -  
c luded  in Fig.  11. 

The  r e c a l c u l a t e d  r e su l t s  in Fig.  9, 10, and  11 can 
be  used  to r e d e t e r m i n e  the  a l u m i n u m  d e o x i d a t i o n  
cons t an t  for  s t e e l m a k i n g  b y  t h e  s ame  t r e a t m e n t  
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Fig. 10. Log ~'A, in AI-Fe alloys at 1 6 0 0 ~  using Chipman 
and Floridis' distribution data (12). eA~ (A'> = + 5 . 3  (carbon 
free.) 
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dev i sed  b y  C h i p m a n  and  L a n g e n b e r g  (13) .  H o w -  
ever ,  t he  r e su l t s  o b t a i n e d  di f fer  v e r y  l i t t l e  f r o m  
those  of t h e  e a r l i e r  au tho r s  and  c o n s e q u e n t l y  r e -  
t r e a t m e n t  of the  d a t a  h e r e  is not  w a r r a n t e d .  The  
e s sen t i a l  r easons  for  the  a g r e e m e n t  in sp i te  of d i f -  
f e r e n t  v a l u e s  of log :~i ~ b e i n g  used  is t h a t  t he  
ca l cu l a t i on  uses  t h e  in f in i t e ly  d i l u t e  so lu t ion  of A1 
in F e  as t he  r e f e r e n c e  s ta te .  This  v i r t u a l l y  cance ls  
t h e  effect of t h e  change  in va lue s  of log ~'A,. Also,  
t he  u n c e r t a i n t i e s  i n h e r e n t  in t he  ca l cu l a t i on  a r e  
p r o b a b l y  g r e a t e r  t h a n  the  change  w h i c h  w o u l d  a r i se  
f rom the  n e w  ca lcu la t ion .  

Conclusion 
The  t h e r m o d y n a m i c  p r o p e r t i e s  of t he  l i qu id  A1- 

A g  sys t em h a v e  been  d e t e r m i n e d  b y  m e a n s  of a 
h i g h - t e m p e r a t u r e  r e v e r s i b l e  concen t r a t i on  cell.  
The  r e su l t s  m a y  bes t  be  s u m m a r i z e d  b y  r e f e r r i n g  to 
Fig.  6 and  7 and  to T a b l e  VI. 

Va lues  for  log yA, in t he  l i qu id  sys t ems  A1-Fe,  
A 1 - F e - C ,  and  A 1 - F e - S i - C  a t  1600~ h a v e  been  r e -  
c a l c u l a t e d  us ing  the  d i s t r i b u t i o n  d a t a  of C h i p m a n  
a n d  F l o r i d i s  (12) a n d  C h i p m a n  a n d  L a n g e n b e r g  (13) .  
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Gas Phase Charged and Electrolytically Charged Beta-Pd-H Alloys 
James P. Hoare 

Scientific Laboratory, Ford Motor Company, Dearborn, Michigan 

ABSTRACT 

Open-c i rcu i t  potent ia l  vs. t ime curves were  obta ined on var ious  pa l l ad ium 
electrodes in hyd rogen - s t i r r ed  sulfuric  acid solutions. Evidence is p resented  
to show tha t  the e lect rochemical  proper t ies  of e lec t ro ly t ica l ly  charged ~ -Pd -H  
alloys are different  f rom those of the gas charged  alloys. Mechanisms for the 
charging processes involved are  discussed. 

R e n e w e d  in t e r e s t  in t he  m e c h a n i s m s  of t he  occ lu -  
s ion of h y d r o g e n  gas in p a l l a d i u m  m e t a l  has  
p r o m p t e d  a r e - e v a l u a t i o n  of t he  e a r l i e r  w o r k  w i t h  
m o r e  m o d e r n  t echn iques .  I t  h a d  been  s h o w n  t h a t  
f l - P d - H  a l loys  f o r m e d  b y  p l ac ing  p u r e  p a l l a d i u m  
m e t a l  in p u r e  h y d r o g e n  gas u n d e r  1 a t m  a re  i n -  
de f in i t e ly  s t ab le  (1) p r o v i d e d  a l l  ox id iz ing  agen t s  
such as a i r  or o x y g e n  a re  exc luded .  Hoare ,  et al. (2)  
found  t ha t  t he  gas c h a r g e d  f l - P d - H  a l loy  h a d  s o m e -  
wha t  d i f fe ren t  e l e c t r o c h e m i c a l  p r o p e r t i e s  t h a n  the  
e l e c t r o l y t i c a l l y  c h a r g e d  f l - P d - H  a l loy;  i.e., h y d r o g e n  
is lost  s p o n t a n e o u s l y  f rom the  e l e c t r o l y t i c a l l y  
c h a r g e d  f l - P d - H  a l loy  and its h y d r o g e n  o v e r v o l t a g e  
is lower .  F l a n a g a n  and  L e w i s  (3)  m a d e  p o t e n t i a l  
and  r e l a t i v e  r e s i s t ance  m e a s u r e m e n t s  on a th in  
(0.027 cm d i a m e t e r )  p a l l a d i u m  w i r e  in ac id  so lu-  

t ions .  A l t h o u g h  t h e y  w e r e  no t  ab le  to r e p r o d u c e  t h e  
f inding of H o a r e  and  S c h u l d i n e r  (4 ) ,  t h e y  d id  con-  
f i rm c e r t a i n  r e su l t s  r e p o r t e d  b y  R a t c h f o r d  and  
C a s t e l l a n  (5 ) .  H o w e v e r ,  r e c e n t l y  (6)  t he  r e su l t s  of 
R a t c h f o r d  and  Cas t e l l an  h a v e  been  s h o w n  to be  
c o m p a t i b l e  w i t h  those  of H o a r e  and  Schu ld ine r .  

C o n t r a r y  to w h a t  was  found  b y  H o a r e  and  S c h u l -  
d i n e r  a r e  t he  d a t a  r e p o r t e d  b y  F l a n a g a n  and  L e w i s  
w h i c h  show tha t ,  once the  f l - P d - H  a l loy  is f o r m e d  
e l e c t r o l y t i c a l l y ,  h y d r o g e n  is not  los t  and  the  p o t e n -  
t ia l  does not  r e t u r n  to a pos i t i ve  v a l u e  of 50 m v  
a f t e r  the  ca thod ic  c u r r e n t  is r e m o v e d .  This  i n v e s t i g a -  
t ion  is conce rned  w i t h  showing  ev idence  for  t he  
ex i s t ence  of two  k i n d s  of f l - P d - H  a l loys  and  w i t h  a 
conf i rma t ion  of the  r e su l t s  r e p o r t e d  b y  F l a n a g a n  and  
Lewis .  
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Exper imenta l  
In  one series of exper iments ,  po ten t i a l  m e a s u r e -  

men t s  were  t a k e n  on pure  ( 9 9 . 5 - t - % )  p a l l a d i u m  
cathodes made  f rom 3 cm of 5 -mi l  wire,  1 cm ~ p la te  
of 2-rai l  foil, 1 cm'  p la te  of 4 -mi l  foil, 1 cm '~ p la te  of 
4 -mi l  foil whose surface  was abou t  80% covered 
w i th  po lye thy lene ,  and  a bead me l t ed  f rom a s tr ip 
of foil. I n  ano the r  series, both  po ten t i a l  and  re la t ive  
res i s tance  m e a s u r e m e n t s  were  t a k e n  on a 15-mi l  
p a l l a d i u m  wire,  11 cm long and  w o u n d  in  the form 
of a toroid on a po lye thy l ene  r ing.  Al l  expe r imen t s  
were  car r ied  out in  2N H,SO~ solu t ion  in  a Teflon 
cell s imi la r  to tha t  used before  (7) .  The p r epa r a t i on  
of the  t r ip ly  d is t i l led  water ,  su l fur ic  acid solutions,  
p a l l a d i u m  cathodes,  and  cell has been  descr ibed else- 
where  (4, 7). The h y d r o g e n  and  h e l i u m  gases were  
pur i f ied in  s t anda rd  mul t i s t age  pur i f ica t ion  t ra ins ;  
the  t e m p e r a t u r e  of all  expe r imen t s  was  23 ~ ----I~ 
Rela t ive  res is tance  m e a s u r e m e n t s  were  carr ied  out  
as before  (6) .  The h y d r o g e n  con ten t  of the P d - H  
alloys was d e t e r m i n e d  us ing  ceric su l fa te  solut ions 
(4).  Elect r ical  contacts  to the  cathodes were  P t  
wires  imbedded  in po lye thy l ene  to p r e v e n t  any  solu-  
t ion contact  wi th  the  P t  or the weld  area;  the r e fe r -  
ence electrode is a Pt/H2 electrode in the same solu-  
t ion. 

Results and Discussion 

Each p a l l a d i u m  cathode was s t rong ly  anodized 
( abou t  0.1 to 0.5 a m p / c m  ~) for abou t  30 m i n  and  then  
cathodized for abou t  2 hr  at a c u r r e n t  dens i ty  of 
such a m a g n i t u d e  tha t  the  electrode was polar ized 
to at least  --100 m v  agains t  a P t / H ,  e lectrode in the 
same solut ion.  F ina l ly ,  the c i rcui t  was opened and  
the po ten t i a l  vs. the  P t / H ,  e lectrode was recorded 
as a func t ion  of t ime.  D u r i n g  this en t i r e  procedure,  
the su l fu r ic  acid so lu t ion  was s t i r red  cons tan t ly  by  
a s teady  flow of pur i f ied hydrogen .  These resul ts  are 
p resen ted  in Fig. 1, zero t ime be ing  t a k e n  at the mo-  
m e n t  w h e n  the ca thodiz ing  c u r r e n t  is b roken .  

F r o m  Fig. 1, it  is seen tha t  the  p o t e n t i a l - t i m e  
curves  show a defini te  dependence  on the  rat io of the 
exposed area to the tota l  vo lume  of the cathode. As 
the  v a l u e  of this ra t io  decreases, the  t ime  requ i red  
to reach a s teady va lue  of zero vol t  increases.  Also, 
a po in t  is reached at  which  the po ten t i a l  vs. Pt/H~ 
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Fig. 1. Open-circuit potential vs. time curves obtained from 
previously cothodized palladium electrodes in H2-stirred 2N 
H2SO4solutions a r T  = 23 ~ _ 1 ~ 
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Fig. 2. Curves showing the length of t ime required for 
cathodized palladium electrodes to reach a steady value of 
zero volt vs. Pt/H2 on open-circuit conditions as a function 
of the volume-to-surface ratio (V /A)  of the electrode. 

reverses  s ign and  the curve  passes t h r ough  a m a x i -  
m u m  value.  In  fact, a cathode m a y  be designed 
wi th  a s u r f a c e - t o - v o l u m e  ra t io  of such a va lue  tha t  
the  m a x i m u m  va lue  becomes a p l a t eau  at -t-50 mv.  
The p a l l a d i u m  bead  is such an  example  and  this 50 
m v  po ten t i a l  was  m a i n t a i n e d  for more  t h a n  30 hr  
before the  dr i f t  to zero vol t  began.  It  was  found  tha t  
the exact  shape  of the  curves  was a func t i on  of the 
e lec t rochemical  h is tory  of the  cathode, bu t  the gen-  
eral  fo rm of the  curves  is tha t  shown in  Fig.  1. I t  is 
for this r eason  tha t  all  the  cathodes,  on which the 
curves  in  Fig. 1 were  de te rmined ,  were  anodized and  
cathodized at a p p r o x i m a t e l y  the same in t ens i t y  and  
for the same du ra t i on  w i th  a p p r o x i m a t e l y  the  same 
hyd rogen  flow. 

The v o l u m e - t o - s u r f a c e  ra t io  ( V / A )  was  de te r -  
m i ne d  (6) ;  Fig. 2 shows tha t  the t ime  to reach zero 
volt  af ter  b r e a k i n g  the cathodiz ing circui t  is a l inear  
func t ion  of V / A .  I t  is i n t e re s t ing  to note  t ha t  again  
(6) the bead  falls to the lef t  of this curve.  Fa l lon  
(8) has also found  that  p a l l a d i u m  beads af ter  ca th-  
odizat ion wi l l  r e t u r n  to the  -k50 mv  va lue  for a cer-  
t a in  l eng th  of t ime. 

In  ano the r  series of exper iments ,  the  15-mi l  pa l -  
l a d i u m  wi re  toroid was anodized and  cathodized in 
the same m a n n e r  as descr ibed above and  the  open-  
circui t  po ten t i a l  af ter  ca thodiza t ion  was recorded. 
The po ten t i a l  w e n t  to zero vol t  w i thou t  going posi-  
t ive as shown in  Fig. 3. However ,  if about  5-10% of 
the  wi re  was covered w i th  po lye thy l ene  nea r  the 
weld  area, the  po ten t ia l  changed  sign and,  af ter  
passing t h r o u g k  a m a x i m u m  in a posi t ive  po ten t ia l  
region, d r i f ted  back  to a s teady  zero value.  As long 
as the ral~id flow of h y d r o g e n  was ma i n t a i ne d ,  the 
po ten t ia l  would  r e m a i n  at  zero vol t  indef ini te ly .  
F l a n a g a n  and  Lewis  (3) found  tha t  in ce r t a in  cases 
the  po ten t i a l  on the i r  wires  also w e n t  t h rough  a 
m a x i m u m  va l ue  in  a pos i t ive  po ten t ia l  region.  

Af ter  the  wi re  had  reached  a s teady va l ue  of zero 
volt, the h y d r o g e n  flow was reduced  to a po in t  where  
about  one b u b b l e  passed t h r ough  the  so lu t ion  per  
minu te .  W h e n  a po ten t i a l  r ead ing  was to be taken,  
the  H, flow was r e t u r n e d  to the  or ig ina l  r a t e  and  the  
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Fig. 3. Open-circuit potential curves obtained on a 1S-rail 
Pd wire toroid after cothodization as a function of time. On 
the left side a rapid flow of Ha is maintained at all times. On 
the right is shown the behavior when the H2 flow is main- 
tained, reduced to very low flow rates and replaced by He 
flow. 

p o t e n t i a l  v a l u e  r e c o r d e d  a f t e r  t he  p o t e n t i a l  h a d  r e -  
m a i n e d  s t e a d y  for  a b o u t  5 min ;  t h e n  the  h y d r o g e n  
flow was  r e d u c e d  aga in  to the  1 b u b b l e / r a i n  ra te .  
The  p o t e n t i a l - t i m e  c u r v e  o b t a i n e d  is s h o w n  in Fig .  3. 
I t  is seen  t h a t  a v a l u e  of + 5 0  m v  was  o b t a i n e d  a f t e r  
abou t  f ou r  days .  

I t  s e e m e d  poss ib le  tha t ,  w i t h  such a v e r y  low h y -  
d r o g e n  flow ra te ,  a i r  cou ld  h a v e  e n t e r e d  the  cel l  
t h r o u g h  the  H.~-outlet t u b e  and  could  h a v e  caused  
the  r i se  to t h e  pos i t i ve  va lues .  To d e t e r m i n e  w h e t h e r  
th is  w a s  t h e  case  or  not ,  pu r i f i ed  h e l i u m  gas  was  
used to s t i r  t he  so lu t ion  r a p i d l y  at  a s t e a d y  ra te .  The  
p o t e n t i a l - t i m e  cu rve  o b t a i n e d  b y  r e p e a t i n g  the  e x -  
p e r i m e n t  us ing  H e - s t i r r i n g  is shown  in Fig .  3. Not  
on ly  does  t h e  p o t e n t i a l  r i s e  to a s t e a d y  v a l u e  of + 5 0  
mv, b u t  also i t  r i ses  fas te r ,  r e a c h i n g  the  50 m v  v a l u e  
in less  t h a n  two  days .  P o t e n t i a l  m e a s u r e m e n t s  w e r e  
t a k e n  b y  s topp ing  the  H e  flow and  us ing  an  H2 flow 
un t i l  t he  p o t e n t i a l  r e m a i n e d  s t e a d y  for  a b o u t  5 min.  
The  m a x i m u m  to t a l  t ime  for  a r e a d i n g  r e q u i r e d  
abou t  15 rain.  

The  h y d r o g e n  con ten t  of t he  p a l l a d i u m  w i r e  t o -  
ro ids  was  d e t e r m i n e d  by  p l ac ing  t h e m  in a k n o w n  
q u a n t i t y  of cer ic  su l f a t e  so lu t ion  (9) ,  s a m p l e s  of 
w h i c h  w e r e  t i t r a t e d  for  cer ic  ion (4) .  These  va lue s  
for  the  h y d r o g e n  con ten t  w e r e  c o m p a r e d  w i t h  those  
d e t e r m i n e d  f r o m  F i s c h e r ' s  r e l a t i o n s h i p  (6, 10) b y  
us ing  r e l a t i v e  r e s i s t ance  m e a s u r e m e n t s  w h i c h  w e r e  
t a k e n  c o n c u r r e n t l y  w i t h  t he  p o t e n t i a l  m e a s u r e m e n t s .  

A p a l l a d i u m  w i r e  t o ro id  w h i c h  h a d  been  c a t h -  
od ized  a n d  w h i c h  h a d  come to a s t e a d y  v a l u e  of zero 
vol t  vs. a P t / H ,  e l ec t rode  was  found  to h a v e  an  H / P d  
a tomic  r a t i o  of 0.63 us ing  cer ic  su l f a t e  so lu t ion  and  
0.67 f r o m  r e l a t i v e  r e s i s t ance  m e a s u r e m e n t s .  This  is 
in a g r e e m e n t  w i t h  t h a t  found  b y  o the r  i nves t iga to r s ,  
e.g. (3) ,  a n d  w i t h  t ha t  r e p o r t e d  for  a P d  e l ec t rode  
wh ich  h a d  been  anod ized  on ly  and  t h e n  p e r m i t t e d  
to r e a c h  a s t e a d y  zero vol t  p o t e n t i a l  vs. P t /H~ 
(3,5,6).  A f t e r  a p r e v i o u s l y  ca thod ized  P d  w i r e  to -  
ro id  on o p e n - c i r c u i t  cond i t ions  h a d  come to a s t e a d y  
v a l u e  of zero  vo l t  vs. P t /H2 in H , - s t i r r e d  2N H~SO, 
solut ion,  t h e  H2-s t i r r ing  was  r e p l a c e d  b y  H e  for  
abou t  72 hr .  Then  the  to ro id  e l e c t r o d e  w a s  r e m o v e d  
f rom the  ac id  so lu t ion  and  p l a c e d  in cer ic  su l f a t e  

so lu t ion  in o r d e r  to d e t e r m i n e  the  h y d r o g e n  con ten t  
of t he  e lec t rode .  D u p l i c a t e  runs  showed  t h a t  t he  
H / P d  a tomic  r a t i o  w a s  e q u a l  to  0.34 even  t h o u g h  
r e l a t i v e  r e s i s t ance  m e a s u r e m e n t s  h a d  g iven  a v a l u e  
of 0.63. This  ag rees  w i t h  the  d a t a  r e p o r t e d  in Fig .  4 
of ref .  (4) .  

These  r e su l t s  m a y  e x p l a i n  t he  conf l ic t ing f indings  
r e p o r t e d  b y  H o a r e  and  S c h u l d i n e r  and  b y  F l a n a g a n  
and  L e w i s  conce rn ing  the  o p e n - c i r c u i t  p o t e n t i a l  vs. 
Pt /H~ of a p r e v i o u s l y  ca thod ized  p a l l a d i u m  e l ec t rode  
in ac id  solu t ion .  As  po in t e d  out  b y  F a l l o n  (8) ,  H o a r e  
and  S c h u l d i n e r  r e d u c e d  the  flow of h y d r o g e n  to e x -  
t r e m e l y  low r a t e s  o v e r n i g h t  (a t  l eas t  16 h r / d a y ) .  
U n d e r  t hese  condi t ions ,  as shown  b y  Fig.  3 of t h i s  i n -  
ves t iga t ion ,  the  p o t e n t i a l  e v e n t u a l l y  does  r e t u r n  to 
+ 5 0  my.  I t  was  also f o u n d  in th is  i n v e s t i g a t i o n  t h a t  
t he  p o t e n t i a l  of those  e l ec t rodes  w h i c h  e x h i b i t e d  
pos i t i ve  po ten t i a l s ,  such as those  p r e s e n t e d  in Fig .  3, 
w o u l d  d r i f t  s l o w l y  to zero if the  v e r y  low H~ flow or  
the  He  flow was  r e p l a c e d  b y  a r a p i d  s t r e a m  of h y -  
d r o g e n  gas. 

In  a n o t h e r  e x p e r i m e n t ,  a P d  w i r e  was  c l e a ned  (7)  
and  w o u n d  as a to ro id  on a p o l y e t h y l e n e  r i n g  w i t h  
P t  leads.  This  e l e c t r o d e  was  soaked  in t r i p l y  d i s t i l l ed  
w a t e r  in a Teflon cel l  for  abou t  48 hr .  The  cel l  was  
e m p t i e d  a n d  the  P d  w i r e  to ro id  sea led  inside.  P u -  
r i f ied d r y  h y d r o g e n  was  passed  t h r o u g h  the  cel l  
un t i l  the  r e l a t i v e  r e s i s t ance  r e a c h e d  a v a l u e  of 
1.61. This  c o r r e s p o n d s  to the  v a l u e  for  f l - P d - H .  In  
a n o t h e r  Teflon cell ,  2N H~SO~ so lu t ion  was  p r e p a r e d  
(7)  and  s a t u r a t e d  w i t h  pur i f i ed  h y d r o g e n  for  a b o u t  
20 rain.  The  g a s - c h a r g e d  ~ - P d - H  to ro id  was  t h e n  
p l aced  in th is  H~-sa tu ra t ed  ac id  solut ion.  A p o t e n t i a l  
of zero vo l t  vs. P t /H~ was  obse rved .  Nex t ,  t he  h y -  
d r o g e n  flow was  r e p l a c e d  b y  h e l i u m  and  these  con-  
d i t ions  w e r e  m a i n t a i n e d  for  abou t  72 hr.  The  r e l a -  
t ive  r e s i s t ance  s t i l l  h a d  a v a l u e  of 1.61. F i n a l l y ,  the  
to ro id  was  r e m o v e d  f rom the  ac id  so lu t ion  and  
p l a c e d  in cer ic  su l f a t e  so lu t ion  in o r d e r  to d e t e r m i n e  
the  h y d r o g e n  conten t .  In  d u p l i c a t e  runs ,  i t  was  
f o u n d  t h a t  t he  H / P a l  a tomic  r a t i o  w a s  0.57. 

I t  is i n t e r e s t i n g  to  no te  t ha t  g a s - p h a s e  c h a r g e d  
f i - P d - H  does no t  lose  h y d r o g e n  in H e - s t i r r e d  H~SO~ 
so lu t ion  w h i l e  e l e c t r o l y t i c a l l y  c h a r g e d  f l - P d - H  does.  
As  r e p o r t e d  b e f o r e  (2)  t he se  two  t y p e s  of f l - P d - H  
have  v e r y  d i f fe ren t  h y d r o g e n  o v e r v o l t a g e  c h a r a c t e r -  
istics.  H o w e v e r ,  once  g a s - c h a r g e d  f l - P d - H  is a n -  
od ized  in ac id  solut ion,  t he  h y d r o g e n  o v e r v o l t a g e  
c ha ra c t e r i s t i c s  become  iden t i ca l  to the  e l e c t r o l y t i -  
c a l l y  c h a r g e d  B - P d - H .  I t  was  sugges t ed  t h a t  a f i lm 
of m o l e c u l a r  H~ gas  t ies  ove r  t he  l a y e r  of  a d s o r b e d  
a tomic  - H  and  tha t ,  w h i l e  c a thod i za t i on  does  no t  
b r e a k  up  th i s  film, a n o d i z a t i o n  does.  

W h e n  an  a n o d i z e d  p a l l a d i u m  e l ec t rode  in h y d r o -  
g e n - s t i r r e d  ac id  so lu t ion  is p u t  on o p e n - c i r c u i t  con-  
d i t ions ,  a toms  of h y d r o g e n  a r e  t r a n s p o r t e d  f r o m  the  
d o u b l e  l a y e r  to t he  e l e c t r o d e  su r f ace  t h r o u g h  a n  a d -  
so rbed  w a t e r  m o l e c u l e  (2) .  These  r e m o v e  a n y  
ox ides  p r e s e n t  t hus  expos ing  a p u r e  p a l l a d i u m  s u r -  
face.  A d s o r b e d  h y d r o g e n  a t o m s  t h e n  p e n e t r a t e  t h e  
m e t a l  sk in  and  a r e  d i s so lved  into  the  b o d y  of t he  
m e t a l  as p ro tons .  S ince  the  p e n e t r a t i o n  of t he  m e t a l  
sk in  is a s s u m e d  to be  the  s low process  (6) ,  h y d r o g e n  
a c c u m u l a t e s  j u s t  ins ide  t he  m e t a l  su r face  to t he  
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m a x i m u m  a - P d  concen t r a t i on  ( H / P d  ~ 0.03) and  a 
po ten t i a l  of 50 m v  more  nob le  t h a n  Pt / t t~  is ob-  
served owing to the a tomic h y d r o g e n  electrode reac-  
t ion  (11). As more  h y d r o g e n  is dissolved, more  Pd  
is conver ted  to the a - P d - H  alloy. Only  w h e n  the 
en t i re  body  of Pd  is conver ted  to the  a -phase ,  wi l l  
the f l -phase nuc lea te  and  it is the l eng th  of the so- 
cal led a - p l a t e a u  (6) ,  observed  in  the  p o t e n t i a l - t i m e  
curves,  tha t  r epresen t s  the  t ime  r equ i r ed  to charge 
the Pd  to a -Pd .  1 The f l -phase t hen  grows f rom n u -  
c leat ion centers  t h r o u g h o u t  the  a -phase  un t i l  an  
H / P d  a tomic rat io of about  0.6 is reached when  the  
solut ion process ceases and  a po ten t i a l  of zero vol t  
vs. Pt/H~ is observed.  

This same charg ing  p rocedure  is a ssumed  to occur 
on p u r e  d ry  Pd me ta l  p laced in  a pu re  d ry  h y d r o -  
gen a tmosphere ,  except  tha t  hyd rogen  molecules  do 
not  have  to displace adsorbed  wa t e r  molecules  and  
the surface  of the final f l - P d - H  al loy ob ta ined  is 
covered wi th  an adsorbed film of molecu la r  h y d r o -  
gen. In  bo th  cases, h y d r o g e n  ceases to be dissolved 
at an  H / P d  atomic rat io of about  0.6. 

If a p a l l a d i u m  electrode is cathodized in  H2-st irred 
acid solut ion,  the solvated  h y d r o g e n  ions are dis-  
charged  f rom the  double  l ayer  to adsorbed a toms on 
the  surface.  As descr ibed above,  the same charg ing  
processes f rom Pd to a - P d - H  to f l -Pd -H  also occur 
here.  However ,  the so lu t ion  process does not  stop at 
H / P d  ~ 0.6, bu t  add i t iona l  h y d r o g e n  m a y  be forced 
into the Pd  e lec t rochemica l ly  at h igh c u r r e n t  dens i -  
ties. I t  has been  suggested (13) tha t  this  add i t iona l  
hyd rogen  en te rs  the Pd  la t t ice  as a tomic hyd rogen  
since it m a y  be possible tha t  the re  is, at  this concen-  
t ra t ion ,  enough  dissolved h y d r o g e n  to form an H l - s  
i m p u r i t y  band.  As a resul t ,  the e lectron is more  
closely associated wi th  this  band  t h a n  wi th  the  Pd  
4 -d  b a n d  (14).  H y d r o g e n  concen t ra t ions  approach-  
ing H / P d  ~ 1 may  be ob ta ined  (15).  Supe r sa tu r a t ed  
f i -Pd -H  alloys are qu i te  u n s t a b l e  and  the addi t iona l  
hyd rogen  is lost r ap id ly  af ter  the cathodiz ing cir-  
cuit  is removed.  Then  if the  H~-flow is replaced by  
He-flow, more  h y d r o g e n  wi l l  be lost t i l l  an  H / P d  
atomic ra t io  ~0.35 is reached.  However ,  an  anodized 
Pd wire  toroid which  had neve r  been  cathodized 
p rev ious ly  and  which had  come to a s teady va lue  
of zero vol t  vs. Pt/H~ was placed in ceric sulfate  
solut ion af ter  the H~-flow had  been  replaced  by  He 
for about  72 hr. The h y d r o g e n  con ten t  so d e t e r m i n e d  
was equa l  to an H / P d  atomic ra t io  of 0.56. Yet, w h e n  
an anodized electrode such as this  is cathodized, the 
f l -Pd -H ob ta ined  has all  the  character is t ics  of elec- 
t ro ly t i ca l ly  charged f l -Pd-H.  

It  appears  f rom the  above work  tha t  f l -Pd -H 
al loys ob ta ined  by  ca thodiza t ion  possess different  
s tab i l i ty  proper t ies  t h a n  those ob ta ined  in other  
ways.  It  is suggested here  tha t  the  f l -Pd -H la t t ice  
fo rmed  e lec t ro ly t ica l ly  is much more  dis tor ted t han  

l i t  m a y  be p o i n t e d  ou t  t h a t  L a c h e r  (17) a nd  Moon  (18) h a v e  
s h o w n  t h a t  a - P d  a l loys  are  h o m o g e n e o u s  so l id  so lu t ions  w h i l e  
these  da ta  sugges t  t h a t  such  a l loys  are  n o n h o m o g e n e o u s  so lu t ions .  
T h i s  d i s c r epancy  is on ly  a p p a r e n t  s ince L a c h e r  a n d  Moon  con-  
s ide red  a-Pal a l loys  in  a h y d r o g e n  e n v i r o n m e n t  w h e r e  t h e  p a r t i a l  
p r e s su re  of the  h y d r o g e n  was  l ow  e n o u g h  (0-'0.026 a tm)  t h a t  a-Pal  
was  the  s t ab le  phase  w i t h  r e spec t  to the  ~-phase .  I n  th i s  i n v e s t i -  
ga t ion ,  t he  p a r t i a l  p r e s su re  of h y d r o g e n  wa s  1 a t m  a nd  in  t h i s  
r e g i o n  t he  f l -phase  is t he  s t ab le  phase  b u t  c a n n o t  nuc l ea t e  u n t i l  
the  mass  of  P d  has  been  c o n v e r t e d  to t he  a -phase .  E q u i l i b r i u m  is 
n e v e r  a c h i e v e d  b e t w e e n  t he  ~ -phas e  a n d  t he  e x t e r n a l  h y d r o g e n  
a t m o s p h e r e  a n d  the  a - p h a s e  ex is t s  on ly  d u r i n g  the  n o n e q u i l i b r i u m  
c h a r g i n g  processes.  

H~H H,, . . . .  .'H H~ / H~ (o) 
/% :o: o , o ,  

(b) H--H H--H 
H--H H-- -iH H--H H--H 

! i 

(c) 

H\/H H X ~'~ 
HXO/ 0 0 

I ' / \  
H + s/z~s~ + z ~  H H 

: - - H  (H---H ~ Hi. I : '~" HFI 
Pd- - - 

Fig. 4. Suggested possible mechanisms for the solution of 
hydrogen by palladium. Full lines represent stable bonds; 
dotted, bonds being formed or being broken. Water is ad- 
sorbed with H's next to Pd atoms since the potential at zero 
charge is positive to Pt/H2 (2) and therefore a pure Pd surface 
has a negative charge. The hydrogen symbot, H, in step 4 of 
(a) and (b) inside the Pd metal represents o proton; the elec- 
tron has been donated to the metal d-band. (a) Adsorption of 
hydrogen by previously anodized Pd from H=-stirred acid solu- 
tion by complexing with an adsorbed water, an open circuit. 
(b) Dry gaseous Ha is adsorbed on dry Pd giving o Pd-H alloy 
whose surface is covered with an adsorbed layer of molecular 
hydrogen. (c) Discharge of o solvated proton on a gas charged 
~-Pd-H cathode; the adsorbed H2 in step 3 can be desorbed as 
a free H~-molecule or adsorbed as two H-atoms shown in 
step 4. 

t ha t  formed f rom gas phase  charg ing  due to the 
fo rma t ion  of the  super  sa tu ra t ed  B-phase. It  m a y  be 
possible tha t  this  ex t ra  d i s tor t ion  could modi fy  the 
r e l a t ive  posi t ions and  wid ths  of the  s-  and  d - b a n d s  
in  such a w a y  tha t  the free ene rgy  is lowered  by  
loss of hyd rogen  to an H / P d  a tomic  rat io of about  
0.35 only for the case of the electrolytically charge 
fi-Pd-H in acid solution in the absence of hydrogen 
or oxidizing agents. 

Gas-phase charged fl-Pd-H alloys cannot be con- 
verted to electrolytically charged fl-Pd-H by cath- 
odization alone because the adsorbed molecular hy- 
drogen film prevents supersaturation of the alloy 
as shown by hydrogen overvoltage measurements 
(2). If, however, this film is destroyed by pre- 
anodization, then subsequent cathodization will re- 
sult in a fl-Pd-H alloy possessing all the properties 
of the electrolytically charged alloy (Fig. 4). 

After the cathodizing current has been removed 
from certain palladium cathodes, the potential vs. 
Pt/H~ swings to positive values before returning to 
the steady value of zero volt. Conceivably, this 
might be explained as follows. When the cathodizing 
circuit is broken, hydrogen above an H/Pd ~ 0.6 
is lost rapidly by the supersaturated fi-phase. Since 
the lattice is highly distorted and since there is, 
without doubt, a readjustment of the partial pres- 
sure of hydrogen at points on the surface and within 
the metal itself, further hydrogen may be lost by 
i ne r t i a  which is s lowly res tored  a f te rward ,  g iv ing  
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the  o b s e r v e d  swing  to pos i t i ve  p o t e n t i a l s  w i t h  a 
s u b s e q u e n t  d r i f t  to zero. The  b e h a v i o r  of such  e lec -  
t r odes  has  been  e x p l a i n e d  b y  F a l l o n  (8)  in t e r m s  of 
the  th i ckness  of t he  d i f fus ion l a y e r  a t  t he  e l ec t rode  
su r f ace  as a func t ion  of t he  s t i r r i n g  ra te .  

I t  m a y  be  m e n t i o n e d  he re  t h a t  the  s o - c a l l e d  a - P d  
r e f e r e n c e  e lec t rode ,  ( P d - H ) a / H ~ O  § used  b y  S c h u l -  
d i n e r  (14, 16) is a good r e f e r e n c e  e lec t rode .  This  is 
t r ue  s ince such an  e l e c t r o d e  is p r e p a r e d  f r o m  an 
anod ized  P d  w i r e  p l aced  in a h y d r o g e n  a t m o s p h e r e  
and  i t  has  been  shown  (6) t h a t  such an e l ec t rode  
wi l l  m a i n t a i n  a s t e a d y - s t a t e  p o t e n t i a l  of 50 m v  vs. 
Pt /H. ,  for  pe r i ods  of t i m e  up  to 48 h r  or more .  I f  t he  
w i r e  had  been  ca thod ized ,  th is  w o u l d  not  h a v e  been  
t rue .  Also,  S c h u l d i n e r ' s  m e a s u r e m e n t s  w e r e  m a d e  
w i t h i n  8 h r  so t ha t  th is  r e f e r e n c e  e l ec t rode  s y s t e m  
ac t ed  as  t h o u g h  it  w e r e  at  e q u i l i b r i u m .  

Summary 
1. f i - P d - H  a l loys  m a y  be  o b t a i n e d  b y  a l l o w i n g  

a p u r e  s a m p l e  of p a l l a d i u m  to abso rb  h y d r o g e n  
e i t he r  in a d r y  s t a t e  f r o m  a gaseous  h y d r o g e n  a t m o s -  
p h e r e  or  in h y d r o g e n - s t i r r e d  ac id  so lu t ions  a f t e r  t he  
p a l l a d i u m  had  been  anodized .  These  a l loys  a r e  s t ab l e  
(do  not  lose h y d r o g e n )  as long as a l l  ox id iz ing  
agen t s  a r e  absen t ,  even  if  t h e  h y d r o g e n  a t m o s p h e r e  
is r emoved .  

2. f l - P d - H  a l loys  m a y  also be  o b t a i n e d  e l e c t r o -  
l y t i c a l l y  b y  ca thod iz ing  the  p a l l a d i u m  in H , - s t i r r e d  
acid  solut ions .  These  a l loys  a r e  s t ab le  on ly  in  a h y -  
d r o g e n  a t m o s p h e r e  p r o v i d e d  ox id iz ing  agen t s  a r e  
absen t .  I f  t he  h y d r o g e n  a t m o s p h e r e  is r e m o v e d  these  
a l loys  lose  h y d r o g e n  un t i l  an  H / P d  a tomic  r a t i o  of 
a b o u t  0.35 is r eached .  If  t he  h y d r o g e n  a t m o s p h e r e  
is r e t u r n e d ,  t he  a l loy  wi l l  r e g a i n  h y d r o g e n  t i l l  t he  
H / P d  a tomic  r a t i o  aga in  r eaches  a b o u t  0.6. I t  is sug -  
ges t ed  t ha t  th is  b e h a v i o r  is d u e  to the  h i g h l y  d i s -  
t o r t e d  l a t t i c e  caused  b y  the  e l e c t r o c h e m i c a l l y  p r o -  
d u c e d  s u p e r s a t u r a t e d  f l -Pd- .H a l loys  d u r i n g  c a t h -  
odiza t ion .  

3. f l - P d - H  a l loys  o b t a i n e d  f r o m  anod ized  P d  in 
H~-s t i r red  ac id  so lu t ions  can be  c o n v e r t e d  to t he  
e l e c t r o l y t i c a l l y  c h a r g e d  a l loy  b y  ca thod i za t i on  s ince 
t he  s u p e r s a t u r a t e d  a l loy  is f o r m e d  in the  process .  
U n l i k e  f i - P d - H  o b t a i n e d  f r o m  anod ized  Pd,  t h a t  ob -  
t a i n e d  b y  d r y  gas phase  c h a r g i n g  possesses  a p r o -  

t ec t i ve  h y d r o g e n  f i lm w h i c h  p r e v e n t s  the  f o r m a t i o n  
of the  s u p e r s a t u r a t e d  l a t t i ce  d u r i n g  c a thod i za t i on  
and  t h e r e b y  p r e v e n t s  the  c onve r s ion  to the  e l ec -  
t r o l y t i c a l l y  c h a r g e d  a l loy.  H o w e v e r  if th is  p r o t e c t i v e  
f i lm is d e s t r o y e d  b y  p r e - a n o d i z a t i o n ,  t h e n  c a t h o d i -  
za t ion  does  c onve r t  gas  c h a r g e d  /3 -Pd-H to e l e c t r o -  
l y t i c a l l y  c h a r g e d  f l - P d - H .  
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ABSTRACT 

A kinetic s tudy was made of the formation of very thin anodic oxide films 
on niobium at constant  current  over the temperature  range --10 ~ to 70~ For-  
mat ion  voltages were l imited to the range below the oxygen evolution poten- 
tial to el iminate possible interact ion of an electronic component  of the current  
with the measured formation field. It  was found that  the measured tempera-  
ture  dependence of Tafel slope agreed with that  predicted by the theory of 
Mott and Cabrera. Using this theory, a zero field interfacial  barr ier  height of 
1.19 ev and barr ier  ha l f -width  of 2.40A were obtained. Values of the differential 
formation field are reported at current  densities of 1000, 100, 10, and 1 ~a/cm ~ 
at ten  degree intervals  over the temperature  range studied. 

Severa l  inves t iga tors  (1-3) ,  w o r k i n g  wi th  t a n t a -  
lum,  n iob ium,  and  z i rconium,  respect ively ,  have  r e -  
por ted  an  essen t ia l ly  t e m p e r a t u r e - i n d e p e n d e n t  Tafe l  
slope in  the k ine t ics  of fo rma t ion  of anodic  oxide 
films on these  metals .  

The i r  resul ts  are therefore  no t  in  ag r eemen t  wi th  
the s imple  s i n g l e - b a r r i e r  theory  of Mott  and  Cabre ra  
(4, 5), bu t  Dewald ' s  theory  (6) which  incorpora tes  
the a s sumpt ion  of ionic space charge  fo rma t ion  in 
the oxide film is capable  of e x p l a i n i n g  the  anomalous  
t e m p e r a t u r e  dependence .  ~ 

These inves t iga tors  worked  wi th  oxide films r a n g -  
ing in  th ickness  f rom severa l  h u n d r e d s  to severa l  
t housands  of angs t roms.  U n d e r  these  condi t ions  it  is 
p robab le  tha t  a space charge is es tab l i shed  in  the  
s teady state;  some e x p e r i m e n t a l  ev idence  for the  
presence  of space charge  has been  ob ta ined  by  
Young  (7) .  

The M o t t - C a b r e r a  theory  for fo rma t ion  of ve ry  
t h i n  oxide films on meta l s  con ta ins  the  a s sumpt ion  
t ha t  no  space charge  is es tab l i shed  in  v e r y  t h in  films 
( ~ 1 0 0 A ) .  Wi th  the add i t iona l  a s sumpt ions  tha t  the 
r a t e - d e t e r m i n i n g  step in  the fo rma t ion  of the oxide 
is the h igh-f ie ld  m ig ra t i on  of me ta l  ions f rom act ive  
surface sites on the me ta l  across a m e t a l - o x i d e  i n t e r -  
facial  po ten t i a l  ene rgy  ba r r i e r  of height ,  ~b, and  
ba r r i e r  ha l f -w id th ,  b, into in t e r s t i t i a l  posi t ions in  
the i n s u l a t i n g  oxide film, the  fo l lowing equa t ion  is 
der ived:  

r kT 
F -  ~- - - l n  ( I /Ao)  [1] 

bq bq 

w h e r e  F is the  e lectrosta t ic  field ac t ing  across the  
oxide film, q is the  charge per  me ta l  ion, I is the  
ionic c u r r e n t  densi ty ,  m~ is the  surface  concen t r a -  
t ion  of me t a l  ions a t  ac t ive  sur face  sites on the  metal .  
V~ is the  v i b r a t i o n a l  f r e q u e n c y  of a surface  me t a l  
ion, and  Ao = qmB v,. 

1 p r e s e n t  address: D e p a r t m e n t  of  Pe d i a t r i c s ,  U n i v e r s i t y  of Ore-  
g o n  M e d i c a l  School ,  P o r t l a n d ,  Oregon.  

e Th i s  theory  cannot,  h o w e v e r ,  account  for certain characterist ics  
of transients  w h i c h  h a v e  been  o b s e r v e d  w i t h  these  ox ide  f i lms.  

640 

The a im of the  p resen t  work  was to test  this  
theory  wi th  an  appl icable  system, name ly ,  for the 
growth  of v e r y  th in  anodic  oxide films in which  the 
meta l  ion is the  mobi le  species in  an  o therwise  in -  
su la t ing  film2 

Experimental 
The e x p e r i m e n t a l  t echn iques  employed  in this 

work  have  been  descr ibed p rev ious ly  (8, 9). 

Electrodes  were  made  up  f rom 1/2-in. annea l ed  
n i o b i u m  rod (Fans tee l  research  grade)  cut into 
l~_in, lengths ,  each fitted w i th  a ver t ica l  brass  rod 
for h a n d l i n g  and  electr ical  contact.  This  assembly  
was t hen  masked  wi th  six i nd iv idua l  coat ings of 
baked  F o r m v a r  enamel .  The  p lane  c i rcu la r  face of 
each e lect rode was exposed by  abras ion,  to give a 
n o m i n a l  area  of 1.265 cm ~. 

Elect rode surfaces were  p repared  in i t i a l ly  on a 
me ta l log raph ic  pol i sh ing  whee l  wi th  No. 280 and  
No. 600 gr i t  a l u m i n u m  oxide abras ive  s lur r ies  and  
finished with Linde B polishing alumina, to a highly 
reflecting surface. Electrodes were repolished after 
each run with polishing alumina. 

The electrolyte was made up of 0.1N H_~SO~ in 35% 
ethyl alcohol. This electrolyte was also used in the 
mercury-mercurous sulfate reference electrode. The 
solution was stirred mechanically during each run 
and renewed every 8 hr. Temperature was regulated 
to w i t h i n  •176  over the  r ange  --10 ~ to 70~ wi th  
a W i l k e n s - A n d e r s o n  re f r ige ra ted  cons tan t  t e m p e r a -  
tu re  bath .  

C u r r e n t  densi t ies  f rom 1 to 100 ~a/cm" were  r egu-  
la ted to w i t h i n  ---0.5% wi th  an  e lect ronic  cu r r en t  
r egu la to r  descr ibed p rev ious ly  (10).  C u r r e n t  dens i ty  
of 1000 ~ a / c m  ~ was  r egu la t ed  e lec t ron ica l ly  wi th  a 
r egu la to r  descr ibed  by  Tee te r  (11).  C u r r e n t  was 
m e a s u r e d  to w i t h i n  0.5% wi th  a Wes ton  precis ion 
low res is tance  mic roammete r ,  model  627. Voltage 
was recorded  on a L&N A Z A R  recorder  us ing  the i r  

I t  is a s s u m e d  t h a t  t he  n i o b i u m  ion ,  because  of i ts  s m a l l  size, is 
the mobi le  species  in the ox ide  f i lm (2). The  g l a s s y  f i lm has  an 
e x t r e m e l y  low electronic  conduct iv i ty  (2). 



Vol .  107, No.  7 TEMPERATURE DEPENDENCE OF TAFEL SLOPE 641 

model  7664-N elect ronic  mi l l i vo l tme te r  as a h igh-  
i n p u t - i m p e d a n c e  preampl i f ier .  

Runs  m a d e  at 1.0 /~a/cm -~ were  ob ta ined  by  first 
po lar iz ing  at  100 /~a/cm ~ and  then  d ropp ing  back to 
1.0 /~a/cm ~ on the same electrode surface.  It  was 
observed tha t  there  was cons ide rab ly  more  scat ter  
among  the  i nd iv idua l  fo rma t ion  ra tes  for these runs  
t h a n  for r u n s  made  at h igher  c u r r e n t  densit ies.  ~ 

Al l  vol tage  m e a s u r e m e n t s  were  l imi t ed  to the  
range  be low the  po ten t i a l  for r evers ib le  evo lu t ion  of 
oxygen.  By res t r i c t ing  vol tage  m e a s u r e m e n t s  to 
this range,  possible compl ica t ions  i nvo lv ing  the  ac- 
t ion  of e lect ronic  c u r r e n t  on the observed field are 
avoided, since the ionic c u r r e n t  efficiency is t hen  
uni ty .  

Results 

If Eq. [1] is obeyed,  a plot  of field vs. absolu te  
t e m p e r a t u r e  should be l inear  for cons tan t  c u r r e n t  
runs ,  and  the  slopes of the  regress ion  l ines  should 
increase  wi th  increas ing  cu r r en t  densi ty .  In  addi t ion  
the  l ines should  ex t rapo la te  to a common  in tercept ,  
r  at the  absolu te  zero of t empera tu re .  

E q u i v a l e n t  s t a t emen t s  are tha t  the Tafe l  slope, 
[~F/~ in  I]~, should v a r y  in  di rect  p ropor t ion  to the  
absolute  t empe ra tu r e ,  or tha t  the ba r r i e r  ha l f -wid th ,  

b ,  should r e m a i n  cons tan t  wi th  t empe ra tu r e .  
The resul t s  of this  inves t iga t ion  are p r e sen t ed  in  

Table  I and  in Fig. 1. 
Each po in t  is the average  of at least five i n d i v i d u a l  

runs .  The l ines shown are the least  square  regress ion  
lines. Equa t ions  for these lines,  wi th  s t a n d a r d  de-  
v ia t ions  of slopes and  in te rcep ts  are as follows: 

F~ooo = (9.88 • 0.16 • 10 ~) --  (1.65 • 0.06 • 10 ' )T 
F~oo = (9.91 _ 0.27 X 10 ~) -- (1.80 _ 0.09 • 10~)T 
FI,, = (10.00 • 0.26 • 10 ~) -- (2.02 • 0.09 • 10 ' )T  
F I =  (11.15 • 0.44 • 10 ~) - -  (2.59 _ 0.15 • 10 ' )T 

The b a r r i e r  ha l f -w id th ,  b, was  ca lcula ted  f rom 

Tafel  slopes [ob ta ined  f rom the  regress ion  l ines as 
(F .... -- F~o)/4.606], a s suming  a p e n t a v a l e n t  n i o b i u m  
ion. Values  of b so ob ta ined  r anged  f rom 2.44 to 
2.36A, wi th  a m e a n  of 2.40A. 

4 W h e n  m a k i n g  a 1.0 /za/cm~ r u n  t h e  e l e c t r o d e  is  i m m e r s e d  con-  
t i n u o u s l y  for, an  i n t e r v a l  of  m o r e  t h a n  a n  h o u r .  A t  t h e  h i g h e r  
t e m p e r a t u r e s  i t  b e c a m e  n e c e s s a r y  to r e c o a t  t h e  e l e c t r o d e  on one  
occas ion  b e c a u s e  g ross  l e a k a g e  h a d  d e v e l o p e d  b e t w e e n  t h e  e n a m e l  
m a s k  a n d  t h e  r i m  of t h e  e l e c t r o d e  face .  S l i g h t  l e a k a g e  of t h i s  so r t  
w o u l d  g i v e  f i e ld  v a l u e s  t h a t  w e r e  too l o w  a t  t h e  h i g h e r  t e m p e r -  
a t u r e s .  T h e  1.0 /~a/cm=" r u n s  w o u l d  be  a f f e c t e d  to  t h e  g r e a t e s t  
e x t e n t ,  b e c a u s e  of t h e  p r o t r a c t e d  i m m e r s i o n  t i m e s  r e q u i r e d  a n d  
t h e  g r e a t e r  p e r c e n t a g e  e f fec t  fo r  a g i v e n  l e a k a g e .  

Table I. Variation of field with current and temperature in the 
formation of very thin anodic oxide films on niobium 

F1 • 10 -6, F]oX I0 -~, F10oX 10 -6, F~0o0 • 10 -6, 
T,  ~  v c m  -1 v c m  -1 v c m  -1 v cm -1 

263 4.19• 4.62• 5.09• 5.53• 
273 4.06• 4.47• 4.97___0.04 5.41-~0.05 
283 3.92• 4.32• 4.89___0.01 5.17• 
293 3.67• 4.09___0.03 4.73___0.02 4.97• 
303 3.23• 3.97• 4.46___0.01 4.88• 
313 3.03• 3.78___0.01 4.17• 4.75~0.04 
323 2.90--+0.07 3.51• 4.07• 4.59• 
333 2.51• 3.23• 3.87• 4.38• 
343 2.12• 3.01• 3.75• 4.17• 

O x i d e  d e n s i t y ,  5 g c m ~  (2 ) .  
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Fig. 1. T e m p e r a t u r e  dependence o f  f i e l d  at  1000,  100, 
1 O, and 1 /~a/cm 2. 

Using the m e a n  h a l f - j u m p  distance,  2.40A, and  
the  m e a n  in t e rcep t  of the f i e l d - t e m p e r a t u r e  r e -  
gression l ines  for the  th ree  h ighes t  cur rents ,  9.91 x 
106 v cm -1, the  in te r fac ia l  b a r r i e r  height ,  4, is 1.19 
e v .  

F r o m  the  slopes of the  regress ion  l ines  at each 
c u r r e n t  densi ty ,  Ao can be de te rmined .  The r e su l t -  
ing va lues  are 1.0, 0.9, 1.9, and  500 x l0  t amp  cm -~, in  
order  of decreas ing  c u r r e n t  densi ty .  

T a k i n g  m~ ~ 8 x l f f  4 a toms cm -~ and  V~ = 10 TM sec -1 
(2) ,  one computes  Ao ~ 6 x 10" amp cm -2, which  is 
sat isfactory,  since m~ m a y  be cons ide rab ly  less t h a n  
the va lue  es t ima ted  f rom the  dens i ty  of the  meta l .  

Discussion 

The p resen t  inves t iga t ion  indicates  tha t  the  ob-  
served t e m p e r a t u r e  dependence  of Tafe l  slope for 
g rowth  of v e r y  t h in  anodic oxide films on n i o b i u m  is 
i n t e r p r e t a b l e  on the  M o t t - C a b r e r a  theo ry  for for-  
ma t ion  kinet ics  of such anodic  films. P rev ious  s tudies  
on n iob ium,  repor ted  by  Young  (11) were  made  
wi th  thicker ,  h igh  vol tage  films. Those resu l t s  are 
anomalous  on the M o t t - C a b r e r a  theory  in  tha t  the  
b a r r i e r  ha l f - w i d t h ,  b, was  found  to be t e m p e r a t u r e  
dependen t .  The p resen t  resul ts  are not  cont radic tory ,  
however ,  s ince tha t  inves t iga t ion  was made  wi th  
h i g h - v o l t a g e  films. 

Values  of d i f ferent ia l  f o rma t ion  field g iven  in  
Table  I are  in  genera l  a g r e e m e n t  (except  for smal l  
differences in  t e m p e r a t u r e  coefficients) wi th  those of 
Young  (11) whose work  was  done wi th  chemica l ly  
pol ished electrode surfaces and  th ick  films. A b a r r i e r  
ha l f -wid th ,  b, of 2.40A ob ta ined  in the  p resen t  work  
is smal le r  t h a n  e i ther  of the  va lues  a--~ 4.2A, b--~ 
3.1A repor ted  by  Young  on the  Dewald  theory  bu t  
is in  good a g r e e me n t  w i th  the  2.42A repor t ed  b y  
Vermi lyea  (12) for s t eady- s t a t e  measu remen t s .  

Runs  t a ke n  at the  lowest  c u r r e n t  dens i ty  were  no t  
used in  the  e v a l u a t i o n  of ~ and  b. Cons ide rab ly  less 
precis ion was ob ta ined  wi th  these runs ,  bo th  in -  
d iv idua l l y  and  in  the fit to the regress ion  line.  

For  the  r e m a i n i n g  data,  va r i a t i on  in  Tafe l  slope 
wi th  c u r r e n t  dens i ty  is of the  same m a g n i t u d e  as the  
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s t a n d a r d  devia t ions  of slope. The t r end  wi th  t e m -  
pera tu re ,  however ,  is un id i rec t iona l .  Also the th ree  
in te rcep ts  agree  w i t h i n  the i r  respec t ive  l imi ts  of 
error .  

The  precis ion ob ta ined  in  this  inves t iga t ion  is 
less t h a n  tha t  for s imi la r  m e a s u r e m e n t s  on h igh -  
vol tage  films (2) .  Never the less  it is felt  tha t  the r e -  
sults  ob ta ined  are s ignif icant  and  adequa t e ly  ex-  
p la ined  by  the  M o t t - C a b r e r a  theory.  

The  gene ra l  a g r e e m e n t  b e t w e e n  fo rma t ion  fields 
for bo th  low-  and  h igh -vo l t age  anodic  oxide films 
ob ta ined  in  the p resen t  work  is con t r a ry  to wha t  
was observed  p rev ious ly  wi th  z i r con ium (8).  This  
ag r eemen t  w i th  n i o b i u m  is p r o b a b l y  due  to the  fact 
tha t  the  ionic cu r r en t  efficiency is essen t ia l ly  100% 
for pol ished n i o b i u m  over  the comple te  vol tage  
r ange  (2) .  There  is the re fore  no depress ion  of field 
due to e lect ronic  leakage,  as repor ted  for z i r con ium 
(8).  

The  a g r e e m e n t  ob ta ined  be tween  low-  and  h igh -  
vol tage  p a r a m e t e r s  aga in  confirms the a s sumpt ion  
(7) tha t  oxide film fo rma t ion  occurs at u n i t  c u r r e n t  
efficiency over  the  l o w - p o t e n t i a l  r ange  be low oxy-  
gen evolut ion .  
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High Current Electronic Interrupter for the 
Study of Electrode Processes 

W. E. Richeson ~ and M. Eisenberg ~ 

Stanford Rvsearch Institute,, Menlo Park, California 

ABSTRACT 

The design of a fast, high current  in te r rupter  capable of handl ing up to 5 
amp is presented. Through small modifications even larger currents  can be 
handled. The electronic in te r rup te r  is exceptionally versatile, has a short rise 
time, a variable output  current,  and a switching rate from 500 cycles per second 
to any longer period desired. In te r rup t ion  periods as short as 1.6 microseconds 
were found to be quite practical. The high speeds, short rise times, and sizable 
currents  make this in te r rup te r  an outs tanding device compared to past efforts 
in this field. The applications of the in te r rup te r  in the field of electrochemical 
kinetics are i l lustrated through exper imental  work. Potent ia l - t ime traces for 
anodic dissolution of t i tan ium were studied. 

Po la r i za t ion  can be m e a s u r e d  f u n d a m e n t a l l y  in  
two di f ferent  ways.  In  add i t ion  to the direct  method  
invo lv ing  m a n y  forms of l iqu id  j u n c t i o n  to a re f -  
e rence  e lect rode and  in which  the c u r r e n t  is m a i n -  
t a ined  cons tan t  d u r i n g  the  m e a s u r e m e n t ,  methods  
are ava i l ab le  to measu re  the  po ten t ia l  of a w o r k i n g  
electrode aga ins t  a su i t ab le  re fe rence  e lect rode d u r -  
ing a short  i n t e rva l  fo l lowing i n t e r r u p t i o n  of the 
e lec t ro lyz ing  cur ren t .  The  chief advan t age  of a pulse  
i n t e r r u p t e r  me thod  is t ha t  it  a l lows e l i m i n a t i o n  of 
the IR-d rop  invo lved  b e t w e e n  the work ing  electrode 
and  the re fe rence  electrode.  This becomes p a r t i c u -  
l a r ly  i m p o r t a n t  w h e n  the  geomet ry  of the  cell or 
changes  in  the  e lect rolyt ic  conduc t iv i ty  in the 
b o u n d a r y  l ayer  at the  e lect rode are such tha t  cor-  
rec t ions  and  pred ic t ions  of IR drops are  not  ve ry  

1 P r e s e n t  a d d r e s s :  F a r n s w o r t h  E lec t ron ic s ,  F o r t  W a y n e ,  I n d i a n a .  
P r e s e n t  a d d r e s s :  L o c k h e e d  Miss i l e s  a n d  S p a c e  D i v i s i o n ,  S u n n y -  

va le ,  C a l i f o r n i a .  

certain.  In  add i t ion  to offering a method  for the  
e l imina t ion  of the  IR drop corrections,  the i n t e r -  
r u p t e r  gives severa l  o ther  types  of i n fo rma t ion  abou t  
the  reac t ion  process. For  ins tance ,  f rom the decay 
curve  of the po la r iza t ion  po ten t i a l  of the w ork ing  
electrode,  deduc t ions  about  the n a t u r e  of the process 
(whe the r  it is u n d e r  ac t iva t ion  control  or u n d e r  
mass  t r ans fe r  cont ro l )  can be made.  F r o m  the in i t i a l  
slope of such decay curves  one can also ca lcula te  
the  pseudo-capac i ty  of the  electrode. The l a t t e r  
offers a basic tool for s tudy ing  the  double  layer  and  
diffused double  l ayer  [according to S te rn ' s  t heo ry  
(1 ) ] .  Thus, i n t e r r u p t e r s  are v e r y  i mpor t a n t  r e -  
search tools y ie ld ing  i m p o r t a n t  i n fo rma t ion  abou t  
electrode processes f rom both the  e q u i l i b r i u m  and  

the  k ine t ic  po in t  of view. 
The first m o d e r n  electronic  i n t e r r u p t e r  was de-  

scr ibed by  Hick l ing  (2) in  1937. This device, h o w -  
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ever,  was  sti l l  compa ra t i ve ly  slow and  l imi ted  to 
cu r ren t s  of the order  of 10-50 ma. Schu ld ine r  and  
Whi te  (3) ob ta ined  c u r r e n t  i n t e r r u p t i o n s  by  app ly -  
ing a d i sab l ing  pulse  to one side of a diode which  
was in  series wi th  the e lect rolyt ic  cell and  a cu r r e n t  
source. The  c u r r e n t  capab i l i t y  was in  the  order  of a 
few mi l l i amperes .  More recent ly ,  Drossbach  (4) 
used t h y r a t r o n s  to i n t e r r u p t  the cu r r en t  in  a circui t  
con ta in ing  an  e lect rolyt ic  cell and  a c u r r e n t  source. 

Bre i te r  and  Volkl  (5) found,  however ,  sys temat ic  
errors  in  both  t h y r a t r o n  i n t e r r u p t e r  devices of H ick -  
l ing  and  Drossbach.  T h r o u g h  the  use of ca l ib ra ted  
i npu t  pulses  they  found  tha t  the er ror  in  amp l i t ude  
of the appl ied  pulse  as shown  by  the m e a s u r i n g  
t h y r a t r o n  increases  as the  wid th  of the appl ied  pulse  
n e a r  the peak  decreases. The re la t ionsh ip  is a lmost  
l inear .  For  this  reason the t h y r a t r o n  device was 
found  to be more  re l iab le  for r e c t a n g u l a r  i npu t  
pulses  t h a n  for s inusoida l  or other  t r a n s i e n t  forms. 
The sys temat ic  e r ror  is p a r t i c u l a r l y  la rge  at low 
values  of potent ia ls .  A sl ight  decrease in  the sys-  
t emat ic  e r ror  can be achieved by  increas ing  the  
anode gr id po ten t ia l  above 300 v. However ,  this  in -  
t roduces  add i t iona l  difficulties in  f luctuat ions  of the 
firing po in t  of the  t hy ra t ron .  In  addi t ion  to these 
difficulties r e su l t ing  f rom the  use of t hy ra t rons ,  the  
3 circui ts  descr ibed above were  l imi ted  by  the  type  
of c u r r e n t  i n t e r rup t i ons  which  could be obta ined,  as 
wel l  as by  the  level  of c u r r e n t  tha t  can be handled .  

The e lec t ronic  i n t e r r u p t e r  descr ibed in  this  paper  
avoids the  use of t h y r a t r o n  tubes  and  employs  an 
electronic  switch consis t ing essent ia l ly  of a n u m b e r  
of type  6AS7 v a c u u m  tubes  opera t ing  in  paral le l .  
As descr ibed here,  the i n t e r r u p t e r  is capable  of 
h a n d l i n g  up  to 5 amp and  p e r f o r m i n g  m a n y  differ-  
en t  types  of i n t e r rup t ions .  The "on"  and  "off" t imes 
and  swi tch ing  f r equency  can be var ied  prac t ica l ly  
at will .  F u r t h e r m o r e ,  by  add i t ion  of more  tubes  in 
pa ra l l e l  the  c u r r e n t  capaci ty  of the  i n t e r r u p t e r  can 
be increased  wi thou t  i nvo lv ing  other  ma jo r  changes.  

Design Considerations 
The i n t e r r u p t e r  mus t  act l ike a nea r  perfect  

swi tch which  can open and  close r ap id ly  w i thou t  
ex t r aneous  t rans ien t s .  The device mus t  have  a va r i -  
able conduc t ion  level  and  m u s t  be capable  of i m-  
posing a c u r r e n t  f unc t i on  upon  some specified 
s t eady- s t a t e  cu r r en t  level.  The level  of opera t ion  
m u s t  be  f rom a few mic roamperes  to la rge  values ,  
e.g., 5 amp. The per iod of conduc t ion  or no conduc-  
tion, the  ra t io  b e t w e e n  conduc t ion  and  n o n c o n d u c -  
t ion  periods,  and  the f r equency  of opera t ion  of the 
i n t e r r u p t e r  should be va r i ab l e  over  ve ry  wide  l imits .  

The me thod  selected was  one in which  an  e lec t ron 
tube  or a group of pa ra l l e l  e lec t ron  tubes  is placed 
in  series wi th  an  e lect rolyt ic  cell and  a ba t t e ry .  This 
e lect ronic  switch is cont ro l led  by  a pulse  genera tor  
which  has  a ve ry  low ou tpu t  impedance  (30 ohms)  
and  a d-c  coupling.  The pulse  genera to r  has a f unc -  
t ion  gene ra to r  input .  This  por t ion  of the  c i rcui t  acts 
l ike a power  amplif ier  which  controls  the  e lectronic  
switch so tha t  special  pu lse  func t ions  can  be used. 
Prov is ion  is made  for a po ten t i a l  source and  a m e r -  
cu ry  switch so tha t  the  e lect ronic  switch wi l l  have  
a step func t i on  appl ied  to it  which  is cont ro l led  by  a 

push  bu t ton .  A th i rd  provis ion  is for a t ime  s t a n d a r d  
to be connected  to the pulse  genera tor .  This  s t a n d a r d  
dr ives  a pulse  gene ra t i ng  c i rcui t  so as to genera te  
symme t r i c a l  or a s y m m e t r i c a l  pulses  to cont ro l  the 
e lect ronic  switch over  ve ry  wide  l imi ts  (1 ~sec to a 
few t en ths  of a second i n t e r va l s ) .  Also on this  
chassis is the  provis ion  to v a r y  the  a mp l i t ude  of the  
s ignal  and  the level  of the d.c. to the  e lec t ronic  
switch.  

The  effect of s t r ay  p ickup  wou ld  be to in t roduce  
noise  and  ex t r aneous  s ignals  in to  the data.  W h e n  a 
c u r r e n t  is i n t e r r u p t e d  the  c i rcui t  i mpe da nc e  becomes 
large  and  it  m a y  of ten  become difficult to reduce  
s t ray  pickup.  Due  to the  fact tha t  the  i n p u t  im-  
pedance  of the  m e a s u r i n g  a ppa r a t u s  is l a rge  (10 
megohms  in  this  case),  so as to p r e v e n t  loading,  the  
noise p ickup  p ic tu re  becomes worse. The  solut ion is 
to m a k e  leads short  and  keep all act ive por t ions  of 
the  c i rcui t  wel l  shielded. Special  p recau t ions  m u s t  
be  t a ke n  in  order  to p r e v e n t  capac i t ive ly  loading  
high impedance  por t ions  of the  c i rcui t  by  sh ie ld ing  
these por t ions  too t ight ly .  Special  p recau t ions  mus t  
be  t a ke n  te p r e v e n t  g r o u n d i n g  loops and  to hold 
s t r ay  i nduc t ance  to a m i n i m u m .  Large  d iameter ,  
low resis tance,  low i n d u c t a n c e  leads  were  used 
w h e n  possible. In  some cases coaxial  and  twis ted  
leads to ca r ry  cu r ren t s  hence  and  for th  were  used in  
order  to reduce  the i nduc t ance  of the sys tem and  to 
reduce  r ad ia t ion  or s t ray  pickup.  Some por t ions  of 
the  c i rcui t  we re  by -passed  w i th  capaci tors  to reduce  
the i r  i nduc t ive  effects. P ow e r  l ine  va r i a t i ons  and  
noise were  reduced  by  us ing  v o l t a g e - r e g u l a t e d  
t r a n s f o r m e r s  and  filters. 

Design of Mode of Operation 
Power supply.--Figure 1 shows the c i rcui t  of the  

power  supp ly  which  feeds d-c  power  to the  vol tage  
r egu la t ion  ci rcui t  of Fig. 2. The  power  supp ly  is 
des igned to supp ly  400 v d.c. at  1,000 ma. The  vo l t -  
age r egu la to r  (Fig. 2) has tubes  V,,, VI,, V~7, and  VI~ 
in  pa ra l l e l  which  gives a to ta l  of 8 t r iode sections of 
the  6AS7 va r i e ty  and  can i n d i v i d u a l l y  pass 125 ma. 
The  m a x i m u m  ou tpu t  of the r egu la to r  is abou t  1 amp 
at  100 v drop across these tubes.  The tubes  VI~, V.~o, 
T~, T.~, and  T~ fo rm the e r r o r - d e t e c t i n g  ampli f ier  
which  dr ives  the  above series of r egu la to r  tubes.  The 
vol tage  r egu la to r  t ube  T, produces  a 150-v supp ly  
whose ou tpu t  c u r r e n t  cannot  v a r y  by  more  t h a n  ___12 
ma  abou t  the  s t eady- s t a t e  c u r r e n t  d r a w n  f rom its 
150-v ou tpu t  t e rmina l .  

Fig. 1. Power supply 
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Fig. 4. Electronic switch. Capacity in ~ f  and resistance in 
ohms unless specified. 

Fig. 2. Voltage regulation circuit. Capacity in #/zf and re- 
sistance in ohms unless specified. 

Fig. 3. Pulse generator. Capacity in /~/zf and resistance in 
ohms unless specified. 

Pulse generator.--The pulse  gene ra to r  (Fig. 3) is 
the s ignal  source for the  e lectronic  switch chassis. 
The ou tpu t  of the  pulse  gene ra to r  is d i rec t ly  coupled 
to the  e lect ronic  switch th rough  a coupl ing  box. 

S t a r t i ng  wi th  the t ime  s t anda rd  i n p u t  jack,  s ignals  
f rom the  Time S t a n d a r d  (e.g., H e w l e t t - P a c k a r d  
model  202A) pass t h rough  tubes  V,1 and  V~ which  
are o v e r d r i v e n  amplif iers .  W h e n  the  s ignal  leaves 
V= it has a squared  wave  form. This square  wave  
passes to V,~ which  is pa r t  of a d i f fe ren t ia t ing  and  
l imi t ing  c i rcui t  which  is respons ib le  for d r iv ing  V~ 
wi th  sharp  posi t ive pips. Tubes  V_~, and  V,~ wi th  as-  
sociated c i r cu i t ry  fo rm a monos t ab l e  m u l t i v i b r a t o r  
which  forms a posi t ive  pulse  of va r i ab l e  per iod for 
each posi t ive  pulse  coming f rom V~ which  is r epe-  
t i t ive  at the  ra te  p resc r ibed  by  the  t ime  s tandard .  
The  per iods  of the posi t ive  pulses  produced  can v a r y  
f rom 2 ~sec to 0.15 sec. This posi t ive pulse  is fed to 
po in t  x which  is a contact  on a selector  swi tch whose 
other  contacts  are "To F u n c t i o n  Gen"  and  "Hg 
Switch ."  The wiper  a rms  of this  swi tch feed the 
grids of the pa ra l l e l  comb ina t i on  V2,, V~, V~, and  
V~,. This  series of tubes  forms an a m p l i f i e r - i n v e r t e r  
which  feeds a s ignal  to V~o which  is a cathode fol-  
lower.  V~0 feeds V~, and  V~, in pa ra l l e l  which  is a n -  
o ther  ca thode fo l lower  which  dr ives  the  "e lect ronic  
switch."  Because  of the  r ise t ime  des i red  and  the  
impedance  levels  V~, to V~, were  requi red .  The po-  
t en t iomete r ,  "cell c u r r e n t  a d j u s t m e n t , "  controls  the  
bias on the  combina t ion  V.~,, V,~, V.~, and  V~,. This  
controls  the  d-c  level  of the  ou tpu t  to the  e lectronic  
switch and  therefore  its c u r r e n t  level .  The  d r ive r  
ga in  cont ro l  ad jus ts  the  m a g n i t u d e  as wel l  as the 
d-c  level  of the  s ignal  to the  e lect ronic  switch.  

The " func t ion  swi tch"  de t e rmines  the  de r iva t ion  
of the "e lec t ronic  switch" control .  The " func t ion  
genera to r"  pos i t ion  of i npu t  at this  t e r m i n a l  wi l l  be 
amplif ied and  wi l l  control  the "e lect ronic  switch."  
Such a func t ion  genera to r  migh t  be the  H e w l e t t -  
P a c ka r d  low f r e que nc y  func t i on  genera tor .  W h e n  
the  selector swi tch is on "Hg switch"  the p u s h -  
b u t t o n  m e r c u r y  switch (vide in f ra )  wi l l  control  the 
"e lect ronic  switch."  If the p u s h b u t t o n  is pushed  the 
m e r c u r y  swi tch  closes and  shorts  this pos i t ion  to 
ground.  This  removes  the  bias  on V~ to V~ and  
causes the i r  p la te  vol tage  to drop great ly.  This step 
func t ion  cuts off the "electronic  switch."  

Electronic switch.--Tubes V~ to V12 comprise  the 
e lectronic  switch in  Fig. 4. Wi th  a 50 v drop across 
the  switch, a nd  the  grid to ca thode vol tage  equa l  to 
zero, the c u r r e n t  can be abou t  5 amp. If the drop 
across the swi tch  is 60 v, the c u r r e n t  can be 6 amp, 
wi th  a zero gr id to cathode voltage.  The tota l  dis-  
s ipat ion of the  p resen t  set should  not  exceed 312 w 
for any  long per iod  of t ime  such as days and  weeks.  
The use of resis tors  in the p la te  and  gr id circui ts  
were  for the purpose  of avo id ing  paras i t ic  osci l la-  
t ions. The switch ou tpu t  t e r m i n a l s  are in  series wi th  
the e lectrolyt ic  cell and  the d-c  power  source. 

There  is a p u s h b u t t o n  on the pane l  which  ac tuates  
a m e r c u r y  switch.  The closure  of this swi tch is 
grounded.  The contact  of this  swi tch is b rough t  out 
to the panel ,  which  al lows cab l ing  to one of the  in -  
pu t s  to the pulse  genera tor .  This  i n p u t  on the  pulse  
genera to r  chassis is labe led  "to Hg switch" ( lef t  side 
of Fig. 3). 

Coupling b o x . - - F i g u r e  5 shows the coupl ing  cir-  
cui t  be tween  the  pulse  gene ra to r  and  the  e lect ronic  
switch.  The func t i on  of this box is to couple  the 
ou tpu t  of the  pulse  gene ra to r  to the e lectronic  
switch,  to set the  level  of c u r r e n t  f lowing in  the 
e lect ronic  switch,  and  to assure  aga ins t  gr id  c u r r en t  
be ing  d r a w n  by  the  e lectronic  switch. The e lect ronic  
switch c u r r e n t  level  a d j u s t m e n t  should be so ad-  
jus ted  as no t  to give an  ind ica t ion  on the me te r  M. 

12OFf 
tO 4 5O wv dr 

. o ,  / " i -  ,o 
PULSE GENERATOR" S W ~ , ~ U U K E ~  i +,,T,,O-fmo c ELECTRONfC SWITCH 

Lo 300v 

Fig. 5. Coupling box. C, determined the rise time desired; 
E, 200 v (topped 300-v miniature battery); M, adjust driver 
bias control so that  this current is always zero; R, electronic 
switch current level adjust. 
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Fig. 6. Difference amplifier. Unless specified, R in ohms, C 
1 in #~,f. 

The capacitor C (i-50 ~f) is included so that the rise 
time or decay time of the electronic switch may be 
adjusted. 

Dif]erence amplifier.--Tubes V~ and V34 form the 
difference amplifier in Fig. 6. The "balance control" 
is to make adjustments in the event that V~ and 
V~ may not have exactly the same characteristics. 
The gain control adjusts the gain of the difference 
amplifier. The level control adjusts the d-c level of 
the output of V~ which is a cathode follower. A vari- 
able capacitor, C, (2-50 Ff) adjusts the shape of the 
leading edge of fast pulses so as to minimize distor- 
tion. 

Possible modes of operation.--Figures 7, 8, and  9 
p resen t  opera t iona l  block d iagrams  of I n t e r r u p t e r  
Circui ts  No. 1, 2, and  3. The d o t t e d - i n  capaci tors  
p resen t  some of the more  i m p o r t a n t  d i s t r ibu ted  ca-  
paci tances .  F igure  7 shows the  c i rcui t  which  is pos-  
sible w i thou t  the use of a difference ampli f ier  and  

Fig. 7. Interrupter circuit No. 1 

o- -b :  PROBE-CATHODE VOLTAGE 
o--c =CELL VOLTAGE 
b--r : PROBE--ANODE v,  

C - -d=  Cs  CURRENT 

Fig. 8. Interrupter Circuit No. 2 
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b -@ : CELL VOLTAGE 
O--b=CELL CURRENT 
b--r POTENTIAL 
c--d = PROBE--CATHOOE pOTENTIAL 

AMP 

a b c 
CURRENT VIEWING 

SHUNT 

~ Y S T E M  GROUND 

.i 
~ FILTE~ NETWORK 

FUSE FUSE : .............. ] 

Fig. 9, Interrupter Circuit No. 3 

Fig. 8 and  9 show wha t  can be done wi th  the  use of 
difference amplif iers.  Due  to the exis tence  of dis-  
t r i bu t ed  induc tances  in the I n t e r r u p t e r  Ci rcui t  No. 3 
(Fig. 9) is the  most  des i rab le  c i rcui t  s ince it wou ld  
have  the  least  r ing ing .  

The me thod  of coupl ing the  e lectrolyt ic  c i rcui t  w i th  
the i n t e r r u p t e r  device is i l l u s t r a t ed  in Fig. 7. On the  
r i g h t - h a n d  side a b a n k  of lead acid ba t te r ies  is 
shown as the  source of the  e lect rolyt ic  cur ren t .  This  
c u r r e n t  passes t h rough  an  electronic  switch ( shown 
di rec t ly  above the ba t te r ies )  to the cell and  is 
measu red  by  an  a m m e t e r  connec ted  in series. The 
po ten t i a l  developed b e t w e e n  the  anode in  the  cell 
and  the  re fe rence  electrode (probe  vol tage)  is 
v iewed by  m e a n s  of a su i t ab le  oscilloscope ( in  this  
case T e k t r o n i x  513D or 531 was  used) .  Af te r  su i t -  
able  ca l ib ra t ion  of the oscilloscope in respect  to the  
t ime  as wel l  as vol tage  axis, v i sua l  obse rva t ions  
were  fo l lowed out  by  photographic  records  t a k e n  
wi th  a Po la ro id  camera.  Detai ls  of the  i n d i v i d u a l  
componen t s  of the  i n t e r r u p t e r  are shown in  Fig. 2, 
3, and  4. The  vol tage  r egu la t ion  ci rcui t  as shown  in  
Fig. 2, has an  i npu t  of ~-400 v ( f rom the  supp ly  u n i t  
shown in  the  lower  l e f t - h a n d  corner  of Fig. 7) and  
gives a closely cont ro l led  ou tpu t  of e i ther  150 or 300 
v. This  power  is fed in to  the  pulse  gene ra to r  ( lef t  
uppe r  corner  of Fig. 7) whose detai ls  are  shown  in  
Fig. 3. As a t ime  s t anda rd  a H e w l e t t - P a c k a r d  oscil-  
la tor  is used. Squa re  waves  of an  ad ju s t ab l e  f r e -  
quency  are employed.  W h e n e v e r  a s ingle  i n t e r r u p -  
t ion  is des i rab le  a m a n u a l  switch can be used i n -  
stead of the  t ime  s tandard .  The  ou tpu t  of the  pulse  
gene ra to r  is fed into an  e lect ronic  switch as shown  
in  Fig. 4. This  swi tch employs  a b a n k  of 12 type  
6AS7 v a c u u m  tubes.  This b a n k  of tubes  is necessa ry  
to enab le  the  switch to c a r r y  and  i n t e r r u p t  elec-  
t ro lyz ing  c u r r e n t s  up  to 5 amp.  The e lect ronic  switch 
is shown in  the  midd le  r i g h t - h a n d  side of Fig. 7, 
r e p r e s e n t i n g  the  o v e r - a l l  i n t e r r u p t e r  c i rcui t  a r -  
r angemen t .  

Application and Experimental Results 
As one m e t h o d  of appl ica t ion  of the  e lect ronic  

i n t e r r u p t e r  a s tudy  was made  of anodic  po la r iza t ion  
of t i t an ium.  Other  possibi l i t ies  of emp loy ing  the  
i n t e r r u p t e r  we re  no t  explored  at this  t ime.  The  m a i n  
object ives  we re  i n t e r r u p t i o n  studies  employ ing  elec-  
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trolyzing currents up to 5 amp for period durations 
as short as 1 ~sec. 

The experimental procedure consisted of electro- 
lyzing the cell at a constant current for a sufficient 
time (usually 5-10 min) to achieve a constant po- 
larization of the anode. Following the calibration of 
the oscilloscope the electrolytic current was inter- 
rupted and a simultaneous photographic recording 
of the trace on the face of the oscilloscope was taken. 
This technique was used whenever a full decay of 
the polarization was wanted. In cases in which the 
current had to be restored after a desired preset 
"off" period, this was usually done by employing the 
time standard as an input to the pulse generator. 
Usually 1 or I0 cps was used as a frequency for 
the interruption. In some cases for a given current 
density interruptions were made for varying (grad- 
ually increasing) periods of time. These ranged 
usually from as little as 1.5 ~sec to as long as 4000 
~sec. The rise time was found to be about 0.i ~sec. 

Results were subsequently evaluated from the 
photographs of the oscilloscopic traces. 

One of the typical experimental situations in 
studies of electrode kinetics is the inherent involve- 
ment of some unknown IR drop in the cell. Even 
under conditions where efforts have been made to 
reduce or eliminate such an IR drop, some small IR 
drops may still exist between the Luggin capillary 
leading to a reference electrode and the polarized 
working electrode under study. It is in situations of 
this type that the use of an interrupter is particu- 
larly advantageous. 

One of the direct methods for the determination of 
single electrode polarization which avoids the use of 
the Luggin capillary with its complicated distortions 
of the equipotential surfaces and of the hydrody- 
namic conditions is the so-called "extrapolative 
method" (6). 

This technique is based on the use of two refer- 

ence electrodes connected to the cell at precisely 

known distances from the equipotential surface of 

the electrode itself. The IR drop between the elec- 

trode and the nearest reference is then calculated by 

extrapolating from three measurements, as indicated 

in Fig. i0. It is obvious that the validity of this 

method depends primarily on two factors; the first 

requires a uniform current distribution and the 

second is based on the assumption that the electrode 

process does not greatly affect the electrolyte con- 

ductivity in its immediate vicinity. The use of an 
electrolytic trough with well-matched electrodes at 

ANODE sREFERENCE ELECTRODE NO I CATHODE 

! 
I ' l ' d l , | ~  LEADING TO MAIN CELL COMPARTMENT 

i 

~ \ R E F E R E N C  E ELECTRODE NO, 2 

El--POTENTIAL, ANODE TO REFERENCE I 
E~-POTENTIAL I ANODE TO REFERENCE 2 

, ( E , - E , ) ,  (%,)~ 
'Rt" ~ ' E I -  all, 2 

Fig. 1 O, Schematic top view of polarization ce]l 

the  end  gene ra l ly  provides  a u n i f o r m  p r i m a r y  cu r -  
r en t  d i s t r ibu t ion .  In  most  solut ions  w he r e  an excess 
of suppor t ing  e lec t ro ly te  is employed,  the  net  change  
in  e lec t ro ly te  conduc t iv i ty  in  the  v ic in i ty  of an  elec-  
t rode  at which  no n e w  ionic species is created, the 
conduc t iv i ty  changes  are u sua l l y  sufficiently smal l  
to m a k e  the ex t rapo la t ive  method  useful .  However ,  in 
the case of an anodic  d issolu t ion  in  an e lect rolyte  
which  does not  con ta in  ionic forms  of the metal ,  
s izable changes in  the conduc t iv i ty  in  the immedia t e  
v i c in i ty  of the anode  occur, and  the  compar i son  be -  
t w e e n  the i n t e r r u p t i o n  t echn ique  a nd  the ex t r apo-  
l a t ion  me thod  wou ld  t hen  def in i te ly  be reveal ing .  

To test  this  point ,  as wel l  as to eva lua t e  the over -  
all  p e r f o r ma nc e  of the  i n t e r r u p t e r ,  the  anodic po-  
l a r i za t ion  of a t i t a n i u m  sheet  anode  (Ti 75A) was 
s tudied  in a solut ion (K-2 )  of the  fo l lowing com-  
posi t ion:  11.5% (wt)  HF;  6.2% H20; 15.0% t e t r a -  
h y d r o f u r a n ;  67.3% e thy lene  glycol  at t empe ra tu r e s  
f rom 30 ~ to 55~ Vigorous s t i r r ing  was  employed  in  
the b u l k  of the cell Table  I shows the  analys is  of the  
da ta  ob ta ined  f rom such i n t e r r u p t i o n  exper iments .  
In  addi t ion,  the last  co lumn  shows IR  drop ca lcu la -  
t ions  made  by  the  direct  ex t r apo la t ive  method.  
Br igh t  n icke l  re fe rence  electrodes immersed  in the  
same solut ion in a separa te  c o m p a r t m e n t  were  em-  
p loyed as shown schemat ica l ly  in  Fig. 10. At the 
open circui t  the t i t a n i u m  anode po ten t i a l  was nega -  
t ive in  respect  to the  n icke l  re fe rence  electrode by  
0.62 v. However ,  w h e n  polar ized at a to ta l  cu r r en t  
of 0.30 amp (i.e., a c u r r e n t  dens i ty  of 6 m a / c m  ~) its 
po ten t i a l  shif ted cons ide rab ly  in to  the posi t ive di -  
rec t ion  to a va lue  of §  v. Upon  i n t e r r u p t i o n  for 
a per iod  of 2 ~sec an  i n s t a n t a n e o u s  ver t ica l  drop of 
0.4 v was recorded. This drop can obvious ly  be as-  
s igned to the IR drop componen t  of the po ten t ia l  
difference involved  be t w e e n  the  nea res t  re ference  
e lect rode and the polar ized t i t a n i u m  anode.  Fo l low-  
ing this  rap id  IR drop a somewha t  s lower decay of 
the  ac tua l  ne t  polar iza t ion  of the anode  began.  Thus,  
as shown for an  i n t e r r u p t i o n  per iod  of 48 #sec, the  
po t en t i a l  decreased f rom 0.65 to 0.54 v du r ing  the 
per iod  f rom 2 to 5 ~sec ( fo l lowing  the c u r r e n t  
b r e a k ) .  This  va lue  decayed f u r t h e r  to 0.40 v w i th in  
the  s u b s e q u e n t  43 ~sec (see l ine  3, Tab le  I ) .  

I n  expe r imen t s  employ ing  a to ta l  c u r r e n t  of 0.70 
amp the  IR drop componen t  es t imated  f rom the de-  
cay curve  was 0.7 v. This was lower  t h a n  the 0.95 to 
0.90 va lue  es t imated  by means  of an ex t rapo la t ive  
me thod  employed  in  the direct  po la r iza t ion  meas -  
u r e m e n t s  ( last  co lumn  of Tab le  I ) .  At  this c u r r en t  
level  longer  i n t e r r u p t i o n  periods were  employed  and  
it can be not iced tha t  a decay of abou t  1.5 v occurred 
w i t h i n  1000 to 2000 ~sec. This g e n e r a l l y  is qui te  rap id  
compared  wi th  the decay one mi gh t  expect  f rom a 
pu re  diffusion m e c h a n i s m  (7).  S imi la r ly ,  it can be 
observed  tha t  at a to ta l  c u r r e n t  of 2 amp ( c u r r e n t  
dens i ty  of 40 m a / c m  ~) the anode pola r iza t ion  drops 
f rom 2.8 v to 0.30 v w i t h i n  4000 ~sec. This, compared  
w i th  the zero c u r r e n t  po ten t i a l  of --0.62 v, amoun t s  
to a decay of 72.7% of the tota l  anode polar iza t ion  
w i t h i n  0.004 sec. On the  basis  of these  observa t ions  
it m a y  thus  be conc luded  (8) t h a t  the  anode po-  
l a r i za t ion  of t i t a n i u m  consists essen t ia l ly  (if no t  
comple te ly )  of chemical  po la r iza t ion  associated wi th  
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Table I. Analysis of potential-time traces for titanium anode (Ti75A) ~ 
Solution : K-2 - -  Anode Area ~ 50 cm 2 

A n o d e  p o t e n t i a l  vs.  N i - r e s  e l e c t r o d e ,  vo l t s  
I n t e r -  J u s t  M i n i m u m  0.G ~sec IR  d r o p  c 

T o t a l  r u p t l o n  IR  dropb p r i o r  5 tesec a t  e n d  a f t e r  e s t im ,  in  
c u r r e n t ,  p e r i o d ,  e s t im ,  f r o m  to i n t e r -  a f t e r  of  i n t e r r ,  c l o s ing  F i n a l  c losed  t h e  d i r e c t  

a m p  T e m p ,  ~ /tsec d e c a y ,  v r u p t i o n  l n t e r r ,  p e r i o d  c i r c u i t  c i r c u i t  v a l u e  m e t h o d ,  v 

0 30 --0.62 
0.30 30 2 - -  + 1.05 - -  0.65 1.05 1.05 (at once) 0.44 
0.30 30 48 0.4 1.05 0.54 0.40 0.90 1.05 (40 ~sec later)  0.44 
0.30 31 70 0.4 0.95 0.45 0.32 0.83 0.95 0.44 
0.70 36 1.6 0.7 1.55 - -  0.85 1.50 1.55 (3 ~sec later)  0.95 
0.70 36 25 0.7 1.55 0.65 0.48 1.10 1.55 (75 ~sec later)  0.95 
0.70 37 60 - -  1.55 0.65 0.40 1.05 1.45 (40 t~sec later)  0.93 
0.70 37 200 - -  1.52 - -  0.25 0.90 1.47 (300 ~sec later)  0.93 
0.70 38 1020 - -  1.50 - -  0.05 1.00 1.50 (1000 ~sec later)  0.90 
0.70 38 2000 - -  1.48 - -  0 - -  1.48 (3000 ~sec later)  0.90 
2.00 40 2.6 1.2 3.30 - -  1.90 3.00 3.2 (7 t~sec later)  2.48 
2.00 40 22 1.4 3.30 1.55 1.30 2.75 3.2 (80 ~sec later)  2.48 
2.00 55 200 - -  2.80 - -  0.60 - -  2.8 (300 t, sec later)  - -  
2.00 55 4000 - -  2.80 - -  0.30 - -  2.8 (3000 ~sec later)  - -  

A l l  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  w i t h  a r e p e a t  r a t e  of  1 o r  10 cps.  
b T h e  IR  d r o p  in  t h e  e l e c t r o l y t i c  ce l l  b e t w e e n  t h e  a n o d e  a n d  t h e  n i c k e l  r e f e r e n c e  e l e c t r o d e .  
c T h e s e  v a l u e s  w e r e  e s t i m a t e d  by e x t r a p o l a t i n g  t h e  b u l k  e l e c t r o l y t e  c o n d u c t i v i t y  to t h e  s o l u t i o n  l a y e r  a d j a c e n t  to t h e  e l e c t r o d e .  

the  ac t iva t ion  e n e r g y  r e q u i r e d  for  the  t i t a n i u m  dis-  
solut ion reac t ion .  

A n o t h e r  i n t e r e s t i ng  conclus ion f rom this  w o r k  is 
tha t  the  IR drop va lues  ob ta ined  f r o m  conduc t iv i t i e s  
in the  d i rec t  m e t h o d  of po la r i za t ion  m e a s u r e m e n t s  
( las t  co lumn Tab le  I)  a re  u sua l ly  l a r g e r  t h a n  the  
va lues  ob ta ined  f r o m  the  in i t i a l  r ap id  drop  in the  
p o t e n t i a l - t i m e  t r ace  ob ta ined  by the  i n t e r r u p t e r  
method .  These  di f ferences  become  l a rge r  and m o r e  
s ignif icant  the  l a r g e r  the  c u r r e n t  dens i t ies  employed .  
This,  of course,  is to be e x p e c t e d  since s izable  
amount s  of t i t a n i u m  ions are  going into the  so lu t ion  
in the  i m m e d i a t e  v i c in i ty  of t he  anode.  The  d i f fe r -  
ences, espec ia l ly  at  the  h ighe r  c u r r e n t  densi t ies ,  a re  
suff icient ly l a rge  to d e m o n s t r a t e  the  i m p o r t a n c e  of 
i n t e r rup t i on  t echn iques  as a r e sea rch  tool  in e lec -  
t rode  kinet ics .  

Manuscript  received Oct. 26, 1959. This paper  was 
prepared  for de l ivery  before the San Francisco Meet-  
ing, Apr i l  29-May 3, 1956. 

Any discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the June  1961 JOUR- 
NAL. 
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The A-C Resistance of a Stainless Steel Electrode 
and Specific Adsorption 

G. M .  Schmid and  N o r m a n  H a c k e r m a n  

Department of Chemistry, University o~ Texas, Austin, Texas 

ABSTRACT 

The a-c resistance of a stainless steel wire  electrode was measured  in de- 
pendence of the type of electrolyte,  the polarizing current  density, and f re-  
quency of the measur ing current.  It  is shown that  K* is more adsorbed than 
Na § during cathodic polarization, and C1- more  than F- during anodic polar iza-  
tion. This method seems to be especially useful in testing the adsorbabil i ty of 
neutra l  surface active substances during d-c flow. 

A w i r e  e l ec t rode  in contac t  w i t h  an e l ec t ro ly t e  
represents ,  w i t h  respec t  to passage  of c u r r e n t  a long  
the  l eng th  of the  wire ,  a sys tem s imi la r  to two  r e -  
sistors connec ted  in para l le l .  Thus,  w h e n  two  con-  
tacts  are  m a d e  to the  same e lec t rode  and an a -c  or 
d -c  po ten t i a l  is appl ied,  a ce r t a in  f rac t ion  of the  

to ta l  c u r r e n t  flow chooses a p a t h  t h r o u g h  the  e lec -  
t r i ca l  double  l a y e r  (ed l )  and the  so lu t ion  (1) .  The  
e x t e n t  of this l e akage  can be found  by  m e a s u r i n g  the  
i m p e d a n c e  of the  sys t em and c o m p a r i n g  it w i t h  t he  
i m p e d a n c e  of the  e l ec t rode  in air. In doing so, it 
mus t  be r e m e m b e r e d  tha t  the  i m p e d a n c e  of a m e t a l  
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can v a r y  wi th  the up t ake  of gas, especia l ly  h y d r o -  
gen (2) .  

The conduc t ion  p h e n o m e n a  of the  e l ec t rode /e l ec -  
t ro ly te  in te r face  are d e t e r m i n e d  by  the s t ruc tu re  
and  composi t ion  of the edl. The composi t ion of the  
edl depends  on the  k ind  of e lec t ro ly te  solut ion used 
and  on the  presence  or absence  of specifically ad -  
sorbed ions and  n e u t r a l  surface act ive substances .  
The s t ruc tu re  of the  edl depends  on the po ten t i a l  of 
the electrode (3) .  I t  was found  p rev ious ly  tha t  the  
m a g n i t u d e  of l eakage  cu r r en t  in the  sys tem s ta inless  
s teel /1 .0M Na.~SO~ depends  on the  po la r iz ing  d-c  
current density (p.c.d.), or alternatively on the po- 
tential of the electrode (4). 

The leakage current, besides being governed by 
the edl, is limited by the conductivity of the solu- 
tion. It was found to be negligible in the system 
stainless steel/0.001M Na,_,SO,, Furthermore, when 
using an electrolytic cell, the current, leaking from 
the test electrode into solution may also pass from 
the solution into the auxiliary electrode, comparable 
to a circuit with three resistors in parallel. 

Measurements of the leakage current, i.e., the im- 
pedance of the system, between two contacts on the 
same electrode should permit conclusions to be 
drawn regarding specific adsorption. The leakage 
current will have to be compared with a system, the 
components of which are not specifically adsorbed. 

Exper imenta l  
Essentially the same experimental setup was used 

as in previous work (4). Unless otherwise stated, 
the impedance of the test electrode was measured 
with 60 cps a.c. in a Wheatstone Bridge, using a 
Brown-Honeywell Recorder for continuous meas- 
urements, with a precision of 0.005 ohms. In order 
to obtain data on the frequency dependence of the 
leakage current, a General Radio Co. (GRC) Type 
650-A Impedance Bridge was used between I00 cps 
and 16 kcps, with a Hewlett-Packard (HP) Wide- 
range Oscillator Model 200 DC as power supply. The 
signal drawn from the bridge was preamplified in a 
HP Model 450-A Amplifier, filtered and amplified in 
a HP Model 300-A Harmonic Wave Analyser and 
observed on an oscilloscope, thus giving an accuracy 
of 0.01 ohms. Measurements between 550 kcps and 
2 mcps were made with a GRC Type 821-A Twin-T 
Impedance Bridge combined with a GRC Type 
1001-A Standard Signal Generator. Here the null- 
detector was a radio receiver. 

Reproducible results, especially at the interme- 
diate frequency range, were obtained only after pre- 
treating the electrodes alternatively, anodically, and 
cathodically for about 1 hr (5). 

In all cases, the test electrode was a type 302 
stainless  steel wi re  of 0.038 cm d iame te r  and  ap-  
p r o x i m a t e l y  90 cm long. The a u x i l i a r y  electrode was 
made  of the same m a t e r i a l  and  length .  The two elec-  
t rodes were  a r r a n g e d  in  a glass t ube  and  kept  apar t  
2 cm th roughout .  The polar iz ing  d-c  c u r r e n t  was  
suppl ied  by  ~ L a m b d a  Regula ted  Power  S u p p l y  
Model 32 M opera ted  at 200 v d.c. or by  a 180 v 
b a t t e r y  and  cont ro l led  by  a set of resistors.  The 
power  supp ly  was connec ted  to the  uppe r  end  of 
the anode  and  the lower  end  of the  cathode, thus  
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Fig. 1. Relative impedance vs. current density in O.]M 
K~SOa and 0. ] M Na~SO4. (Curves for Na2SOI cathodic and K2504 
anodic coincide. Electrode: Type 302 stainless steel wire, 
0.038 cm diameter, surface area 10.6 cm 2, Zo ~ 6.556 ohms. 

p r e v e n t i n g  a d-c  po ten t i a l  drop along the  wires.  Al l  
contacts  were  made  outs ide  the  electrolyte .  I n t e r -  
ference of the  two circui ts  was carefu l ly  min imized  
by the  use of capaci tors  a nd  chokes as filters. The 
poten t ia l  of the test  e lect rode was measu red  agains t  
a sa tu ra ted  calomel  e lect rode (SCE) .  

Results 

Ef]ect of cations.--The difference b e t w e e n  imped-  
ance m e a s u r e m e n t s  wi th  l o w - f r e q u e n c y  a.c. in air  
and  in  solut ion is ve ry  small ,  e i ther  because  the  
coupl ing capaci ty  of the edl is too smal l  a n d / o r  the 
coupl ing res is tance  is too la rge  to al low a s ignif icant  
f rac t ion of the m e a s u r i n g  c u r r e n t  to leak into so lu-  
tion. W h e n  the electrode is sufficiently polar ized to 
make  an e lec t rochemical  reac t ion  possible, the ca-  
pac i ty  becomes apprec i ab ly  h igher  a n d / o r  the res is t -  
ance drops to low va lues  (6) .  This  causes an a-c  
leakage as shown in  Fig. 1, w he r e  the impedance  of 
a s tainless  steel wi re  is p lo t ted  agains t  the p.c.d, for 
0.1M Na~SO4 and  0.1M K~SO,. Since the an ion  is the 
same in  bo th  cases, one wou ld  expect  the  curves  for 
anodic  po la r iza t ion  to coincide.  As s ta ted  above 
however ,  the  leakage c u r r e n t  is l imi ted  also by  the 
conduc t iv i ty  of the e lec t ro ly te  (Tab le  I) .  The be t t e r  
conduc t ing  system, K.~SO,, should in any  case show a 
lower  impedance  at a g iven  p.c.d., as was found  ex-  
pe r imen ta l ly .  The d is tance  b e t w e e n  the  anodic  and  
cathodic curves  is s l ight ly  b igger  in the  case of 
K,SO,, po in t ing  to a more  dens i ly  packed edl. It  was  
concluded,  therefore,  tha t  d u r i n g  cathodic po la r iza-  
t ion K § is somewha t  more  adsorbed t h a n  Na § This 
has been  repor ted  also on Hg (7) and  P t  electrodes 
(8) .  In  both  solutions,  the impedance  curves  for ca th-  
odic po la r iza t ion  r u n  lower  t h a n  those for anodic  po-  
lar izat ion.  This me a ns  a l a rger  capaci ty  a n d / o r  
sn~aller res is tance  of the edl on cathodic polar iza t ion  
(6).  

Tebl~ I. Conductivity in 10-%hrn-~cm -~ (9) 

M o ] a r -  
$~ i ty  Na2SO~ K2SO~ K F  K C l  K B r  K I  

25 ~ 0.1 163.08 202.52 107 + 128.62 131.4 130.5 

+ Interpolated. 
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Effect of anions.--In solut ions of the more  com-  
mon  cations, the cathodic electrode reac t ion  is H,_, 
evolut ion ,  and  it is r easonab le  to assume that ,  a t  a 
g iven  c u r r e n t  densi ty ,  differences in  the  behav io r  
of the edl can be a t t r i bu t ed  to differences in  the  ad-  
so rbab i l i ty  of ions or n e u t r a l  substances.  A n  elec-  
t rochemica l ly  ine r t  species, l ike SO j- ,  can be t a k e n  
as common  anion.  In  v a r y i n g  the  anion,  however ,  
f r e q u e n t l y  the  anodic  electrode reac t ion  changes  
f rom an ion  to an ion  and  wi th  it the  composi t ion of 
the edl. Thus,  w i th  K F  up to 1.0M and  0.1M KC1 
(at  cu r r en t  densi t ies  > 3 m a / c m ' ,  see n e x t  p a r a -  
g raph)  O2 is evolved at  the  anode,  wi th  K B r  up  to 
1.0M the electrode does not  become passive in  the  
c u r r e n t  dens i ty  reg ion  inves t iga ted  and  i ron d issolu-  
t ion  occurs, and  wi th  KI  the  an ion  is oxidized. The  
above a s sumpt ion  no longer  holds and  we can reason-  
ab ly  compare  on ly  the curves  for 0.1M K F  and  0.1M 
KC1 wi th  each other.  A n  add i t iona l  compl ica t ion  
der ives  f rom the  fact tha t  the aux i l i a ry  electrode,  
on ly  2 cm away,  m a y  par t i c ipa te  in the  ove r - a l l  
conduc t ion  p h e n o m e n a  (4) .  This  in t e r f e rence  forces 
the  impedance  drops on both  sides of the  po la r i za -  
t ion  curves  to be of the  same order  of magn i tude .  
So, in j udg ing  the effect of d i f ferent  ions on the l eak -  
age cur ren t ,  bo th  cathodic and  anodic  impedance  
curves  have  to be cons idered  together .  Wi th  0.1M 
K F  and  0.1M KC1 the  impedance  curves  for cathodic 
po la r iza t ion  are also lower  t han  the  anodic  i m p e d -  
ance curves  (Fig. 2). I t  seems to be a gene ra l  ru le  
tha t  the conduc t iv i ty  of the edl at  H.~ evo lu t ion  is 
higher than at O~ evolution potentials. The differ- 
ence between cathodic and anodic curves is more 
pronounced on comparing F- and Cl- than on com- 
paring K § and Na § showing a larger effect of anion 
adsorption. The gap is bigger in the case of Cl-, 
which apparently can dehydrate more easily than F- 
ions (8, I0). The generally smaller impedance 
changes in KF can be explained by its smaller con- 

ductivity. 
It is interesting to note that the curve for 0.11V[ 

KI and 0.1M KBr differ remarkably, despite the 

.•. 1 .00 ,  

0 , 95  
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Fig. 2. Relative impedance vs. current density: curve a, 0.1M 
KF cathodic; curve b, 0.1M KF anodic; curve c, 0.1M KCI 
cathodic; curve d, 0.1M KCI anodic; curve e, 0.1M KBr anodic; 
curve f, 0 .1M KI anodic. Electrode: Type 302 stainless steel 
wire, 0.038 cm diameter, surface area 10.5 cm =, Zo ~ 6.520 
ohms. 
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fact tha t  the  solut ions have  about  the same conduc-  
t ivi ty.  This could be a t t r i b u t e d  to s t ronger  adsorp-  
t ion  of I- combined  wi th  a h igher  edl capaci ty  due 
to adsorbed Is. 

Effect o~ chloride.--Figure 3 gives recorder  graphs  
of m e a s u r e m e n t s  in  0.1M K.~SO, and  1.0M KC1. In  
K,..SO~ the impedance  reaches  its s t eady- s t a t e  va lue  
for the  cor responding  po la r iz ing  c u r r e n t  dens i ty  
or open -c i r cu i t  condi t ions  p rac t ica l ly  ins t an taneous .  
D u r i n g  c u r r e n t  flow O~ evo lu t ion  takes  place. In  KC1 
however  a sharp  impedance  drop occurs, fol lowed 
by  a slow increase  to a m a x i m u m  and  a f inal  s t eady-  
s tate  value.  The e lec t rode  exhib i t s  a pass ive  p o t e n -  
t ia l  shor t ly  af ter  the first sharp  drop, and  gas evo lu -  
t ion  was observed.  D u r i n g  the  fo l lowing increase  a 
slow po ten t i a l  decay wi th  a sudden  b r e a k d o w n  at  
the impedance  m a x i m u m  was exper ienced.  Gas 
evo lu t ion  stops and  the b r igh t  e lectrode begins  to 
show da rk  pits. Af te r  the  po la r iz ing  c u r r e n t  is cut 
off, it takes  rough ly  1 to 2 m i n  for the impedance  to 
reach its s t eady- s t a t e  va l ue  for open-c i r cu i t  con-  
dit ions.  The  t ime  d u r i n g  which  pass iv i ty  is m a i n -  
t a ined  is a func t ion  of t e m p e r a t u r e ,  c u r r e n t  densi ty ,  
and  KC1 concent ra t ion .  At  room t e m p e r a t u r e  s t a in -  
less steel can be held pass ive  in 0.1M KC1 wi th  cu r -  
r en t  densi t ies  > 3 m a / c m  ~. C u r r e n t  densi t ies  < 20 
m a / c m  ~ are not  enough  to m a i n t a i n  pass iv i ty  in  1.0M 
KC1. Increase  in  t e m p e r a t u r e  shor tens  the  t ime  of 
passivi ty.  At  an  anodic  c u r r e n t  dens i ty  of 20 m a / c m  ~ 
in  1.0M KC1, the electrode is passive at  39~ for 38 
sec only,  whereas" at  I ~  pass iv i ty  is m a i n t a i n e d  
" p e r m a n e n t l y "  even  at  cons ide rab ly  sma l l e r  c u r -  
r en t  densit ies.  The t ime d u r i n g  which  pass iv i ty  is 
m a i n t a i n e d  is not  r ep roduc ib le  because  of the  la rge  
changes  in surface invo lved  (pi t t ing,  Fe d issolu-  
t ion) .  For  these p h e n o m e n a  the fo l lowing e x p l a n a -  
t ion is proposed. In  the  first m o m e n t s  of anodic  
po la r iza t ion  an adsorbed sheet  of wa te r  dipoles is 
conver ted  to chemisorbed  oxygen  (11).  The s t rong ly  
posi t ive  po ten t ia l  faci l i ta tes  the  s u b s e q u e n t  adsorp-  
t ion of C1- ions. Gradua l l y ,  adsorbed  oxygen  is p a r -  
t i a l ly  replaced by  adsorbed  CI-, pass iv i ty  b reaks  
down,  and  the po ten t i a l  fal ls  back to Fe  d issolu t ion  
values.  

A passive s ta inless  steel e lectrode provides  for a 
large a m o u n t  of leakage  c u r r e n t  (e.g., KF,  Fig. 2, a 
and  b) .  A fa i r ly  r ap id ly  d issolv ing e lect rode shows 
less leakage  c u r r e n t  (e.g., KBr,  Fig. 2, e) ,  despi te  
the fact tha t  the  ad jacen t  l ayer  of solut ion should  be 
crowded wi th  i ron ions and  have  good conduct iv i ty .  
At  a d issolving electrode,  however ,  con t inuous  r e -  
gene ra t ion  of the surface  p r even t s  a h igh coverage  
wi th  chemisorbed  species, p rov ided  the surface  
changes fast  enough.  The impor t ance  of the  i n n e r  
edl for the  contact  b e t w e e n  me ta l  and  solut ion is 
again  emphasized.  The peak  in  the  i m p e d a n c e / t i m e  

curve  (Fig. 3) r epresen t s  a m a x i m u m  coupl ing  i m -  
pedance,  the point ,  w he r e  the  coverage w i th  ad -  
sorbed oxygen  is defect ive  so tha t  the  pass iv i ty  
b reaks  d o w n  a nd  i ron  d isso lu t ion  begins.  Chlor ide  
ion adsorp t ion  blocks the  surface  for the  leakage  
cur ren t .  In  order  to pass into solut ion by  res is t ive  
coupling,  the  m e a s u r i n g  a-c  c u r r e n t  would  have  to 
react  wi th  C1- or CI~ a l t e rna t i ve ly ,  which  is not  pos-  
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Fig. 3a. Impedance vs. time (recorder traces), 0.1M KsSO~, 
5.8 ma/cm "~ anodic. 
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Fig. 3b. Impedance vs. time (recorder traces), 1.0M KCI, 
9.3 mo/cm ~ anodic. Potential values with respect to SCE. 

s ib le  because  of the  h igh  o v e r v o l t a g e  for  th is  s tep,  
thus  l e a v i n g  a c a p a c i t i v e  coup l ing  only.  

To ge t  f u r t h e r  p roo f  for  th is  p o i n t  of v i ew  the  p o -  
t e n t i a l  t ime  p a t t e r n  of the  e l ec t rode  d u r i n g  ca thod ic  
and  anod ic  p o l a r i z a t i o n  in 0.5M KC1 wi th  a c u r r e n t  
d e n s i t y  of 5 m a / c m  ~ was  o b s e r v e d  on an osci l loscope.  
The  e l ec t rode  was  m a d e  pa s s ive  and  the  p o t e n t i a l  
was  a l l o w e d  to d e c a y  u n d e r  c u r r e n t  flow. I m m e d i -  
a t e l y  a f t e r w a r d  sho r t  ca thod ic  pu l ses  (5-10 sec)  
w e r e  app l i ed ,  and  an a t t e m p t  was  m a d e  to p a s s i v a t e  
the  e l e c t r o d e  aga in  b e t w e e n  each  ca thod ic  pulse .  The  
p o t e n t i a l  h o w e v e r  n e v e r  w e n t  b e y o n d  +1 .0  v, 
showed  a flat  m a x i m u m ,  and  d r o p p e d  to a b o u t  +0 .2  
v in a t o t a l  e l ap sed  t ime  of 0.5 sec. On ly  p r o l o n g e d  
ca thod ic  p o l a r i z a t i o n  ( >  1.5 min )  r e s t o r e d  the  a b i l i t y  
of the  e l ec t rode  to become  pas s ive  at  once w h e n  
a n o d i c a l l y  po la r i zed .  The  n e g a t i v e  p o t e n t i a l  of t he  
e l ec t rode  d u r i n g  ca thod ic  p o l a r i z a t i o n  p r o b a b l y  
causes  d e s o r p t i o n  of C1-. This  p rocess  h o w e v e r  r e -  
qu i r e s  some t ime.  A f t e r  shor t  ca thod ic  pu l ses  t h e r e  
is s t i l l  enough  C1- le f t  a d s o r b e d  on the  su r f ace  to 
p r e v e n t  the  m e t a l  f r om b e c o m i n g  pass ive  again .  P r o -  
longed  ca thod ic  p o l a r i z a t i o n  p r o v i d e s  sufficient  t i m e  
for  t he  C1- to be  desorbed ,  t hus  e n a b l i n g  the  e l ec -  
t r o d e  to ach ieve  p a s s i v i t y  w h e n  p o l a r i z e d  anod ica l ly .  

Frequency dependence of the leakage curren t . -  
The  i m p e d a n c e  of t he  e l ec t rode  in a i r  and  in 1.0M 
Na~SO+ w i t h o u t  p o l a r i z i n g  c u r r e n t  is p r a c t i c a l l y  t he  
s ame  at  low f requenc ies .  Up to abou t  100 cps t he  
i m p e d a n c e  in so lu t ion  is i n d e p e n d e n t  of f r e q u e n c y  
(Fig.  4 ,a) .  The  p a r a l l e l  r e s i s t ance  of t he  ed l  is h igh ,  

.~  t . O 0  
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Fig. 4. Relative impedance vs. frequency: I.OM No~S04: 
curve a, open polarizing circuit; curve b, 7 ma/cm 2 anodic; 
curve c, 7 ma/crn 2 cathodic. 1.0M Na~SO4 + 0.2M (CH3)3N: 
curve d, open polarizing circuit; curve e, 7 ma/cm 2 anodic; 
curve f, 7 ma/cm 2 cathodic. Electrode: Type 302 stainless 
steel wire, 0.038 cm diameter, surface area ]0.8 cm ~, Zo = 
6.98 ohms. 

the  c a p a c i t y  s m a l l  u n d e r  these  condi t ions .  This  
causes  t he  coup l ing  to be  neg l ig ib le .  A t  h ighe r  f r e -  
quenc ies  the  i m p e d a n c e  of t he  edl  becomes  smal le r ,  
p e r m i t t i n g  a l a r g e r  p a r t  of the  a.c. to l e a k  into so lu -  
t ion.  A b o v e  10 kcps  th is  i m p e d a n c e  becomes  too 
sma l l  to con t ro l  t he  l e a k a g e  cu r ren t .  The  coupl ing  
becomes  " p e r f e c t "  and  the  i m p e d a n c e  of the  s y s t e m  
is g o v e r n e d  b y  the  c o n s t a n t  i m p e d a n c e  of the  e lec -  
t ro ly t e .  A t  abou t  1 mcps  the  sk in  effect  (12) beg ins  
to show, caus ing  the  i m p e d a n c e  to inc rease  again.  

The  p o l a r i z e d  e l ec t rode  shows a c o n s i d e r a b l y  
l o w e r  i m p e d a n c e  at  low f requenc ies ,  the  p a r a l l e l  
r e s i s t ance  of t h e  ed l  be ing  much  smal l e r .  A b o v e  10 
kcps  t he  i m p e d a n c e  coinc ides  w i t h  t he  va lues  ob -  
t a i n e d  u n d e r  o p e n - c i r c u i t  condi t ions ,  the  coupl ing  
be ing  " p e r f e c t "  aga in .  

Effect of surface active substances.--The f r e -  
q u e n c y  d e p e n d e n c e  of t he  l e a k a g e  c u r r e n t  was  
m e a s u r e d  in 0.2M (CH~)3N wi th  1.0M Na~SO~ as 
c a r r i e r  and  c o m p a r e d  w i t h  a p u r e  1.0M Na2SO+ so lu -  
t ion (Fig .  4) .  U n d e r  open  po l a r i z ing  c i rcu i t  cond i -  
t ions,  the  g r e a t e r  c a p a c i t y  of (CH.0.~N becomes  
c l e a r l y  v i s ib le  in t he  i n t e r m e d i a t e  f r e q u e n c y  range ,  
the  m a x i m u m  d i f fe rence  be ing  abou t  0.3 ohms.  He re  
t he  c o n d u c t i v i t y  of t he  so lu t ions  and  the  r eac t ions  a t  
t he  e l ec t rodes  a re  the  s ame  in e i the r  case;  the  d i f fe r -  
ence t h e r e f o r e  can be  due  on ly  to a d so rp t i on  of t he  
su r face  ac t ive  subs t ance  on the  e lec t rode .  

The  c a p a c i t y  r e m a i n s  b igge r  w i t h  (CH~)+N u n d e r  
p o l a r i z i n g  condi t ions .  The  effect is l a r g e r  on the  
ca thod ic  side. I t  has  been  sugges t ed  t ha t  o rgan ic  
amines  a re  p u r e l y  ca thod ic  i nh ib i t o r s  (13).  One 
shou ld  expec t  t h e r e f o r e  a s t r o n g e r  a d s o r p t i o n  d u r i n g  
ca thodic  po la r i za t ion .  E v e n  in t he  l o w - f r e q u e n c y  
range ,  t he  i m p e d a n c e  of t he  edl  is l o w e r  in (CHs)~N 
d u r i n g  ca thodic  po la r i za t ion .  I t  has  been  po in t ed  out  
h o w e v e r  t ha t  o rgan ic  a m i n e s  a re  anodic  inh ib i to r s  as 
we l l  (14) .  The  cu rves  for  anodic  p o l a r i z a t i o n  w i t h  
and  w i t h o u t  (CHs)~N coinc ide  for  low f requenc ies ,  
the  d i f fe rence  be ing  s m a l l  in the  i n t e r m e d i a t e  f r e -  
q u e n c y  range .  This  shows  t ha t  t he  effect  of anodic  
i nh ib i t i on  is p r o b a b l y  s m a l l e r  in th is  case. 



Vol. 107, No. 7 

Summary 
It  has been  shown tha t  m e a s u r e m e n t s  of the  l eak-  

age cu r r en t  can be usefu l  to tes t  adsorp t ion  of ions 
and  surface act ive substances ,  especia l ly  u n d e r  po-  
la r iz ing  c u r r e n t  flow, where  o ther  methods,  e.g., 
m e a s u r e m e n t s  of the edl capaci ty,  do no t  give sat is-  
fac tory  resul ts .  The method  is at its best  where  the  
leakage  cu r r en t  in  solut ions w i th  n e u t r a l  surface  ac- 
t ive  subs tances  can be compared  w i th  a pu re  car r ie r  
solut ion.  This can be done e i ther  by  separa te  im-  
pedance  measu remen t s ,  as shown above,  or by  us ing  
two ident ica l  cells wi th  the  solut ions  to be  com- 
pa red  as two arms  in a Whea t s tone  Br idge  and  ob- 
se rv ing  the e r ror  signal.  The o p t i m u m  f r equency  
for the a-c  m e a s u r i n g  c u r r e n t  is a r o u n d  1000 cps. 
Difficulties have  been  met  and  are exp la ined  in 
cases, w h e r e  changes  in e lectrode reac t ion  occurred,  
especial ly  in  po tass ium hal ide  solutions.  N e v e r t h e -  
less it has been  possible to show tha t  K § is more  ad-  
sorbed than  Na § and  C1- more  t h a n  F- on s ta inless  
steel. A n  a t t emp t  has been  made  to exp la in  the  
pecu l ia r  effect of CI-, which  makes  it impossible  to 
m a i n t a i n  pass iv i ty  even  u n d e r  anodic  po la r iza t ion  
wi th  a c u r r e n t  dens i ty  high enough  to pass iva te  the 
me ta l  in i t ia l ly .  
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Technica  Notes 

Magnesium-Sulfur Dry Cells 
C. K. Morehouse and R. Glicksman 

Semiconductor and Materials Division, Radio Corporation oS America, Somerville, New Jersey 

A s tudy  of the  e lec t rochemica l  charac ter is t ics  of 
the  var ious  compounds  and  e l emen t s  of the  periodic 
sys tem showed tha t  su l fu r  has severa l  character is t ics  
which  m a k e  it  w o r t h y  of cons idera t ion  for use as a 
cathode m a t e r i a l  in  p r i m a r y  bat ter ies .  I t  has a 
grea te r  a m p e r e - m i n u t e  capaci ty  per  u n i t  of weight  
(100.3 a m p - m i n / g )  and  v o l u m e  (207.6 a m p - m i n / c c )  
t h a n  the cathode ma te r i a l s  used in  conven t iona l  b a t -  
teries. A l though  it  has a lower  revers ib le  po ten t i a l  
t h a n  the other  cathodes,  it does have  a flat vo l tage-  
t ime  discharge  curve  as m e a s u r e d  by  the  ha l f -ce l l  
t echn ique  p rev ious ly  descr ibed by  the  au thors  (1) .  
By the use of this  t echnique ,  the  su l fu r  cathode has 
been  found  to operate  at a po t en t i a l  of abou t  --0.4 v 

(vs. N.H.E.) w h e n  discharged at  a ra te  of 0.030 
a m p / g  in  a MgBr~ electrolyte .  The efficiency of this  
electrode,  which  was  computed  on the  a s sumpt ion  
tha t  the  reac t ion  involves  a t w o - e l e c t r o n  change  per  
su l fu r  atom, was  in  excess of 80%. In  add i t ion  to its 
f avorab le  e lec t rochemica l  proper t ies ,  su l fu r  has a 
low so lub i l i ty  in aqueous  solut ions  and  is r ead i ly  
ava i l ab le  at low cost in  this  count ry .  

The use of su l fu r  as a cathode m a t e r i a l  coupled 
wi th  a zinc anode in  a Lec l anch6 - type  cell was first 
descr ibed  by  W a l k e r  (2) in  1887. Other  pa ten t s  have  
been  repor ted  which  deal  wi th  the  addi t ion  of smal l  
a m o u n t s  of su l fu r  to the  cupr ic  oxide cathode of 
the L a l a n d e  cell in  order  to ra ise  the  cell vol tage  
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Fig. 1. AA-size Mg/MgBr2/sul fur dry cells discharged corn 
tinuously through 50-, 150-, and 300-ohm resistances at 
2 1 . 1 ~ 1 7 7 1 7 6  R.H.). 

(3 -8) .  These re ferences  refer  to coupl ing  su l fu r  wi th  
a zinc anode.  Such cells have  a low opera t ing  vol tage  
and  thus  have pract ica l  l imi ta t ions .  

If a su l fu r  cathode is coupled w i t h  a m a g n e s i u m  
anode,  the  revers ib le  po ten t i a l  of the  sys tem ca lcu-  
la ted  f rom free ene rgy  data  is 2.2 v, a s suming  the  
fo l lowing reac t ion  occurs w h e n  e n e r g y  is w i t h d r a w n  
f rom the cell: 

Mg + 2 OH- + S = Mg(OH)~ + S = [1] 

It  is wel l  known,  however ,  tha t  m a g n e s i u m  does not  
opera te  at its revers ib le  po ten t i a l  in  aqueous  solu-  
t ions. For  example ,  in  an  aqueous  2N MgBr2 solut ion,  
s a tu ra t ed  wi th  Mg(OH)~, AZ10A m a g n e s i u m  al loy 
has a po ten t i a l  (vs. N.H.E.) of 1.42 v u n d e r  open-  
c i rcui t  condi t ions  and  operates  at a po ten t i a l  of 
1.29-1.32 v over a c u r r e n t  dens i ty  r ange  of 0.5-4.0 
m a / c m  2. Thus  the opera t ing  po ten t i a l  of a m a g -  
n e s i u m - s u l f u r  p r i m a r y  cell should  be about  0.8- 
0 .9v .  

Experimental 
M a g n e s i u m - s u l f u r  d ry  cells were  assembled  us ing  

an  impac t  ex t ruded  AZ10A m a g n e s i u m  al loy A A -  
size can (height  4.62 cm, OD 1.32 cm, ID 1.12 cm) .  
The m a g n e s i u m  cans were  l ined w i th  a piece of sa l t -  
f ree  k ra f t  paper  (5.72 x 5.72 x 0.005 cm th ick) ,  and  
an e x t r u d e d  slug of cathode mix  was  inser ted  in  the 
l ined  can and  consolidated.  A ca rbon  rod (he ight  
4.54 cm, d iamete r  0.404 cm) con t a in ing  a brass  cap, 
was t hen  inser ted  in  the  center  of the  cathode mix,  
and  the  cells sealed in  the  conven t iona l  m a n n e r  wi th  
a ros in  base wax.  Each cell we ighed  app rox i ma t e l y  
10 g and  conta ined  abou t  5 g of cathode mix. The 
cathode mix, which  consisted of equa l  par ts  by  
weigh t  of S h a w i n i g a n  ace ty lene  b lack and  su l fu r  
m ixed  wi th  3 % BaCrO,, was  wet  to the  proper  con-  
s i s tency wi th  an aqueous  MgBr2-6H~O (500 g / l )  
so lu t ion  con ta in ing  0.2 g/1 Na=Cr=O~. 

The  pe r fo rmance  charac ter i s t ics  of the m a g n e -  
s i u m - s u l f u r  AA-s ize  d ry  cells of the  above f o r m u -  
la t ion  and  cons t ruc t ion  are shown  in  Fig. 1. These 
data  were  ob ta ined  by  d i scharg ing  the  cells con t in -  
uous ly  t h rough  fixed res is tances  at  21.1 ~ --- 1.1~ 
(70 ~ --+ 2~  and  50 --+5% R.H. 

The open-c i r cu i t  vol tage  of the m a g n e s i u m - s u l f u r  
d ry  cells ranges  b e t w e e n  1.60 and  1.65 v;  this high 
vol tage  is due to e i ther  adsorbed  air  in  the  cathode 
mix,  or to the  smal l  a m o u n t  of ch romate  which  is 
added  to i nh ib i t  the  corrosion of the  m a g n e s i u m  
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AA-size Mg/MgBrJsu l fu r  cells 
showing (a) hours of service to 0.80 v end voltage vs. load 
resistance; (b) watt-minutes per unit of volume and weight vs. 
overage power output (capacity and average power computed 
to 0.80 end voltages from continuous discharge data). 

anode. W h e n  c u r r e n t  is w i t h d r a w n  f rom t he  cells, 
the vol tage  fal ls  to be t w e e n  0.90 and  0.95 v, the  
opera t ing  vol tage  level  of this system. Al though  
these cells opera te  at a cons ide rab ly  lower  vol tage 
t han  the Leclanch~ and  m a g n e s i u m - m a n g a n e s e  d iox-  
ide cells (9) ,  t hey  have a flat d ischarge curve  and  
give cons ide rab ly  more  hours  of service to end vol t -  
ages of 0.9 and  0.8 v t h a n  the two m a n g a n e s e  dioxide 
d ry  cells. 

The p e r f o r m a n c e  data  in  t e rms  of con t inuous  se rv-  
ice to a 0.80 v end  vol tage  vs. load res is tance  are 
p resen ted  in  Fig. 2. Curves  are also g iven  showing 
the  w a t t - m i n u t e  capaci ty  per  un i t  of weight  and  
vo lume  as func t ions  of the  average  con t inuous  power  
ou tpu t  in  mi l l iwat t s .  

The m a g n e s i u m - s u l f u r  cell operates  at about  0.90 
v and  offers p romise  for low d ra in  appl icat ions.  Its 
a t t rac t ive  fea tures  are h igh theore t ica l  capacity,  
cons tancy  of vol tage  du r ing  cell discharge,  and the  
low cost of sulfur .  It has p rob lems  s imi la r  to other  
m a g n e s i u m  cells. These are:  de layed ,  action, high 
impedance ,  and  loss in capaci ty  on l ight  i n t e r m i t t e n t  
tests. The fact tha t  hyd rogen  sulfide gas is l ibera ted  
du r ing  cell d ischarge l imits  its broad appl icat ions .  

Manuscript  received Feb. 11, 1960. This paper was 
prepared for del ivery before the Ottawa Meeting, Sept. 
28-Oct. 2, 1958. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1961 JOUR- 
NAL. 

REFERENCES 
1. C. K. Morehouse and R. Glicksman, This Journal, 

103, 94 (1956). 
2. S. F. Walker,  U. S..Pat. 361, 794, April  26, 1887. 
3. R. C. Benner  and H. F. French, U. S. Pat. 1,255,283, 

Feb. 5, 1918. 
4. R. C. Benner  and H. F. French, U. S. Pat. 1,316,761, 

Sept. 23, 1919. 
5. R. C. Benner  and H. F. French, U. S. Pat. 1,375,647, 

April  19, 1921. 
6. R. C. Benner  and H. F. French, Can. Pat. 215,676, 

Feb. 7, 1922. 
7. R. C. Benner  and H. F. French, U. S. Pat. 1,415, 860, 

May 16, 1922. 
8. G. W. Armstrong,  U. S. Pat. 1,624,460, April  12, 

1927. 
9. R. C. Kirk, P. F. George, and A. B. Fry, This Journal, 

99, 323 (1952). 



On the Anodic Oxidation of Columbium 
Robert Bakish 

The Allogd Corporation, Cambridge, Massachusetts  

Except  for the work  of Johansen ,  et al. (1),  Young  
(2, 3), and  Adams  (4) ,  the  au thor  knows  of no work  
on the  anodic  ox ida t ion  of co lumbium.  This  com-  
m u n i c a t i o n  discusses in  br ief  some aspects of the 
anodic  ox ida t ion  of this  metal .  

The work  was done on c o l u m b i u m  sheet suppl ied  
by  Murex  Ltd., Ra inham,  Essex, England ,  which  a n -  
a lyzed as follows: Ta 0.58%, C 0.1%, Ni 0.03%, 
Si 0.013%, Fe 0.015%, Ti 0.081%, A1 and  Mg 0.01%, 
B, W, V traces ( ~  0 .01%).  The spec imen were  tho r -  
oughly  degreased and  etched in  a 5: 2:2 solut ion of 
H~SO4 (95%) ,  HNO~ (70%) ,  and  HF  (48%)  pr ior  to 
fo rma t ion  which  was car r ied  out at cons tan t  cu r r e n t  
of 5.5 m a / c m  ~ in 0.1% H3PO4 solution.  Cons tan t  cu r -  
r en t  and  cons tan t  vol tage  power  supplies  capable  of 
m a i n t a i n i n g  vol tages  and  cu r ren t s  w i t h i n  1% of 
ou tpu t  were  ut i l ized,  and  all m e a s u r e m e n t s  were  
carr ied  out  in  cons tan t  t e m p e r a t u r e  ba th  control led 
to --+0.5 ~ of the work ing  t e m p e r a t u r e s  and  wi th  1% 
in s t rumen t s .  

The  oxide and  its s tate  of c rys t a l l i n i ty  were  i de n -  
tified by s t anda rd  x - r a y  diffract ion powder  tech-  
n iques  s f lpp lemented  by  e lec t ron  diffract ion in  
t ransmiss ion .  For  the  e lec t ron  microscopy t r iafol  
repl icas shadowed at 30 ~ and  90 ~ inc idence  wi th  SiO 
were  used. 

The vol tage  c u r r e n t  charac ter is t ics  of c o l u m b i u m  
and  the i r  dependence  on t e m p e r a t u r e  as recorded 
wi th  a two channe l  recorder  are g iven  in  Fig. 1, 
which  shows typica l  da ta  for 1 ~ 25 ~ 60 ~ and  80~ 
In  these expe r imen t s  f o rma t ion  at cons tan t  cu r r e n t  
to 300 v was fol lowed by  cons tan t  vol tage  once the  
300-v va lue  was reached.  Af te r  the  w e l l - k n o w n  ex-  
ponen t i a l  decay of the  c u r r e n t  to a r e l a t ive ly  low 
va lue  " leakage  c u r r e n t  p la teau ,"  depend ing  on the  
fo rma t ion  t empe ra tu r e ,  this  va lue  is kept  for some 
t ime and  t h e n  r a the r  a b r u p t l y  increases.  The t ime  
to current reversal is inversely dependent on tem- 
perature with the current hardly reaching a "pla- 
teau" value at higher formation temperatures but 
rapidly getting outside the range of the instrumenta- 
tion used. 

This voltage current behavior is the consequence 
of crystallization of the amorphous oxide film. The 

l eakage  c u r r e n t  for samples  fo rmed  to lower  vol tages 
and  held  u n d e r  these  respect ive  vol tages  r e m a i n s  at 
the "p l a t eau"  va lue  for cons ide rab ly  longer  t imes,  
and  for a 50-v  fo rma t ion  at room t e m p e r a t u r e  no 
reve r sa l  was observed  for as long as 24 hr  u n d e r  
voltage,  which  was the du ra t i on  of the m e a s u r e -  
ments .  

The oxide itself is identif ied w i th  the  T-Cb.~O~ 
oxide form as d e t e r m i n e d  by  B r a u e r  (5) .  

The inf luence  of the po ten t i a l  on the  oxide topog-  
r a p h y  is shown by  the composi te  e lec t ron  micro-  
graph  (Fig. 2) showing r ep re sen t a t i ve  areas i den t i -  

Fig. 2. Dependence of topography on formation voltage. 
Constant voltage formation to 100, 150, 175, 250. Magnif i -  
cation 5000X before reduction for publication. 
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Fig. 1. Voltage-current characteristics of columbium forma- 
tion. - -  1~ 1 / 1 0 %  H~PO~; - - . - - .  25~ 
6 0 ~  80~ 

Fig. 3. Topographical changes associated with imperfec- 
tions. Surface as etched and after formation to 320 v. Mag- 
nification 1000X before reduction for publication. 
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fled w i th  the respect ive  voltages.  These observa t ions  
were  made  af ter  cons t an t  c u r r e n t  fo rma t ions  to the  
vol tages  indicated.  Above  250 v no rep l i ca t ing  and, 
in  t u rn ,  no e lec t ron  microscopy are  possible due to 
the  d i s in teg ra t ion  of the oxide. The  topographic  
changes  of c o l u m b i u m  on  c rys ta l l i za t ion  are bo th  
di f ferent  and  s imi lar  to these changes  in  t a n t a l u m .  
They  are different  in  tha t  none  of the  c rys ta l l ine  
po lygona l  areas  seen in  t a n t a l u m  (6) a re  observed 
here, and  s imi la r  because  here,  as wel l  as in  t a n -  
t a lum,  the  c rys ta l l ine  oxide nuc lea tes  u n d e r n e a t h  
and  grows at  the expense  of the  amorphous  oxide, 
d isp lac ing  it in  the  process. 

A n  a t t emp t  to eva lua t e  the  possible  role of cold 
work  and  imperfec t ions  was also made  in  this s tudy,  
w i th  Fig. 3 showing a r ep re sen t a t i ve  spec imen area  
con ta in ing  a fine scratch before  and  af ter  fo rma t ion  
to 320 v. Observe  the  bu lk  of the  c rys ta l l i za t ion  
t ak ing  place in the a rea  de l inea ted  by  the scratch 
and  also in  the v ic in i ty  of the dis locat ion etch pits 
(7) ,  ind ica t ing ,  even  though  not  conclus ively ,  the  
possible  ca ta ly t ic  role of imper fec t ions  in  this  c rys-  
t a l l i za t ion  process. It  has a l r eady  been  shown tha t  
in  t a n t a l u m  crys ta l l i za t ion  takes  place at  p r e f e r r ed  
sites (8) .  

Resul ts  repor ted  here  show both  s imi lar i t ies  and  
differences b e t w e e n  c o l u m b i u m  and  t a n t a l u m .  The 
fo rma t ion  character is t ics  and  the c rys ta l l i za t ion  
p h e n o m e n a  are common  to both  metals ,  bu t  the 

grea te r  ease of c rys ta l l i za t ion  of c o l u m b i u m  of this 
pur i ty ,  as we l l  as some deta i ls  of the  topographic  
changes b r o u g h t  about  w i th  the process, appear  
different.  On  the  basis of this  data, it canno t  be 
asser ted w h e t h e r  the  observed  differences are due 
to i n h e r e n t  differences b e t w e e n  the two meta l s  or 
to impur i t i e s  in  the c o l u m b i u m  act ing as c rys ta l l i za -  
t ion nuclei .  
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The Reaction of Zirconium-Oxygen Alloys 
with Hydrofluoric Acid 

M. E. Straumanis and T. Ejima 

Department of Metallurgy, the University of Missouri School o) r Mines and Metallurgy, Rolla, Missouri 

Metal l ic  z i r con ium dissolves r ead i ly  in  h y d r o -  
fluoric acid according to the  equa t ion  (1, 2) 

Zr  + 4 H F = Z r F , +  2H~ [1] 

However ,  the inf luence of oxygen  in  the  me ta l  on 
the  a m o u n t  of hyd rogen  developed is no t  yet  known.  
There  should be a difference in  the  behav io r  of such 
al loys as compared  wi th  s imi lar  ones of t i t a n i u m :  
whereas  the  oxides of the la t te r  up to Ti.~O~, in -  
c lusively,  dissolve in  HF  (2) ,  no o ther  oxides are 
k n o w n  in  the Z r - O  sys tem (3) except  ZrO~ which  
p rac t i ca l ly  does not  dissolve in  the acid, as found  
by test ing.  Thus,  the  a homogeneous  solid solut ions 
up  to 29 at. % oxygen  and  those of the  two- pha se  
region  up  to ZrO~ (wi th  66.67 at. % oxygen)  should 
differ in the i r  reac t ion  wi th  HF. It  is expected  t ha t  
the homogeneous  solid solut ions  s imi la r  to Ti -O 
al loys (4) ,  wi l l  react  w i t h  the acid as fol lows 

ZrOx + 4HF = ZrF4 + xH~O + (2--x)H~ [2] 

By calculating the volume of H~, Eq. [2], and com- 
paring it with the experimental one the validity of 
[ 2 ] was checked. 

ZrOx Alloys and Experimental Procedure 
Dried Zr  powder  ~ was used as a s t a r t ing  mater ia l .  

According  to the  m a n u f a c t u r e r  the composi t ion of 
the  powder  was  as follows: Zr-96.6,  i nc lud ing  about  
2% of Hf, A1-0.1, Ca-0.1, Fe-0.5,  and  Mg-0.13 wt  %, 
or a l together  for the meta l l ic  part ,  97.4%, the  re -  
m a i n d e r  be ing  oxygen.  However ,  the p resen t  in -  
ves t iga t ion  shows that  the oxygen  is dissolved in  
the meta l  no t  as such bu t  is combined  wi th  ZrO~, 
which  forms a solid solut ion wi th  the meta l l ic  Zr. 
This  is in  accordance  wi th  the  resul ts  ob ta ined  by  
de Boer and  Fas t  (5).  Therefore ,  on ly  87.27% Zr is 
in the meta l l i c  state, and  the tota l  of meta l s  p resen t  
is thus  90.1%, the  ba lance  (9 .9%) be ing  ZrO~. The 
a m o u n t  of f ree meta l s  found  by  this ca lcu la t ion  was 
checked b y  ana lyz ing  the  Zr  powder  by  the com- 
bus t ion  me thod  (6).  Weighed  amoun t s  of the dry  
powder  were  hea ted  in  air  up  to 1000~ so tha t  
complete  ox ida t ion  occurred (i t  las ted up  to 8 h r ) .  
F r o m  the composi t ion of the sample  g iven  above it 
was ca lcula ted  tha t  each g r a m  of the meta l l i c  part ,  
which  a lone  is capable  of b u r n i n g  to ZrO2, HfO2, etc., 

1 M e t a l  H y d r i d e s  I n c o r p o r a t e d .  
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Table I. Hydrogen volumes (reduced to normal conditions) 
developed by Zr powder (sample II) in HF and compared 

with the volume calculated from combustion analysis 

He e v o l u t i o n  
C o m b u s t i o n  a n a l y s i s  m e t h o d ;  

ZrOe, Zr  m e t a l  a n d  I-I2 v o l  calc,  He f o u n d ,  
w t  % a d m l x t . ,  w t  % m l / g  of  a l loy  m l / g  of  a l loy 

9.51 90.49 440.8 434.9 
10.44 89.56 436.2 438.5 
8.97 91.03 443.4 436.0 
8.34 91.66 446.5 

Avg 9.31 90.68 441.7 436.5 
~-5.0 • 

Table II. Hydrogen volumes obtained from ZrOx samples 
dissolved in HF. Comparison with the volumes calculated 

per gram of the alloy from the combustion data 

C o m b u s t i o n  m e t h o d  He e v o l u t i o n  m e t h o d  
02 ( in  Me ta l  He v o l  Vol  

S a m -  ZrO2) ,  (Zr, e t c . ) ,  calc ,  f o u n d ,  x i n  
p le  w t  % w t  %** m l / g  m l / g  4, % Z r O x t  

I* 0.37 98.58 484.5 488.6 --0.84 0.01 
II  2.42 90.69 441.7 436.5 4 1.2 0.15 
II I  3.60 86.13 419.5 419.7 --0.05 0.24 
IV 3.99 84.65 412.3 404.6 41.9  0.27 
V 4.30 83.44 406.4 402.4 4 1.0 0.29 
VI 4.84 81.34 396.2 390.3 4 1.5 0.34 
VII 4.98 80.86 393.9 386.9 4 1.8 0.35 
VIII  5.05 80.56 392.4 383.5 42.3 0.36 

i n c o m p l e t e  c o m b u s t i o n ) .  * Me ta l l i c  t u r n i n g s  H f - f r e e  (poss ib ly  
** R e s t - - Z r O e  ( sou rce  of  Oe) .  

x - - f r o m  c o m b u s t i o n  a n a l y s e s .  

absorbs  d u r i n g  the  combus t i on  0.3484 g of oxygen .  
Hence  f r o m  the  i nc rea se  in w e i g h t  and  the  o r ig ina l  
w e i g h t  of the  s amp le s  t he  a m o u n t  of f ree  m e t a l  and  
of ZrO~ could  be  ca lcu la ted .  Resu l t s  a r e  shown  in 
Tab le  I: the  Zr  p o w d e r  ( s a m p l e  I I )  con t a ined  9.31% 
ZrOe or  2.42% o x y g e n  (see  T a b l e  I I )  i n s t e a d  of 
2.57%, as i t  fo l lows  f r o m  the  ana lys i s  of t he  m a n u -  
f ac tu re r .  This  was  r e g a r d e d  as a good a g r e e m e n t  
and,  t he re fo re ,  the  Zr  p o w d e r  was  used  for  t he  p r e p -  
a r a t i on  of t he  ZrOx al loys .  

These  w e r e  p r e p a r e d  b y  m i x i n g  w e i g h e d  a m o u n t s  
of the  d r y  Zr  p o w d e r  and  ZrO~, and  b y  compres s ing  
t h e m  in a d ie  u n d e r  1500 psi  to m a k e  a b r ique t t e .  
The  l a t t e r  w a s  h e a t e d  a t  1400~ for  4 h r  u n d e r  a 
v a c u u m  (2 ~) ,  t hen  q u e n c h e d  in a i r  of r oom t e m p e r -  
a ture .  The  color  of t h e  s amp le s  was  s i l v e r y  g ray .  
T h e y  w e r e  c rushed ,  pu lve r i zed ,  and  p a r t s  of t he  
p o w d e r  w e r e  a n a l y z e d  b y  b u r n i n g  t h e m  in a p o r -  
ce la in  c ruc ib l e  to t he  oxides .  F r o m  the  inc rease  of 
the  s a m p l e  w e i g h t  t he  a m o u n t  of the  m e t a l l i c  p a r t  
( con t a in ing  96.86% Z r )  was  ca l cu l a t ed ;  t he  r e -  
m a i n d e r  was  t h e n  the  w e i g h t  of ZrOe in the  s a m p l e  
be fo re  combus t ion .  The  v o l u m e  of h y d r o g e n  ( S T P )  
w h i c h  1 g of s amp le s  shou ld  deve lop  in H F  was  
c o m p u t e d  (487.1 cm e for  the  m e t a l l i c  p a r t  of t h e m  
ins t ead  of 491.43 m l  He, Eq. [1]  for  100% Zr )  and  
c o m p a r e d  w i t h  the  v o l u m e  a c t u a l l y  o b t a i n e d  in t he  
d i s so lu t ion  e x p e r i m e n t s .  Or,  k n o w i n g  f r o m  the  com-  
bus t ion  ana lys i s  t he  a m o u n t  of o x y g e n  p r e s e n t  in 
the  sample ,  t he  v o l u m e  of h y d r o g e n  was  also ca l -  
cu l a t ed  f r o m  Eq. [2] .  Bo th  m e t h o d s  l e ad  to t he  
same  resu l t .  

The  v o l u m e  of h y d r o g e n  d e v e l o p e d  b y  the  s a mp le s  
was  d e t e r m i n e d  as d e s c r i b e d  p r e v i o u s l y  (4) .  H o w -  

ever ,  the  p r o c e d u r e  is s i m p l e r  t h a n  for  Ti, because  
acco rd ing  to Eq. [1]  no l o w e r  v a l e n c y  Zr  sa l ts  a r e  
f o r m e d  and  hence  no o x i d a t i o n  can  occur.  T h e r e -  
fore,  t he  a i r  of the  a p p a r a t u s  does  no t  h a v e  to be  
r e p l a c e d  b y  an  i n e r t  gas  or  h y d r o g e n .  Besides ,  no 
s ide  r eac t ions  occur  and  the  f inal  v o l u m e  of h y d r o -  
gen  d e v e l o p e d  b y  the  s a m p l e  can  be  r e a d  eas i ly  f rom 
the  gas  bu re t t e .  

Results 

Q u a l i t a t i v e  e x p e r i m e n t s  showed  t h a t  t he  h o m o -  
geneous  Zr  s a m p l e s  con ta in ing  up  to 29 at. % o x y g e n  
d i s so lve  c o m p l e t e l y  in d i lu t e  H F  ( 0 . 3 - I N ) .  S o m e -  
t imes  a g r a y i s h  r e s i d u e  is ob t a ined ,  b u t  i t  d i s so lves  
s l o w l y  a n d  c o m p l e t e l y  in  w a t e r  w i t h o u t  gas  e v o l u -  
t ion.  I t  is p r o b a b l y  ZrOF.o, f o r m e d  be c a use  of h y -  
d ro lys i s  (ZrF4 4 H ~ O ~  ZrOF~ 4 2HF)  w h i c h  is a 
s e c o n d a r y  r e a c t i o n  not  a f fec t ing  Eq. [2] .  S a m p l e s  
of the  t w o - p h a s e  r eg ion  a l w a y s  l eave  a w h i t e  r e s i d u e  
iden t i f i ed  as ZrO~ b y  x - r a y  d i f f rac t ion .  H o w e v e r ,  
ZrO~ a l w a y s  r e m a i n s  b e h i n d  if  the  h o m o g e n e o u s  
ZrOx sa mp le s  a r e  h e a t e d  at  a b o u t  600~ in a h y d r o -  
gen  a t m o s p h e r e :  t h e y  abso rb  h y d r o g e n  w h i c h  is 
t hen  r e l e a s e d  upon  d i s so lu t ion  in HF,  b u t  a r e s i d u e  of 
ZrO2 is ob ta ined .  E v i d e n t l y  t he  d i s so lv ing  h y d r o g e n  
forces  t he  ZrOe to a g g r e g a t e  to l a r g e r  p a r t i c l e s  i n -  
so lub le  in HF.  

F o r  check ing  the  v a l i d i t y  of r e a c t i o n  [2]  on ly  
s a mp le s  f r o m  the  h o m o g e n e o u s  r eg ion  c on t a in ing  
up  to 22% ZrOe (or  27 at. % o x y g e n )  w e r e  used.  
As  s a mp le s  w i t h  a s t i l l  h i g h e r  o x y g e n  con ten t  w e r e  
diff icult  to p r e p a r e  and  to hand le ,  no q u a n t i t a t i v e  
s tud ies  w e r e  m a d e  w i t h  them.  F r o m  each  s a m p l e  
of t he  h o m o g e n e o u s  region ,  3-4 c ombus t i on  and  2-3 
h y d r o g e n  evo lu t i on  a n a l y s e s  w e r e  made .  H o w  good 
the  s e p a r a t e  a n a l y s e s  of one s a m p l e  a r e  and  h o w  the  
a v e r a g e s  o b t a i n e d  b y  the  two  m e t h o d s  of a n a l y s i s  
a g r e e  is shown  in T a b l e  I on the  e x a m p l e  of Z r  
pow de r ,  used  as s t a r t i n g  m a t e r i a l .  

In  t h e  case  of s a m p l e  II  the  d i f fe rence  b e t w e e n  the  
two  m e t h o d s  is abou t  1.2%. H o w e v e r ,  t he  a n a l y s e s  
b y  h y d r o g e n  evo lu t i on  can  be  r e p r o d u c e d  m u c h  
b e t t e r  t h a n  those  b y  the  c o m b u s t i o n  me thod .  The  
r e a s o n  m a y  be  t h a t  ZrO2 m a y  abso rb  o x y g e n  s i m -  
i l a r l y  as i t  h a p p e n s  w i t h  c o m m e r c i a l  TiOe (7)  t hus  
i nc rea s ing  t h e  c a l c u l a t e d  f ree  Zr  a m o u n t  in t he  
samples ;  t he  d i f fe rence  of 1.2% m a y  r e s u l t  in th is  
way .  This  is e v i d e n t  f u r t h e r  w h e n  one  e x a m i n e s  t he  
a n a l y s e s  of 6 m o r e  s a mp le s  of ZrOx as shown  in 
T a b l e  II. 

Tab le  II  shows  t h a t  the  v o l u m e s  of h y d r o g e n  o b -  
s e r v e d  and  those  c a l c u l a t e d  f r o m  the  c o m b u s t i o n  
m e t h o d  a g r e e  w i t h i n  2%, w h e r e b y  t h e  h y d r o g e n  
evo lu t i on  m e t h o d  u s u a l l y  g ives  s m a l l e r  vo lumes .  
I f  t he  x - v a l u e s  of t he  l as t  c o l u m n  a re  used  to m a k e  
the  ca l cu la t ions  acco rd ing  to Eq. [2] ,  an  a g r e e -  
m e n t  w i t h i n  0.9% w i t h  t he  v o l u m e s  o b s e r v e d  is ob -  
t a ined .  In  conclus ion,  a l t h o u g h  the  r e su l t s  of t he  
c ombus t i on  and  the  h y d r o g e n  evo lu t i on  m e t h o d  d i f -  
fe r  in a s y s t e m a t i c  fashion,  t he  d i f fe rence  can  be  
a t t r i b u t e d  to t he  f u r t h e r  a b s o r p t i o n  of o x y g e n  d u r -  
ing t h e  long  h e a t i n g  p e r i o d  in t he  fo rmer .  T h e r e -  
fo re  t h e  v a l i d i t y  of Eq. [2]  is c l e a r l y  e s t ab l i shed .  

The  h o m o g e n e o u s  ZrOx a l loys  b e h a v e  as if t h e y  
w o u l d  consis t  of a sol id  so lu t ion  of ZrO~ in m e t a l l i c  
Zr.  This  ag rees  w i t h  t he  s t a t e m e n t  of de  Boer  and  
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and  Fas t  (5) tha t  oxygen  in  ZrOx is in  fo rm of 03-. 
As in  case of TiOx (8) the  vo lumes  of H~ developed 
by  ZrOx in  HF  can be used for a r ap id  d e t e r m i n a t i o n  
of oxygen  and  free me ta l  in  those alloys. 
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Gelatin Effects on Polarographic Half-Wave Potentials 

A. J. Diefenderfer and L. B. Rogers 

Depar tment  o] Che,mistry and Laboratory ]or Nuclear  Science, 
Massachusetts  Inst i tute  o.f Technology, Cambridge', Massachusetts  

I t  is wel l  recognized tha t  the  presence  of r e l a t i ve ly  
la rge  concen t ra t ions  of ge la t in  m a y  lead to cathodic 
shifts of the  h a l f - w a v e  po ten t ia l s  for i r r eve r s ib le  
react ions.  A recent  pub l i ca t i on  f rom our  l abo ra to ry  
(1) r epor ted  tha t  the  i r r eve r s ib le  second reduc t ion  
of p - d i n i t r o b e n z e n e  in  w e a k l y  acidic solut ions  was 
shif ted t o w a r d  less cathodic po ten t ia l s  by  the  addi -  
t ion  of smal l  amoun t s  of gela t in .  This  behav io r  has 
since been  e x a m i n e d  in g rea te r  de ta i l  because  of its 
theore t ica l  impl ica t ions  w i th  respect  to the  role of 
ge la t in  in  the  electr ical  double  layer .  

Our  most  recen t  s tudies  have  conf i rmed the  anodic  
shift  us ing  two other  samples  of gelat in .  However ,  
the  effect has been  shown to be due to an unexpec t ed  
decrease in  pH caused by  impur i t i e s  in  the  gelat in .  1 
I t  was  found  tha t  solut ions  of 0.50% ge la t in  p repa red  
f rom w a r m  (60~ dis t i l led  water ,  which  has jus t  
been  boiled,  reached pH va lues  of 4.20 and  4.10 
w i t h i n  an  hou r  w h e n  s tored at 25~ and  2~ re -  
spect ively,  Severa l  hours  later ,  the  pH va lues  were  

1 A c c o r d i n g  to  G. S c a t c h a r d  and  O. L. K e l l e r  ( p r i v a t e  c o m m u n i -  
cat ion)  p u r e  g e l a t i n  w o u l d  be s t ab le  u n d e r  b o t h  the  p r e p a r a t i v e  
and  p o l a r o g r a p h i c  cond i t ions  e m p l o y e d  in  ou r  s tudy .  

4.07 and  4.00. W h e n  a p p r o x i m a t e l y  a 1 -ml  por t ion  
of such a so lu t ion  was  added to 50 ml  of the  w e a k l y  
buffered alcoholic suppor t ing  electrolyte,  an  anodic  
shift  was indeed  found.  However ,  w h e n  the  or ig ina l  
pH of the suppor t ing  e lect rolyte  was res tored by  
adding  po tass ium hydrox ide  (which  had been  dis-  
solved in  an  alcoholic so lvent  of the  same composi -  
t ion) ,  the  h a l f - w a v e  po ten t i a l  r e t u r n e d  to the  va lue  
observed before  the  addi t ion  of gelat in .  Thus,  the  
repor ted  anodic  shift  was not  a p rope r ty  of the ge la -  
t in  per se. 

The n a t u r e  of the impur i t i e s  in  our  commerc ia l  
gelat in ,  which  p roduced  the  a b n o r m a l l y  low pH 
value,  are  u n k n o w n  and  are of no f u r t he r  in te res t  
to us. 
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Microscopic Observations on ElectroluminescentZnS:Cu Phosphors 
Willi Lehmann 

Research Department, Westinghouse Electri,c Oorporation, Bloomfield, New Jersey 

It is known that  the emission of e lec t ro lumi-  
nescence in ZnS:Cu  phosphors is concentrated in 
randomly  d is t r ibu ted  small  spots (1-4) .  I t  has also 
been assumed that  e lectroluminescent  ZnS: Cu phos-  
phors contain copper sulfide (p robab ly  Cu+S) as a 
separate  phase segregated in cavities, etc., inside 
the phosphor  par t ic les  (Cu+S on the surface of the 
par t ic les  can be removed by sui table  washing pro-  
cedures)  and that  these segregat ions create  localized 
regions of enhanced electric field s t rength  near  thei r  
edges (5,6). These segregations have now been ob-  
served microscopically.  The exper imenta l  a r r ange -  
ment  is shown in Fig. 1. The phosphor  par t ic les  were  
stuck on a thin plast ic  l aye r  be tween two a luminum 
electrodes evapora ted  onto a microscope slide. The 
space be tween  the par t ic les  was filled wi th  a h ighly  
ref rac t ing  l iquid [solution of phosphorus and sulfur  
in methylene iodide (7), n = 2.06] in order to ob- 
tain a clearer view into the ZnS particles. Even so, 
some refraction still remained and caused each par- 
ticle to appear opaque near its edge if illuminated 
by white light from the rear. The limit of resolution 
of details inside the particles is estimated to be 

about 1 ~ or somewhat lower. 
Because of the smallness of the objects and their 

three-dimensional extension, the investigation was 
limited to visual observations. Dark segregations in- 
side of many phosphor particles could be observed. 
They are frequently, but by far not always, thin and 
elongated, almost needle-like. They seem to be 
larger, on the average, in large particles, and vice 
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Fig. ]. Arrangement used in microscopic investigations 
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Fig. 2. Phosphor particles containing dark segregations and 
emitting spots. 

versa. The emission spots of e lectroluminescence are  
v is ib ly  located d i rec t ly  at the ends of the segrega-  
tions in many,  but  not in all  cases. Some typica l  
examples  are shown in Fig. 2. Some emission spots 
cannot  v is ib ly  be corre la ted  to dark  segregations;  
perhaps  they are ac tua l ly  present  but  too small  to 
be observed or are h idden by  surface i r regular i t ies .  
In other cases, segregat ions are present  wi thout  
accompanying emission. It may  be tha t  these segre-  
gations do not have sufficiently sharp edges (sub-  
microscopical ly)  to create localized regions of high 
field strength.  In agreement  wi th  old observat ions 
(1, 2), the l ight  emission per  spot occurs only once 
per  cycle of the excit ing voltage.  The question 
whe ther  the emission occurs when the end of the 
segregat ion is cathode or anode could not be decided. 

The l inear  dimensions of the segregat ions ap-  
proach 5 or 10% of the par t ic le  d iamete r  in o rd ina ry  
phosphor  powders.  Also the dimensions of the emi t -  
t ing spots range in this order  which means tha t  the 
emission in tens i ty  wi th in  an average  spot is roughly  
1000 t imes higher  than  the average  over the whole 
phosphor.  The br ightness  of a single spot does not  
s teadi ly  decrease wi th  t ime (as the  in tegra ted  emis-  
sion of an ent i re  e lec t ro luminescent  cell does) but  
may  undergo all  sorts of i r regu la r  fluctuations in-  
cluding sudden d isappearance  af ter  some t ime of op-  
era t ion or i r r egu la r  oscil lations wi th  time. Even 
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a m o v e m e n t  of two  n e i g h b o r i n g  spots  t o w a r d  each  
o the r  a n d  c o m p l e t e  un ion  w i t h i n  a b o u t  one  or  two  
m i n u t e s  cou ld  be  obse rved .  These  o b s e r v a t i o n s  w e r e  
m a d e  on p h o s p h o r  p a r t i c l e s  exc i t ed  b y  20 kcps ;  t h e  
p a r t i c l e s  d id  no t  m o v e  u n d e r  t he  inf luence  of t he  
e l ec t r i c  field.  

Manuscr ip t  received March 22, 1960. 

Any  discussion of this pape r  wi l l  appea r  in a Dis-  
cusslon Section to be publ i shed  in the  June  1961 JOUR- 
NAL. 
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Purification of Tantalum Anodes during Sintering 
C. J. B. Fincham and G. L. Mar t in  I 

Metals Division, National Research Corporation, Cambridge, Massachusetts 

I t  is g e n e r a l l y  b e l i e v e d  t ha t  t he  d - c  l e a k a g e  of a 
s i n t e r e d - a n o d e  t a n t a l u m  e l e c t r o l y t i c  c a p a c i t o r  is 
af fec ted  m a r k e d l y  b y  the  chemica l  p u r i t y  of t he  
t a n t a l u m  m e t a l  f r o m  w h i c h  i t  is made .  To s u b -  
s t a n t i a t e  th is  be l ie f  i t  w o u l d  be  n e c e s s a r y  to c o r r e -  
l a t e  t he  d - c  l e a k a g e  of t he  capac i t o r  w i t h  the  i m -  
p u r i t y  con ten t  of t he  s i n t e r e d  a n o d e  r a t h e r  t h a n  
w i t h  t h a t  of t he  o r i g i n a l  t a n t a l u m  p o w d e r ,  s ince 
i m p u r i t y  leve ls  c h a n g e  d u r i n g  s in t e r ing  to an e x -  
t en t  d e p e n d e n t  on s i n t e r i n g  condi t ions .  

Hou tz  and  K a r l i k  (1)  have  s t ud i ed  the  changes  
in i m p u r i t y  leve ls  of  carbon ,  oxygen ,  n i t rogen ,  and  
g e n e r a l  m e t a l l i c  c o n t a m i n a n t s  d u r i n g  the  s in t e r ing  
of t a n t a l u m  anodes  and  c o r r e l a t e d  t h e i r  r e su l t s  w i t h  
t he  d - c  l e a k a g e  and  l i fe  of the  f in ished  s o l i d - e l e c -  
t r o l y t e  capac i tors .  H o w e v e r ,  o the r  t h a n  the i r  d a t a  
on ca rbon ,  oxygen ,  and  n i t rogen ,  t h e r e  is no p u b -  
l i shed  i n f o r m a t i o n  on the  q u a n t i t a t i v e  changes  in 
the  l eve l s  of specific i m p u r i t i e s  d u r i n g  s in te r ing .  

The  w o r k  r e p o r t e d  he re  is a p r e l i m i n a r y  s t u d y  of 
these  q u a n t i t a t i v e  changes  d u r i n g  v a r i o u s  s i n t e r -  

ing  t r e a t m e n t s  and  of t he  d - c  l e a k a g e s  of t h e  r e -  
su l t ing  anodes .  

S i n t e r e d  anodes  w e r e  m a d e  f rom five d i f fe ren t  
t a n t a l u m  p o w d e r s  ( t h r e e  h i g h - c a p a c i t a n c e  and  two 
l o w - c a p a c i t a n c e )  b y  p r e s s i n g  pe l l e t s  of k n o w n  
dens i t i es  and  h e a t i n g  the  pe l l e t s  u n d e r  v a c u u m  at  
s e ve ra l  d i f fe ren t  cond i t ions  of t i m e  and  t e m p e r a t u r e ,  
as shown in T a b l e  I. The  p e l l e t i n g  and  s in t e r ing  
t echn iques  used  have  been  d e s c r i b e d  in de t a i l  p r e -  
v ious ly  (2) .  The  anodes  w e r e  a l l  cy l ind r i ca l ,  1.8 g 
in we igh t ,  and  had  an  ' a s - p r e s s e d '  d i a m e t e r  of 0.25 
in. Each  s in t e r  r u n  was  m a d e  w i t h  anodes  of  on ly  
one powder .  

The  p o w d e r s  and  r e p r e s e n t a t i v e  anodes  f r o m  five 
ba tches  w e r e  a n a l y z e d  q u a n t i t a t i v e l y  for  the  f o l l o w -  
ing  e l emen t s :  O, C, N, Na,  A1, Cr,  Cu, Fe,  Mo, Nb, 
Ni, Si, and  Ti, w i t h  the  r e su l t s  shown  in Tab le  I. The  
r e m a i n i n g  anodes  w e r e  no t  a n a l y z e d  for  O, C, N, 
or  Na. O x y g e n  was  d e t e r m i n e d  b y  v a c u u m  fusion,  

1 P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  C h e m i s t r y ,  U n i v e r s i t y  of  A l a -  
b a m a ,  U n i v e r s i t y ,  A l a b a m a .  

Table I. Changes in impurity levels during slntering of anodes and corresponding d-c leakages 

Sintering Conditions 
Green Meas- 
dens- ured 

l ty ,  t e m p ,  T i m e ,  L /C*  C h e m i c a l  a n a l y s i s  (ppm)  
M a t e r i a l  F o r m  g / c c  ~ h r  ~ a m p / ~ f d  O C N Na A1 Cr  Cu F e  N b  NI Si  T i  

P o w d e r  . . . .  480 25 30 30 < 5 0  110 < 5 0  87 120 52 81 < 1 0  
A n o d e  1 8.5 1750 1.5 0.082 - -  < 5 0  < 1 5  < 5 0  20 115 24 29 < 1 0  

S G - 7 3 R  A n o d e  2 9.5 2050 0.5 0.067 - -  < 5 0  < 1 5  < 5 0  18 115 19 25 < 1 0  
( H i g h  c a p a c i t a n c e )  A n o d e  3 9.0 2050 1.5 0.087 340 8 50  20 < 5 0  < 1 0  < 5 0  < 2 0  110 10 62 < 1 0  

A n o d e  4 9.5 2050 3.0 0.062 - -  < 5 0  < 1 5  < 5 0  < 1 0  115 < 1 5  28 < 1 0  

P o w d e r  - -  - -  - -  930 120 750 - -  < 5 0  < 1 0  < 5 0  460 140 25 780 40 
L - 5 3 3  A n o d e  1 10.5 1 ~ 0  1.5 > 3 0 . 0  - -  < 5 0  < 1 5  < 5 0  190 135 < 1 5  64 < 1 0  

{High c a p a c i t a n c e )  
A n o d e  2 9.0 2050 1.5 0.12 350 10 285 25 < 5 0  < 1 0  < 5 0  47 120 11 78 12 

100- 
E T - 7 6  P o w d e r  . . . .  850 50 25 100 190 130 250 100 92 120 160 < 1 0  

( H i g h  c a p a c i t a n c e )  A n o d e  1 9.0 2050 0.5 24.5 - -  < 5 0  < 1 5  < 5 0  20 105 17 < 2 5  < 1 0  
A n o d e  2 9.0 2050 1.5 28.0 460 7 40 10 < 5 0  < 1 0  < 5 0  36 110 31 44 < 1 0  

S G L - 1 0 3 R  P o w d e r  . . . .  370 25 35 15 < 5 0  170 50 61 150 151 55 < 1 0  
( L o w  c a p a c i t a n c e )  A n o d e  1 10.0 2050 0 5 0.07 - -  < 5 0  < 1 5  < 5 0  19 145 34 25 < 1 0  

A n o d e  2 9.0 2050 1.5 0.074 360 6 60 10 < 5 0  < 1 0  < 5 0  < 2 0  150 16 40 < 1 0  

L - 4 5 0  P o w d e r  - -  - -  - -  770 180 30 < I 0  200 20 50 250 230 40 450 < i 0  
( L o w  c a p a c i t a n c e )  A n o d e  1 10.5 I ~ 0  1.5 27.0 - -  70 < 1 5  < 5 0  62 230 < 1 5  98 < 1 0  

A n o d e  2 0.0 2050 1.5 27.0  180 58 40 < 5  < 5 0  < 1 0  < 5 0  < 2 0  210 < 1 0  40 < 1 0  

Mg 
27 

Sn,  Co, a n d  M n  w e r e  < 1 0  in  a l l  anodes .  
M g  w a s  < 1 0  m a l l  a n o d e s  e x c e p t  one  (see t a b l e ) .  
P b  w a s  < 2 0  in  a l l  anodes .  
~r w a s  <25 i n  a l l  p o w d e r s  a n d  anodes .  
< m e a n s  b e l o w  l i m i t  of  d e t e c t i o n  b y  m e t h o d  used .  

* L / C  = d-c  l e a k a g e  a t  140 v / u m t  c a p a c i t a n c e  fo r  2 0 0 - v  f o r m a t i o n  ( m i c r o a m p e r e s  p e r  m i c r o f a r a d ) .  
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a m o v e m e n t  of two  n e i g h b o r i n g  spots  t o w a r d  each  
o the r  a n d  c o m p l e t e  un ion  w i t h i n  a b o u t  one  or  two  
m i n u t e s  cou ld  be  obse rved .  These  o b s e r v a t i o n s  w e r e  
m a d e  on p h o s p h o r  p a r t i c l e s  exc i t ed  b y  20 kcps ;  t h e  
p a r t i c l e s  d id  no t  m o v e  u n d e r  t he  inf luence  of t he  
e l ec t r i c  field.  

Manuscr ip t  received March 22, 1960. 

Any  discussion of this pape r  wi l l  appea r  in a Dis-  
cusslon Section to be publ i shed  in the  June  1961 JOUR- 
NAL. 
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I t  is g e n e r a l l y  b e l i e v e d  t ha t  t he  d - c  l e a k a g e  of a 
s i n t e r e d - a n o d e  t a n t a l u m  e l e c t r o l y t i c  c a p a c i t o r  is 
af fec ted  m a r k e d l y  b y  the  chemica l  p u r i t y  of t he  
t a n t a l u m  m e t a l  f r o m  w h i c h  i t  is made .  To s u b -  
s t a n t i a t e  th is  be l ie f  i t  w o u l d  be  n e c e s s a r y  to c o r r e -  
l a t e  t he  d - c  l e a k a g e  of t he  capac i t o r  w i t h  the  i m -  
p u r i t y  con ten t  of t he  s i n t e r e d  a n o d e  r a t h e r  t h a n  
w i t h  t h a t  of t he  o r i g i n a l  t a n t a l u m  p o w d e r ,  s ince 
i m p u r i t y  leve ls  c h a n g e  d u r i n g  s in t e r ing  to an e x -  
t en t  d e p e n d e n t  on s i n t e r i n g  condi t ions .  

Hou tz  and  K a r l i k  (1)  have  s t ud i ed  the  changes  
in i m p u r i t y  leve ls  of  carbon ,  oxygen ,  n i t rogen ,  and  
g e n e r a l  m e t a l l i c  c o n t a m i n a n t s  d u r i n g  the  s in t e r ing  
of t a n t a l u m  anodes  and  c o r r e l a t e d  t h e i r  r e su l t s  w i t h  
t he  d - c  l e a k a g e  and  l i fe  of the  f in ished  s o l i d - e l e c -  
t r o l y t e  capac i tors .  H o w e v e r ,  o the r  t h a n  the i r  d a t a  
on ca rbon ,  oxygen ,  and  n i t rogen ,  t h e r e  is no p u b -  
l i shed  i n f o r m a t i o n  on the  q u a n t i t a t i v e  changes  in 
the  l eve l s  of specific i m p u r i t i e s  d u r i n g  s in te r ing .  

The  w o r k  r e p o r t e d  he re  is a p r e l i m i n a r y  s t u d y  of 
these  q u a n t i t a t i v e  changes  d u r i n g  v a r i o u s  s i n t e r -  

ing  t r e a t m e n t s  and  of t he  d - c  l e a k a g e s  of t h e  r e -  
su l t ing  anodes .  

S i n t e r e d  anodes  w e r e  m a d e  f rom five d i f fe ren t  
t a n t a l u m  p o w d e r s  ( t h r e e  h i g h - c a p a c i t a n c e  and  two 
l o w - c a p a c i t a n c e )  b y  p r e s s i n g  pe l l e t s  of k n o w n  
dens i t i es  and  h e a t i n g  the  pe l l e t s  u n d e r  v a c u u m  at  
s e ve ra l  d i f fe ren t  cond i t ions  of t i m e  and  t e m p e r a t u r e ,  
as shown in T a b l e  I. The  p e l l e t i n g  and  s in t e r ing  
t echn iques  used  have  been  d e s c r i b e d  in de t a i l  p r e -  
v ious ly  (2) .  The  anodes  w e r e  a l l  cy l ind r i ca l ,  1.8 g 
in we igh t ,  and  had  an  ' a s - p r e s s e d '  d i a m e t e r  of 0.25 
in. Each  s in t e r  r u n  was  m a d e  w i t h  anodes  of  on ly  
one powder .  

The  p o w d e r s  and  r e p r e s e n t a t i v e  anodes  f r o m  five 
ba tches  w e r e  a n a l y z e d  q u a n t i t a t i v e l y  for  the  f o l l o w -  
ing  e l emen t s :  O, C, N, Na,  A1, Cr,  Cu, Fe,  Mo, Nb, 
Ni, Si, and  Ti, w i t h  the  r e su l t s  shown  in Tab le  I. The  
r e m a i n i n g  anodes  w e r e  no t  a n a l y z e d  for  O, C, N, 
or  Na. O x y g e n  was  d e t e r m i n e d  b y  v a c u u m  fusion,  

1 P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  C h e m i s t r y ,  U n i v e r s i t y  of  A l a -  
b a m a ,  U n i v e r s i t y ,  A l a b a m a .  

Table I. Changes in impurity levels during slntering of anodes and corresponding d-c leakages 

Sintering Conditions 
Green Meas- 
dens- ured 

l ty ,  t e m p ,  T i m e ,  L /C*  C h e m i c a l  a n a l y s i s  (ppm)  
M a t e r i a l  F o r m  g / c c  ~ h r  ~ a m p / ~ f d  O C N Na A1 Cr  Cu F e  N b  NI Si  T i  

P o w d e r  . . . .  480 25 30 30 < 5 0  110 < 5 0  87 120 52 81 < 1 0  
A n o d e  1 8.5 1750 1.5 0.082 - -  < 5 0  < 1 5  < 5 0  20 115 24 29 < 1 0  

S G - 7 3 R  A n o d e  2 9.5 2050 0.5 0.067 - -  < 5 0  < 1 5  < 5 0  18 115 19 25 < 1 0  
( H i g h  c a p a c i t a n c e )  A n o d e  3 9.0 2050 1.5 0.087 340 8 50  20 < 5 0  < 1 0  < 5 0  < 2 0  110 10 62 < 1 0  

A n o d e  4 9.5 2050 3.0 0.062 - -  < 5 0  < 1 5  < 5 0  < 1 0  115 < 1 5  28 < 1 0  

P o w d e r  - -  - -  - -  930 120 750 - -  < 5 0  < 1 0  < 5 0  460 140 25 780 40 
L - 5 3 3  A n o d e  1 10.5 1 ~ 0  1.5 > 3 0 . 0  - -  < 5 0  < 1 5  < 5 0  190 135 < 1 5  64 < 1 0  

{High c a p a c i t a n c e )  
A n o d e  2 9.0 2050 1.5 0.12 350 10 285 25 < 5 0  < 1 0  < 5 0  47 120 11 78 12 

100- 
E T - 7 6  P o w d e r  . . . .  850 50 25 100 190 130 250 100 92 120 160 < 1 0  

( H i g h  c a p a c i t a n c e )  A n o d e  1 9.0 2050 0.5 24.5 - -  < 5 0  < 1 5  < 5 0  20 105 17 < 2 5  < 1 0  
A n o d e  2 9.0 2050 1.5 28.0 460 7 40 10 < 5 0  < 1 0  < 5 0  36 110 31 44 < 1 0  

S G L - 1 0 3 R  P o w d e r  . . . .  370 25 35 15 < 5 0  170 50 61 150 151 55 < 1 0  
( L o w  c a p a c i t a n c e )  A n o d e  1 10.0 2050 0 5 0.07 - -  < 5 0  < 1 5  < 5 0  19 145 34 25 < 1 0  

A n o d e  2 9.0 2050 1.5 0.074 360 6 60 10 < 5 0  < 1 0  < 5 0  < 2 0  150 16 40 < 1 0  

L - 4 5 0  P o w d e r  - -  - -  - -  770 180 30 < I 0  200 20 50 250 230 40 450 < i 0  
( L o w  c a p a c i t a n c e )  A n o d e  1 10.5 I ~ 0  1.5 27.0 - -  70 < 1 5  < 5 0  62 230 < 1 5  98 < 1 0  

A n o d e  2 0.0 2050 1.5 27.0  180 58 40 < 5  < 5 0  < 1 0  < 5 0  < 2 0  210 < 1 0  40 < 1 0  

Mg 
27 

Sn,  Co, a n d  M n  w e r e  < 1 0  in  a l l  anodes .  
M g  w a s  < 1 0  m a l l  a n o d e s  e x c e p t  one  (see t a b l e ) .  
P b  w a s  < 2 0  in  a l l  anodes .  
~r w a s  <25 i n  a l l  p o w d e r s  a n d  anodes .  
< m e a n s  b e l o w  l i m i t  of  d e t e c t i o n  b y  m e t h o d  used .  

* L / C  = d-c  l e a k a g e  a t  140 v / u m t  c a p a c i t a n c e  fo r  2 0 0 - v  f o r m a t i o n  ( m i c r o a m p e r e s  p e r  m i c r o f a r a d ) .  
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carbon  by  combust ion ,  n i t r ogen  by  mic ro -K je l da h l ,  
and  sodium by f l ame-pho tomet ry .  The r e m a i n i n g  
e lements  we re  d e t e r m i n e d  spec t rograph ica l ly  us ing  
the  car r ie r  t echn ique ,  ca l ib ra ted  by  syn the t ic  s t a n d -  
ards, and, in  the  cases of Fe, Ni, and  Cr, cross- 
checked by  w e t - c h e m i c a l  methods.  D u r i n g  the  spec-  
t rographic  ana lyses  of the anodes,  the add i t iona l  
e lements  Co, Mg, Mn, Pb, and  S n  were  looked for 
bu t  not  de tec ted  (except  Mg in  one anode) .  The  
es t imated  l imi ts  of detec t ion are g iven  in Tab le  I. 

Anodes  f rom the  same batches  as those ana lyzed  
were  tes ted e lec t r ica l ly  for d -c  leakage  and  capaci-  
tance  by  the  fo l lowing we t -ce l l  me thod  descr ibed  
in  detai l  p r ev ious ly  (2) .  

The anodes were  formed at  cons tan t  c u r r e n t  (35 
m a / g ) ,  in 0.01% phosphoric  acid solut ion at 92~ 
to 200 v, he ld  at  vol tage  for 2 hr, washed  and  dried.  
DC leakage  was  measu red  at I40 v af ter  2 m i n  at 
vol tage  in 10% phosphoric  acid solut ion at room 
t empera tu re .  Capac i tance  was  m e a s u r e d  in the 
same solut ion at 120 cycles/sec.  

The m e a s u r e d  rat ios  of d-c  leakage  (L) at 140 v 
( in  mic roamps ) ,  to capac i tance  (C) ( in  mic ro -  
fa rads) ,  for a 200-v fo rma t ion  are g iven  in Tab le  I. 
I n  addit ion,  for those batches  of anodes for which  
complete  ana lyses  were  obta ined,  m e a s u r e m e n t s  of 
leakage  at 70 v for a 100-v fo rma t ion  and  leakage  
at 35 v for a 50-v  fo rma t ion  were  made.  These 
resul ts  are discussed below. 

The ana ly t i ca l  and  electr ical  resul ts  for each set 
of powder  and  anodes  are  l i s ted in  Table  I in  i n -  
creas ing order  of sever i ty  of s in t e r ing  condi t ions.  
I t  can be seen tha t  different  impur i t i e s  be ha ve d  
di f ferent ly  d u r i n g  s in ter ing .  I ron  and  n icke l  de-  
creased s lowly  w i th  inc reas ing ly  severe s in t e r ing  
condit ions.  N i o b i u m  was u n c h a n g e d  f rom the  level  
in the powder  u n d e r  any  s in te r ing  condi t ions  t r ied,  
and  c h r o m i u m  decreased to be low the  l imi t  of de-  
tec t ion u n d e r  all  s in te r ing  condi t ions  tr ied.  Si l icon 
decreased on s in t e r ing  in  every  case, bu t  the  resu l t s  
were  er ra t ic  and  the  final levels  did not  cor re la te  
wi th  sever i ty  of s in t e r ing  condit ions.  Oxygen,  car -  
bon, and  sod ium decreased on s in ter ing ,  a l though  
the  ex ten t  of the  decrease of oxygen  was var iab le .  
In the powders where the initial nitrogen content 
was low, a slight increase in nitrogen level during 
sintering was observed (presumably due to "pick 
up" from outgassing or small leaks in the vacuum 

furnace). However, in the one high nitrogen powder 

(L-533), there was a marked decrease in nitrogen 

during sintering. Sodium, aluminum, copper, and 

titanium, when present in detectable amounts in the 

powder, all decreased during sintering. 
Similar qualitative trends were found by Torti 

(3) in a study of the purification of tantalum dur- 

ing vacuum arc-melting, which takes place at much 

higher temperatures (~ 3000~ The main dif- 

ference was in the relatively large loss of niobium 

observed during arc melting, compared with essen- 

tially no loss during sintering. 
The correlation of purity of anode with d-c leak- 

age is not so easily seen. However, one generaliza- 

tion perhaps can be made from these data, namely, 

that with the exceptions of niobium and oxygen 
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none  of the anodes w i th  low leakage  had  a n y  spe-  
cific i m p u r i t y  at a h igh level  r e la t ive  to the  group 
of data,  whereas  the h igh  leakage  anodes  each had  
one or more  impur i t i e s  at  a r e la t ive Iy  h igh level .  
The anodes made  f rom ET-76 appear  to be  an  ex-  
cept ion to this  genera l iza t ion ,  bu t  the  reason  for 
this  m a y  be in  the h igh copper level  in  the  or ig ina l  
powder  which  was in t roduced  by  acc identa l  con-  
t a m i n a t i o n  in  the course of hand l ing .  The copper 
was therefore  essen t ia l ly  a surface con t aminan t ,  so 
tha t  b u l k  analyses  have  l i t t le  m e a n i n g  wi th  regard  
to the effective concen t r a t i on  of copper at  the  surface 
of the  powder  and  anodes.  High leakage  due to 
copper  c o n t a m i n a t i o n  has occasional ly  been  observed 
in  other  powders.  

It  is t e m p t i n g  to specula te  tha t  the h igh leakage  
of anode  1 of L-533 is due  e i ther  to a h igh i ron con-  
t en t  (which  was r educed  b y  the more  severe  s i n t e r -  
ing condi t ions  used  for the  Iow leakage  anode 2) 
or to a high n i t r ogen  level ,  p r e s u m a b l y  somewhere  
b e t w e e n  750 ppm in  the  powder  and  285 ppm in  
anode 2. 

To specula te  fu r the r ,  the  high leakages  of bo th  
anodes  made  f rom L-450 migh t  be  a t t r i b u t e d  to 
high ca rbon  contents ,  58 p p m  in  anode 2, and  p re -  
s u m a b l y  h igher  in anode  1. This would  agree wi th  
the conclusions  of Houtz  and  K a r l i k  (1) tha t  to ob-  
t a in  a sa t is factory  anode  the  ca rbon  con ten t  mus t  
be less t h a n  20 ppm. 

However ,  a t t empts  to place an  exact  l imi t  on an  
acceptable  i m p u r i t y  leve l  m u s t  be  t empe red  by  the  
rea l iza t ion  tha t  the concen t r a t i on  of impur i t i e s  at 
the surface  can be e i ther  lower  or h igher  t h a n  the  
i m p u r i t y  levels  m e a s u r e d  on the b u l k  of the metal .  

Surface  c o n t a m i n a t i o n  of the powder  (as in  ET-  
76) or of the s in te red  anode  (e.g., du r ing  the  proc-  
essing of the anode to m a k e  the  f inished capaci tor)  
can give h igher  i m p u r i t y  levels  on the  surface t h a n  
in  the bulk .  

A l t e rna t i ve ly ,  the sur face  can be p u r e r  t h a n  the  
b u l k  if, du r ing  s in te r ing ,  the  ra te  of r e mova l  of i m -  
pur i t i e s  is l imi ted  by  diffusion in  the  me ta l  r a t h e r  
t h a n  by  vapor iza t ion  f rom the  surface.  
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Fig. 1. Var iat ion of d-c leakage per microfarad-vol t  wi th 
test voltage, for a constant ratio of testing to forming voltage 
and constant sintering conditions. 
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In  discussing the  effects of impur i t i e s  on leakage,  
resul t s  shown in  Fig. 1 are of grea t  interest ,  w he r e  
the  l oga r i t hm of the  d-c  leakage  ( in  mic roamperes  
per  m i c r o f a r a d - v o l t )  is p lo t ted  aga ins t  test  voltage,  
for a cons tan t  ra t io  of tes t ing  to fo rming  voltage.  
As m e n t i o n e d  above,  these m e a s u r e m e n t s  were  made  
on anodes  f rom the  same batches  as anode 4 of S G -  
73R and  anodes  2 of each of the o ther  powders .  The  
resul t s  were  p lo t ted  as leakage per  mic ro fa rad -vo l t ,  
s ince this  gives a m e a s u r e  of l eakage  per  u n i t  s u r -  
face area, i r respec t ive  of fo rming  voltage.  The poin ts  
shown at a test  vol tage  of 140 v are  those shown as 
leakage  per  mic ro fa rad  (for a 200-v fo rma t ion )  
in  Tab le  I. 

I t  can be seen f rom Fig. 1 tha t  the  ra te  of change  
of leakage  w i th  test  vol tage  var ies  m a r k e d l y  be -  
tween  the  di f ferent  sets of anodes and  tha t  whe reas  
at 140 v there  is a difference of a lmost  a factor  of 
400 b e t w e e n  the  highest  and  lowest  leakage  anodes,  
at 35 v the  difference is abou t  30% and  is app roach -  

ing the l imi ts  of e x p e r i m e n t a l  e r ror  Therefore ,  it 
would  appear  tha t  in  a n y  s tudy  of leakage  vs. p u r i t y  
the  m a x i m u m  sens i t iv i ty  of resul ts  can be ob ta ined  
by  w or k i ng  at  the  h ighes t  voltages.  
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Investigations on the Reaction Mechanism 
of the Nickel-Cadmium Cell 

S. Uno Falk 

Svenska Ackumulator AB Jungner, Stockholm, Sweden 

ABSTRACT 

X-ray  diffraction patterns from electrodes submerged in electrolyte have 
been obtained during charge and discharge by means of a special test cell, and 
the composition of the active materials has been determined. The question 
whether CdO or Cd(OH)2 is formed during discharge has been subject to 
special attention. The low potential reaction of the positive plate has been 
studied. The emf and the dE/dT have been determined between --40 ~ and 
+50~ at various states of charge. 

The n icke l - cadmium cell, the pr inciple  of which 
was pa tented  by Jungner  (1) in 1899, has provoked  
the in teres t  of several  invest igators  ever since, and 
many  theories have been put  forward  concerning 
the react ions and the rmodynamics  of this system. 
However,  opinions stil l  differ in many  essentials and 
this has caused us to publ ish the results  of some 
invest igat ions carr ied out to establish the react ion 
formulas  of the  n i cke l - cadmium cell and to e lucidate  
the react ion mechanism. 

The Reactants 
It is genera l ly  agreed that  the n i cke l - cadmium 

ceil works  according to the  oxygen- l i f t  system, i.e., 
oxygen (or hyd roxy l  ion) is t r ans fe r red  from one 
electrode to the  other. This t rans fe r  is car r ied  out by  
the electrolyte.  

Opinions have  differed apprec iab ly  as far  as the 
composition of the compounds const i tut ing the act ive 
substances is concerned. Thus, the fol lowing for -  
mulas  have been suggested for the charged ma te r i a l  
of the posi t ive electrode:  Ni(OH)4 (2),  NiO~ (3),  
NiO~.H~O (4),  NiO~.xH~O (5),  Ni(OH)~ (6),  
2Ni(OH), '5H~O (7),  Ni~O~ (8),  Ni208"1.2 H..O (9), 
Ni~O~-6H~O (10), and ]~-NiOOH (5) and mix tu res  
or solid solutions of these compounds. 

Some of these substances have been re fe r red  to in 
invest igat ions car r ied  out on posi t ive plates  of 
n icke l - i ron  cells, which, however ,  is of no impor -  
tance, since the same posi t ive active ma te r i a l  is 
present  in these cells. 

For  the discharged state the following formulas  
have been suggested: Ni (11),  NiO (3),  NiO.4H~O 
(4),  2NiO.9H~O (10), Ni(OH)~ (9),  Ni(OH)~.2H~O 
(6),  2Ni(OH)~'6H~O (7),  Ni~O4 (12), and Ni~O~ (13). 

Cd and CdH~ (4) have been ment ioned as con- 
s t i tuents  in the  charged negat ive  electrode,  whi le  
CdO (14), Cd~O (15), CdO'xH.~O (10), and Cd(OH)2 
(16) have been suggested for the  discharged state. 

The first pa r t  of these invest igat ions was di rected 
to es tabl ishment  of the components  present  in the  
electrodes at  var ious  states of charge. For  this p u r -  
pose x - r a y  diffraction methods were  used p r imar i ly .  

Severa l  other workers  (17-24) used such methods 
to s tudy different  nickel  and cadmium compounds. 
In the cases, however ,  where  electrodes have  been 
invest igated,  the x - r a y  exposures  have been made 
on washed and dr ied samples which  obviously may  
introduce sources of error.  Removing the e lect rolyte  
m a y  cause hydra t ion  changes and, moreover,  oxygen 
may  affect the active mater ia ls .  Therefore,  x - r a y  in-  
vest igat ion of an act ive mate r ia l  in a n i cke l - cad -  
mium cell should be carr ied  out on a sample com- 
p le te ly  submerged in the e lec t ro ly te  and subjected 
to charge or discharge.  Only in that  case the spectra  
obtained may  be c la imed to represent  the t rue  ac-  
t ive  substances. Appl ica t ion  of a charge  or a dis-  
charge el iminates  the r isk of decomposit ion of un-  
s table  substances tha t  possibly could be formed 
when a current  is passing, and accordingly  otherwise 
escape detection. These points of v iew have, as far  
as we know, been duly  taken  into account only by  
Salk ind  and Bruins (25), who, in an extensive and 
mer i tor ious  invest igat ion of the n i cke l - cadmium cell 
have, x - r a y e d  par t s  of wet  electrodes stored in 
sealed plast ic  bags and also worked  wi th  a Luci te  
cell, pe rmi t t ing  charge and discharge of the elec- 
t rodes  during exposure.  Thus, in the  first case wash -  
ing and dry ing  have  been avoided and, in the  la t ter ,  
a cur ren t  is passing. Apparen t ly ,  the posit ion of the 
plates  in the Luci te  cell has pe rmi t t ed  free access of 
the air. 

A special ly  constructed cell was used. I t  contained 
one s intered electrode of the kind to be invest igated,  
and one s in tered electrode of opposi te  polar i ty .  Sin-  
te red  electrodes are  used in these investigations,  
first, because steel r ibbons  do not  screen the act ive 
mater ia l s  and second, because the act ive mater ia l s  
a re  not mixed with  other  substances. F igure  1 shows 
the set -up.  When the desired state of charge has 
been a t ta ined  by  charge or discharge,  the test elec-  
t rode is pul led  sidewise from the counter  electrode 
and is pressed against  one of the wal ls  of the plas t ic  
bag, making  the e lec t ro ly te  film as th in  as possible. 
The p la te  is now inser ted  in the sample holder  of 
the x - r a y  spectrometer ,  the pa r t  of the  bag contain-  
ing the counter  e lectrode being placed at the side of 
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Charge  a n d  X- ra~/ 
d i s c h a r g e  r e c o r d i n g  

I 
I 

Fig. 1. Polyethylene cell allowing x-ray examination of 
electrodes without removal from electrolyte and without in- 
terruption of current. 1, U-bent very thin polyethylene sheet, 
welded at the ends and filled with electrolyte; 2, electrode 
under test; 3, counter electrode; 4, fi lter paper separator 
covering the counter electrode; 5, layer of epoxy plastic 
directing the current exclusively to the plate front. 

t he  ho lde r .  The  c u r r e n t  is no t  i n t e r r u p t e d  d u r i n g  
these  m a n i p u l a t i o n s ,  no r  d u r i n g  the  s u b s e q u e n t  
x - r a y  exposu re .  H o w e v e r ,  t he  c u r r e n t  is suff ic ient ly  
d e c r e a s e d  d u r i n g  the  e x p o s u r e  to p e r m i t  r e c o r d i n g  
the  e n t i r e  d i f f rac t ion  p a t t e r n  w i t h o u t  a n y  a p p r e c i a b l e  
change  of t he  s t a t e  of cha rge  of t h e  e lec t rode .  In  
th is  m a n n e r ,  p o s i t i v e  as w e l l  as n e g a t i v e  e l ec t rode s  
have  been  i n v e s t i g a t e d  a t  va r i ous  s t a tes  of charge .  
F o r  the  e x p o s u r e  N i - f i l t e r e d  Cu K a - r a d i a t i o n  was  
used.  T h e  ref lec t ions  w e r e  r e g i s t e r e d  b y  m e a n s  of a 
Ge ige r  coun t e r  and  a p o t e n t i o m e t e r  r eco rde r .  

The Positive Active Material 
F i g u r e  2 shows  x - r a y  p a t t e r n s  of f u l l y  cha rged ,  

1/3 d i s cha rged ,  2 /3  d i scha rged ,  and  f u l l y  d i s c h a r g e d  
pos i t i ve  e lec t rodes .  The  p o l y e t h y l e n e  p e a k s  h a v e  
been  o m i t t e d  f r o m  th is  f igure.  

The  d i s c h a r g e d  pos i t i ve  m a t e r i a l  has  p r o v e d  to be  
N i ( O H ) ~  of s m a l l  g r a i n  size. This  is i n d i c a t e d  b y  the  
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Fig. 2. X-roy diffraction patterns from positive electrode 

conspicuous  b r o a d e n i n g  of t h e  N i (O H )~  l ines  as 
c o m p a r e d  to, for  ins tance ,  t h e  Ni  ref lect ions.  B r o a d -  
en ing  of t he  ref lec t ions  m a y  b e  due  to s e v e r a l  o the r  
causes,  such as i r r e g u l a r  l a t t i ce ,  m e c h a n i c a l  c ry s t a l  
d e f o r m a t i o n  or  l a c k i n g  c h e m i c a l  e q u i l i b r i u m .  H o w -  
ever ,  we  h a v e  found  b y  m e a n s  of H a h n ' s  e m a n a t i o n  
m e t h o d  (26, 27) t ha t  t h e  b r o a d e n i n g  in th is  case is 
caused  b y  v e r y  s m a l l  c rys t a l s .  The  a p p r o x i m a t e  
c ry s t a l  size m a y  be  c a l c u l a t e d  f r o m  th is  b r o a d e n i n g .  
D u r i n g  cha rge  this  N i ( O H ) ~  is success ive ly  t r a n s -  
f e r r e d  in to  a s t i l l  m o r e  f ine ly  d i v i d e d  c o m p o u n d  
hav ing  a s p e c t r u m  a g r e e i n g  w e l l  w i t h  t h a t  of 
/%NiOOH. No t races  of h i g h e r  n i cke l  ox ides  h a v e  
been  d i s c ove re d  even  a t  s t r ong  ove rcha rge .  A t  d i s -  
cha rge  /%NiOOH is a g a i n  t r a n s f e r r e d  into  Ni (OH)~.  
These  t r a n s f o r m a t i o n s  do no t  i m p l y  a d e c r e a s e  of 
N i (OH)~  and  an  a p p e a r a n c e  of f l -N iOOH ref lec t ions  
b u t  i n s t e a d  some N i ( O H ) ~  p e a k s  dec rease  w h i l e  
o the r s  g r a d u a l l y  a r e  d i s p l a c e d  t o w a r d  f l -NiOOH.  
This  i nd i ca t e s  the  p r e s e n c e  of a sol id  so lu t ion  of 
f l -NiOOH a n d  Ni(OH)~,  f u r t h e r  s u p p o r t e d  b y  the  
fac t  t ha t  t he  e m f  c u r v e  v a r i e s  w i th  t h e  s t a t e  of 
charge .  This  o b s e r v a t i o n  w i l l  be  d iscussed  l a t e r .  

In  our  x - r a y  i nves t i ga t i ons  of t he  c h a r g e d  pos i -  
t i ve  m a t e r i a l / 3 - N i O O H  was  the  h ighes t  n i c k e l  com-  
p o u n d  e nc oun t e r e d ,  th i s  b e i n g  the  case also a f t e r  
h e a v y  ove rcha rge .  N a t u r a l l y ,  th is  does  no t  neces -  
s a r i l y  m e a n  t h a t  h i g h e r  c o m p o u n d s  l i ke  NiO~ a re  not  
p resen t ,  as t he se  m a y  be  amorphous to x - r a y s .  A t  
any  ra te ,  a f r e s h l y  c h a r g e d  pos i t ive  p l a t e  con ta ins  
more  ac t ive  o x y g e n  t h a n  c o r r e s p o n d s  to the  f o r m u l a  
f o u n d e d  on t r i v a l e n t  n icke l .  This  w a s  f o u n d  b y  
F o e r s t e r  (9 ) ,  who  s t a t ed  t h a t  the  c h a r g e d  m a t e r i a l  
cons is ted  of a sol id  so lu t ion  of NiO~ a n d  Ni~O~- 
1.2H.~O. The  op in ion  has  b e e n  sha red  b y  seve ra l  
others ,  b u t  P i t m a n  a n d  W o r k  (28) r e c e n t l y  cons id -  
e red  i t  to be  m o r e  l i k e l y  t h a t  t he  excess  of ac t ive  
o x y g e n  is a d s o r b e d  b y  f l -NiOOH.  This  t h e o r y  is 
based  on an  i nve s t i ga t i on  of t he  c onc e n t r a t i on  of 
ac t ive  o x y g e n  in t he  e l e c t r o d e  as r e l a t e d  to the  
o p e n - c i r c u i t  p o t e n t i a l  a f t e r  charge .  I f  F o e r s t e r ' s  
t h e o r y  w e r e  correc t ,  t h e  p o t e n t i a l  w o u l d  v a r y  l i n -  
e a r l y  w i t h  t he  l o g a r i t h m  of t he  ac t ive  o x y g e n  con-  
cen t ra t ion .  H o w e v e r ,  P i t m a n  and  W o r k  h a v e  ob -  
se rved  t h a t  t he  p o t e n t i a l  dec reases  d i r e c t l y  as a 
s t r a i g h t  l ine  w i t h  t he  o x y g e n  concen t ra t ion ,  i n d i -  
ca t ing  an  o x y g e n  adso rp t i on ,  thus,  as f a r  as w e  can 
u n d e r s t a n d ,  d i s p r o v i n g  F o e r s t e r ' s  t he o ry .  The  
f r e sh ly  c h a r g e d  s t a t e  should ,  accord ing  to P i t m a n  
and  W o r k ,  be  r e p r e s e n t e d  b y  the  f o r m u l a s  
Ni.~O~(O)a~ o r  (f l-NiOOH)~(O)ad~. As  w e  h a v e  f o u n d  
tha t  f l -N iOOH is p r e s e n t  in t he  c h a r g e d  ac t ive  m a -  
te r ia l ,  the  l a t t e r  f o r m u l a  is cons ide red  correc t .  

The  c a p a c i t y  a v a i l a b l e  f r o m  the  a d s o r b e d  o x y g e n  
is c o m p a r a t i v e l y  sma l l :  a f r e s h l y  c h a r g e d  pos i t ive  
p l a t e  wi l l  y i e l d  10-15% m o r e  c a p a c i t y  t h a n  a p l a t e  
h a v i n g  r e s t e d  some 24 h r  a f t e r  charge .  

The  s e c o n d a r y  d i s c h a r g e  r e a c t i o n  f r e q u e n t l y  a p -  
p e a r i n g  at  a v o l t a g e  of a b o u t  0.7 v was  an  ob jec t  of 
i n t e r e s t  as  e a r l y  as  1905-1910, w h e n  F o e r s t e r  and  
Z e d n e r  p e r f o r m e d  some  e x p e r i m e n t s .  I t  has  been  es-  
t a b l i s h e d  t h a t  the  p o t e n t i a l  s t ep  in  ques t ion  o r ig i -  
na tes  f r o m  the  p o s i t i v e  e lec t rode .  T h e  causes  of t he  
r e a c t i o n  h a v e  been  w i d e l y  d iscussed ,  b u t  t h e  source  
accep ted  n o w a d a y s  seems  to be  t he  o x y g e n  a d s o r b e d  
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Fig. 3. Second stage reaction at various loads 

by the graphite present in positive pocket electrodes, 
the step not appearing in plates without graphite. 
This explanation is not correct, as we have been able 
to find the potent ia l  step also in sintered positive 
electrodes, completely lacking graphite. The dura-  
tion of the stage can be increased by repeated rever-  
sals. The reaction occurring at an anode voltage of 
about --0.15 v as measured against the hydrogen 
electrode may correspond to 20% of the total ca- 
pacity. The step is dependent on the load; its shape 
at different loads is shown in Fig. 3. 

X - r a y  diffraction patterns have been recorded of 
sintered positive electrodes, discharged in the poly-  
ethylene cell previously described to the points (A),  
(B), (C), and (D) according to Fig. 3. It  was in- 
tended to obtain, if possible, the structure of the 
compounds causing the second stage reaction. How- 
ever, no new compounds appeared in these patterns, 
nor were any significant changes of position or in- 
tensities of the Ni (OH),  reflections observed. 

The opinion of Glemser and Einerhand (5) that 
NinOn(OH), is the active compound in this case is 
not supported by any x - r a y  investigations carried 
out by these research workers. The presence of 
NinOn(OH), should certainly be established by 
x-rays,  but  we have found neither this compound 
nor any other. We believe, therefore, that  the step 
is caused by  oxygen adsorbed by the nickel hy -  
droxide. In order to obtain further  proof of this theory 
the relationship between the secondary discharge 
stage and the ambient air pressure was studied. These 
investigations, carried out on sintered electrodes, 
corroborated the statement by Zedner (6) that  evac- 
uation will decrease the capacity of this stage. Oxy-  
gen is generally liberated with substantially less 
difficulty in the adsorbed s ta te  than when attached 
chemically to nickel, part icularly as the possible 
nickel compound cannot be very highly oxidized. 
This circumstance in connection with the negative 
results of the x - r ay  diffraction tests substantiates 
our opinion that the secondary discharge reaction 
is caused by oxygen adsorbed by Ni(OH)~. 

Negative Active Material 
Figure 4 shows x - r ay  diffraction patterns of nega- 

tive electrodes in fully charged, 1/3 discharged, 
2/3 discharged, and completely discharged states. 

The discharged material  consists mainly of 
Cd(OH), .  However, a small amount of Cd is always 
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Fig. 4. X-ray diffraction patterns from negative electrode 

present. Du r i ng  charge Cd(OH)~ is successively 
t ransformed into Cd metal. In this case no solid 
solution is formed: Cd and Cd(OH)~ spectra may 
appear simultaneously. This agrees also with the 
open-circuit  voltage measurements carried out at 
different states of charge. The transformation of 
Cd(OH)~ into Cd is not complete even after strong 
overcharge, as indicated by the x - r ay  pat tern at this 
stage. 

According to Troilius (4) a fully charged elec- 
trode probably contains a certain amount of CdH,, 
which decomposes relatively rapidly after the end of 
the charge into Cd and H,. If a discharge is carried 
out immediately after charge a potential drop ap- 
pears that might be attr ibuted to CdH2. However,  
our x - r a y  investigations have not revealed any com- 
pound corresponding to CdH,. Comparative tests on 
negative electrodes and unimpregnated nickel sin- 
ter have shown also that the pure nickel sinter after 
cathodic polarization exhibits a potential "tail" simi- 
lar to the one noticed on negative electrodes. The 
value of the potential makes it likely that a pure 
oxidation of hydrogen adsorbed by the nickel sinter 
is the cause of this tail. These investigations show 
that hydrogen may be adsorbed by porous metals, 
thus giving some extra capacity on discharge. This 
observation makes it very  probable also that  the re-  
action at the negative plate is caused by adsorbed 
hydrogen. This theory is fur ther  corroborated by the 
fact that  evacuation of a negative electrode after a 
complete charge is accompanied by a substantially 
less pronounced potential tail when discharged. The 
capacity excess caused by the adsorbed hydrogen is, 
however, very slight and in general quite negligible. 

The investigations presented here show clearly 
that Cd(OH)~ is the end product  of discharge. How-  
ever, several writers claim that  CdO is formed, this 
opinion being recently conveyed by Lake and Casey 
(20) and Winkler (29) among others. According to 
Lake and Casey, CdO is formed as pr imary  product 
on anodic oxidation, this oxide subsequently being 
transformed into Cd(OH)~ in the presence of the 
alkaline electrolyte. These writers have themselves 
not been able to establish the presence of CdO, but 
make this assumption because a dark-colored com- 
pound is formed. 
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E x p e r i m e n t s  w e r e  c a r r i e d  out  on c h a r g e d  n e g a -  
t i ve  p la tes ,  s u b s e q u e n t l y  d i s c h a r g e d  w i t h  va r ious ,  
in some cases  v e r y  high,  c u r r e n t s  in the  p r e v i o u s l y  
d e s c r i b e d  x - r a y  tes t  cell .  The  cel l  has  been  a d j u s t e d  
on the  s t ronges t  CdO line,  and  ca re fu l  m e a s u r e m e n t s  
h a v e  been  m a d e  w i th  m a x i m u m  s e n s i t i v i t y  to as -  
c e r t a i n  t he  r e c o r d i n g  of a n y  i n t e n s i t y  i nc rea se  d u r -  
ing d i scha rge .  A l l  these  tes t s  have  y i e l d e d  n e g a t i v e  
r e su l t s :  in no case  has  CdO been  t raced .  

F u r t h e r m o r e ,  p l a t e s  h a v e  been  used,  t he  ac t ive  
m a t e r i a l  of w h i c h  has  been  t r a n s f e r r e d  into  CdO b y  
hea t ing .  A f t e r  i n se r t ion  in  t he  s a m p l e  h o l d e r  of the  
x - r a y  a p p a r a t u s  K O H  (sp g r  1.25) was  added .  The  
x - r a y  l ines  of Cd (OH)~  inc rea se  i n s t a n t a n e o u s l y  
f r o m  zero to h igh  va lues ,  w h i l e  t he  CdO ref lec t ions  
weaken .  These  changes  occur  w i th in  a few seconds.  
As  soon as t h e  p l a t e  is t ouched  b y  the  e l ec t ro ly t e ,  
the  y e l l o w i s h  b r o w n  color  changes  in to  g r a y i s h  
whi te .  Thus,  i t  is  obvious ,  t h a t  iJ CdO is t h e  p r i m a r y  
p r o d u c t  of t h e  d i scha rge ,  w h i c h  w e  b y  no  m e a n s  
have  been  a b l e  to p rove ,  th is  ox ide  is i m m e d i a t e l y  
t r a n s f o r m e d  b y  the  OH- - ions  into C d ( O H ) , .  P o t e n -  
t i a l  m e a s u r e m e n t s  ind ica te ,  h o w e v e r ,  as w i l l  be  d i s -  
cussed  l a t e r ,  t ha t  Cd is t r a n s f e r r e d  d i r e c t l y  in to  
Cd(OH)~.  

W i n k l e r ' s  c l a im  tha t  CdO is t he  end  p r o d u c t  on 
d i s c h a r g e  is s u p p o r t e d  b y  w e i g h i n g  n e g a t i v e  p l a t e s  
of d i f fe ren t  s ta tes  of cha rge  i m m e r s e d  in t he  e lec -  
t r o ly t e ,  w h i c h  a p p a r e n t l y  is a s imple  and  r e l i a b l e  
m e t h o d  i n c i d e n t a l l y  used  as e a r l y  as 1904 b y  Schoop 
(30) .  The  w e i g h t  i nc rease  on d i s c h a r g e  indica tes ,  
a cco rd ing  to W i n k l e r ,  t he  f o r m a t i o n  of CdO. He  
f o u n d  an  inc rease  of 0.334 g / a m p - h r ,  a d j u s t e d  to 
t he  d r y  s ta te ,  aga in s t  t he  t h e o r e t i c a l  v a l u e  0.298 
g / a m p - h r  for  CdO. W i n k l e r ' s  p a p e r  does  no t  i n d i -  
ca te  the  e l e c t r o l y t e  c o n c e n t r a t i o n  used.  If  h is  cel ls  
w e r e  f i l led w i t h  KOH,  sp g r  1.20, c a l cu l a t i on  shows 
t h a t  t he  w e i g h t  i nc rease  o b t a i n e d  b y  W i n k l e r  and  
c l a i m e d  to a g r e e  w i t h  f o r m a t i o n  of CdO, ind ica t e s  
Cd (OH)~ jus t  as wel l .  This  co inc idence  is s i m p l y  due  
to the  d i f fe ren t  dens i t i e s  of t he  two  m a t e r i a l s .  In  
o r d e r  to e l u c i d a t e  these  m a t t e r s  W i n k l e r ' s  m e a s u r e -  
m e n t s  h a v e  been  s u p p l e m e n t e d  b y  w e i g h i n g s  in K O H  
of sp gr  1.05 and  1.42, these  so lu t ions  g iv ing  l a r g e r  
d i f fe rences  b e t w e e n  the  t h e o r e t i c a l  w e i g h t  i n c r e -  
ments .  If  KOH,  sp gr  1.05, is used,  the  w e i g h t  in -  
c rease  of t he  i m m e r s e d  e l ec t rode  should  be  0.245 
g / a m p - h r  for  CdO and  0.290 g / a m p - h r  for  Cd (OH)~. 
F o r  KOH,  sp g r  1.42, the  c o r r e s p o n d i n g  v a l u e s  w o u l d  
be 0.227 and  0.169 g / a m p - h r  r e spec t i ve ly .  

Resu l t s  a r e  shown  on Fig.  5. 

I t  was  found  es sen t i a l  d u r i n g  these  m e a s u r e m e n t s  
t ha t  a l l  c o n c e n t r a t i o n  g r a d i e n t s  of the  e l e c t r o l y t e  
across  the  e l ec t rode  su r f ace  w e r e  e l i m i n a t e d  be fo re  
t a k i n g  the  r ead ing .  I t  was  also f o u n d  n e c e s s a r y  to 
r e m o v e  gas  b u b b l e s  r e m a i n i n g  a f t e r  t he  charge .  
There fo re ,  the  e l e c t r o l y t e  w a s  s t i r r e d  and  the  con-  
t a i n e r  was  e v a c u a t e d  a f t e r  e v e r y  charge .  We igh ings  
w e r e  p e r f o r m e d  at  e q u a l  i n t e r v a l s  of t i m e  u n t i l  
cons t an t  w e i g h t  was  ob ta ined .  The  va lue s  f o u n d  on 
d i s c h a r g e  were ,  in genera l ,  m o r e  r e p r o d u c i b l e  t h a n  
those  o b t a i n e d  on charge .  The  d i a g r a m s  i n d i c a t e d  
c l e a r l y  t h a t  Cd (OH)~  is t he  p r o d u c t  of d i scha rge .  
Thus,  w e  cons ide r  i t  e s t a b l i s h e d  b e y o n d  d o u b t  t h a t  
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trolyte. 

Cd(OH)2 ,  no t  CdO, is t he  r e a c t i o n  p r o d u c t  on d i s -  
c h a r g e  of the  n e g a t i v e  e lec t rode .  

The E~ectrolyte 
Opin ions  on the  p a r t i c i p a t i o n  of the  e l e c t r o l y t e  

in t he  cell  r e a c t i o n  have  been  and  s t i l l  a r e  d i v e r g -  
ing. F r e q u e n t l y  t h e  r e a c t i o n  f o r m u l a  is w r i t t e n  in a 
m a n n e r  show ing  t ha t  t he  to ta l  c onc e n t r a t i on  of t h e  
e l e c t r o l y t e  does no t  change  b e t w e e n  cha rge  a n d  
d i s cha rge  (7, 31, 32) .  Condon  and  O d i s h a w  (2) g ive  
a r e a c t i o n  f o r m u l a  accord ing  to w h i c h  the  e l e c t r o -  
l y t e  is d i l u t e d  d u r i n g  d i s cha rge  in a m a n n e r  s imi l a r  
to the  l ead  cell .  A c c o r d i n g  to Tro i l ius  (4)  and  S a l -  
k i n d  (25) t he  t o t a l  c onc e n t r a t i on  of t he  e l e c t r o l y t e  
dec reases  on c h a r g e  to r e g a i n  its o r ig ina l  v a l u e  on 
d i scharge .  

To c l a r i f y  th is  poin t ,  p o t e n t i a l  m e a s u r e m e n t s  h a v e  
been  c a r r i e d  out  on ha l f  c h a r g e d  s i n t e r e d  cells,  p r e -  
v i o u s l y  f i l led w i t h  e l e c t ro ly t e s  of d i f fe ren t  concen -  
t r a t ions .  I f  t he  o v e r - a l l  c o n c e n t r a t i o n  does no t  
change  in the  w o r k i n g  cell,  t hen  t h e  emf  obv ious ly  
is i n d e p e n d e n t  of t he  e l e c t r o l y t e  concen t ra t ion .  The  
cel ls  w e r e  c o n s t r u c t e d  w i t h o u t  i so la t ion  b e t w e e n  
the  e l ec t rodes  which ,  f u r t h e r m o r e ,  w e r e  w i d e l y  s ep -  
a r a t e d  f rom each  o ther .  Thus  the  r a t i o  e l e c t r o l y t e /  
e l ec t rodes  was  s u b s t a n t i a l l y  h i g h e r  t han  is the  case  
in n o r m a l  cells .  These  s teps  w e r e  t aken ,  first,  to  
p r e v e n t  d i f fus ion  p h e n o m e n a  on c h a r g e  and  d i s -  
c h a r g e  f rom af fec t ing  the  m e a s u r e m e n t s ,  second,  to 
m i n i m i z e  the  c o n c e n t r a t i o n  v a r i a t i o n s  on cha rge  and  
d i scharge .  E m f  and  p l a t e  p o t e n t i a l s  w e r e  m e a s u r e d .  
As  is shown in Fig .  6, the  cel l  emf  inc reases  w i t h  
de c r e a s ing  e l e c t r o l y t e  concen t ra t ion .  A c o n c e n t r a -  
t ion  i nc rea se  f r o m  5 to 45% causes  an  emf  d e c r e a s e  
of abou t  0.07 v. Consequen t ly ,  t he  o v e r - a l l  concen -  
t r a t i o n  of t he  e l e c t r o l y t e  is c h a n g i n g  in a w o r k i n g  
ceil .  

The  p l a t e  p o t e n t i a l s  have  been  m e a s u r e d  a g a i n s t  
a H g / H g O  e l e c t r o d e  and  the  v a l u e s  w e r e  c o r r e c t e d  
for  t he  l i qu id  po ten t i a l s .  

In  the  n e g a t i v e  p l a t e  d i a g r a m  a t heo re t i c a l  c u r v e  
has  been  p l o t t e d  t h a t  is ba sed  on t h e  equa t ion  
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E = - -  0.809 - -  0.059 log ao~_ [1]  

This  c u r v e  is r e f e r r i n g  to the  e l e c t r o d e  r e a c t i o n  

Cd .1. 2OH- ~- Cd (OH)~ .1. 2e [2]  

and  ag rees  e v i d e n t l y  v e r y  s a t i s f a c t o r i l y  w i t h  t he  
e x p e r i m e n t a l  curve .  Thus,  th is  r e a c t i o n  m a y  be  con-  
s i d e r e d  as de f in i t e ly  es tab l i shed .  As  i n d i c a t e d  b y  
the  f o r m u l a  no w a t e r  p a r t i c i p a t e s  in t he  reac t ion .  

The  pos i t ive  e l ec t rode  is m o r e  sens i t ive  to 
v a r i a t i o n s  of the  e l e c t r o l y t e  t h a n  the  n e g a t i v e  
one, i nc r ea s ing  its p o t e n t i a l  f a i r l y  r a p i d l y  w h e n  the  
e l e c t r o l y t e  concen t r a t i on  is l owered .  The  f o r m u l a  
i n d i c a t e d  b y  the  x - r a y  i nves t i ga t i ons  is as fo l lows:  

Ni(OH)~ ,1, OH- ~ f i -N iOOH .1. H.~O .1. e [3]  

This  f o r m u l a  gives  the  fo l lowing  r e l a t i o n s h i p  b e -  
t w e e n  e l ec t rode  p o t e n t i a l  and  e l e c t r o l y t e  ac t iv i t i es .  

~H~O 
E ~ Eo "1" 0.059 log - -  [4] 

"OH- 

If  w e  a s u m e  Eo ---- .1.0.480 v and  i n se r t  t he  ac t iv i t i e s  
of H~O and  OH- for  d i f fe ren t  e l e c t r o l y t e  c o n c e n t r a -  
t ions ,  t h e  t h e o r e t i c a l  c u r v e  as shown  in Fig.  6 is 
ob t a ined .  The  a g r e e m e n t  b e t w e e n  th is  c u r v e  and  the  
e x p e r i m e n t a l  one is c l e a r l y  not  v e r y  good. I t  is 
obvious ,  h o w e v e r ,  t h a t  t he  w a t e r  a c t i v i t y  en t e r s  
in to  t h e  equa t ion  for  the  e l e c t r o d e  reac t ion .  W a t e r  
is t hus  f o r m e d  on c h a r g i n g  the  n i c k e l  e lec t rode .  

Reaction Formulas 
The  m a i n  r e a c t i o n  of t he  pos i t i ve  e l ec t rode  may ,  

on bas i s  of the  p r e v i o u s l y  g iven  resu l t s ,  be  w r i t t e n  
as fo l lows :  

2fl-NiOOH .1. 2H.~O ,1, 2e~ 2Ni(OH)~ -I- 2 OH- [5] 

This equation may, for better understanding, be 
split up in the following partial reactions: 

2f l -NiOOH .1. 2H~O ~ 2Ni "+ .1. 6OH- [6]  

2Ni 3+ +2e .~ 2Ni =+ [7] 

2Nff + .1. 4 0 H - ~  2Ni(OH)~ [8] 

Thus, we can make the formal assumption that triv- 
alent nickel ions are formed by dissolution and dis- 
sociation of fl-NiOOH. On discharge they are trans- 
formed into bivalent nickel ions, which rapidly react 
with the hydroxyl ions of the electrolyte, forming 
nickel (If) -hydroxide. 

However, it is also possible that the reactions 
take place directly in the interface between the 
active material and the electrolyte without dissolu- 
tion and dissociation of fl-NiOOH. Therefore, the 
given reaction steps are not to be considered as 
definite. 

The main reaction at the negative electrode may 
be written 

Cd .1. 2 OH- ~.-~- Cd(OH)~ .1. 2e [9] 

being the summation effect of 

Cd ~ Cd -~+ .1. 2e [10] 

Cd "~+ .1. 2 OH- ~ Cd(OH)~  [11] 

Thus,  on d i s c h a r g e  the  c a d m i u m  m e t a l  is e m i t t i n g  
b i v a l e n t  ions, i m m e d i a t e l y  r e a c t i n g  w i t h  t he  h y -  
d r o x y l  ions of the  e l e c t r o l y t e  to fo rm c a d m i u m  h y -  
d rox ide .  A s u m m a t i o n  of Eq. [5]  and  [9]  g ives  t h e  
f o r m u l a  of t he  t o t a l  cel l  r e a c t i o n  

2fl-NiOOH .1. Cd .1. 2H~O ~ 2Ni(OH)~ 

-I- Cd (OH)~ [12] 

In the formulas given above purposely no regard 
has been paid to the roles of the adsorbed oxygen 
and hydrogen in the reactions, nor to the secondary 
discharge stage since all these reactions are of minor 
importance. The reactions may, however, be written 
as follows. 

( f l - N i O O H ) 2 ( O ) , ~  ,1, H~O 

1. 2e ~- 2f l -NiOOH .1. 2 OH- [13] 

Cd(H~) ~d~ .1. 2 0 H - ~  Cd .1. 2H20 .1. 2e [14] 

N i ( O H ) ~ ( O ) ~  .1. H~O .1. 2e ~ N i (O H )~  .1. 2 OH- [15] 

F o r m u l a  [12]  for  t he  t o t a l  cel l  r e a c t i o n  ag ree s  w i t h  
t he  one  g i v e n  b y  S a l k i n d  and  B r u i n s  (25) .  

The EMF and Its Temperature Coefficient 
W e  m a y  a s s u m e  the  emf  of t he  n i c k e l - c a d m i u m  

cel l  to be  af fec ted  p r i m a r i l y  b y  t h r e e  fac to rs :  s t a t e  
of charge ,  t e m p e r a t u r e ,  and  e l e c t r o l y t e  c o n c e n t r a -  
t ion.  The  inf luence  of t he  t h i r d  fac to r  has  been  d i s -  
cussed  p r e v i o u s l y .  

The  emf  of t he  n i c k e l - c a d m i u m  cel l  vs. t he  s t a t e  
of c h a r g e  has  p r e v i o u s l y  no t  been  s u b j e c t e d  to a n y  
e x t e n s i v e  s tudies .  The  r e l a t i o n s h i p  b e t w e e n  the  p o -  
t e n t i a l  cond i t ions  of t he  n i cke l  e l ec t rode  and  g e n -  
e r a l l y  r a t h e r  b r i e f  r e s t  pe r i ods  has  on the  o t h e r  
h a n d  been  i n v e s t i g a t e d  b y  s e v e r a l  pe r sons  (9, 28, 
33, 34) .  

The  r e su l t s  of our  x - r a y  i nves t i ga t i ons  seem to 
i nd i ca t e  a con t inuous  dec rease  of t he  emf  w i t h  t he  
f a l l i ng  s t a t e  of charge ,  be c a use  t he  p o t e n t i a l  of t he  
pos i t i ve  e l e c t r o d e  w o u l d  f a i l  g r a d u a l l y  due  to the  
ex i s t ence  of a sol id  so lu t ion  b e t w e e n  f l -N iOOH and  
N i ( O H ) , ,  w h i l e  t he  n e g a t i v e  p o t e n t i a l  w o u l d  be  
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t o t a l l y  i n d e p e n d e n t  of t he  s t a t e  of charge .  In  o r d e r  
to ob t a in  a conf i rmat ion ,  m e a s u r e m e n t s  w e r e  c a r r i e d  
ou t  on p o c k e t - t y p e  as  w e l l  as  s i n t e r e d - t y p e  cells,  
w h i c h  w e r e  d i s c h a r g e d  to  d i f fe ren t  s ta tes  of cha rge  
a f t e r  p r e v i o u s  cha rg ing  and  5 days  of rest .  This  l a t t e r  
p e r i o d  was  i n t r o d u c e d  to d i m i n i s h  the  inf luence  of 
( f l -N iOOH)~(O)  .... E m f  and  e l ec t rode  po t e n t i a l s  
w e r e  m e a s u r e d  a f t e r  a s t o r age  t i m e  of 0, 2, 4, and  
8 weeks .  

These  e x p e r i m e n t s  s h o w e d  tha t  the  v a r i a t i o n s  of 
t he  e l e c t r o l y t e  c o n c e n t r a t i o n  a t  v a r i o u s  s ta tes  of 
cha rge  af fec ted  the  po ten t i a l s .  The  p o t e n t i a l  of t he  
c a d m i u m  e lec t rode ,  for  ins tance ,  g r e w  l i n e a r l y  m o r e  
pos i t ive  w i t h  h i g h e r  s t a t e  of charge .  I n d e p e n d e n t l y  
of t he  s to rage  t ime  t h e  p o t e n t i a l  d i f fe rence  b e t w e e n  
the  0 and  100% s ta tes  of c h a r g e  of the  s in t e r ed  cel ls  
a m o u n t e d  to abou t  11 mv.  A check  p r o v e d  th is  v a l u e  
to ag ree  w i t h  t he  p o t e n t i a l  c h a n g e  a p p e a r i n g  in th is  
t y p e  of cel l  due  to t he  c o n c e n t r a t i o n  v a r i a t i o n  of t h e  
e l ec t ro ly t e ,  w h e n  f o r m u l a  [12] is app l ied .  E v i d e n t l y ,  
t he  m a g n i t u d e  of th is  d i f fe rence  d e p e n d s  on the  r a t i o  
v o l u m e  of ac t ive  m a t e r i a l  to e l e c t r o l y t e  vo lume .  
N a t u r a l l y ,  t he  pos i t ive  e l e c t r o d e  was  also s i m i l a r l y  
af fec ted b y  the  e l e c t r o l y t e  va r i a t i ons .  

In  o r d e r  to ob t a in  m o r e  una f fec t ed  va lues  of t he  
r e l a t i o n s h i p  b e t w e e n  p o t e n t i a l  and  s t a t e  of charge ,  
tes ts  w e r e  c a r r i e d  out  as b e f o r e  b u t  on spec ia l  cells,  
h a v i n g  a h igh  r a t i o  b e t w e e n  e l e c t r o l y t e  v o l u m e  and  
e l ec t rode  vo lume .  The  specific g r a v i t y  of t he  e l ec -  
t r o l y t e  in these  cel ls  was  1.25. T y p i c a l  va lue s  of 
emf  and  e l ec t rode  p o t e n t i a l s  as r e l a t e d  to t he  s t a t e  
of c h a r g e  a f t e r  2 w e e k s '  s t o r a g e  a t  these  m e a s u r e -  
m e n t s  a r e  shown in Fig .  7. 

The  cu rves  ind ica t e  t h a t  t he  n e g a t i v e  e l e c t r o d e  
p o t e n t i a l  of t he  s in t e r ed  cel ls  is t o t a l l y  i n d e p e n d e n t  
of the  s ta te  of charge .  This  imp l i e s  t he  n o n e x i s t e n c e  
of sol id  so lu t ions  of the  ac t ive  compounds .  The  
p o c k e t - t y p e  cel ls  have  a n e g a t i v e  e l ec t rode  p o t e n t i a l  
w h i c h  is s l i g h t l y  m o r e  n e g a t i v e  a t  h i g h e r  s ta tes  of 
charge .  This  effect is p r o b a b l y  caused  by  the  a d d i -  
t ion of i ron  to the  n e g a t i v e  ac t ive  m a t e r i a l .  

, .30L% . . . .  4 
:' 1,2g ~ 

u I ,  26 
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-o, go PoC i*et ~ e  ceil  
. ~ ,  
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100 sO 60 40 20 
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Fig. 7. State of charge vs. open-circuit potentials 

The  p o t e n t i a l  of t he  pos i t ive  e l e c t r o d e  of s i n t e r e d  
as w e l l  as p o c k e t - t y p e  cel ls  is d e p e n d e n t  on the  
s t a t e  of cha rge  a n d  g r a d u a l l y  f a l l i ng  w i t h  d e c r e a s -  
ing  s t a t e  of charge ,  t hus  i n d i c a t i n g  a sol id  so lu t ion  
of f l -N iOOH and  Ni(OH)~.  

Thus,  emf  is c o n t i n u o u s l y  d e c r e a s i n g  w i th  t he  
f a l l i ng  s ta te  of charge .  In  a g r e e m e n t  w i t h  the  col -  
l ec t ed  x - r a y  d a t a  th i s  l o w e r i n g  is caused  b y  the  
pos i t i ve  e lec t rode .  

I t  is a r e m a r k a b l e  fac t  t ha t  t he  p o c k e t  cel ls  con -  
s i s t e n t l y  d i s p l a y  s l i g h t l y  h i g h e r  emf  t han  co r r e s -  
p o n d i n g  s in t e r ed  cells .  The  m a i n  p a r t  of this  effect 
o r i g ina t e s  f rom t h e  n i cke l  e lec t rode ,  a l t h o u g h  t h e  
c a d m i u m  e l ec t rode  a lso  c o n t r i b u t e s  at  h ighe r  s t a t es  
of charge .  

The  r e l a t i o n s h i p  b e t w e e n  emf  a n d  t e m p e r a t u r e  
has  no t  y e t  been  subjecteci  to q u a n t i t a t i v e  i n v e s t i g a -  
t ions  as fa r  as t he  n i c k e l - c a d m i u m  cel l  is concerned .  
This  f ac to r  has,  h o w e v e r ,  been  i n v e s t i g a t e d  on the  
n i c k e l - i r o n  cell,  t he  mos t  e x t e n s i v e  w o r k  ca r r i ed  
out  b y  Hosono and  W a t a n a b e  (35) .  

I n  our  i nve s t i ga t i on  cel ls  w e r e  t e s t ed  w i t h  p o c k e t  
as we l l  as s in t e red  e lec t rodes ,  a l l  d i s c h a r g e d  to 5, 
50, and  95%, r e spec t i ve ly ,  of the  c a p a c i t y  a f t e r  p r e -  
v ious  fu l l  charge .  The  e l e c t r o l y t e  ( sp  gr  1.25) was  
c ove re d  by  paraf f ine  oil  in a l l  ce l ls  as p ro t ec t i on  
a ga in s t  e va po ra t i on .  A f t e r  t h e  d i s c h a r g e  the  cel ls  
w e r e  p u t  a t  r es t  u n t i l  t he  p o t e n t i a l s  v a r i e d  on ly  
s l i g h t l y  f rom one d a y  to ano the r .  S u b s e q u e n t l y ,  emf  
and  e l ec t rode  po t e n t i a l s  w e r e  m e a s u r e d  at  cel l  t e m -  
p e r a t u r e s  b e t w e e n  a b o u t - - 4 0  ~ a n d  +50~  The  
e l e c t r o d e  po t e n t i a l s  w e r e  a l l  m e a s u r e d  w i th  H g /  
HgO e l ec t rode  f i l led w i t h  KOH,  sp gr  1.25. 

V a l u e s  for  the  pocke t  cel ls  p r o v e d  to be r e p r o -  
duc ib l e  at  s ta tes  of c h a r g e  c o r r e s p o n d i n g  to 50 and  
95% discharge ,  w h i l e  the  r e p r o d u c i b i l i t y  at  5% 
d i s c h a r g e  was  less  s a t i s f a c t o r y  and,  f u r t h e r m o r e ,  
had  dE/dT va lues  d e v i a t i n g  f r o m  the  others .  This  
effect  ind ica tes  an  i n s t a b i l i t y  and  d i f fe rence  in c h a r -  
ac t e r  of the  ac t ive  m a t e r i a l  a t  5% d ischarge .  I t  is 
cu r ious  in th is  case  t h a t  th is  i n s t a b i l i t y  is not  d e -  
p e n d e n t  on the  pos i t i ve  e l ec t rode  b u t  e n t i r e l y  due  
to t he  n e g a t i v e  side.  I t  w o u l d  o t h e r w i s e  have  been  
e x p e c t e d  t ha t  t he  pos i t i ve  m a t e r i a l  w o u l d  b e h a v e  
d i f f e r e n t l y  due  to o x y g e n  adso rp t ion .  These  d i v e r g -  
ing  v a l u e s  of t he  n e g a t i v e  e l e c t r o d e  m i g h t  be due  
to inf luence  f rom t h e  i ron  p o w d e r  p r e s e n t  in t he  
ac t ive  ma te r i a l .  

The  s in t e r ed  cel ls  y i e l d e d  r e p r o d u c i b l e  va lues  i n -  
d e p e n d e n t  of the  s t a t e  of charge .  F i g u r e  8 shows  
t y p i c a l  emf  va lue s  as  r e l a t e d  to t h e  t e m p e r a t u r e  on 
s i n t e r e d  as we l l  as pocke t  cells.  The  f igures show 
t h a t  a l l  dE/dT v a l u e s  a r e  nega t ive ,  be ing  m o r e  
n e g a t i v e  for  pocke t  cel ls  t h a n  s i n t e r e d  ones at  a l l  
s t a t es  of charge .  A p p r o x i m a t e  v a l u e s  of t he  t e m p e r -  
a t u r e  coefficients of t h e  emf  and  the  e l ec t rode  p o -  
t e n t i a l s  a re :  

dE/dT dEJdT dEJdT 

Pocke t  S i n t e r e d  P o c k e t  
cel ls  cel ls  cel ls  

--0.00030 --0.00018 --0.00006 
S i n t e r e d  P o c k e t  S i n t e r e d  

cel ls  cel ls  cel ls  
--0.00014 --0.00024 --0.00004 v / ~  
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Fig. 8. Emf and electrode potentials vs. temperature. Dashed 
line, pocket type; solid line, sintered type. 

dE/dT is s o m e w h a t  d e p e n d e n t  on the  s t a t e  of 
c h a r g e  for  p o c k e t  cells ,  of w h i c h  a 5% d i s c h a r g e  
y i e ld s  va lue s  d i s a g r e e i n g  f rom the  o t h e r  ones.  
O t h e r w i s e  t he  s t a t e  of cha rge  does  no t  seem to h a v e  
a n y  g r e a t e r  inf luence  on the  t e m p e r a t u r e  coefficient.  

S a l k i n d  and  B r u i n s  (25) have  f o u n d  t h a t  t he  t e m -  
p e r a t u r e  coefficient  of the  n i c k e l  e l ec t rode  of s in -  
t e r e d  cel ls  is n e g a t i v e  and  dec i s ive  in a g r e e m e n t  
w i t h  t he  va lue s  g i v e n  here .  

The  d i f fe rences  a p p e a r i n g  b e t w e e n  s i n t e r e d  a n d  
p o c k e t  cel ls  as f a r  as emf  and  dE/dT  a re  c o n c e r n e d  
a re  supposed  to be  due  to the  p r e s e n c e  of g r a p h i t e  
in the  pos i t i ve  a n d  of i ron  in t h e  n e g a t i v e  p o c k e t  
e lec t rode .  

Summary of Results 
1. The  m a i n  r e a c t i o n  of t he  n i c k e l - c a d m i u m  cel l  

on c h a r g e  and  d i s c h a r g e  is 
2 f l -NiOOH 4- Cd 4- 2H~O ~ 2Ni(OH)~ 

4- Cd (OH)~ 
2. The secondary discharge stage of the positive 

electrode is probably caused by oxygen ad- 
sorbed by Ni (OH) 2. 

3. The high initial potential of the negative elec- 
trode after charge is caused by hydrogen ad- 

sorbed by Cd. 
4. The emf of the nickel-cadmium cell is de- 

pendent on the activity of water in the 
electrolyte and consequently on the hydroxyl 
ion activity. An increase of the KOH concen- 
tration from 5 to 45% results in an emf de- 
crease of about 0.07 v. 

5. The emf of the nickel-cadmium cell depends 
on the state of charge, falling continuously 
with lower state of charge. This effect" can be 
attributed to the existence of a solid solution 

b e t w e e n  f l -NiOOH and  Ni (OH)~  in the  pos i -  
t ive  e lec t rode .  

6. The  dE/dT  v a l u e  of t he  n i c k e l - c a d m i u m  cel l  
is nega t ive .  The  m a g n i t u d e  is --0.00018 v / ~  
for  s i n t e r ed  cel ls  a n d  --0.00030 v / ~  for  
p o c k e t  cells.  

Manuscr ip t  received Dec. 10, 1959. This paper  was 
p repared  for de l ivery  before  the  Columbus Meeting, 
Oct. 18-22, 1959. 

Any  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the June  1961 JOUR- 
NAL. 
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ABSTRACT 

The rate of oxidation of tan ta lum in 1 atm of purified oxygen was measured 
at three  tempera tures  be tween  475 ~ and 530~ The oxide was ini t ial ly pro-  
tect ive but  became nonprotect ive  as oxidation progressed. This kinetic be- 
havior  was corre la ted wi th  metal lographic  and e]ectron optical studies of 
oxidized Ta specimens, and it was shown that  the oxide films became non- 
protect ive through the format ion of microscopic bl is ter - l ike  cracks in the 
oxide. A comparison between the oxidation characterist ics of Ta and Nb is 
given. 

In  t he  course  of an inves t iga t ion  of the  fac tors  
w h i c h  cont ro l  the  degree  of p ro t ec t i venes s  of oxide  
films, a s tudy  of the  ox ida t ion  of t a n t a l u m  in the  
r ange  400~176  was  u n d e r t a k e n .  An  a t t e m p t  was  
m a d e  to c o r r e l a t e  the  resul t s  of kinet ic ,  m e t a l l o -  
graphic ,  and e l ec t ron  opt ical  s tudies  in o rde r  to 
e luc ida te  the  ox ida t ion  m e c h a n i s m  for t an t a lum.  

P rev ious  inves t iga t ions  of the  gaseous ox ida t ion  of 
t a n t a l u m  h a v e  been  l imi ted  e i the r  to r a t h e r  l ow 
t e m p e r a t u r e s  or to shor t  t imes  at h ighe r  t e m p e r a -  
tures .  Thus  Waber ,  et al. (1) d e t e r m i n e d  the  r a t e  of 
ox ida t ion  of t a n t a l u m  s p e c t r o p h o t o m e t r i c a l l y  and 
r epo r t ed  a l o g a r i t h m i c  f o r m  for  the  ra te  equa t i on  
for  t e m p e r a t u r e s  f rom 320 ~ to 450~ G u l b r a n s e n  
and A n d r e w  (2) obse rved  ra te  curves  of a pa rabo l i c  
type  for the  120-min e x a m i n a t i o n  per iod  w h i c h  t h e y  
emp loyed  at  t e m p e r a t u r e s  r ang ing  f r o m  250 ~ to 
450~ V e r m i l y e a  (3) s tud ied  the  ox ida t ion  r a t e  of 
t a n t a l u m  in the  t e m p e r a t u r e  r ange  50~176 and 
Fasse l  and c o - w o r k e r s  (4) i nves t i ga t ed  the  effect  of 
h igh  o x y g e n  p res su re  on the ox ida t ion  of t a n t a l u m  
at t e m p e r a t u r e s  f r o m  500~176 

Procedure and Results 
In the  p r e sen t  research ,  ra tes  of ox ida t ion  of t a n -  

t a l u m  w e r e  d e t e r m i n e d  at 475 ~ 515 ~ and 530~ 
Oxida t ion  spec imens  w e r e  in the  f o r m  of coupons 
1 x 2 x 0.3 cm. Spec imens  w e r e  ca re fu l l y  m e c h a n i -  
ca l ly  pol i shed  and pr io r  to ox ida t ion  w e r e  annea led  
o v e r n i g h t  at  a p re s su re  of 10 _6 m m  Hg at the  o x i d a -  
t ion t e m p e r a t u r e .  

Ox ida t ion  ra tes  w e r e  d e t e r m i n e d  f r o m  the  de-  
crease  in o x y g e n  p res su re  in a closed sys tem as ox i -  
da t ion  p roceeded .  P re s su re  changes  w e r e  m e a s u r e d  
w i t h  a sens i t ive  d i f fe ren t ia l  m a n o m e t e r  s imi la r  in 
des ign to tha t  p r e v i o u s l y  used  in a s tudy  of the  ox i -  
da t ion  ra tes  of the  a lkal i  me ta l s  (5) .  Ox ida t ions  
w e r e  p e r f o r m e d  in pur i f ied  o x y g e n  at a p p r o x i m a t e l y  
a tmosphe r i c  pressure .  The  sens i t iv i ty  of the  m a n o -  
m e t e r  was  such as to p e r m i t  the  de tec t ion  of a 5A 
change  in ox ide  th ickness  on the  t a n t a l u m  spec i -  
mens.  

The  resu l t s  of  these  e x p e r i m e n t s  are  i l l u s t r a t ed  in 
Fig. 1 and 2 w h e r e  da ta  f r o m  r e p r e s e n t a t i v e  e x p e r i -  

men t s  a re  given.  The  q u a n t i t y  of o x y g e n  consumed  
per  squa re  c e n t i m e t e r  is p lo t t ed  aga ins t  the  t ime  of 
oxidat ion .  A p r o t e c t i v e  fi lm was f o r m e d  dur ing  the  
ea r ly  s tages of oxida t ion ,  but  w i th  inc reas ing  t ime  a 
t r ans i t ion  per iod  was  r eached  in w h i c h  the  ra te  of 
ox ida t ion  increased.  F ina l ly ,  the film became  v i r -  
t ua l l y  nonpro tec t ive ,  and the ox ida t ion  ra te  cu rve  
t ended  t o w a r d  l inear i ty .  The  l eng th  of the  p r o t ec -  
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t ive  s tage  of o x i d a t i o n  v a r i e d  i n v e r s e l y  w i t h  t e m -  
p e r a t u r e .  Q u a l i t a t i v e l y  the  k ine t i c  b e h a v i o r  of t a n -  
t a l u m  was  v e r y  s im i l a r  to t h a t  p r e v i o u s l y  r e p o r t e d  
for n i o b i u m  (6). 

As a corollary to the rate measurements, the 
microtopography of the surfaces of oxidized tanta- 
lum specimens was examined. Tantalum coupons 
were prepared in the same manner as described 
above and oxidized for varying periods of time at 
temperatures ranging from 400 ~ to 525~ The oxi- 
dized specimens were then preshadowed with gold- 
manganin and replicated with carbon, and the rep- 
licas examined in an electron microscope. 

The surfaces of freshly prepared specimens, either 
chemically or electrolytically polished, exhibited a 
texture suggestive of bubble-raft dislocation models 
(see Fig. 3). The origin of this texture is not under- 
stood, but it was obtained with a very high degree of 
reproducibility and persisted during the earliest 
stages of oxidation. Continued reactions resulted in 
the superposition on this texture of a pattern of 
acicular features. As may be seen in Fig. 4, these 

Fig. 3. Electron micrograph of the surface of an electro- 
polished, unoxidized Ta specimen. Indirect carbon replica, 
Pd shadowed. 33,000 X (All magnifications are before re- 
duction for publication.) 

Fig. 4. Electron micrograph of the surface of a Ta speci- 
men oxidized for 24 hr at 400~ Direct carbon replica, pre- 
shadowed with gold-manganin. 7,S00X. 
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Fig. 5. Electron micrograph of the surface of a Ta speci- 
men oxidized for 10 hr at 515~ Direct carbon replica, 
preshadowed with gold-manganin. 12,500 X 

n e e d l e - l i k e  s t r u c t u r e s  f o r m e d  v e r y  r e g u l a r  a r r a y s  
w h o s e  o r i e n t a t i o n  v a r i e d  f r o m  g r a i n - t o - g r a i n  of t h e  
s u b s t r a t e  me ta l .  This  p a t t e r n  was  o b s e r v e d  on ox i -  
d ized  spec imens  w h i c h  p r e v i o u s l y  had  been  a n -  
n e a l e d  t h o r o u g h l y  and  e i the r  c h e m i c a l l y  or  e l ec -  
t r o l y t i c a l l y  po l i shed .  On spec imens  w h i c h  had  been  
s u b j e c t e d  to m e c h a n i c a l  po l i sh ing  only ,  no such p a t -  
t e r n  was  fo rmed ,  t he  ox ide  f i lm p r o d u c e d  u n d e r  
t h e s e  c i r c u m s t a n c e s  e x h i b i t i n g  i n s t e a d  a s l ight ,  
r a t h e r  n o n d e s c r i p t  su r f ace  roughen ing .  These  r e su l t s  
e m p h a s i z e  t he  r e l a t i o n s h i p  b e t w e e n  the  s t a t e  of p e r -  
fec t ion  of a m e t a l  su r f ace  and  i ts  o x i d a t i o n  c h a r a c -  
te r i s t ics .  P r o m i n e n t  su r face  f e a t u r e s  of t he  ox ide  
f i lm f o r m e d  on Ta  a re  c l e a r l y  r e l a t e d  to the  c r y s -  
t a l l o g r a p h y  of t he  s u b s t r a t e  meta l .  

A t  t e m p e r a t u r e s  of 450~ and  above,  s t i l l  f u r t h e r  
o x i d a t i o n  r e s u l t e d  in  t he  f o r m a t i o n  of n u m e r o u s  
c racks  and  b l i s t e r - l i k e  r u p t u r e s  in t he  ox ide  (see  
Fig.  5) .  Such  c racks  w e r e  found  a f t e r  72, 48, and  4 
h r  of o x i d a t i o n  a t  450 ~ 475 ~ and  500~ r e s p e c -  
t ive ly .  

I t  was  n o t e d  t ha t  t he  b u b b l e - r a f t  t e x t u r e  w a s  
v i s ib l e  on e l e c t r o p o l i s h e d  Ta  spec imens  b e f o r e  o x i -  
da t i on  and  t h a t  i t  r e m a i n e d  u n c h a n g e d  d u r i n g  s u b -  
s equen t  ox ida t ion .  Thus  the  ox id iz ing  of a Ta  s a m -  
p le  a u t o m a t i c a l l y  c o n s t i t u t e d  a m a r k e r  e x p e r i m e n t .  
S ince  the  " m a r k e r s "  r e c e d e d  f rom the  o x i d e / m e t a l  
in te r face ,  i t  was  conc luded  t ha t  an ion  di f fus ion oc-  
c u r r e d  across  t he  Ta~O~ film. 

F u r t h e r  in s igh t  in to  the  o x i d a t i o n  m e c h a n i s m  of 
Ta was  o b t a i n e d  t h r o u g h  a m e t a l l o g r a p h i c  s t u d y  of 
t a p e r  and  cross  sec t ions  t h r o u g h  ox id i zed  Ta spec i -  
mens .  T a p e r  sec t ions  such as t h a t  shown  in Fig.  6 
i n d i c a t e d  t h a t  t he  ox ide  film, r a t h e r  t h a n  be ing  con-  
f ined to a l a y e r  p a r a l l e l  to t he  m e t a l  sur face ,  e x -  
t e n d e d  into  t h e  m e t a l  in the  fo rm of s l i g h t l y  l e n t i c u -  
l a r  p l a t e l e t s  p a r a l l e l  to {100} p l a n e s  of the  m e t a l  
(7) .  The  p l a t e l e t s  of ox ide  a p p e a r e d  to be  a s soc ia t ed  
w i t h  t he  n e e d l e  a r r a y  o b s e r v e d  on the  su r f ace  of 
the  oxide ,  and  i t  was  t h o u g h t  t ha t  t he  need l e s  r e p -  
r e s e n t e d  t r aces  of t he  p l a t e l e t s  on the  sur face .  The  
f o r m a t i o n  of s im i l a r  p l a t e l e t - l i k e  shee ts  of ox ide  in 
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Fig. 6. Low-angle taper section through a Ta specimen 
oxidized 4 hr at 500~ showing traces of oxide platelets. 
Depth of cut into specimen increases from left to right. 
Specimen cathodically etched after polishing. 500 X 

Ta was  also o b s e r v e d  a t  m u c h  h i g h e r  t e m p e r a t u r e s  
and  l o w e r  p r e s s u r e s  of G e b h a r d t  and  Seghezz i  (8 ) .  

E l e c t r o n -  and  x - r a y  d i f f r ac t ion  p a t t e r n s  of o x i -  
d ized  t a n t a l u m  spec imens  r e v e a l e d  the  p r e s e n c e  of 
Ta~O~ only .  The  ox ide  was  c r y s t a l l i n e  bo th  be fo re  
and  a f t e r  c r a c k i n g  of t he  f i lms occur red .  

Discussion 
The  o x i d a t i o n  of Ta  p r o c e e d e d  t h r o u g h  the  f o r m a -  

t ion  of a v e r y  th in ,  r e l a t i v e l y  smoo th  su r face  ox ide  
fi lm fo l lowed  b y  the  p r o d u c t i o n  of s m a l l  p l a t e l e t s  
of o x i d e  e x t e n d i n g  into  t h e  m e t a l  p a r a l l e l  to {100} 
p l a n e s  of t he  me ta l .  The  t r ace s  of these  p l a t e l e t s  
w e r e  v i s ib le  as ac i cu l a r  fo rms  in t he  su r face  oxide .  
C o n t i n u e d  o x i d a t i o n  e v e n t u a l l y  caused  a r u p t u r i n g  
of t he  cove r ing  ox ide  film. 

This  p i c t u r e  is cons i s t en t  w i t h  t he  r e su l t s  o b -  
t a i n e d  in the  k ine t i c  s tud ies  of t he  ox ida t i on  of Ta  
w h i c h  i n d i c a t e d  an  in i t i a l  p r o t e c t i v e  s t age  of o x i d a -  
t ion  fo l lowed  b y  a m a r k e d  i n c r e a s e  in t he  o x i d a t i o n  
r a t e  and  the  o n - s e t  of n o n p r o t e c t i v e  ox ida t ion .  The  
i nc rea se  in o x i d a t i o n  r a t e  was  r e l a t e d  to the  c r a c k -  
ing o f  the  ox ide  film. 

I t  is of i n t e r e s t  to c o m p a r e  t he  o x i d a t i o n  c h a r a c -  
t e r i s t i c s  of Nb  and  Ta. I m p o r t a n t  d i f ferences  ex i s t  
b e t w e e n  the  o x i d a t i o n  of t he  two  meta l s .  Two of t h e  
m a j o r  f e a t u r e s  of ox ide  f i lms on T a - - t h e  f o r m a t i o n  
of p l a t e l e t s  of ox ide  e x t e n d i n g  into  t he  m e t a l  and  
the  r e l a t e d  a r r a y  of n e e d l e - l i k e  s t r u c t u r e s  o b s e r v e d  
on the  su r face  of t he  ox ide  h a v e  no t  been  d e t e c t e d  
in Nb  ox ide  films. On the  o t h e r  hand ,  s t r i k i n g  a n a l -  
ogies  also h a v e  been  found  in t he  o x i d a t i o n  p r o p -  
e r t i e s  of t he  two  meta l s .  The  o x i d a t i o n  k ine t i c s  of 
bo th  a r e  s im i l a r  in t h a t  a t  low t e m p e r a t u r e s  bo th  
fo rm p r o t e c t i v e  ox ide  films, for  bo th  t h e r e  is a t e m -  
p e r a t u r e  r a n g e  in w h i c h  an  i n i t i a l l y  p r o t e c t i v e  f i lm 
becomes  n o n p r o t e c t i v e  as t he  t i m e  of o x i d a t i o n  in -  
creases ,  and  at  h igh  t e m p e r a t u r e s  bo th  m e t a l s  e x -  
h ib i t  l i n e a r  o x i d a t i o n  r a t e  curves .  The  t r a n s i t i o n  
f r o m  p r o t e c t i v e  to n o n p r o t e c t i v e  o x i d a t i o n  in bo th  
cases  is a c c o m p a n i e d  b y  s i m i l a r  c r a c k  f o r m a t i o n  in 

t he  oxides .  Bo th  fo rm ana logous  ser ies  of oxides,  and  
TarO5 a n d  Nb~O~ a re  c r y s t a l l o g r a p h i c a l l y  i somor -  
phous  w i t h  a lmos t  i den t i ca l  l a t t i ce  p a r a m e t e r s  (9) .  
Bo th  TarO5 (10) and  Nb~O~ (11) a r e  m e t a l - e x c e s s  
semiconduc to r s .  These  d a t a  t o g e t h e r  w i t h  t he  r e -  
sul ts  of m a r k e r  e x p e r i m e n t s  i nd ica t e  t h a t  th is  d e -  
p a r t u r e  f r o m  s t o i c h i o m e t r y  is due  to t h e  p r e s e n c e  of 
an ion  vacanc i e s  in the  oxide .  

The  m e c h a n i s m  of t he  f o r m a t i o n  of the  ox ide  
p l a t e l e t s  is s t i l l  u n d e r  i nves t i ga t i on ;  howeve r ,  t he  
p r o d u c t i o n  of the  ac i cu la r  f e a t u r e s  on the  su r face  
of t he  ox ide  and  the  e v e n t u a l  c r a c k i n g  of the  ox ide  
f i lms a p p e a r  to be r e l a t e d  at  l eas t  in p a r t  to the  
mode  of d i f fus ion  in Ta~O~ and  to the  r a t io  of t he  
v o l u m e s  of e q u i v a l e n t  a m o u n t s  of ox ide  and  meta l .  
The  m o d e l  p r o p o s e d  to accoun t  for  t he se  p h e n o m e n a  
is s i m i l a r  to t h a t  p r e v i o u s l y  d i scussed  for  the  ox i -  
d a t i o n  of n i o b i u m  (6) .  

I f  i t  is a s sumed ,  as sugges t ed  above ,  t h a t  the  ox i -  
da t i on  of Ta  p roceeds  v i a  an  an ion  di f fus ion m e c h -  
anism,  i t  fo l lows  t ha t  t he  n e w  ox ide  is f o r m e d  at  the  
o x i d e / m e t a l  i n t e r f ace  (or  a t  l eas t  t h a t  t he  b o t t o m  
of t h e  Ta~O~ l a y e r  if  s m a l l  a m o u n t s  of the  l ower  
ox ides  a r e  p r e s e n t ) .  A v o l u m e  inc rease  of a p p r o x i -  
m a t e l y  250% is r e q u i r e d  w h e n  Ta  is c o n v e r t e d  to 
Ta~O~. This  expans ion ,  h o w e v e r ,  w i l l  be  r e s i s t ed  b y  
the  a l r e a d y  o v e r l y i n g  l a y e r  of oxide ,  and  the  f o r m a -  
t ion  of n e w  ox ide  wi l l  be  a c c o m p a n i e d  b y  the  p la s t i c  
d e f o r m a t i o n  of the  ex i s t i ng  ox ide  film. Thus  the  
o x i d a t i o n  process  i t se l f  c o n t i n u o u s l y  p roduces  
s t resses  in  t he  ox ide  film. In  t e r m s  of th i s  hypo thes i s ,  
the  s t resses  r e su l t i ng  f rom the  f o r m a t i o n  of p l a t e l e t s  
of ox ide  in t he  m e t a l  d u r i n g  the  o x i d a t i o n  of Ta 
t e n d  to cause  the  p l a t e l e t s  to p ress  a g a i n s t  the  l a y e r  
of cove r ing  oxide ,  d e f o r m i n g  th is  su r f ace  f i lm and  
p r o d u c i n g  the  ac icu la r  a r r a y  a l r e a d y  desc r ibed .  Con-  
t i n u e d  o x i d a t i o n  leads  to t he  b u i l d  u p  of severe ,  
loca l ized  s t resses  w h i c h  e v e n t u a l l y  cause  the  r u p -  
t u r i n g  of t he  ox ide  film. 

Manuscr ip t  received Dec. 31, 1959. 
Any  discussion of this pape r  wi l l  appea r  in a Dis-  

cussion Section to be publ i shed  in the June  1961 JOUR- 
NAL. 
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ABSTRACT 

The high-field conduction of a highly purified insulat ing l iquid such as 
hexane may be largely influenced by electron emission from the cathode. 
Theoretical interpretat ions  have so far neglected the fact that  in equi l ibr ium 
a space charge layer will  probably exist at the contact of a metal  and such a 
liquid, similar to that  at a metal-semiconductor  contact. The effect of this 
cannot be calculated without  more information,  but  it does explain the ob- 
servations that  the conduction currents  are relat ively insensit ive to cathode 
work function. A novel electrostatic method is described which, it is believed, 
can directly measure the potential  of such an electronic double layer at the 
contact of a metal  and a dielectric. 

Conduc t ion  processes in  h igh ly  pur i f ied  i n su l a t i ng  
l iqu ids  are  of f u n d a m e n t a l  in te res t  apar t  f rom the i r  
va lue  in  he lp ing  to exp la in  e lec t r ica l  b r e a k d o w n  
u n d e r  e x t r e m e l y  high appl ied  fields. A s tudy  of the  
e lect r ical  proper t ies  of such l iquids  wou ld  idea l ly  
give i n fo rma t ion  on the  types  of charge  carr ier ,  
the i r  mobil i t ies ,  t r a p p i n g  and  r e c o m b i n a t i o n  t imes,  
etc., a n d  the i r  r e la t ionsh ips  in  d e t e r m i n i n g  the  ac-  
tua l  c u r r e n t  and  field d i s t r i bu t ion  in  a l i qu id  wi th  a 
g iven  electrode configurat ion.  The  va r i a t i on  of the  
c u r r e n t  wi th  the  con t ro l lab le  condi t ions  of t ime,  
t e m p e r a t u r e ,  pur i ty ,  e lect rode surface,  etc., wou ld  
follow, electrode processes be ing  p a r t i c u l a r l y  i m -  
p o r t a n t  for possible  e lect ronic  devices. However ,  
l i t t le  f u n d a m e n t a l  i n f o r m a t i o n  is so far  ava i l ab le  be -  
cause most  of the methods  used for i nves t iga t ing  
gases and  solids cannot  be  used for i n s u l a t i n g  l iq -  
uids.  I n  spite of this, the  correct  i n t e r p r e t a t i o n  of 
conduc t iv i ty  m e a s u r e m e n t s  a lone  should  be able  to 
p rov ide  m u c h  i n fo rma t ion  if ca r r i ed  out  over  a 
wide  enough  r ange  of e x p e r i m e n t a l  condi t ions,  and  
p a r t i c u l a r l y  as a func t ion  of appl ied  field s t rength .  
I t  has  r ecen t l y  been  shown  (1) t ha t  w i th  carefu l  
t e c h n i q u e  it is possible to measu re  the  d-c  conduc-  
t i v i ty  of a h igh ly  pur i f ied s imple  h y d r o c a r b o n  such 
as h e x a n e  r igh t  up to b r e a k d o w n  fields, and  this  can 
p rov ide  indica t ions  of the  or igins  of the  c u r r e n t -  
c a r r y i n g  charges.  As field s t r eng ths  of h u n d r e d s  of 
k v / c m  are  r equ i r ed  to ob ta in  cu r r en t s  of abou t  10 -1~ 
amp in  such l iquids,  it is no t  su rp r i s ing  tha t  there  
have  been  inconsis tencies  in  the f indings  of different  
inves t iga to rs  a r i s ing  f rom differences of technique ,  
p u r i t y  of the  l iquid ,  and  e lect rode p repa ra t ion .  S u p -  
p l e m e n t a r y  measu remen t s ,  not  i nvo lv ing  conduc-  
t iv i ty ,  m a y  therefore  be of va lue  in  e luc ida t ing  the  
cr i t ical  factors. It  is the  purpose  of this  paper  to 
i n t roduce  a new  type  of m e a s u r e m e n t  tha t  can be 
m a d e  on the  in te r face  of a h igh ly  i n su l a t i ng  l iqu id  

(or solid) and  a meta l  e lectrode wi thou t  app ly ing  an 
e x t e r n a l  field of a n y  kind.  I t  is be l ieved  tha t  this  
n e w  effect gives the  po ten t i a l  difference across an  
in t r ins ic  space charge  l ayer  at the contact  of a me ta l  
and  an  insu la to r .  

Before descr ib ing  the  e x p e r i m e n t a l  me thod  a 
br ie f  r ev i ew  is g iven  of the  ways  in  which  the  e lec-  
t rodes  could inf luence  the  conduc t iv i ty ,  a nd  it  is 
shown tha t  the  effects of a double  l ayer  b e t w e e n  the  
me ta l  and  the  l iqu id  m u s t  a lways  be included.  

Electrode Effects in Liquid Conductivity 
Charge  t r ans f e r  i n  die lect r ic  l iqu ids  is more  com-  

pl ica ted  t h a n  in  e i ther  gases or solids. Low ene rgy  
e lect rons  in  a l iqu id  m a y  move  in  two ways,  (i) 
t r a n s f e r r i n g  f rom molecu le  to molecule  in  the  field 
direct ion,  or (it) t r apped  p e r m a n e n t l y  to a s ingle  
molecule  wh ich  moves  as a whole  t h r ough  the  l iquid.  
W i t h i n  each molecu le  the  e lec t ron  can p r o b a b l y  
move  c o m p a r a t i v e l y  freely,  bu t  the  ove r - a l l  mob i l i t y  
in  the  l iqu id  is low w h e t h e r  the  e lec t ron  moves  w i th  
the  whole  mo lecu l a r  ion or in  a series of j u m p s  be -  
t w e e n  molecules .  Charge  is p r o b a b l y  t r a n s f e r r e d  in  
both  the  above  ways  s imul t aneous ly ,  an  e lec t ron  
m o v i n g  as a la rge  mo lecu l a r  ion u n t i l  a su i t ab le  
molecu la r  conf igura t ion  occurs for the e lec t ron  to 
t r ans f e r  to a ne i ghbo r i ng  molecule .  I t  m a y  not  be 
possible  to d is t inguish ,  even  theore t ica l ly ,  b e t w e e n  
the  two t r a n s p o r t  mechan i sms .  In  gases, e lec t ron  
t r ans f e r  b e t w e e n  an  ion and  a molecule  is u n l i k e l y  
because  of the  low dens i ty ;  also, e lect rons  can  move  
f ree ly  b e t w e e n  the  molecules .  In  a solid the  pe r iod i -  
ci ty leads  to a h igh  e lec t ron  mob i l i t y  t h r o u g h  the  
lattice,  bu t  a t r apped  e lec t ron (i.e., ion)  has zero 
mobi l i ty .  In  bo th  cases it is possible  to d i s t ingu ish  
b e t w e e n  a f ree  e lec t ron  and  an  ion. This is no t  so in 
a l iquid,  a nd  a ne w  theore t ica l  b a c k g r o u n d  m a y  
have  to be developed.  
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Simi la r  r eason ing  m a y  hold  for the t r an sp o r t  of 
posi t ive  charge  in  a l iquid.  A posi t ive  ion m a y  move  
in  the same way  as in  a gas, bu t  there  is the add i -  
t iona l  poss ib i l i ty  tha t  the ion m a y  be neu t r a l i zed  by  
the  t r ans f e r  of an  e lec t ron  f rom a ne ighbo r ing  mole -  
cule. In  this  w a y  a pos i t ive ly  charged e lec t ron  va -  
cancy  could move  t h rough  the  l iquid ,  cor responding  
to the m o v e m e n t  of posi t ive  holes in a s emiconduc t -  
ing solid. As for e lec t ron  t r a n s f e r  it is p r o b a b l y  im-  
possible to d i s t ingu i sh  b e t w e e n  e lec t ron  vacancies  
and  ion m o v e m e n t .  The  p ropor t ion  of the  c u r r e n t  
car r ied  by  e lect rons  or e lec t ron  vacancies  as com- 
pa red  w i th  nega t ive  or posi t ive  ions wi l l  depend  on 
the  ease w i t h  wh ich  an  e lec t ron  can be t r an s f e r r e d  
between molecules  r a t h e r  t h a n  for the whole  mole -  
cu la r  ion to move.  

A n y  theory  of the  conduc t ion  of dielectr ics  has, 
in  addi t ion,  to account  for the  or ig in  of the  c u r r e n t -  
c a r ry ing  charges,  and  to exp la in  how they  are t r a n s -  
fe r red  b e t w e e n  the in su la to r  and  the  electrodes.  Two 
dis t inc t  types  of e lect rode process exist :  (a)  the 
electrodes m a y  emit all  the  charged par t ic les  r e -  
qu i r ed  to ca r ry  the cu r r en t ;  or (b) the  electrodes 
m a y  neutralize charges which  are  p roduced  n a t -  
u r a l l y  w i t h i n  the  dielectric.  

The first case inc ludes  e lec t ron  emiss ion f rom the 
cathode which  is cons idered  fu r t he r  below. S imi -  
lar ly ,  e lec t ron  vacancies  could be emi t t ed  f rom the  
anode  by  the  ex t rac t ion  the re  of an  electron,  as in  a 
semiconductor .  Case (b)  inc ludes  the n o r m a l  elec- 
t ro ly t ic  effects where  the  charge  or ig ina tes  in  the 
b u l k  of the  l iqu id  due to the  dissociat ion of i m p u r i -  
ties, absorp t ion  of rad ia t ion ,  etc. Both posi t ive  and  
nega t ive  ions m a y  be neu t r a l i z ed  at the electrodes.  
W h e n  charges  or ig ina te  at  the  electrodes the  con-  
duc t iv i ty  wi l l  p r o b a b l y  depend  grea t ly  on the  elec- 
t rode mate r ia l ,  etc., bu t  this  is not  so if the charge 
is p roduced  w i t h i n  the  l iquid .  

In  genera l ,  e lectrodes can s i m u l t a n e o u s l y  pe r -  
form both  func t ions  (a) and  (b)  above, e.g., as in  a 
gas d ischarge  where  e lec t rons  are emi t t ed  f rom the 
cathode and  posi t ive ions neu t r a l i ze  there .  Again,  in 
a semiconduc tor  there  is a ce r t a in  n a t u r a l l y  occur-  
r ing  charge  dens i ty  (electrons,  holes, and  charged 
impur i t i e s )  and  add i t iona l  charges  ( m i n o r i t y  car -  
r iers)  m a y  be in jec ted  f rom a contact  so tha t  both  
types  of process are operat ive .  

In  l iquids,  as in  the  o ther  examples ,  the  p ropor -  
t ion  of the charge car r ie rs  o r ig ina t ing  in  the  b u l k  
and  f rom the  electrodes p r o b a b l y  depends  on the  ex-  
p e r i m e n t a l  condi t ions  and  on the appl ied  field 
s t rength .  For  example ,  b u l k  impur i t i e s  m a y  account  
for the low-f ie ld  conduc t iv i ty  and  the  emi t ted  
charges  for the  increase  of the  c u r r e n t  w i th  field 
s t rength .  House  (1) has p roduced  evidence  for col- 
l is ion ioniza t ion  in h e x a n e  at  the  highest  fields in 
ce r ta in  condi t ions,  this  be ing  ano the r  m e c h a n i s m  by  
which  free charge can or ig ina te  in  the  bu lk .  W h i c h -  
ever  source of charge p redomina tes ,  however ,  it is 
i m p o r t a n t  to consider  the  e q u i l i b r i u m  b e t w e e n  the  
charges emi t t ed  f rom the  electrodes and  those p ro -  
duced w i t h i n  the l iquid.  I t  wi l l  be shown tha t  one 
consequence  of this is tha t  a space charge  l aye r  wi l l  
a lways  exist  in  a dielectr ic  l iqu id  close to the  elec- 
trodes, in  the  same w a y  as at the  contact  of a me ta l  

and a semiconductor. This layer should greatly in- 
fluence the charge transfer to the liquid even in 
cases where the electrode effects predominate. 

Theories of the conduction of highly purified liq- 
uids have usually either entirely neglected the elec- 
trode effects or the presence of charges occurring 
naturally in the bulk of the liquid. Several authors 
(1-6) have attempted to explain the high-field con- 
duction in terms of field-aided electron emission 
from the cathode, but it will be shown that this 
model must be seriously modified to allow for the 
production of free charge within the liquid also. The 
emission theories usually neglect the liquid apart 
from its dielectric constant, K, and its possible effect 
in lowering the work function of the metal, so that 
the conduction current is limited only by the cathode 
emission, and the electrons are implicitly regarded 
as being free within the liquid. At the high fields 
concerned, 10'-108 v/cm, electron emission from the 
metal may occur by the Schottky process of field- 
aided thermionic emission, or by Fowler-Nordheim 
cold emission depending on the conditions. As in the 
case of electron emission into gases, the former is 
more likely to give agreement between experi- 
mental values and reasonable theoretical estimates 
of work function, field intensification, and emitting 
area (7, 8). Even so, the agreement is not perfect, 
and more elaborate models have been proposed to 
explain the emission (6, 9). 

A serious objection to emission-limited theories of 
liquid conduction was first raised in 1937 by Plum- 
ley (4). Emission should depend on the work func- 
tion of the cathode, possibly modified from its vac- 
uum value by the presence of the liquid. Plumley 
showed that, within experimental error, brass and 
gold cathodes gave the same current in iso-octane 
up to 175 kv/cm. Thermionic emission (with the 
v a c u u m  va lues  of the  work  f unc t i on )  would  have  
g iven  cu r ren t s  in the  ra t io  of 3.10': 1. More recent ly ,  
G r e e n  (6) has inves t iga ted  the dependance  of con-  
duc t ion  cu r ren t s  in h e x a n e  on the cathode condi t ions  
and  has found  a va r i a t i on  over  a r a nge  of abou t  
100: 1, bu t  d e p e n d a n t  more  on the  sur face  layer,  as 
affected by  heat  t r e a t m e n t ,  t h a n  by  the  ma te r i a l  of 
the  cathode.  House (1) found  a m a x i m u m  difference 
of on ly  3:1 be t w e e n  s i lver  and  c h r o m i u m  electrodes 
in  hexane .  Zaki  (10) ,  also w o r k i n g  in  this  l abo ra -  
tory,  has ob ta ined  s imi la r  resul ts ,  and  has also 
shown  tha t  differences of up  to 100:1 in  the h igh -  
field cu r r en t s  in h e x a n e  ma y  resu l t  f rom the state of 
ox ida t ion  of the cathode. Al l  these resu l t s  suggest  tha t  
the  conduc t ion  is inf luenced  by  the  cathode,  bu t  t ha t  
it  is u n l i k e l y  to depend  s imply  on the  work  funct ion.  
It  wi l l  be  shown tha t  this  m a y  be exp la ined  by  con-  
s ider ing  the  complete  surface b a r r i e r  w h e n  some of 
the  f ree  charge is p roduced  w i t h i n  the  l iquid.  Bu t  
first it  is necessary  to consider  the  charge  dens i ty  at 
the  in te r face  of a me t a l  and  a die lect r ic  l iquid.  

Equilibrium Space Charge 
The e lec t ron dens i ty  outside the  r a nge  of image  

forces of a meta l  sur face  of work  func t i on  r is 

( 2IImkT ) ~'~ 
no : 2 h 2 e ~/~ cm -~ [ 1 ] 
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A w a y  f r o m  such a m e t a l  su r f ace  in a v a c u u m  the  
e l ec t ron  dens i ty ,  n ( x ) ,  dec reases  indef in i te ly ,  and  
t h e  e l ec t ro s t a t i c  po t en t i a l ,  V, r i ses  as r e q u i r e d  b y  
the  B o l t z m a n n  d i s t r i b u t i o n  and  Po i s son ' s  e q u a t i o n  

n ( x )  = n~e -'v/~T [2]  

and  

~ V  
- -  - -  41Ine  [3]  

d x  ~ 

in the  o n e - d i m e n s i o n a l  case. This  is t he  " e l e c t r o n  
a t m o s p h e r e "  t h a t  a l w a y s  ex i s t s  in  e q u i l i b r i u m  w i t h  
a m e t a l  su r f ace  in a vacuum.  I t  is d i s t i nc t  f rom the  
dense r  space  cha rge  t h a t  occurs  w h e n  c u r r e n t  is 
d r a w n .  A t  t he  con tac t  of a m e t a l  and  an  idea l i zed  
d ie lec t r ic ,  t h e r e  is a s im i l a r  e l ec t ron  a t m o s p h e r e  
excep t  t h a t  t he  d i e l ec t r i c  cons tan t ,  K, has  to be  in -  
c luded  as a d e n o m i n a t o r  in [3] ,  and  t h e  e l ec t ron  
dens i ty ,  no, m a y  be  v e r y  m u c h  g r e a t e r  t h a n  at  t he  
v a c u u m  i n t e r f a c e  due  to the  l o w e r i n g  of t he  w o r k  
func t ion  of t he  m e t a l  b y  the  d i e l ec t r i c  to a v a l u e  
~ .  The  d i f f e rence  ( ~ - - ~ )  m a y  be  r e g a r d e d  as  t h e  
p o t e n t i a l  e n e r g y  of the  lowes t  e l ec t ron ic  conduc t ing  
leve l  in t he  d ie l ec t r i c  (F ig .  l a  and  b ) .  

The  p o t e n t i a l  r i se  in t he  e l ec t ron  a t m o s p h e r e  o u t -  
s ide a p l a n e  m e t a l  su r f ace  is eas i ly  c a l c u l a t e d  f rom 
[2]  and  [3]  (11) .  A t  room t e m p e r a t u r e  t he  e l ec t ron  
d e n s i t y  is v e r y  low and  in v a c u u m ,  for  e x a m p l e ,  
t he  p o t e n t i a l  r i ses  to on ly  35 m v  at  a d i s t a n c e  of 32 
cm f rom a m e t a l  h a v i n g  a w o r k  func t ion  of 1 ev. The  
p o t e n t i a l  r i se  is even  s lower  for  p r a c t i c a l  v a l u e s  of 
~b. H o w e v e r ,  t he  r e s u l t  is v e r y  sens i t ive  to l o w e r  

va lues  of ~b as m a y  be  e n c o u n t e r e d  at  t he  con tac t  
w i t h  a d ie lec t r ic .  F o r  i n s t ance  if  r  0.5 ev the  
s ame  p o t e n t i a l  r i se  occurs  in 3.2.10 -8 cm. F o r  two  
p l a n e  e lec t rodes ,  so lu t ions  of [2]  and  [3]  m a y  also 
be  found  g iv ing  t h e  p o t e n t i a l  in  the  enc losed  e lec -  
t r o n  space  charge .  Von  L a u e  (12) and  F o w l e r  (13) 
h a v e  shown  t h a t  t he  p o t e n t i a l  c lose to each  e l ec t rode  
is s ca rce ly  af fec ted  b y  t h e  p r e s e n c e  of t h e  o ther .  In  
e q u i l i b r i u m  the  n o r m a l  con tac t  p.d.  occurs  b e t w e e n  
t h e  e l ec t rodes  and  the  p o t e n t i a l  in t he  g a p  r eaches  
a p e a k  a t  a pos i t ion  d e t e r m i n e d  b y  the  w o r k  f u n c -  
t ions.  S k i n n e r  (14) has  cons ide red  the  c u r r e n t  t h a t  
w o u l d  flow in an  idea l i zed  d ie lec t r ic ,  con t a in ing  an  
e l ec t ron  a t m o s p h e r e  of th is  fo rm,  on a p p l y i n g  an  
a d d i t i o n a l  p o t e n t i a l  d i f ference .  

T h e r e  a r e  two  r e spec t s  in w h i c h  a r e a l  d i e l ec t r i c  
m a y  be  e x p e c t e d  to d i f fer  f rom th is  i dea l i zed  case, 
and  bo th  affect  the  f o r m  of t h e  p o t e n t i a l  va r i a t i on .  
In  t he  i dea l i z ed  d i e l ec t r i c  t h e  e l ec t ron  d e n s i t y  can 
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X 

Fig. ]. Potential energy Qf an electron at  the contact of a 
metal and a dielectric. (a) Vacuum; (b) idealized dielectric; 
(c) dielectric with bulk charge; (d) dielectric with bulk charge 
and trapping. 

d e c r e a s e  c o n t i n u o u s l y  t o w a r d  zero  ( l i m i t e d  on ly  b y  
t h e  a p p l i c a b i l i t y  of [2]  and  [ 3 ] ) ,  b u t  in a n y  r e a l  
d i e l e c t r i c  a l o w e r  l i m i t  is se t  b y  t h e  n a t u r a l l y  o c c u r -  
r i ng  cha rge  d e n s i t y  which ,  as e x p l a i n e d  above,  w i l l  
be  f o r m e d  in a l i qu id  b y  the  d i s soc ia t ion  of i m p u r i -  
t ies ,  a b s o r p t i o n  of s t r a y  r a d i a t i on ,  and  p o s s i b l y  b y  
t h e r m a l  exc i t a t ion .  F o r  n e u t r a l i t y  e q u a l  pos i t i ve  and  
n e g a t i v e  cha rge  dens i t i e s  m u s t  be  p r o d u c e d  in t he  
b u l k  of the  l iquid .  If  an  e l e c t r o n  d e n s i t y  nl cm -8 is 
f o r m e d  the  p o t e n t i a l  r i se  in t he  space  c h a r g e  b e -  
t w e e n  the  m e t a l  and  the  b u l k  of  t he  d i e l ec t r i c  m u s t  
be  l i m i t e d  to 

k T  no 
V.~ - -  l o g ~  - -  [ 4 ]  

e nl 

as shown  in Fig.  le .  This  p o t e n t i a l  d i f fe rence  can  be  
r e g a r d e d  as a first  a p p r o x i m a t i o n  to t he  con tac t  p o -  
t e n t i a l  b e t w e e n  t h e  m e t a l  and  t h e  i n t e r i o r  of t he  l i q -  
u id  due  to t he  n a t u r a l l y  o c c u r r i n g  c h a r g e  d e n s i t y  in 
t h e  l a t t e r .  A space  cha rge  b a r r i e r  se t t ing  up  th is  p o -  
t e n t i a l  is r e q u i r e d  for  e q u i l i b r i u m  a t  t h e  i n t e r f a c e  
in  t he  s a m e  w a y  as  a t  t h e  con tac t  of  a m e t a l  a n d  a 
s emiconduc to r .  E q u a t i o n  [4]  m a y  in f ac t  be  d e r i v e d  
f r o m  the  t r u e  e q u i l i b r i u m  cond i t i on  w h i c h  is t h e  
e q u a l i t y  of t he  e l e c t r o c h e m i c a l  p o t e n t i a l s  in each  
phase .  S i m i l a r l y  t he  e l ec t ron  a t m o s p h e r e  in a v a c -  
u u m  is r e q u i r e d  to t r y  to b r i n g  i t  in to  e q u i l i b r i u m  
w i t h  t he  me ta l .  

The  second  specific effect of t h e  d i e l e c t r i c  is to 
c o n c e n t r a t e  th is  " e q u i l i b r i u m  space  c h a r g e "  m u c h  
c loser  to t he  i n t e r f a c e  t h a n  in  a v a c u u m .  In  a r e a l  
l i qu id  d ie lec t r ic ,  t h e  e l ec t rons  w i l l  no t  be  d i s t r i b u t e d  
as a p e r f e c t l y  f r ee  gas, t h e y  wi l l  no t  diffuse f a r  in to  
t h e  l iquid ,  a n d  Eq. [2]  w i l l  no l onge r  be  va l id .  A n y  
t e n d e n c y  for  e l ec t rons  to become  t r a p p e d  in or  b e -  
t w e e n  mo lecu l e s  w i l l  c o n c e n t r a t e  t he  space  cha rge  
l a y e r  even  c loser  to t he  m e t a l  su r f ace  as shown  in 
Fig.  ld .  W i t h  a l ow effec t ive  w o r k  func t ion  an  a p -  
p r e c i a b l e  p a r t  of  the  e q u i l i b r i u m  space  cha rge  could  
be  w i t h i n  10-' cm of t he  me ta l .  

W h e n  cons ide r ing  t h e  emis s ion  of e l ec t rons  in to  a 
v a c u u m  t h e  p o t e n t i a l  of the  e l e c t r o n  a t m o s p h e r e  is 
e x t r e m e l y  s m a l l  c o m p a r e d  w i t h  o t h e r  su r f ace  forces.  
In  l iqu ids ,  t he  theo r i e s  of f i e l d - a i d e d  e l ec t ron  e m i s -  
s ion have .  also n e g l e c t e d  the  e q u i l i b r i u m  space  
charge ,  a l t h o u g h  it  n o w  seems p r o b a b l e  t h a t  i t  cou ld  
g ive  a p p r e c i a b l e  p o t e n t i a l  changes  even  w i t h i n  t he  
r a n g e  of i m a g e  forces.  F o r  th is  r e a s o n  the  c o n d u c -  
t i v i t y  of l iqu ids  is u n l i k e l y  to be  e x p l a i n e d  b y  
m o d e l s  for  t he  emiss ion  of e l ec t rons  in to  a v a c u u m .  
The  a b o v e  d e s c r i p t i o n  of  t h e  e q u i l i b r i u m  space  
c h a r g e  app l i e s  s t r i c t l y  on ly  w h e n  t h e r e  is no a p p l i e d  
field. Much  m o r e  i n f o r m a t i o n  a b o u t  cha rge  ca r r i e r s ,  
t h e i r  mobi l i t i e s ,  t r a p p i n g  effects,  etc., w i l l  be  r e -  
q u i r e d  b e f o r e  i t  is poss ib l e  to p r e d i c t  t he  inf luence  of 
con tac t  space  cha rge  on c u r r e n t  f low in l i qu id s  e v e n  
w i t h  low fields:  t he  m e t h o d s  w o u l d  be  e x p e c t e d  to 
be  s im i l a r  to those  d e v e l o p e d  for  m e t a l - s e m i c o n -  
d u c t o r  contacts .  T h e  diff icul t ies  a r e  even  g r e a t e r  for  
h igh  a p p l i e d  fields.  The  c o n d u c t i v i t y  i nc reases  b y  
a n y t h i n g  u p  to s ix  o r d e r s  of m a g n i t u d e  b e t w e e n  
low fields and  b r e a k d o w n .  A s s u m i n g  t h a t  th is  is due  
to i nc r e a s ing  c u r r e n t - c a r r y i n g  c h a r g e  d e n s i t y  in t he  
bu lk ,  t h e  p o t e n t i a l  across  t he  space  c h a r g e  in t he  
con tac t  r eg ion  w o u l d  f a l l  b y  on ly  0.6 v ( f r o m  Eq. 
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[ 4 ] ) .  This  emphas i ze s  t h a t  t he  con tac t  space  cha rge  
r a t h e r  t h a n  s t r a i g h t f o r w a r d  e l ec t ron  emiss ion  f r o m  
the  ca thode  is i m p o r t a n t  up  to the  h ighes t  a p p l i e d  
fields. 

A l t h o u g h  the  c u r r e n t  flow t h r o u g h  the  comple t e  
su r f ace  b a r r i e r  canno t  y e t  be  ca lcu la ted ,  t he  e q u i -  
l i b r i u m  space  cha rge  has  one i m p o r t a n t  consequence  
w h i c h  is conf i rmed  e x p e r i m e n t a l l y .  E l e c t r o n  e m i s -  
s ion f r o m  a ca thode  to t he  su r face  r eg ion  of a l i qu id  
is c o n t r o l l e d  b y  the  modi f i ed  w o r k  func t ion ,  ~ ,  of 
t he  me ta l .  The  space  c h a r g e  imposes  t he  a d d i t i o n a l  
p o t e n t i a l  b a r r i e r ,  V,,, w h i c h  f rom [4] and  [ I ]  is 

kT (~ 2 ( 2IImkT ) ~'2 ~ } kT 
V,~ l o g e  h2 kT e e . . . .  logs nl 

or  s u b s t i t u t i n g  n u m e r i c a l  va lues ,  w i t h  T ~--300~ 
t h e  t o t a l  b a r r i e r  he igh t  is 

V ~ +  r = 1.115 - -  - -  loge nl v [5]  
e 40 

T h a t  is, t he  to ta l  p o t e n t i a l  b a r r i e r  b e t w e e n  the  
F e r m i  l eve l  of the  m e t a l  and  a conduc t i ng  l eve l  in 
t he  l i qu id  is i n d e p e n d e n t  of t he  w o r k  func t ion  of 
t he  me ta l ,  b u t  i t  does d e p e n d  on the  l i qu id  cha rge  
dens i ty .  A low w o r k  func t ion  g ives  a h igh  e l ec t ron  
d e n s i t y  a t  t he  i n t e r f ace  and  so a l a r g e  space  cha rge  
po t en t i a l ,  and  v ice  v e r s a  (Fig .  2).  Thus  the  r e l a t i v e  
i n s e n s i t i v i t y  of conduc t ion  c u r r e n t s  in s imp le  l iqu ids  
to t h e  c a t h o d e  m a t e r i a l  is no t  i n c o m p a t i b l e  w i t h  
e m i s s i o n - l i m i t e d  conduc t ion  modi f i ed  b y  the  equ i -  
l i b r i u m  space  cha rge  b a r r i e r .  This  r e m o v e s  t he  m a -  
j o r  ob j ec t i on  to emiss ion  theo r i e s  f irst  s t r e s sed  b y  
P l u m l e y  and  conf i rmed  since. A l t h o u g h  the  b a r r i e r  
he igh t  is cons tan t ,  a r e l a t i v e l y  sma l l  ca thode  d e -  
p e n d e n c e  w o u l d  s t i l l  be  e x p e c t e d  due  to d i f fe rences  
of t he  b a r r i e r  shape  w i t h  r and  V,~. 

I t  m u s t  be  s t r e s sed  t h a t  th is  m o d e l  is h i g h l y  s im-  
pl i f ied  and  t ha t  i t  a s sumes  e l ec t ron ic  e q u i l i b r i u m  
b e t w e e n  t h e  m e t a l  and  t h e  l iqu id .  The  p r e s e n c e  of 
e i t he r  pos i t i ve  or  n e g a t i v e  ions a l t e r s  t he  doub le  
l a y e r  p o t e n t i a l  V~, b u t  w h a t e v e r  t he  de ta i l s ,  some 
sor t  of space  cha rge  l a y e r  m u s t  ex i s t  a t  t he  i n t e r -  
face  for  e q u i l i b r i u m .  The  e x p e r i m e n t a l  w o r k  d e -  
s c r ibed  b e l o w  also d i r e c t l y  d e m o n s t r a t e s  the  e x i s t -  
ence  of such  a space  c h a r g e  l ayer .  A t  first  s ight  the  
a b o v e  m o d e l  canno t  account  for  t he  c o n s i d e r a b l e  
effect  of t he  s ta te  of o x i d a t i o n  of t he  ca thode  on the  
c o n d u c t i v i t y  of d i e l ec t r i c  l iquids .  The  e q u i l i b r i u m  
space  c h a r g e  is una f fec t ed  b y  r e p l a c i n g  a c lean  m e t a l  
su r f ace  b y  an  ox ide  of t h e  same  w o r k  func t ion  so 
the  conduc t ion  c u r r e n t s  shou ld  also be  i n d e p e n d e n t  

I ~ 
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Fig. 2. Potential energy at the contact of a dielectric and 

electrodes of (a) low, and (b) high work function. 
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of the  ox ide  w o r k  funct ion .  H o w e v e r ,  w i t h  c u r r e n t  
flow across  an  i n su l a t i ng  ox ide  l a y e r  the  e q u i l i b r i u m  
b e t w e e n  the  sol id  and  the  l i q u i d  m a y  be  se r ious ly  
d i s t u rbe d .  E l ec t rons  m a y  not  be  ab le  to pass  t h r o u g h  
the  ox ide  l a y e r  q u i c k l y  enough  to m a i n t a i n  the  
e q u i l i b r i u m  concen t r a t ion ,  no, or  the  space  cha rge  
p o t e n t i a l  V~. The  emiss ion  c u r r e n t  w o u l d  t hen  be  
p a r t l y  l i m i t e d  b y  the  p o t e n t i a l  across  t he  ox ide  
l ayer .  On the  o t h e r  hand,  an  u n o x i d i z e d  m e t a l  su r -  
face  cou ld  a l w a y s  p r o v i d e  suff icient  e l ec t rons  to 
m a i n t a i n  t he  con tac t  space  c h a r g e  in e q u i l i b r i u m  
r igh t  up  to t he  m a x i m u m  c u r r e n t s  f o u n d  in v e r y  
p u r e  l iquids .  M u c h  m o r e  i n f o r m a t i o n  is r e q u i r e d  
be fo re  i t  is poss ib l e  to d i f f e r en t i a t e  b e t w e e n  s eve ra l  
poss ib le  m e c h a n i s m s  at  t he  ox id i zed  ca thode .  

Experimental Determination of the 
Space Charge Potential 

I t  is no t  poss ib l e  to de tec t  t he  e q u i l i b r i u m  space  
cha rge  at  t h e  con tac t  of a m e t a l  and  a v e r y  h i g h l y  
i n su l a t i ng  l i qu id  b y  any  of t he  c lass ica l  m e t h o d s  of 
e l e c t r o c h e m i s t r y .  H o w e v e r ,  a n e w  t y p e  of e l e c t r o -  
s ta t ic  effect  is d e s c r i b e d  b e l o w  w h i c h  is b e l i e v e d  to 
m e a s u r e  d i r e c t l y  the  p o t e n t i a l  of t he  doub le  l a y e r  
f o r m e d  b y  the  n e g a t i v e  space  cha rge  and  the  pos i t ive  
cha rge  i n d u c e d  on the  e lec t rode .  

The  m e a s u r e m e n t  has  s im i l a r i t i e s  to t he  K e l v i n  
m e t h o d  of m e a s u r i n g  the  con tac t  or  Vol t a  p o t e n t i a l  
b e t w e e n  d i s s i m i l a r  meta l s .  P l u m l e y  (4)  and  M a c -  
f a d y e n  and  H o l b e c h e  (15) h a v e  shown t h a t  the  con-  
t ac t  po ten t i a l ,  m e a s u r e d  in th is  way ,  is c h a n g e d  on ly  
s l i gh t ly  b y  t o t a l l y  i m m e r s i n g  bo th  e l ec t rodes  in an  
i n su l a t i ng  l iqu id .  This  w o u l d  be  e x p e c t e d  un less  
t he  l i qu id  r e a c t e d  in d i f fe ren t  w a y s  w i t h  each  e lec-  
t rode.  I f  t h e r e  a r e  contac t  po t e n t i a l s  b e t w e e n  each  
m e t a l  a n d  the  l iqu id ,  t h e y  cance l  ou t  a r o u n d  t h e  
circui t ,  and  t h e y  canno t  be d e t e c t e d  b y  chang ing  
the  t o t a l  c a p a c i t a n c e  b e t w e e n  the  e l ec t rodes  as in 
t he  K e l v i n  me thod .  I t  is b e l i e v e d  t ha t  th is  is o v e r -  
come in the  n e w  m e t h o d  b y  m e a s u r i n g  the  change  of 
p o t e n t i a l  of one of the  e l ec t rodes  w h e n  i ts  contact 
area w i t h  the  l i qu id  is changed .  The  oppos i t e  e lec -  
t rode ,  u s u a l l y  ea r thed ,  r e m a i n s  t o t a l l y  immersed .  
A su i t ab le  a r r a n g e m e n t  is s h o w n  in Fig.  3a. A n  
i n s u l a t e d  conica l  e l ec t rode  j u s t  p i e rces  the  su r face  
of t he  l i qu id  he ld  in a m e t a l  cup.  I t  is f o u n d  t h a t  
t he  p o t e n t i a l  of t he  cone changes  r e v e r s i b l y  as i t  
is m o v e d  in a n d  ou t  of t he  l iqu id .  P a r t  of th is  change  
is due  to t he  con tac t  p o t e n t i a l  b e t w e e n  the  m e t a l  
su r faces  d e t e c t e d  b y  the  change  in t he  t o t a l  c apac i -  
t ance  as in t h e  K e l v i n  me thod ,  b u t  th is  m a y  be 
m e a s u r e d  s e p a r a t e l y ,  and  t h e r e  is an  a d d i t i o n a l  
p o t e n t i a l  c h a n g e  t hough t  to be  due  to t he  cha rge  
t r a n s f e r  f r o m  the  m e t a l  to t he  con tac t  r eg ion  in  t he  
l iquid .  Owing  to t he  h igh  i n su l a t i on  of bo th  the  
m e t a l  and  t h e  l i qu id  at  the  contac t ,  t he  con tac t  p o -  
t en t i a l s  r o u n d  the  who le  c i r cu i t  ( i nc lud ing  the  
l i qu id )  cance l  out  e x t r e m e l y  s lowly ,  so t h a t  the  
con tac t  p o t e n t i a l  across  a s ing le  i n t e r f ace  ( w h e r e  
t he  con tac t  a r e a  changes )  m a y  be  de tec ted .  In  th is  
w a y  it  is a u n i q u e  t y p e  of m e a s u r e m e n t .  

A s impl i f i ed  t h e o r y  b y  w h i c h  the  m e a s u r e d  p o -  
t e n t i a l  can  be  r e l a t e d  to t he  doub le  l a y e r  p o t e n t i a l  
w i l l  be g iven .  F i g u r e  4 shows t h e  cha rge  d i s t r i b u t i o n  
on the  w h o l e  s y s t e m  a r i s ing  f r o m  a doub le  l a y e r  a t  
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Fig. 3(a). Experimental arrangement for measuring the 

equil ibrium space charge potential at the contact of a metal 
and an insulating liquid. Fig. 3(b). Form of the potential 
variation as the cone electrode touches the liquid surface. 
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Fig. 4. Charge distribution due to double layer of potential 
v~ at contact  P. 

t he  con ica l  e lec t rode ,  P. The  cha rge  a t  th is  con tac t  
is a s s u m e d  to be  pos i t i ve  on the  m e t a l  a n d  n e g a t i v e  
j u s t  ins ide  t he  l iqu id ,  t he  p o t e n t i a l  d i f fe rence  be ing  
vl. The  m e t a l  A has  los t  n e g a t i v e  c h a r g e  as a w h o l e  
to f o r m  th i s  d o u b l e  l aye r .  A l l  th is  c h a r g e  is c onc e n -  
t r a t e d  j u s t  ins ide  t he  l i qu id  a t  P.  E v e r y  e l e m e n t  
of capac i t ance ,  such as k, b e t w e e n  the  con tac t  r eg ion  
of t he  l i qu id  and  the  m e t a l  A m u s t  be  c h a r g e d  to 
the  d o u b l e  l a y e r  po ten t i a l .  Thus  no t  qu i t e  a l l  of the  
i n d u c e d  pos i t i ve  c h a r g e  is on the  con tac t  su r face  
of t he  me ta l .  If  t he  i n su l a t i on  of t he  s y s t e m  ( i n c l u d -  
ing the  l i qu id )  is pe r fec t ,  t h e r e  a r e  a lso  i n d u c e d  
cha rges  on t h e  e l e c t r o m e t e r  ( r e p r e s e n t e d  b y  t h e  
c a p a c i t a n c e  Ce, Fig .  4) and  on t h e  oppos i t e  m e t a l  
e l e c t r o d e  B. In  t he  e x t e r n a l  c i r cu i t  t he  d o u b l e  l a y e r  
p o t e n t i a l  vl is d i v i d e d  c a p a c i t i v e l y  b y  Co a n d  C,, 
w h e r e  C, is t he  c a p a c i t a n c e  b e t w e e n  the  w h o l e  of 
the  cup e l e c t r o d e  B and  the  n e g a t i v e  c h a r g e  l a y e r  
ju s t  i n s ide  t h e  l i qu id  at  P. The re fo re ,  due  to t he  
doub le  l a y e r  a t  P,  t h e r e  ex is t s  a p o t e n t i a l  

v~ C~ 
V p  ~ " 

C ~ +  Co 

across  t he  e l e c t rome te r .  

675 

B y  s i m i l a r  r eason ing ,  a doub le  l a y e r  of t he  s ame  
p o l a r i t y  b u t  of p o t e n t i a l  v~ at  the  oppos i t e  i n t e r f ace  
of t he  m e t a l  and  the  l i qu id  g ives  r i se  to a p o t e n t i a l  
vq across  t he  e l e c t r o m e t e r .  The  two  cha rge  d i s t r i b u -  
t ions  a r e  i n d e p e n d e n t  a n d  the  e l e c t r o m e t e r  p o t e n -  
t i a l s  m a y  be  a d d e d  to g ive  t he  ne t  po ten t i a l ,  v, due  
to t he  two  d o u b l e  l aye r s .  

vl C~ v~C2 
v = vp + v ,  = [6]  

CI + C~ C~ + C~ 

w h e r e  C~ is t he  c a p a c i t a n c e  b e t w e e n  t h e  n e g a t i v e  
cha rge  l a y e r  j u s t  ins ide  t he  l i q u i d  a t  Q a n d  t h e  
w h o l e  of t he  m e t a l  A. 

In  p r ac t i ce  i t  is not  poss ib le  to m e a s u r e  t he  s t e a d y  
p o t e n t i a l  v as  i t  is s w a m p e d  b y  s t r a y  cha rges  l e f t  
b y  con tac t  po ten t i a l s ,  etc., on se t t ing  up  the  sys t em,  
so a d i f fe rence  m e t h o d  m u s t  be used.  B y  s l i g h t l y  
m o v i n g  the  cone e lec t rode ,  t he  con tac t  a r e a  w i t h  
t he  l i qu id  at  P is c h a n g e d  w i t h o u t  g r e a t l y  c h a n g i n g  
the  t o t a l  c a p a c i t a n c e  b e t w e e n  the  e lec t rodes .  T h e r e -  
fo re  t he  p o t e n t i a l  of t he  spu r ious  cha rges  r e m a i n s  
p r a c t i c a l l y  cons tan t .  H o w e v e r ,  t he  e l e c t r o m e t e r  p o -  
t en t ia l ,  v, due  to t he  doub le  l a y e r s  is m u c h  m o r e  
sens i t ive  to con tac t  a r e a  as t he  c a p a c i t a n c e  C~ is due  
to t he  field b e t w e e n  the  n e g a t i v e  cha rge  a t  t h e  con-  
t ac t  and  the  w h o l e  of t he  oppos i t e  me ta l .  The  co r -  
r e s p o n d i n g  t e r m  C~ assoc ia t ed  w i t h  t he  oppos i t e  
doub le  l a y e r  of f ixed  area ,  a t  Q, is unaf fec ted ,  to a 
first  a p p r o x i m a t i o n ,  b y  the  a r e a  change  at  P. T h e r e -  
fo re  for  a s m a l l  change  of con tac t  a r e a  at  P, t he  
c h a n g e  of t he  p o t e n t i a l  across  t he  e l e c t r o m e t e r  is 
g iven  s i m p l y  b y  

v~ AC1 
~ v  - [ 7 ]  

C ~ +  Co 

and  if t h e  c a p a c i t a n c e s  of t h e  sy s t em a r e  k n o w n ,  v,, 
t he  p o t e n t i a l  of a s ingle  doub le  l ayer ,  m a y  be  d i -  
r e c t l y  m e a s u r e d .  

The  a b o v e  t r e a t m e n t  is v e r y  s impl i f ied ,  and  t h e  
fu l l  ana lys i s  is no t  g iven  here .  The  on ly  bas ic  as -  
s u m p t i o n s  t h a t  h a v e  to be  m a d e  a re  t h a t  t he  n e g a -  
t i v e l y  c h a r g e d  l a y e r s  a r e  th in  c o m p a r e d  w i t h  t h e  
d imens ions  of t he  a p p a r a t u s ,  and  t h a t  t he  e q u i l i b -  
r i u m  space  c h a r g e  at  t h e  con tac t  is set  up  r a p i d l y ,  
i.e., w i t h i n  a second  or  two  of c h a n g i n g  the  con tac t  
a rea .  The  fu l l  e x p r e s s i o n  for  • i nc ludes  t e r m s  due  
to both t he  m e t a l - l i q u i d  in te r faces ,  and  for  t h e  n o r -  
m a l  con tac t  p o t e n t i a l s  b e t w e e n  the  e l ec t rodes  (16) .  
The  p a r t i a l  and  t o t a l  c apac i t ances  of t he  s y s t e m  
h a v e  to be  e x a m i n e d  in  de ta i l .  Each  one is of a f ew  
~ f a r a d  and  of a d i s t r i b u t e d  na tu r e ,  so t h a t  t h e  
a s soc ia t ed  f ield has  to be  defined.  A m e a s u r i n g  t e c h -  
n ique  m u s t  be  d e v i s e d  for  each  p a r t i a l  c a p a c i t a n c e  
w i t h o u t  d e f o r m i n g  the  field b y  the  i n t r o d u c t i o n  of 
p robes .  The  ana lys i s  e v e n t u a l l y  g ives  the  p o t e n t i a l  
change,  av ,  as a func t ion  of t he  p e n e t r a t i o n  of t h e  
l i qu id  su r f a c e  b y  the  conica l  e lec t rode ,  in t e r m s  of 
t he  p o t e n t i a l s  vl and  v2. By  i n i t i a l l y  p r e p a r i n g  bo th  
e l ec t rodes  in t he  s ame  way ,  the  doub le  l a y e r s  m a y  
be  a s s u m e d  to be  t he  same,  and  t h e y  can be  f o u n d  
f rom m e a s u r e m e n t s  of Av b y  se t t ing  vl : v s .  S u b s e -  
q u e n t l y  t he  d o u b l e  l a y e r  of t he  s ing le  con tac t  b e -  
t w e e n  the  con ica l  e l ec t rode  and  t h e  l i qu id  m a y  be  
i n v e s t i g a t e d  b y  k e e p i n g  cons t an t  t he  s u r f a c e  t r e a t -  
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m e n t  of the  opposing cup electrode.  The  effect of the  
p r e p a r a t i o n  and  m a t e r i a l  of the  conical  electrode 
m a y  be found  in  this  way.  

In  pract ice,  m e a s u r e m e n t s  of e lectrosta t ic  po t en -  
t ia ls  of a few mi l l ivo l t s  in  sys tems of ex t r eme l y  high 
res is tance  and  v e r y  low capac i tance  are confused 
by  severa l  spur ious  effects which  m a y  be difficult 
to e l imina te  or separate ,  and  the p resen t  m e a s u r e -  
m e n t  is one of cons ide rab le  difficulty. I t  is hoped to 
descr ibe e x p e r i m e n t a l  detai ls  in  fu l l  e l sewhere  (17).  
Our  first work  on this  topic fo l lowed the  discovery 
of the  effect in  solid insu la t ion .  In  tha t  case, the 
e lectrodes  in  contact  w i th  a block of the  dielectr ic  
consisted of an  ea r thed  flat p la te  and  a conical  or 
spher ical  i n d e n t e r  connec ted  to the grid of an  elec-  
t r ome te r  va lve  (18, 16). Po ten t i a l s  of up  to about  
60 m v  were  ob ta ined  for a smal l  change  of the  
spher ical  contact  area,  b u t  it  is now k n o w n  tha t  
these were  l a rge ly  due to the  sens i t iv i ty  of elec-  
t r ome te r  va lves  to the  precise va lue  of the  ex t e rna l  
res is tance:  this var ies  wi th  the  contact  a rea  in  the  
same w a y  as the  expected  electrosta t ic  charg ing  
(19).  The effect is i m p o r t a n t  for all  m e a s u r e m e n t s  
of smal l  charges.  It  m u s t  be a l lowed for also in  
m e a s u r i n g  the change  of po ten t i a l  associated wi th  
the  change  of area  of a m e t a l - l i q u i d  contact.  Com-  
p a r a t i v e l y  large ind ica ted  po ten t ia l s  m a y  also be 
due to contact  po ten t ia l s  b e t w e e n  metals .  W h e n  the  
total  capaci tance,  C~ b e t w e e n  the electrodes is 
changed  by  s l ight ly  m o v i n g  one of them,  the  
po ten t ia l  changes i n s t a n t a n e o u s l y  by  

~C~ 
A V ~  ~ V ~ -  

C~ 

where  vl~ is the  contact  potent ia l .  The contact  p.d. 
p lus  the  po ten t i a l  due to s t r ay  charges  is m e a s u r e d  
i n d e p e n d e n t l y  by  m o v i n g  the  conical  e lectrode jus t  
above the  l iqu id  surface  before  m a k i n g  ac tua l  con-  
tact. The double  l ayer  effect, t,v, mus t  t hen  be 
absent .  F igu re  3b shows how Av~ is ex t rapo la ted  by  
i n d e p e n d e n t  m e a s u r e m e n t s  of the tota l  capaci tance,  
C1~, to separa te  the  spur ious  and  t r u e  double  l a ye r  
componen ts  of the  m e a s u r e d  change  of po ten t ia l  
af ter  contact  is made.  I t  can be shown tha t  this ex-  
t r apo la t ion  is just i f ied for n o n p o l a r  l iquids  as the 
change  of C~ due  to the  dielectr ic  cons tan t  of the  
l iquid  is negl igible .  

W h e n  a l lowance  is made  for these and  o ther  spu r -  
ious effects, the  revers ib le  change  of potent ia l ,  Av, 
is of the  order  of 1 m v / m m  of p e n e t r a t i o n  of a 
conical  s ta inless  steel e lect rode into hexane .  The 
form of the po ten t i a l  va r i a t i on  agrees w i th  tha t  e x -  
pected f rom the fu l l  express ion  for Av in  t e rms  of 
the  pa r t i a l  capaci tances.  Seve ra l  o ther  possible side 
effects tha t  could account  for the  change  in  the  elec- 
t rode po ten t i a l  have  been  e l i m i n a t e d  e i ther  by  fea-  
tures  of the e x p e r i m e n t a l  resu l t s  or by  e x p e r i m e n t a l  
precaut ions ,  and  no a l t e r n a t i v e  can be found  to the 
exp lana t ion  of the  m e a s u r e m e n t s  in  t e rms  of the  
in te r rac ia l  double  layer .  Most of the  work  has been  
concerned  wi th  p rov ing  tha t  this  is so, and  tests 
have  so far  on ly  been  made  wi th  s ta inless  steel elec- 
t rodes and  h igh ly  pur i f ied n - h e x a n e .  Resul t s  show 
tha t  the  in te r fac ia l  double  l ayer  a lways  has the  n e g -  
a t ive  side t oward  the  l i qu id  as r equ i r ed  for an  elec-  

t r on  space charge.  The double  l ayer  potent ia l ,  
de r ived  f rom ~v, is found  to v a r y  be t w e e n  0.3 and  
0.6 v depend ing  on the e lect rode surface t r ea tmen t ,  
bu t  an  average  va lue  of abou t  0.42 v is ob ta ined  by  
l eav ing  the  e lect rode i m m e r s e d  in  h e x a n e  for sev-  
era l  days. 

This resu l t  m a y  be compared  wi th  the s imple  
theory  of the  e q u i l i b r i u m  space charge.  The conduc-  
t i v i t y  of h e x a n e  can be as low as 10 -~ m h o / c m .  
Assuming ,  for l ack  of precise in fo rmat ion ,  tha t  t he re  
are  no b u l k  space charge effects, this  corresponds  
to about  108 charge  carr iers  per  cm ~ for a mob i l i t y  
of 10 -8 cm~/v sec [LeBlanc  (20 ) ] .  As such a low 
conduc t iv i ty  is found  only  in  h igh ly  purif ied l iquids,  
this  m a y  be the  order  of m a g n i t u d e  of the e lec t ron  
dens i ty  formed in  the  l iquid  by  s t ray  radia t ion ,  etc. 
If this  is so, Eq. [5] shows t h a t  the  total  he igh t  
(V~ + ~ / e )  of the  po ten t i a l  b a r r i e r  be t w e en  the  
me t a l  and  the l i qu id  mus t  be abou t  0.94 v, so that ,  
if the  double  l a ye r  po ten t ia l  is 0.42 v, the average  
w o r k  funct ion,  r of the  me t a l  in  contact  w i th  the  
l iqu id  is on ly  0.52 ev. It  is difficult to see how the  
work  func t ion  of a n o r m a l  me t a l  surface could be 
lowered  by more  t h a n  abou t  0.5 ev by  the p u r e l y  
electrostat ic  effects of a n o n p o l a r  l iqu id  (16).  The  
v e r y  low va lue  found  here  for ~ m a y  indicate  tha t  
the re  are w e a k l y  conduc t ing  levels  for e lectrons in  
the  l iquid  at a dep th  of abou t  4 ev, cor responding  
to the  e lec t ron affinity of an  i n s u l a t i n g  crystal .  

Work  on this  n e w  electrosta t ic  method  of de tec t -  
ing  the e q u i l i b r i u m  space charge  at the contact  of 
a me t a l  and  an  i n su l a t i ng  l i qu id  is cont inu ing ,  and  
it  is hoped tha t  it wi l l  be possible  to corre la te  it  w i th  
m e a s u r e m e n t s  of conduc t iv i ty  car r ied  out on the  
pu res t  possible samples  up  to b r e a k d o w n  field 
s t rengths .  
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ABSTRACT 

The amount  of sulfur  incorpora ted  into nickel  e lec t rodeposi ted  f rom a 
Wat ts  p la t ing  solut ion containing th iourea  as a b r igh tene r  and leve ler  has 
been inves t iga ted  by  rad io t race r  techniques and au torad iography .  The nickel  
deposi t  contains sulfur,  and the amount  of sulfur  increases  wi th  decreasing 
cur ren t  densi ty  when  the cu r ren t  dens i ty  is de te rmined  by  the ex te rna l  elec-  
t r ica l  c ircui t  or by  the  geomet ry  of the  p la t ing  cell. Autorad iographs  taken  
f rom oblique sections cut th rough  the nickel  deposi t  show the d is t r ibut ion  
of the sulfur  wi th in  the  deposit.  When  the nickel  is deposi ted on a surface 
having a roughness  comparab le  to tha t  encountered  technologica l ly  incorpora -  
t ion occurs on the peaks  of the surface. Thiourea  causes level ing which re -  
quires  the peaks  to be regions of lower  cur ren t  density.  Therefore  the in-  
corpora t ion  of sulfur  is h igher  in regions of lower  cu r r en t  dens i ty  when  the 
cur ren t  dens i ty  d is t r ibut ion  is de te rmined  by  the behav ior  of th iourea  on a 
rough surface. Incorpora t ion  p robab ly  occurs in layers  in regions of the de-  
posi t  which  show a l amina r  s t ructure .  

The  a d d i t i o n  of s m a l l  quan t i t i e s  of c e r t a i n  o rgan ic  
c o m p o u n d s  to so lu t ions  used  for  t he  e l e c t r o d e p o s i -  
t ion  of n i cke l  modif ies  the  p l a t i n g  in  t w o  ways ,  
b r i g h t e n i n g  and  leve l ing .  The  m e c h a n i s m s  of b r i g h t -  
en ing  a n d  l e v e l i n g  p r e s e n t  p r o b l e m s  w h i c h  a r e  r e l e -  
v a n t  to  t he  s t u d y  of t he  e l e c t r o d e p o s i t i o n  of m e t a l s  
and  w h i c h  h a v e  c o n s i d e r a b l e  t e c h n o l o g i c a l  i m p o r t -  
ance.  A n y  i n v e s t i g a t i o n  of these  m e c h a n i s m s  r e -  
qu i r e s  d a t a  on the  e x t e n t  to w h i c h  an  add i t ive ,  or  
c o m p o u n d s  d e r i v e d  f r o m  it, become  i n c o r p o r a t e d  in 
t he  n i c k e l  p l a t e  u n d e r  va r i ous  p l a t i n g  condi t ions .  
I t  is a lso  i m p o r t a n t  to k n o w  the  e x t e n t  to w h i c h  a n -  
ions a r e  i n c o r p o r a t e d  in t h e  p l a t i ng .  S ince  t h e  
a m o u n t s  of i n c o r p o r a t i o n  a r e  too s m a l l  to  be  d e -  
t e r m i n e d  c o n v e n i e n t l y  b y  c o n v e n t i o n a l  m e t h o d s  of 
ana lys i s ,  r a d i o t r a c e r  t e chn iques  a r e  v e r y  a p p r o -  
p r i a t e  to t hese  s tud ies  because  t h e i r  h igh  a n a l y t i c a l  
s e n s i t i v i t y  m a y  be  c o m b i n e d  w i t h  a u t o r a d i o g r a p h y  
to show in d e t a i l  t he  d i s t r i b u t i o n  of t h e  a d d i t i v e  
over  t h e  a r e a  of p l a t ing .  R e c e n t l y  B e a c o m  a n d  R i l ey  
(1) h a v e  i n v e s t i g a t e d  the  i n c o r p o r a t i o n  of su l fu r  
compounds  f r o m  s o d i u m  a l l y l  su l fona t e  us ing  an  
e l egan t  coun t ing  t e c h n i q u e  and  a u t o r a d i o g r a p h y  to 

1Presen t  address: U m t e d  Kingdom Atomic Energy  Authori ty ,  
Wantage Radiation Labs., Wantage,  Berks., England. 

m e a s u r e  t he  d i f fe rences  b e t w e e n  i n c o r p o r a t i o n  on 
the  p e a k s  a n d  v a l l e y s  of g r o o v e d  ca thodes .  T h e y  
f o u n d  a g r e a t e r  i n c o r p o r a t i o n  of su l fu r  on the  p e a k s  
t h a n  in t he  va l l eys ,  b u t  t h e  scale  of t h e i r  " s i m u l a t e d  
roughne s s "  was  m o r e  t h a n  two  o rde r s  of m a g n i t u d e  
g r e a t e r  t h a n  t h a t  w h i c h  is e n c o u n t e r e d  in p rac t i ce .  

T h i o u r e a  is a n  a d d i t i v e  w h i c h  p r o d u c e s  bo th  
b r i g h t e n i n g  a n d  leve l ing ,  and  this  p a p e r  desc r ibes  
an i nve s t i ga t i on  of t he  i n c o r p o r a t i o n  of su l fu r  in to  
n i c k e l  p l a t i n g  f r o m  t h i o u r e a  l a b e l e d  w i t h  su l fu r -35 .  
A s t u d y  has  been  m a d e  of t he  d i s t r i b u t i o n  of i n -  
c o r p o r a t e d  su l fu r  w i t h i n  n i cke l  p l a t e d  on a su r f ace  
whose  r o u g h n e s s  is c o m p a r a b l e  w i t h  t h a t  of t e c h -  
no log ica l  i n t e r e s t .  

Experimental 
The  effect of c u r r e n t  d e n s i t y  on the  i n c o r p o r a t i o n  

of su l fu r  f r o m  t h i o u r e a  has  been  s t ud i e d  b y  p l a t i n g  
tes t  ca thodes  in  a H u l l  cell .  T h e  p l a t i n g  b a t h s  w e r e  
s u p p l i e d  w i t h  S ~5 l a b e l e d  t h i o u r e a  f r o m  a h igh  
specific a c t i v i t y  s tock  solut ion .  P l a t i n g  so lu t ions  
w e r e  p r e p a r e d  b y  a d d i n g  l a b e l e d  t h i o u r e a  d i l u t e d  
w i t h  i nac t i ve  c a r r i e r  to a s t a n d a r d  W a t t s '  n i c k e l  
p l a t i n g  solut ion .  A v o l u m e  of 300 ml  of p l a t i n g  so lu -  
t ion  was  used  for  each  c a thode  w h i c h  was  p l a t e d  
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for 15 m i n  at  a to ta l  c u r r e n t  of 3 amp at  55~ a nd  
pH = 4.0. The  to ta l  concen t r a t i on  of t h iou rea  was  
10 -~ g mole/1  and  the  ac t iv i ty  was  517/~c/1. The  b a t h  
was  ag i ta ted  by  a s t r eam of n i t r ogen  in t roduced  
along the  bo t tom of the  cathode. Af te r  p la t ing ,  the  
cathodes were  washed  w i t h  cold wa te r  and  boi led 
w i th  two changes  of d is t i l led  water .  A u t o r a d i o -  
graphs  were  t aken  f rom these  cathodes by  p ress ing  
t h e m  in  close contact  w i t h  an  appropr i a t e  pho to-  
graphic  emuls ion.  

F u r t h e r  expe r imen t s  to d e t e r m i n e  the effect of 
c u r r e n t  dens i ty  and  th iou rea  concen t r a t i on  on i n -  
corpora t ion  were  car r ied  out  us ing  11/2 in. d i ame te r  
mi ld  steel  disks p la ted  in  a cell consis t ing of an  800- 
ml  beake r  wi th  a 1 in. padd le  s t i r re r  ro ta t ing  at 
120 r p m  b e t w e e n  the  anode  and  cathode which  were  
21/4 in. apar t .  F o u r  disks were  p la ted  at  d i f ferent  
c u r r e n t  densi t ies  and  th iou rea  concen t ra t ions  us ing  
500 ml  of f resh p l a t i ng  so lu t ion  con ta in ing  414 /~c 
of S ~ th iou rea  for each. Al l  disks were  p la ted  at  
55~ and  pH = 4.0 w i t h  a copper coulometer  in  
series wi th  the  p l a t i ng  cell. Af te r  p la t ing ,  each disk 
was washed  in the same m a n n e r  as the  Hu l l  cell 
cathodes.  F u r t h e r  bo i l ing  of the  disks w i th  d is t i l led  
wa te r  caused no change  in  the  incorpora ted  act ivi ty .  

The B ac t iv i ty  of a circle, r ad ius  0.406 cm, at the  
cen te r  of each disk was  d e t e r m i n e d  by  coun t ing  w i th  
an  e n d - w i n d o w  G e i g e r - M u l l e r  counter ,  the  geom-  
e t ry  of coun t ing  be ing  cont ro l led  so tha t  the  ac t iv -  
ities of the  four  samples  and  a s t anda rd  source could 
be compared.  

The absorp t ion  coefficient for  su l fur  35 fl par t ic les  
for the coun t ing  condi t ions  used to d e t e r m i n e  the  
act ivi t ies  of the  disks was  d e t e r m i n e d  us ing  one of 
the  disks as a source and  n icke l  absorbers .  The  ab -  
sorbers  were  placed close to the p la ted  disk so tha t  
the coun t ing  geomet ry  for the  e x t e r n a l  absorbers  
was as s imi la r  as possible  to tha t  of the s e l f - ab -  
sorber.  The va lue  of the  absorp t ion  coefficient in  
a l u m i n u m ,  the  hal f  life, and  the absence of a ny  
g a m m a  r ad i a t i on  de tec tab le  wi th  a sc in t i l l a t ion  
counte r  showed tha t  all  the  ac t iv i ty  on the  disks 
was due to su l fu r  35. 

The th ickness  of the  n i cke l  p la te  at  the cen te r  of 
each disk was  m e a s u r e d  by  sect ioning.  The  outs ide 
profile of the  p l a t i ng  was  suppor ted  b y  g lu ing  to it  
a piece of soft copper  sheet  wi th  Araldi te .  The  disk 
was sect ioned p e r p e n d i c u l a r  to the  p lane  of the  p l a t -  
ing, and  the  section face was  pol ished and  etched. 
The th ickness  of the  p l a t i ng  was m e a s u r e d  w i th  a 
microscope fitted wi th  a re t i cu le  eyepiece. 

The p l a t i ng  condi t ions,  the  p la t ing  th icknesses  at  
the  centers  of the  disks, and  the  act iv i t ies  of the  
disks are shown in  the  first six co lumns  of Tab le  II. 

To inves t iga te  the  incorpora t ion  of su l fu r  f rom 
sulfate,  two brass  disks, E and  F, were  p la ted  in  a 
Wat t s '  so lu t ion  con t a in ing  labe led  sul fa te  bu t  no t  
th iourea .  500 ml  of the  so lu t ion  con ta ined  16 mc of 
(S~~ 2- and  the disks were  p la ted  for 45 rain at  a 
c u r r e n t  dens i ty  of 3.97 a m p / d i n  2. The ac t iv i ty  of a 
circle, r ad ius  1.15 cm at  the  cen te r  of each disk, was  
compared  w i th  tha t  of a s t a n d a r d  by  count ing .  These 
act ivi t ies  we re  v e r y  m u c h  lower  t h a n  the  act ivi t ies  
of the disks p la ted  in  the presence  of th iourea .  
Therefore  to ob ta in  r ea sonab le  coun t ing  rates,  the  

August 1960 

Table I 

Disk  

Su r f ace  f in-  
i sh  cen te r  A p p a r e n t  

l ine  a v g  To ta l  conc. To ta l  c u r r e n t  
roughness ,*  t h i o u r e a  act.  in  dens i ty ,  

m i c r o n s  gmole /1  ba th ,  ~c a m p / d i n 2  

G mild steel 1.12 10 -8 493 4.85 
H mild steel 0.19 10 -8 493 4.85 
K brass 1.17 10 -8 ~07 3.97 

* C e n t e r  l ine  a v e r a g e  r o u g h n e s s  of  l e n g t h  L of the  sur face  e q u a l s  

oL 1Y1 d l  

w h e r e  y is  the  d i s t ance  of the  su r face  f r o m  the  m e a n  cen te r  l ine .  

coun t ing  efficiency was increased  by  m o u n t i n g  the  
disks m u c h  closer to the  coun te r  window.  A s t a n d -  
a rd  was p repa red  by  d i lu t ing  0.1 m l  of the p l a t i ng  
so lu t ion  to 100 ml  and  evapora t i ng  1 ml  of the d i -  
lu ted  solut ion onto a coun t ing  t ray.  

The  d i s t r ibu t ion  of the su l fu r  in  n icke l  p la ted  on a 
rough  surface in  the  presence  of th iourea  has been  
s tud ied  by t a k i n g  au to rad iographs  of sections cu t  
ob l ique ly  t h rough  the  p la t ing .  Disks were  p r epa red  
on e m e r y  to give surfaces w i t h  scratches in  one d i -  
rec t ion  and  var ious  surface roughnesses .  500 ml  of 
so lu t ion  were  used to p la te  each disk. Detai ls  of the  
surface  and  the  p la t ing  condi t ions  are s u m m a r i z e d  
in  Tab le  I. 

Al l  disks were  ca re fu l ly  c leaned  before p la t ing .  
The adhes ion  of the  p l a t i ng  on disk K, which  was  
used  for t aper  sect ioning,  was  f u r t h e r  improved  by  
c lean ing  it ca thodica l ly  i m m e d i a t e l y  before p la t ing .  
The  p la t ing  was sect ioned at 5 ~ to the  p lane  of the  
p la t ing .  The outs ide  profile of the  n ickel  p la te  was  
suppor ted  by  g lu ing  to it a piece of soft copper  
sheet  wi th  Araldi te .  A 5~ cut  was  t h e n  made  in  the  
brass,  the  sect ion m o u n t e d  in  Pe r spex  wi th  the brass  
side outwards ,  a nd  r u b b e d  d o w n  on e me r y  u n t i l  a 
su i t ab le  profile appeared.  The  sect ion was pol ished 
us ing  n o r m a l  me ta l log raph ic  t echn iques  and  e tched 
wi th  ammon iaca l  hyd rogen  peroxide.  A u t o r a d i o -  
graphs  were  t a k e n  on Kodak  A. R. 10 emuls ion.  

Results 
Figu re  1 shows au to rad iographs  of a Hu l l  cell 

ca thode  (a) p l a t ed  in  a n i t r o g e n - a g i t a t e d  ba th  and  
(b)  in  a ba th  w i t hou t  agi ta t ion,  bu t  in  a n i t r o g e n  
a tmosphere .  In  Fig. 1, the c u r r e n t  dens i ty  increases  
a long the cathode f rom left  to r ight ,  and  in  all  the  
au torad iographs ,  rad ioac t ive  areas  appea r  black.  

Ratios of su l fu r  to n ickel  a toms in  the  p la t ing  can 
be ca lcula ted  f rom the m e a s u r e d  count  rates. S u p -  
pose C coun t s / r a in ,  correc ted  for  b a c k g r o u n d  and  
coun te r  dead t ime,  are ob ta ined  f rom 1 cm 2 of p l a t -  
ing us ing  a g iven  coun t ing  geomet ry .  Assume  tha t  
the  p la t ing  is of u n i f o r m  th ickness  t cm and  tha t  it 
con ta ins  a u n i f o r m  d i s t r i bu t ion  P atoms of su l fu r  
per  a tom of nickel .  The specific ac t iv i ty  of the  
th iou rea  in  the  p la t ing  ba th  S mi l l i c u r i e s / g  mole  is 
equa l  to the  specific ac t iv i ty  of the  su l fur  in  the  
p l a t i ng  in  m i l l i c u r i e s / g  atom, a s suming  tha t  the re  is 
no exchange  of su l fu r  b e t w e e n  th iourea ,  or su l fu r  in  
the  p la t ing ,  and  su l fa te  ions d u r i n g  the  deposit ion.  A 
th in  l ayer  of p l a t i ng  th ickness  dx dis tance  x f rom 
the  free surface  conta ins  (PSp/W) dx mc S'5/cm ~ 
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m W  ~ 1 C 
P -- - -  [2] 

S p ( 1 - - e  -'~) C~ 

The  resu l t s  of the  n icke l  absorp t ion  m e a s u r e -  
ments ;  log10 (count  r a t e )  p lo t t ed  agains t  absorbe r  
th ickness  ( m g / c m  ~) g a v e  a l ine  wh ich  was  s l igh t ly  
c o n v e x  a w a y  f r o m  the  axes  for  a r ange  of absorbers  
up to 10.7 m g / c m  ~. A m e a n  mass  absorp t ion  coeffi- 
c ient  was  ca l cu la t ed  f r o m  the  g r ad i en t  of the  best  
s t r a igh t  l ine  t h r o u g h  the  e x p e r i m e n t a l  po in ts  us ing 
the  m e t h o d  of leas t  squares .  This  g a v e  ~/P  = 2.303 
x 0.132 = 0.304 cmVmg.  Fo r  disks A, B, C, Tab le  II, 
S = 0.414/0.5 x 10 -~ = 0.828 x 103 m c / m o l e  and for  
disk D 0.828 x 10 ~ m c / m o l e .  F o r  disk A (1 - -  e - ' ' )  = 
0.986. The  s t anda rd  source  of 0.104 mic rocu r i e s  of 
S ~ gave  1012 c o u n t s / m i n .  

P = 
0.104 x 10 -3 x 58.7 x 0.304 x 10 ~ 8612 

0.828 x 10 ~ x 0.986 1012 

Fig. 1. Autoradiographs of Hull cell cathodes (full size be- 
fore reduction for publication) (a) (top) plated in a nitrogen 
agitated bath, (b) (bottom) in a bath wi thout  agi tat ion,  but in 
a nitrogen atmosphere. The current density increases along 
the cathode from left to r ight and radioactive areas appear 
black. 

w h e r e  p, W are  the  dens i ty  and  a tomic  w e i g h t  of 
nickel ,  r e spec t ive ly .  The  r educ t ion  of t he  count  r a t e  
by absorp t ion  of S~fl par t ic les  in th ickness  x of p l a t -  
ing can be  ca l cu l a t ed  a p p r o x i m a t e l y  by  a s suming  an 
e x p o n e n t i a l  absorp t ion  w i t h  an absorp t ion  coeffi- 
c ient  ~ (2) .  

The  th in  l aye r  at x con t r ibu tes  ( k P S p / W ) e  -'~ dx  
c o u n t s / m i n / c m  2 to the  m e a s u r e d  count  r a t e  w h e r e  k 
is a cons tan t  d e p e n d i n g  on the  g e o m e t r y  of the  
count ing  a r r a n g e m e n t .  Since  the  d i s tance  b e t w e e n  
the  coun t e r  and  the  p la t ing  is l a rge  c o m p a r e d  w i t h  
the  to ta l  th ickness  of the  p la t ing,  k is i n d e p e n d e n t  
of x. 

I n t e g r a t i o n  ove r  the  to ta l  th ickness  of t he  p la t ing  
t and r e a r r a n g e m e n t  g ives  

W ~ C 
P [1] 

kS  p ( 1 - - e  -~t) 

A s tanda rd  con ta in ing  m mi l l i cu r i e s  of S 2~ gave  C~ 
c o u n t s / r a i n  w i t h  the  same geomet ry .  This  s t anda rd  
was suff ic ient ly  th in  tha t  the  neg lec t  of s e l f - a b s o r p -  
t ion does no t  i n t roduce  a s ignif icant  e r ror .  T h e n  
C,~ = k m  and  

= 19.4 x 10 -~ a toms  S / a t o m  Ni 
Resul t s  for  the  o the r  disks, Tab le  II, c o l u m n  7, 

h a v e  been  ca lcu la t ed  s imi la r ly .  

The  p l a t i ng  on d isk  H, Tab le  I, was  r e m o v e d  f r o m  
the  mi ld  s teel  d isk  and the  same a rea  of p l a t i ng  
counted  f r o m  bo th  sides. The  ac t iv i t i es  m e a s u r e d  
f r o m  the  two  sides d i f fered  by  5.5%. The  e r r o r  in -  
t roduced  by  the  a s sumpt ion  tha t  the  su l fu r  is u n i -  
f o r m l y  d i s t r i bu t ed  in the  p l a t i ng  is l i ke ly  to be  
of s imi la r  m agn i t ude .  

The  ac t iv i t i es  of disks E, F p la t ed  us ing  l abe led  
su l fa te  w e r e  E, 71.5, and F, 53.8 c o u n t s / m i n / c m  ~. 16 
mc  of l abe led  su l fa te  w e r e  added  to 500 ml  of p l a t -  
ing solution.  The  p l a t i ng  th ickness  at t he  cen te r s  of 
the  disks was  27.7 ~ and the  ac t iv i ty  of a s t anda rd  
wh ich  con ta ined  0.032 ~c of S ~ was  3865 coun t s / r a in .  
The  w e i g h t  of this  s t anda rd  (0.1 m g / c m  ~) showed  
tha t  the  neg lec t  of s e l f - abso rp t i on  did not  i n t roduce  
a s ignif icant  e r ror .  

These  resu l t s  g ive  s u l f u r / n i c k e l  a tom ratios,  ca l -  
cu la t ed  us ing  Eq. [2],  of 0.33 and 0.25 a toms S /10  g 
a toms Ni, r e spec t ive ly ,  t ak ing  the  to ta l  c o n c e n t r a -  
t ion of su l fa te  in  t he  p l a t i ng  b a t h  as 1M. A n i cke l  
depos i t  p l a t ed  u n d e r  t he  same condi t ions  was  a n a -  
lyzed  c h e m i c a l l y  for  su l fu r  and gave  a v a l u e  of 0.37 
a toms S /10  s a toms  Ni. 

The  au to rad iog raphs ,  Fig. 2 and 4, show the  dis-  
t r i b u t i o n  of su l fu r  i nco rpo ra t ed  in n icke l  p l a t ed  on a 
rough  surface.  The  p la t ing  on disks G and H was  
br ight ,  and the  o r ig ina l  scra tch  l ines st i l l  showed  
on G bu t  did no t  show on H. F i g u r e  2 shows an en -  
l a r g e m e n t  of an  a u t o r a d i o g r a p h  of disk G. 

Table II 

Disk  

To ta l  
C u r r e n t  t h i o u r e a  To ta l  P l a t i n g  t h i c k n e s s  
dens i ty ,  conc., wt .  of n i c k e l  a t  cen te r  o f  d i s k  C o u n t  rate ,  

a m p / d m  e gmole /1  depos i t ed ,  g /L m g / c m ~  c / m i n / c m  e 

A t o m s  S 
p e r  10 ~ 

a t o m s  Ni  

A 8.6 10 -~ 0.321 15.8 14.16 8612 19 
B 4.3 10 -~ 0.474 (24.8) * 22.17 16080 35 
C 0.86 10 -2 0.488 34.7 30.9 30630 68 
D 4.3 10 -' 0.482 24.3 21.6 18850 4 

* E s t i m a t e d  by  c o m p a r i n g  the  t h i cknes se s  on d i sks  C, n a n d  t he  t o t a l  w e i g h t s  of n i cke l  d e p o s i t e d  on  d i sks  B, C, D. 



680 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  August 1960 

The  t a p e r  sec t ion  was  cut  f r o m  d i sk  K w h i c h  was  
p l a t e d  at  an  a p p a r e n t  c u r r e n t  d e n s i t y  of 3.97 a m p /  
d m  ~ and  i ts  a c t i v i t y  c o r r e s p o n d e d  to an  i n c o r p o r a t i o n  
of 44 a toms  S /10  ' a toms  Ni, in  a g r e e m e n t  w i t h  e a r l i e r  
r e su l t s  ( T a b l e  I I ) .  F i g u r e  3 shows  a m i c r o g r a p h  
of a t a p e r  sec t ion  f rom d i sk  K,  and  Fig.  4 is a m i c r o -  
g r a p h  at  the  s ame  magn i f i ca t i on  t a k e n  f rom an  a u t o -  
r a d i o g r a p h  of t he  section.  In  Fig .  3 and  4, sec t ion ing  
at  5 ~ inc reases  t he  magn i f i c a t i on  p e r p e n d i c u l a r  to 
t he  p l a n e  of t he  p l a t i n g  a p p r o x i m a t e l y  e l even  t imes .  
F i g u r e  5 shows  t h e  p r i n c i p a l  f e a t u r e s  of p a r t  of t he  
prof i le  shown in Fig .  3 f r o m  w h i c h  t h e  e x t r a  m a g n i -  
f icat ion p e r p e n d i c u l a r  to t h e  p l a n e  of p l a t i n g  has  
been  r emoved .  

Fig. 2. Autoradiograph (5X before reduction for publication) 
of nickel plated on disk G which had paral lel scratches in one 
direction. Center line average roughness of fine scratches 
1.17/~. 

Fig. 3. Micrograph (150X over-al l  before reduction for 
publication) of a 5 ~ taper section through nickel plated on 
a rough surface. 

D i s c u s s i o n  

Incorporation of suIfur-e~ect of current density.-  
The  a u t o r a d i o g r a p h s  of the  H u l l  cel l  ca thodes  show 
tha t  c o n s i d e r a b l e  a m o u n t s  of su l fu r  a c t i v i t y  a r e  as -  
soc ia ted  w i t h  t h e  n i cke l  p l a t e d  surface ,  and  the  
ca thode  p l a t e d  in the  a g i t a t e d  b a t h  shows c l e a r l y  
t h a t  i h e  mos t  ac t ive  a r e a s  a r e  those  w h e r e  t h e  c u r -  
r en t  d e n s i t y  is lowes t .  A s i m i l a r  v a r i a t i o n  of i n -  
c o r p o r a t i o n  w i t h  c u r r e n t  d e n s i t y  occurs  on the  c a t h -  
ode p l a t e d  in t he  u n a g i t a t e d  ba th .  H igh  su l fu r  ac -  
t i v i t y  on p l a t e d  spec imens  m i g h t  a r i se  f rom a u n i -  
f o rm  th in  l a y e r  of s u l f u r - r i c h  m e t a l  depos i t ed  in  the  
in i t i a l  s tages  of p la t ing ,  w h i c h  is s u b s e q u e n t l y  cov-  
e r e d  b y  n i cke l  con t a in ing  less  su l fur .  Then,  s ince 
t he  p l a t i ng  is t h i n n e r  in r eg ions  of l ower  c u r r e n t  
dens i ty ,  less su l fu r  /3 - rad ia t ion  w o u l d  be  a b s o r b e d  
in these  reg ions ,  and  t h e y  w o u l d  a p p e a r  to be  r e -  
gions of h i g h e r  su l fu r  ac t iv i ty .  This  pos s ib i l i t y  was  
e l i m i n a t e d  b y  p l a t i n g  a n o t h e r  H u l l  cel l  ca thode  for  1 
min ,  w i t h  t he  r e su l t  t h a t  v e r y  l i t t l e  a c t i v i t y  was  
found  on the  p la te .  

E r r o r s  in t he  m e a s u r e m e n t  of t he  count  ra te ,  the  
v o l u m e  of s tock  so lu t ion  of S ~ th iou rea ,  and  the  
w e i g h t  of i n a c t i v e  t h i o u r e a  a d d e d  to the  b a t h  w i l l  
i n t r o d u c e  e r r o r s  in the  r e l a t i v e  va lue s  of the  s u l f u r /  
n i cke l  a t o m  ra t ios ,  T a b l e  I I  c o l u m n  6. These  e r r o r s  
a r e  p r o b a b l y  less  t h a n  10%. The  r a d i o c h e m i c a l  

Fig. 4. Micrograph (150X over-al l  before reduction for 
publication) taken from an autoradiograph of the taper sec- 
tion shown in Fig. 3. 
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ana lys i s  g ives  r e su l t s  for  a s m a l l  a r e a  at  t he  cen t e r  
of each  disk.  The  p l a t i n g  t h i cknes s  and  t h e r e f o r e  
t he  c u r r e n t  d e n s i t y  dec rea se  f r o m  the  edge  t o w a r d  
the  cen t e r  of a disk,  and  a u t o r a d i o g r a p h s  of t he  
d i sks  show m o r e  a c t i v i t y  t o w a r d  t h e i r  centers .  A l l  
t h e  r e su l t s  r e p o r t e d  in th is  p a p e r  show t h a t  i nco r -  
p o r a t i o n  of su l fu r  va r i e s  w i t h  c u r r e n t  d e n s i t y  so 
d i f fe rences  in  c u r r e n t  d e n s i t y  d i s t r i b u t i o n  b e t w e e n  
d i sks  can affect  t he  r e l a t i v e  v a l u e s  of t he  S / N i  
r a t io s  d e t e r m i n e d  at  t he  cen te r s  of t he  disks.  The  v a -  
r i a t i ons  in p l a t i n g  th ickness ,  T a b l e  II ,  show t h a t  
t h e r e  a r e  a p p r e c i a b l e  d i f fe rences  in c u r r e n t  d e n s i t y  
d i s t r i b u t i o n  b e t w e e n  disks ,  and  these  d i f fe rences  
w i l l  i n t r o d u c e  e r ro r s  in t he  r e l a t i v e  va lue s  of t he  
S / N i  ra t ios .  The  r e su l t s  on the  H u l l  cel l  ca thodes ,  
Fig .  1, show tha t  t he  a m o u n t  of i n c o r p o r a t i o n  d e -  
pends  on ag i t a t ion .  The  cond i t ions  of ag i t a t i on  for  
p l a t i n g  the  d i sks  w e r e  s t a n d a r d i z e d  as fa r  as pos -  
s ible ,  b u t  d i f fe rences  in a g i t a t i o n  b e t w e e n  d i f fe ren t  
d i sks  wi l l  a lso i n t r o d u c e  e r ro r s  in t he  r e l a t i v e  va lue s  
of t he  S / N i  ra t ios .  I t  is diff icult  to assess t he  t o t a l  
e r r o r  in t he  r e l a t i v e  va lue s  of t he  S / N i  ra t ios  i n t r o -  
d u c e d  b y  d i f fe rences  in c u r r e n t  d e n s i t y  d i s t r i b u t i o n  
and  ag i t a t ion ,  b u t  the  e r r o r  is u n l i k e l y  to be  c o m -  
p a r a b l e  w i t h  t he  d i f fe rences  in t he  ra t ios  f o u n d  for  
t he  disks,  Tab le  II .  T h e r e f o r e  a c o m p a r i s o n  of t he  
S / N i  r a t io s  p r o v i d e s  f u r t h e r  q u a l i t a t i v e  ev idence  
t h a t  i n c o r p o r a t i o n  of su l fu r  i nc reases  w i t h  d e c r e a s -  
ing  c u r r e n t  dens i ty .  

The  H u l l  cel l  ca thodes  show t h a t  i n c o r p o r a t i o n  
va r i e s  g r e a t l y  w i t h  ag i t a t ion .  T h e r e f o r e  t he  abso lu t e  
m a g n i t u d e  of a S / N i  r a t i o  is a p p r o p r i a t e  on ly  to t he  
p a r t i c u l a r  p l a t i n g  cond i t ions  used  for  the  disks .  

The  r e su l t s  for  t he  i n c o r p o r a t i o n  of su l fu r  f rom 
su l fa t e  a re  less  a c c u r a t e  b e c a u s e  of t he  m u c h  s m a l l e r  
quan t i t i e s  of su l fu r  i nvo lved .  

The  S / N i  ra t ios  o b t a i n e d  f r o m  the  d i sks  show an  
i nc rea se  in i n c o r p o r a t i o n  w i t h  dec r ea s ing  c u r r e n t  
dens i ty ,  and  a u t o r a d i o g r a p h s  of t he  d i sks  show m o r e  
a c t i v i t y  t o w a r d  t h e i r  cen t e r s  w h e r e  the  t h i ckness  of 
p l a t i n g  shows  t ha t  t he  c u r r e n t  d e n s i t y  w a s  l o w e r  
t h a n  nea r  t h e  edges.  

S ince  in a l l  e x p e r i m e n t s  i n c o r p o r a t i o n  was  m e a s -  
u r e d  b y  the  su l fu r  ~ ac t iv i ty ,  no conclus ions  m a y  be  
d r a w n  conce rn ing  the  c h e m i c a l  f o rm  in w h i c h  su l -  
f u r  is i nco rpo ra t ed .  

The  depos i t  on the  H u l l  cel l  c a thode  p l a t e d  in t he  
u n a g i t a t e d  b a t h  was  m u c h  less  b r i g h t  and  t h e  g e n -  
e r a l  l eve l  of i n c o r p o r a t i o n  of su l fu r  m u c h  l o w e r  t h a n  
on the  ca thode  p l a t e d  in t he  a g i t a t e d  ba th .  This  
sugges t s  t h a t  b r i g h t e n i n g  a n d  i n c o r p o r a t i o n  m a y  
bo th  be  s t r o n g l y  con t ro l l ed  b y  the  d i f fus ion of t h i o u -  
r e a  t h r o u g h  the  so lu t ion  b o u n d a r y  l a y e r  a t  t h e  
m e t a l - s o l u t i o n  in te r face .  

Th r e su l t s  o b t a i n e d  us ing  p l a t i n g  so lu t ions  con-  
t a i n ing  l a b e l e d  su l fa t e  an ions  b u t  no t h i o u r e a  show 
t h a t  the  i n c o r p o r a t i o n  of su l fu r  f rom su l f a t e  is v e r y  
m u c h  less t h a n  f r o m  th iourea .  

Distribution of incorporation on a rough s u r f a c e . -  
The  n i cke l  p l a t i n g  on d i sks  G and  H showed  t h a t  
t h i o u r e a  was  ac t ing  as a b r i g h t e n e r  and  l eve le r .  The  
sc ra tches  on d i sk  G w e r e  no t  c o m p l e t e l y  l e v e l e d  b y  
the  p la t ing ,  and  the  c o r r e s p o n d i n g  a u t o r a d i o g r a p h ,  
Fig .  2, shows tha t ,  u n d e r  t hese  condi t ions ,  the  i n -  
c o r p o r a t i o n  of su l fu r  does  no t  occur  u n i f o r m l y .  The  

f iner  s c r a t ches  on d i sk  H w e r e  l e v e l e d  comple t e ly ,  
and  t h e  i n c o r p o r a t i o n  of su l fu r  showed  no fine s t r u c -  
tu re .  This  sugges t s  t ha t  t he  i n c o r p o r a t i o n  d e p e n d s  
on the  su r f ace  prof i le  and  is h i g h e r  e i t he r  on the  
p e a k s  or  in  the  va l l eys .  N o w  l eve l ing  r e q u i r e s  t he  
t i m e  a v e r a g e d  c u r r e n t  d e n s i t y  to be  l o w e r  on the  
p e a k s  t h a n  in t he  va l l eys ,  and  a c o m p a r i s o n  of t he  
m i c r o g r a p h  and  a u t o r a d i o g r a p h  of t he  t a p e r  sec t ion  
(Fig .  3 and  4) shows  t ha t  i n c o r p o r a t i o n  is m u c h  
h i g h e r  on the  p e a k s  t h a n  in t he  va l l eys .  T h e r e f o r e  
h igh  i n c o r p o r a t i o n  is aga in  a s soc ia t ed  w i t h  low c u r -  
r en t  dens i ty .  The  d a r k  " t a i l s "  to t he  p e a k s  w h i c h  
show in t he  m i c r o g r a p h ,  Fig.  3, m a y  r e su l t  f r o m  the  
h igh  i n c o r p o r a t i o n  of su l fu r  a t  t he se  points .  

As  p l a t i n g  proceeds ,  t he  i n c o r p o r a t i o n  on p e a k s  
becomes  w e a k e r  and  is r e p l a c e d  b y  a m o r e  u n i f o r m  
i n c o r p o r a t i o n  w h i c h  m a y  be  l a y e r e d  p a r a l l e l  to t he  
p l a n e  of t he  p l a t ing .  

F i g u r e  4 sugges t s  a l a y e r  of h igh  i n c o r p o r a t i o n  
i m m e d i a t e l y  above  the  i n c o r p o r a t i o n  on the  p e a k s  
and  one, or  p o s s i b l y  two,  f a in t  l a y e r s  a b o v e  i t  w h i c h  
a p p e a r  m o r e  c l e a r l y  w h e n  the  a u t o r a d i o g r a p h  is e x -  
a m i n e d  a t  a l o w e r  magni f ica t ion .  The  d e p t h  of n i cke l  
p e r p e n d i c u l a r  to the  a u t o r a d i o g r a p h e d  su r f ace  of t he  
t a p e r  sec t ion  inc reases  l i n e a r l y  f r o m  zero  at  t he  ou t -  
s ide  edge  of t he  sec t ion  to a m a x i m u m  of ca. 30 t~ at  
t he  b r a s s - n i c k e l  in te r face .  S ince  the  m a x i m u m  
r a n g e  of SS' f l -par t ic les  in n i cke l  is 35 tL the  i n t e n s i t y  
of r a d i a t i o n  p e r  un i t  a r e a  of th is  sur face ,  and  hence  
the  p h o t o g r a p h i c  d e n s i t y  w o u l d  d e c r e a s e  m o n o t o n -  
i ca l ly  across  t he  a u t o r a d i o g r a p h  of t he  sec t ion  for  a 
u n i f o r m  d i s t r i b u t i o n  of su l fu r  in t he  p l a t ing .  T h e r e -  
fo re  t he  d a r k  b a n d s  w h i c h  a r e  a p p a r e n t  in the  a u t o -  
r a d i o g r a p h  sugges t  t h a t  t h e r e  a r e  l a y e r s  of h i g h e r  
su l fu r  i n c o r p o r a t i o n  in t he  p la t ing .  No i n c o r p o r a t i o n  
of su l fu r  occurs  in t he  in i t i a l  f i l l ing of t he  va l leys ,  
and  at  C, w h e r e  t he  ou t s ide  prof i le  of the  p l a t i n g  
shows  t h a t  t he  two  l a r g e  va l l e y s  h a v e  no t  been  c o m -  
p l e t e l y  l eve led ,  i n c o r p o r a t i o n  is l o w e r  t h a n  at  po in t s  
w h e r e  l eve l ing  is comple te .  C o n s i d e r a b l e  i n c o r p o r a -  
t ion  of su l fur ,  showing  some l a y e r i n g ,  occurs  in t h e  
b a n d e d  r eg ion  of t he  p la t ing .  A l t h o u g h  the  . r e so lu -  
t ion  of t he  a u t o r a d i o g r a p h  is no t  sufficient  in  g e n -  
e r a l  to show a d e t a i l e d  c o r r e l a t i o n  b e t w e e n  i n c o r -  
p o r a t i o n  and  the  b a n d i n g  shown  in t he  m i c r o g r a p h ,  
t he  t h r e e  shor t  d a r k  b a n d s  at  A a p p e a r  as r eg ions  of 
h i g h e r  i nco rpo ra t i on .  A t  B, c u r v a t u r e s  of success ive  
b a n d s  and  t h e  ou t s ide  prof i le  of t h e  p l a t i n g  show 
t h a t  loca l  d e l e v e l i n g  occu r r ed  a sho r t  t i m e  b e f o r e  
t he  p l a t i n g  was  s topped .  T h e r e  is a sugges t ion  in  t he  
a u t o r a d i o g r a p h  t h a t  t he  onse t  of d e l e v e l i n g  m a y  
h a v e  b e e n  as soc ia t ed  w i t h  a loca l  r e d u c t i o n  of i n -  
co rpo ra t i on .  

The  r e su l t s  and  a u t o r a d i o g r a p h s  d i scussed  above  
show t h a t  c o n s i d e r a b l e  i n c o r p o r a t i o n  of su l fu r  oc-  
curs  w h e n  n i c k e l  is e l e c t r o d e p o s i t e d  in the  p r e s e n c e  
of t h iou rea ,  and  t h a t  t h e  i n c o r p o r a t i o n  inc reases  
w i t h  de c r e a s ing  c u r r e n t  d e n s i t y  in  sys t ems  w h e r e  
t h e  c u r r e n t  d e n s i t y  d i s t r i b u t i o n  is d e t e r m i n e d  e i t he r  
b y  the  e x t e r n a l  e l e c t r i c a l  c i rcui t ,  o r  t he  g e o m e t r y  of 
t h e  sys t em,  as in t h e  H u l l  cell ,  or  t he  b e h a v i o r  of 
t h i o u r e a  on a r o u g h  surface .  

W h e n  the  n i cke l  is depos i t ed  on a su r f ace  h a v i n g  
a r o u g h n e s s  c o m p a r a b l e  to t ha t  e n c o u n t e r e d  t e c h n o -  
log ica l ly ,  t he  i n c o r p o r a t i o n  occurs  on the  p e a k s  of 



682 JOURNAL OF THE ELECTROCHEMICAL SOCIETY A u g u s t  1960 

the  sur face ,  in a g r e e m e n t  w i t h  B e a c o m  and  R i l e y  
(1)  whose  r e su l t s  w e r e  o b t a i n e d  on a m u c h  l a r g e r  
scale  of su r face  roughness .  The  l a y e r i n g  of i nco r -  
p o r a t e d  su l fu r  in  r eg ions  of t he  p l a t i n g  w h e r e  t he  
m i c r o g r a p h  shows  a l a m i n a r  s t r u c t u r e  s u p p o r t s  the  
sugges t ion  b y  V a n d e r k o o i  (3)  t h a t  l a y e r i n g  of t he  
depos i t  m a y  be  a s soc ia t ed  w i t h  t he  i n c o r p o r a t i o n  of 
a d d i t i v e  or  c o m p o u n d s  d e r i v e d  f rom it. 
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(Zn, Hg)S and (Zn,Cd,Hg)S Electroluminescent Phosphors 
A. Wachte! 

Research Department, Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

Solid solutions of (Zn,Hg)S p repa red  by  firing in sealed sil ica tubes are  
cubic in s t ructure.  Wi th  sui table  addi t ions  of Cu and a coactivator,  photo-  
luminescence and e lect roluminescence are obtained.  The coact ivators  used 
were  halides, Ga, or In. The e lect roluminescence in the red  consists of two emis-  
sion bands which  do not  appear  to be analogous to the  blue and green emis-  
sion bands  of Cu, Cl in ZnS. The quan tum efficiency is of the same order  of 
magni tude  as tha t  of ZnS: Cu, C1, but  the  emission bandwid th  is about  twice as 
large and the red  e lect roluminescence consists of emission located to a large 
ex ten t  in the infrared.  HgS tends to re ta in  the cubic s t ructure  of t e rna ry  
(Zn, Cd, H g ) S  systems provided  that  the  Cd /Hg  ra t io  does not exceed cer ta in  
l imits;  unt i l  this is so, the in t roduct ion of Cd causes increased e lec t ro lumines-  
cence. 

Effor ts  to p r e p a r e  EL 1 p h o s p h o r s  e m i t t i n g  at  
l o n g e r  w a v e  l eng th s  a r e  u s u a l l y  based  on s u b s t i t u -  
t ion  of l a t t i c e  cons t i t uen t s  so as to effect l a t t i c e  
expans ion .  In  ZnS:  Cu EL p h o s p h o r s  of Se  for  S has  
been  i n v e s t i g a t e d  b y  P r e n e r  (1)  and  b y  Hegyi ,  
La rach ,  and  S h r a d e r  (2) .  Z n ( S ,  Se)  and  ZnSe  
cons t i t u t e  good EL phosphors ,  a l t h o u g h  the  f r e -  
q u e n c y  d e p e n d e n c e  of Z n S e : C u  is l a r g e  c o m p a r e d  
to t h a t  of Z n S : C u ,  so t ha t  t he  l o w - f r e q u e n c y  r e -  
sponse  is u n u s u a l l y  poor .  

On the  o t h e r  hand ,  s u b s t i t u t i o n  of Cd for  Zn  has  
been  s h o w n  to r e s u l t  in  h e x a g o n a l  s y s t e m s  w i t h  e x -  
c e p t i o n a l l y  poo r  EL r e s p o n s e  (3 ) .  I t  is t h e r e f o r e  
obv ious  t h a t  t he  effect  of s u b s t i t u t i o n  of Zn  b y  t h e  
n e x t  h e a v i e r  m e m b e r  of the  g r o u p  I IB  e lements ,  
n a m e l y  Hg, was  of in te res t .  Due  to t he  low s u b -  
l i m a t i o n  t e m p e r a t u r e  of HgS,  i ts  r e t e n t i o n  in o r d i -  
n a r y  f i r ing a t  a t m o s p h e r i c  p r e s s u r e  is k n o w n  to be  
i mposs ib l e  a t  t e m p e r a t u r e s  suff icient  to cause  ac t i -  
v a t o r  i nco rpo ra t i on .  Wesch  (4) has  d e s c r i b e d  a 
h i g h - p r e s s u r e  f u r n a c e  b y  m e a n s  of w h i c h  the  p r e p -  
a r a t i o n  of p u r e  HgS  p h o s p h o r s  was  men t ione d .  
K r e m h e l l e r  and  L e v i n e  (5)  p r e p a r e d  (Zn,  H g ) S  
a n d  (Cd, H g ) S  sol id  so lu t ions  b y  aqueous  r e c r y s t a l -  
l i za t ion  u n d e r  p r e s s u r e  and  at  t e m p e r a t u r e s  w e l l  

1 E l e c t r o l u m i n e s c e n c e  o r  e l e c t r o l u m i n e s c e n t  i s  h e r e a f t e r  a b b r e v i -  
a t e d  E L .  

above  the  n o r m a l  bo i l ing  p o i n t  of w a t e r ,  and  in a 
r ecen t  p u b l i c a t i o n  K r e m h e l l e r ,  Lev ine ,  and  G a -  
shu rov  (6)  d e s c r i b e  some of t he  p h o t o l u m i n e s c e n t  
p r o p e r t i e s  of a c t i v a t e d  (Zn,  H g ) S  and  (Cd, H g ) S  
p r e p a r e d  b y  th is  method .  In  t he  p r e s e n t  i n v e s t i g a -  
t ion,  t he  m i x e d  sulfides w e r e  p r e p a r e d  b y  f i r ing in 
e v a c u a t e d  a n d  sea led  s i l ica  tubes .  A l t h o u g h  the  
p r e s s u r e  d e v e l o p e d  in t he  t ubes  is u n k n o w n ,  t he  
a p p l i c a t i o n  of h y d r o s t a t i c  p r e s s u r e  f rom the  ou t s ide  
was  not  f o u n d  to be  necessa ry .  

Experimental Technique 
In addition to the raw materials already de- 

scribed (3), HgS, Ga.~S~, and In~S3 were used. HgS 
was prepared by reaction of the elements. Ga~S, 
was prepared by slurrying ZnS with Ga(NOa)a 
solution, drying, and firing in an atmosphere of 
I-I~S. In~S~ was precipitated from aqueous solution 
in the presence of a ZnS carrier, filtered, and dried. 

In order to avoid the development of excessive 
pressure in the sealed tubes, as well as to avoid the 
influence of gases not normally retained in firings 
at atmospheric pressure, it was necessary to ac- 
complish complete thermal degassing and decompo- 
sition of volatile matter (NH~-salts, acetate radical) 
p~ior to sealing the final mixture into the tubes. 
All firings were therefore conducted in two stages: 
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Fig. 1. Technique for firing phosphors with HgS. A, Fire 
brick; B, mullite tube; C, silica wool; D, silica cloth; E, firing 
tube. 
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Table I. Unit cell dimensions of cubic (Zn,Hg)S:Cu,NaCI phosphors 

1. A n o r m a l  b l u e  or  g r e e n  e m i t t i n g  Z n S : C u  E L  
p h o s p h o r  is p r e p a r e d  at  a t m o s p h e r i c  p r e s s u r e  b y  
k n o w n  m e t h o d s  (3) .  The  C u - a c e t a t e  and  NH, -  
ha l i de s  ( i f  a n y )  decompose ,  and  a c t i v a t o r  i n c o r p o -  
r a t i o n  t a k e s  p lace .  T races  of H~O and  a i r  a r e  e x -  
p e l l e d  and  p a r t i c l e  g r o w t h  of t he  Z n S  f ac i l i t a t e s  
s u b s e q u e n t  degass ing .  The  f i red p h o s p h o r  is, h o w -  
ever ,  not  w a s h e d  in  NaCN so lu t ion  s ince  t he  t o t a l  
a m o u n t  of  Cu a d d e d  ( n o w  p a r t i a l l y  p r e s e n t  as f r ee  
CusS) is r e q u i r e d  for  t he  f inal  syn thes i s  of t he  
m i x e d  (Zn,  H g ) S  EL sys tem.  

2. The  a b o v e  p roduc t ,  h e r e a f t e r  r e f e r r e d  to as t he  
s i ng ly  f i red phospho r ,  is m i x e d  w i t h  H g S  as  w e l l  as  
a sma l l  a m o u n t  of S c a l c u l a t e d  to p r o d u c e  o n l y  a 
few a t m o s p h e r e s  of p r e s s u r e  a t  t he  s u b s e q u e n t  
f ir ing.  This  su l fu r  a d d i t i o n  is n e c e s s a r y  s ince  t r ace s  
of r e s i d u a l  a i r  w o u l d  cause  o x i d a t i o n  of S ~- a n d  g ive  
r i se  to S - v a c a n c i e s  '~ and  poor  EL p e r f o r m a n c e  of 
t he  f in ished  p roduc t .  The  m i x t u r e  is t r a n s f e r r e d  to 
a s i l ica  t u b e  of 7 m m  ID, 9 m m  OD, and  40 m m  
length ,  c losed  a t  one end  a n d  p r o v i d e d  w i t h  a con-  
s t r i c t ed  neck  a t  t he  o the r  end.  The  t u b e  is e v a c u -  
a t e d  b y  m e a n s  of a m e c h a n i c a l  oi l  p u m p  for  a b o u t  
30 ra in  and  t h e n  sea led  at  the  cons t r ic t ion .  The  
sea led  t u b e  is f i red  at  900~ as shown  in  Fig .  1. 

The  t h e r m a l  i n su l a t i on  a f fo rded  b y  t h e  s i l ica  
woo l  pack ing ,  as s h o w n  in t he  f igure,  is n e c e s s a r y  to 
p r e v e n t  s e p a r a t i o n  of p a r t  of t he  HgS d u r i n g  cool -  
ing. The  p r e s e n c e  of CdS g r e a t l y  d imin i shes  th is  
effect, and  s t i l l  m o r e  h o m o g e n e o u s  p r o d u c t s  m a y  
be  o b t a i n e d  b y  a l l o w i n g  the  e n t i r e  a s s e m b l y  to cool 
in  t he  fu rnace ,  a l t h o u g h  th is  was  r a r e l y  done  b e -  
cause  of obv ious  cons ide ra t ions  of t i m e  l imi t a t i on .  
Re t i r ing  t i m e s  of 2 h r  w e r e  f o u n d  to be  sufficient .  

The  w a s h i n g  p r o c e d u r e  in NaCN so lu t ion  is t he  
s ame  as used  for  n o r m a l  g r e e n - e m i t t i n g  Z n S : C u  
EL phosphors .  Because  of t he  s m a l l  s a m p l e s  ( a b o u t  
2 g)  u s u a l l y  p r e p a r e d ,  s imp le  g r i n d i n g  in  a m o r t a r  
and  pes t l e  was  p r e f e r r e d .  A l l  f igures  for  Cu  and  
h a l i d e  in p h o s p h o r s  spec i f ica l ly  r e f e r  to a m o u n t s  
a d d e d  b e f o r e  f ir ing,  and  not  to f inal  compos i t ions .  

M e a s u r e m e n t s  w e r e  p e r f o r m e d  w i t h  a S p e c t r a  
Br igh tnes s  Spo t  Mete r ,  ~ us ing  a d e m o u n t a b l e  cas to r  
oi l  cell .  In  o r d e r  to m e e t  t he  c o n t r a c t  r e q u i r e m e n t s  
as to color,  a d d i t i o n a l  m e a s u r e m e n t s  w e r e  also 
t a k e n  w i t h  a r e d  (NBS #3215)  f i l te r  i n s e r t e d  in  t h e  
op t ica l  pa th .  The  ra t io  b e t w e e n  the  r e s p e c t i v e  r e a d -  
ings  s e rved  as a sens i t i ve  i nd i ca t i on  of emiss ion  
color,  and  i t  w a s  n o t e d  t h a t  s m a l l  d i f fe rences  in th i s  
r a t i o  caused  l a r g e  d i f fe rences  in  b r igh tnes s .  To eri-  

e In the presence of HgS, such reducing conditions result in the 
formation of metallic Hg, visible as a separate phase. 

Photo Research Corp., Hollywood, Calif. 

Mole % HgS a (A) 

0 5.406 
5 5.429 

10 5.443 
15 5.469 
20 5.486 
25 5.516 
30 5.532 
40 5.569 
60 5.665 
80 5.745 

a b l e  a va l id  i n t e r p r e t a t i o n  of t he  r e l a t i v e  p e r f o r m -  
ance  of phospho r s  e m i t t i n g  w i t h  d i f fe ren t  colors,  i t  
was  t h e r e f o r e  n e c e s s a r y  to c o m p e n s a t e  for  th is  e f -  
fect .  T h e  m e t h o d  used  cons i s t ed  of p r e p a r i n g  p h o s -  
pho r s  t ha t  d i f fe red  on ly  in base  l a t t i c e  compos i t i on  
and  p lo t t i ng  the i r  r e l a t i v e  b r i g h t n e s s  (ba sed  on 
100% for  t he  specif ied color )  as a func t ion  of t he  
f i l ter  ra t io .  D a t a  on e x p e r i m e n t a l  p h o s p h o r s  could  
t hen  be  co r r ec t ed  to y i e l d  va lue s  h e r e a f t e r  r e f e r r e d  
to as " n o r m a l i z e d  b r i g h t n e s s . "  

Results 
P h o t o l u m i n e s c e n c e  of ( Z n : H g ) S  p h o s p h o r s . -  

Some  bas ic  i n f o r m a t i o n  was  o b t a i n e d  b y  f i r ing p h o -  
to lu rn inescen t  Z n S : C u  (0 .01%)  :NaC1 p h o s p h o r s  
w i t h  i nc rea s ing  a d d i t i o n s  of HgS  a t  750~ T a b l e  1 
shows  the  un i t  ce l l  d i m e n s i o n s  o b t a i n e d  b y  x - r a y  
p o w d e r  d i f f rac t ion .  A l l  p h o s p h o r s  (up  to 80% H g S )  
w e r e  cubic,  a l t h o u g h  the  H g S  used  was  h e x a g o n a l .  
HgS  a lone  s i m i l a r l y  f i red was  also he xa gona l .  The  
v a l u e s  can  be  p l o t t e d  to  g ive  a r e a s o n a b l y  good fit 
to a s t r a i g h t  l ine.  F i g u r e  2 shows  t h e  emiss ion  
s p e c t r a  (3650A e x c i t a t i o n )  as o b t a i n e d  on a P e r k i n -  
E l m e r  U n i v e r s a l  S p e c t r o m e t e r .  F i g u r e  3 shows  the  
d i f fuse  re f lec t ion  s p e c t r a  in  t h e  n e a r  u l t r a v i o l e t  and  
v i s ib l e  reg ions  o b t a i n e d  b y  i l l u m i n a t i n g  t h r o u g h  a 
F a r r a n d  m o n o c h r o m a t o r  and  m e a s u r i n g  t h e  r e -  
f lected r a d i a t i o n  w i t h  a Bausch  a n d  L o m b  m o n o -  
c h r o m a t o r  a d j u s t e d  to t h e  s a m e  w a v e  leng ths .  I t  
m a y  be  no ted  t ha t  t h e  r e g u l a r  m a n n e r  in w h i c h  the  
spe c t r a  sh i f t  to l o n g e r  w a v e  l e ng th s  is v e r y  s i m i l a r  
to t h e  effect of Cd subs t i tu t ion .  The  sh i f t  in  e m i s -  
s ion caused  b y  Hg  is a b o u t  four  t i m e s  g r e a t e r  t h a n  
t h a t  caused  b y  s i m i l a r  c o n c e n t r a t i o n s  ( in  m o l e  % )  
of Cd. I t  was  no ted  t h a t  a t  low Hg c o n c e n t r a t i o n  (5 
mo le  % )  t h e  f luorescence  was  u n u s u a l l y  w e a k .  
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Fig. 2. Emission spectra of (Zn, Hg)S:Cu, NaCI phosphors. 
Numbers denote mo[e % HgS in phosphors. Excitation --~ 
3650A. 
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Fig. 3. Diffuse reflection spectra of (Zn, Hg)S:Cu, NaCI 
phosphors. Numbers denote mole % Hg5 in phosphors. 

The decreas ing  concen t ra t ions  of Cu and  C1 re -  
su l t ing  f rom inc reas ing  addi t ions  of HgS were  no t  
cons idered  to apprec i ab ly  inf luence  the  shape of the  
emiss ion and  reflect ion spectra,  because  C1 was  
p resen t  in  excess and  on ly  the  long w a v e - l e n g t h  
emiss ion b a n d  was  developed.  

E l ec t ro luminescen t  p h o s p h o r s . - - T h e  ac t iva tor  r e -  
q u i r e m e n t s  for EL are  k n o w n  to be g rea te r  t h a n  for 
pho to luminescence .  For  the  sys tems u n d e r  i nves t i -  
gation,  they  were  also no ted  to v a r y  w i th  the  t ype  
of coact ivator  used. In  the  case of C1, addi t ions  of 
the  order  such as to p roduce  o p t i m u m  g r e e n - e m i t -  
t ing  s ing ly  fired Z n S : C u ,  C1 phosphors  p roved  to 
be too high not  on ly  for C1, bu t  also for Cu. F i g u r e  
4 shows the  emiss ion  spect ra  of a series of (Zn,  
H g ) S : C u ( 0 . 2 % ) ,  C1(0.075%) phosphors  exci ted at 
10,000 cps. The  ac t iva tor  addi t ions  are  such tha t  the  
ZnS:  Cu, C1 phosphor  emi ts  p r e d o m i n a n t l y  the b lue  
Cu b a n d  and  a re  o p t i m u m  wi th  respect  to the  
o range  or red  e m i t t i n g  composit ions.  The  emiss ion 
b a n d  g r a d u a l l y  shifts  to longer  w a v e  lengths  a nd  
b roadens  u n t i l  above  about  20 mole  % Hg, a long 
wave  l e n g t h  emiss ion  b a n d  increases  qui te  s u d d e n l y  
in  r e l a t ive  in tens i ty .  I t  wi l l  be shown  tha t  this  can -  
not  necessa r i ly  be  ident if ied wi th  the  " C u - g r e e n "  
b a n d  emi t t ed  in  more  h igh ly  coact ivate  Z n S - C u  
phosphors.  
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Fig .  d .  E m i s s i o n  s p e c t r a  o f  ( Z n ,  H g ) 5 : C u  ( 0 . 2 % ) :  

(21(0.075%) and two (Zn, Cd, Hg)S:Cu (0.2%:CI (0.075%) 
EL phosphors. Numbers denote mole % HgS in samples. 
Excitation = 1 0,000 cps. 

The effect of Cd on the  emiss ion  color was  de te r -  
m i ne d  empi r i ca l ly  for o range  to deep red emi t t ing  
(Zn, Hg)S .  It  was no ted  t ha t  the emiss ion  color of 
[ ( 1 - - x ) Z n ,  xHg]  S : C u  m a y  be dupl ica ted  ap-  
p r o x i m a t e l y  by  fir ing [ (1 --  4 n ) Z n ,  4nCd]  S: Cu and  
ret i r ing this  wi th  ( x - - n ) H g S .  However ,  subs t i tu -  
t ions of more  t h a n  half  of the  or ig ina l  concen t ra t ion  
of Hg by  Cd resu l t  in  a shif t  to longer  w a v e  lengths.  
Table  II  shows the  effect on EL b r igh tness  of a 
series of o r a n g e - r e d  emi t t i ng  phosphors  based on 
the  o r ig ina l  compos i t ion  (0.SZn, 0.2Hg) S: Cu 
(0.2 %) :C1 (0 .075%).  The  t ab le  inc ludes  b r igh tness  
readings  of N a C N - w a s h e d  al iquots  of the s ingly  
fired (Zn,  C d ) S : C u ,  C1 phosphors.  It  also shows 
m e a s u r e m e n t s  by  x - r a y  powder  diffraction,  so as 
to i l lus t ra te  how in bo th  cases the  b r e a k p o i n t  in  
br igh tness  coincides w i th  the  appea rance  of an ap -  
prec iable  pe rcen tage  of hexagona l  phase.  These 
m e a s u r e m e n t s  also inc lude  va lues  of in te r l a t t i ce  
spacings ( d / n )  of the  311 plane.  Very  s imi la r  r e -  
sults  are  shown  in  Fig.  5 on deep red emi t t ing  
phosphors  coact ivated w i th  Br  + I or Ga and  ex-  
cited at 400 cps. This  is in  a g r e e m e n t  w i th  the  ob-  
se rva t ion  m a d e  by  Z a l m  (7),  t h a n  in  Z n S : C u  EL 
phosphors  the  cubic phase  is preferable .  

It  can be  seen tha t  in  al l  cases Cd increases  the 
emi t t ance  of the  sys tem u n t i l  i n t e r f e rence  by  for-  
ma t ion  of hexagona l  m a t e r i a l  occurs. It  can  also be 

Table II. Effect of Cd/Hg ratio on structure and electroluminescence 

Mole  % 
Cd used  

F i r s t  f i r i n g  S e c o n d  f i r i n g  
Mole  Brightness  

Br ightness  E m i s s i o n  % H e x .  d / n ,  Mole  % ,% Cd in  
10,000 cps  color  p h a s e  (311) H g S  a d d e d  p h o s p h o r  400 cps  10,000 cps 

% I-Iex. 
p h a s e  

d / n ,  
(311) 

0 
2 
4 
8 

16 
20 
24 
28 
32 
64 
72 
80 

6.2 Blue 0 1.630 20 0 0.77 2.4 
6.8 Whi te-blue  0 1.633 19.5 1.7 0.68 3.5 
3.5 Green-b lue  4 1.634 19 3.2 0.89 3.95 
1.8 Blue-green  27 1.638 18 6.6 1.10 3.8 
0.055 Green-b lue  100 1.649 16 13.4 1.49 4.9 
0.024 Green-b lue  100 1.654 15 17.0 2.01 5.55 
0.014 Green-b lue  100 1.660 14 20.6 1.16 3.3 
0.008 Blue-green 100 1.664 13 24.4 0.22 0.17 
0.006 Green 100 1.668 11" 28.8 0.12 0.25 

- -  100 1.707 0 64 - -  0.15 
Fain t  Red 100 1.719 
Very faint  Red 100 1.728 

0 
0 
0 
0 
0 
7 

43 
10O 
100 
100 

1.653 
1.653 
1.656 
1.660 
1.665 
1.668 
1.671 
1.677 
1.679 
1.710 

* R e l a t i o n s h i p  of  1 H g  = 4 Cd b e g i n s  to b r e a k  d o w n .  T h e r e f o r e ,  o n l y  11 i n s t e a d  of  12 m o l e  % H g S  used .  
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seen that  in  the  p resence  of HgS a m u c h  h ighe r  
concen t ra t ion  of Cd is pe rmiss ib le  before  this  oc- 
curs. The o p t i m u m  subs t i t u t i on  of Hg by  Cd ap-  
pears  to be in  the  ne ighborhood  of 20-25% of the  
or ig ina l  Hg concen t ra t ion .  Most of the  ensu ing  i n -  
ves t iga t ions  were  there fore  p e r f o r m e d  on such (Zn,  
Cd, H g ) S : C u  phosphors.  The two dashed  curves  in  
Fig. 4 r ep re sen t  the  emiss ion spect ra  of (Zn,  Cd, 
H g ) S : C u ,  C1 phosphors  in  which  25% of the  Hg 
was replaced  by  Cd in  the  m a n n e r  ou t l ined  above.  
The  composi t ions  are  based on o r ig ina l  Hg concen-  
t r a t ions  of 5 mole  % (g reen  emiss ion)  and  15 mole  
% (orange  emiss ion)  and  are seen to coincide 
closely wi th  the  emiss ion spectra  of the  respec t ive  
(Zn,  H g ) S : C u ,  C1 phosphors,  bu t  the  b r igh tness  
was  apprec iab ly  higher .  

It  has been  m e n t i o n e d  tha t  o p t i m u m  addi t ions  of 
Cu and  C1 were  smal le r  t h a n  those f o u n d  use fu l  in  
g r e e n - e m i t t i n g  Z n S : C u ,  CI phospho r s (3 ) .  I t  was  
the re fo re  in t e re s t ing  to no te  tha t  the  o p t i m u m  ad-  
d i t ion  of Br + I 4 was  higher ,  n a m e l y  s imi la r  to t ha t  
for Z n S : C u  phosphors ,  a l though  the  es t imated  ex -  
cess Cu~S concen t r a t i on  sti l l  had to r e m a i n  sma l l e r  
t h a n  about  0.2 mole  %. Such Br  + I coact iva ted  
phosphors  were  abou t  two to th ree  t imes  b r igh t e r  
t h a n  Cl -coac t iva ted  phosphors.  In  the  case of Ga or 
I n  coact ivat ion,  phosphors  were  p r e p a r e d  w i th  ad -  
d i t ions  of Cu equa l  to 0.6 mole  % more  t h a n  the  
concen t r a t i on  of Ga or In  added. The i r  no rma l i zed  
br ightness ,  exci ted  at 400 cps, inc reased  l i n e a r l y  
wi th  coact ivator  concen t r a t i on  up  to 0.125 mole  % 
and  then  decreased.  On the  o ther  hand ,  phosphors  
coact iva ted  w i th  0.125 mole  % Ga or In  showed two 
br igh tness  m a x i m a  wi th  respect  to Cu addi t ion,  as 
shown  in Fig. 6. I t  can be seen tha t  the  first m a x i -  
m u m  is ve ry  sharp  and  more  p r o n o u n c e d  in  the  case 
of In  coact ivat ion.  Pref i r ing  at l l 0 0 ~  ~ decreases the  
low Cu m a x i m u m .  Ga-coac t iva ted  phosphors  p r e -  
fired at 1100~ show only  a g r a d u a l  inc rease  in  
br ightness ,  l eve l ing  off at about  1 mole  % Cu. 

F igu re  7 shows the  b r igh tness  of Br  + I and  of 
Ga  coact ivated (Zn,  Cd, H g ) S : C u  phosphors  as a 
f unc t i on  of Cd + Hg concent ra t ion .  The  ac t iva tor  
concen t ra t ions  are  no t  opt imized for e i ther  sys tem 

E q u i m o l a r  m i x t u r e s  of  NH~Br a n d  NH~I y i e l d e d  s l i g h t l y  b e t t e r  
r e s u l t s  t h a n  NI-I~Br a l o n e .  H o w e v e r ,  on ly  a v e r y  s m a l l  f r a c t i o n  of  
t h e  a d d e d  I -  is  r e t a i n e d ,  so t h a t  a d d i t i o n s  w e r e  b a s e d  on B r -  a l one .  

To  c o m p e n s a t e  for  d e c r e a s e d  p a r t i c l e  g r o w t h  in  t h e  a b s e n c e  of 
h a l i d e s .  
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Fig. 5. Normalized brightness of (Zn, Cd, Hg)S:Cu phosphors 
as a function of Cd/Hg ratio�9 A, Compositions based on 
(0.81 Zn, 0.19 Hg)S:Cu(0.4%), (Br if- 1)(0.46%); B, com- 
positions based on (0.8,5 Zn, 0.15 Hg)S:Cu(0.9%), Ga(0.13%) 
Numbers in parentheses denote % hexagonal phase present. 
Excitation = 400 cps. Groups A and B approximately match 
in emission color. 

bu t  chosen so tha t  the tota l  Cu addi t ion  as wel l  as 
the green  emiss ion color of the Z n S : C u  phosphors  
are  the same. It  is i n t e r e s t i ng  to note  t h a t  in  the  
case of Br -t- I coac t iva t ion  there  occurs the  same 
in i t i a l  drop in  ou tpu t  at  low Hg concen t r a t ions  as 
has been  obse rved  in  the  p h o t o l u m i n e s c e n t  as wel l  
as the  Cl -coac t iva ted  EL phosphors,  while ,  on the  
other  hand,  the  Ga-coac t iva t ed  Z n S : C u  is cha rac -  
ter ized by c o m p a r a t i v e l y  poor output ,  p r e s u m a b l y  
because  of the  grea te r  t r ap  dep th  caused by  Ga (8, 
9). I n t r o d u c t i o n  of Cd + Hg ~ causes an  increase  in  
b r igh tness  we l l  b e y o n d  the  po in t  of m a x i m u m  l u -  
m inos i t y  (ye l low g reen ) .  This  me a ns  that ,  except  
for the  in i t i a l  drop no ted  wi th  ha l ide  coact ivat ion,  
the  r a d i a n t  o u t p u t  of the  phosphors  increases  at 
least  up to the  po in t  of m a x i m u m  observed  b r i g h t -  
ness and  poss ib ly  beyond  that .  In  the  case of G a - c o -  
ac t ivat ion,  this  migh t  be  exp la ined  by  decreas ing  
t r ap  dep th  due  to lower ing  of the  conduc t ion  band ,  
a s suming  tha t  a s imi la r  effect occurs as no ted  by  
Klasens  for Cd subs t i t u t i on  (10).  U n f o r t u n a t e l y ,  the  

6 T h e  s a m e  r e l a t i o n s h i p  w a s  n o t e d  i n  t h e  a b s e n c e  of Cd.  
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Fig. 6. Normalized relative brightness of red-emitting 
A:(Zn, Cd, Hg)S: x Ca: 0.125 mole % Ga and B: (Zn, Cd, 
Hg)S x Ca: 0.125% In phosphors as a function of Cu addi- 
tion. Excitation = 400 cps. 
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function of frequency. 

scope of the  p r e s e n t  i n v e s t i g a t i o n  d id  not  p e r m i t  
i n d e p e n d e n t  m e a s u r e m e n t s  of r a d i a n c e  ( such  as b y  
t h e r m o p i l e )  or  g l o w  curves  for  these  samples .  

A n  i nd i ca t i on  of dec r ea s ing  t r a p  d e p t h  w i t h  i n -  
c r ea s ing  Cd + Hg  c o n c e n t r a t i o n  was  noted ,  h o w -  
ever ,  b y  v i sua l  o b s e r v a t i o n  of t h e r m o l u m i n e s c e n c e .  
S i m i l a r l y ,  a c o m p a r i s o n  of t he  f r e q u e n c y  d e p e n d -  
ence of t y p i c a l  r e d - e m i t t i n g  p h o s p h o r s  as s h o w n  in 
Fig .  8 i nd i ca t e s  d e c r e a s e d  o u t p u t  of Ga  and  In  co-  
a c t i v a t e d  p h o s p h o r s  at  f r e q u e n c i e s  w h e r e  no such 
dec rease  is e v i d e n t  w i t h  h a l i d e  coac t i va t ed  p h o s -  
phors .  I t  shou ld  be  m e n t i o n e d  t h a t  a t  t he  r e d  end  
of t h e  spec t rum,  t he  u s u a l  v a r i a t i o n  in emiss ion  
color  w i t h  f r e q u e n c y  r e p r e s e n t s  v a r i a t i o n s  in 
b r i g h t n e s s  w h i c h  m a y  be  m o r e  p r o n o u n c e d  t h a n  in 
t he  case  of g r e e n - e m i t t i n g  phosphors ,  and  t ha t  th is  
effect t h e r e f o r e  inc reases  t h e  s lope  of t he  f r e q u e n c y  
d e p e n d e n c e  curves .  The  p h o s p h o r s  w e r e  se lec ted  
so t ha t  a t  i n t e r m e d i a t e  f r equenc i e s  t he i r  emiss ion  
color  a p p r o x i m a t e l y  m a t c h e s  t h a t  of t h e  Z n S e : C u  
p h o s p h o r  also s h o w n  in Fig .  8 for  compar i son .  
T h e r e f o r e  t h e y  do not  n e c e s s a r i l y  r e p r e s e n t  spec i -  
mens  su i t ab l e  for  c o m p a r i s o n  of b r i g h t n e s s  as a r e -  
su l t  of o p t i m u m  cond i t ions  of p r e p a r a t i o n .  

I t  was  of obv ious  i n t e r e s t  to d e t e r m i n e  t h e  a c t u a l  
q u a n t u m  y i e l d  and  efficiency of t he  r ed  p h o s p h o r  in  
c ompa r i son  to a s t a n d a r d  g r e e n - e m i t t i n g  Z n S : C u ,  
C1 EL phosphor .  The  fo l l owing  s a m p l e s  w e r e  se-  
l ec t ed  for  th i s  p u r p o s e :  

i .  (0.754Zn, 0.133Cd, 0 . 113Hg)S :Cu ,  G a  p r e -  
p a r e d  f r o m  (0.85Zn, 0 . 1 5 C d ) S : C u ( 0 . 9 % ) ,  Ga  
(0 .13%)  b y  r e t i r i ng  w i t h  11.25% HgS.  E m i s -  
s ion color,  red.  

2. (0.6945Zn, 0.163Cd, 0 .1425Hg)S :Cu ,  Ga  p r e -  
p a r e d  f r o m  (0.81Zn, 0 . 1 9 C d ) S : C u ( 0 . 9 % ) ,  Ga  

(0 .13%)  b y  r e t i r i ng  w i t h  14.25% HgS.  E m i s -  
s ion color,  deep  red.  

3. A n o r m a l  ZnS:  Cu, C1 g r e e n  e m i t t i n g  phosphor .  
Each  p h o s p h o r  was  o p e r a t e d  at  400 cps in  the  s ame  
cas tor  oi l  cel l  and  t h e  b r i g h t n e s s  a n d  p o w e r  con-  
s u m p t i o n  m e a s u r e d  as a func t ion  of a p p l i e d  v o l t -  
age.  In  add i t ion ,  each  p h o s p h o r  w h i l e  in  the  s ame  
cel l  was  o p e r a t e d  at  400 cps and  600 v a n d  the  spec -  
t r a l  d i s t r i b u t i o n  d e t e r m i n e d ,  us ing  t h e  same sl i t  
w i d t h  a n d  ampl i f i ca t ion  of t he  spec t rome te r .  The  
abso lu t e  he igh t s  of t h e  r e s u l t a n t  cu rves  w e r e  t h e r e -  
fo re  c o m p a r a b l e .  These  w e r e  co r r ec t ed  for  energy ,  
quan ta ,  a n d  l uminos i t y ,  b u t  no t  n o r m a l i z e d  to equa l  
p e a k  he igh ts .  T a b l e  I I I  g ives  the  i n t e g r a t e d  va lues .  
I t  is a p p a r e n t  t h a t  u n d e r  s imi l a r  cond i t ions  of e x -  
c i t a t ion  t h e  o u t p u t  in e n e r g y  or  q u a n t a  for  t he  r ed  
p h o s p h o r s  is c o n s i d e r a b l y  s m a l l e r  t h a n  for  t he  
g r e e n  phospho r .  N e ve r the l e s s ,  t he  d i f fe rences  in  
l u m i n o s i t y  a r e  m u c h  g r e a t e r  and  a r e  t h e  m a i n  r e a -  
son for the low brightness presently obtainable 
with the red-emitting phosphor. 

The actual quantum yield was determined ac- 
cording to 7 

B A Q • 1017 
K - -  

1.26L 

w h e r e  K is the  n u m b e r  of  q u a n t a  e m i t t e d  p e r  sec -  
ond,  A is t he  a r e a  of t he  cel l  in cm "~, Q is the  i n t e -  
g r a t e d  q u a n t u m  ou tpu t ,  L is t he  l u m i n o s i t y  fac to r  
of the  spec t rum,  and  B is the  b r i g h t n e s s  in foo t -  
l a m b e r t s .  T a b l e  IV shows  the  d a t a  c a l c u l a t e d  for  
each  p h o s p h o r  o p e r a t i n g  a t  t he  v o l t a g e  w h e r e  m a x -  
i m u m  l u m i n o u s  eff iciency was  observed .  I t  can be  
seen t h a t  the  q u a n t u m  eff iciency of t h e  r e d - e m i t t i n g  
p h o s p h o r  is c o m p a r a b l e  to t h a t  of ZnS:  Cu, C1. 

Effor ts  to i n c r e a s e  t h e  b r i g h t n e s s  w i t h o u t  change  
in emiss ion  color  a p p e a r e d  to r e q u i r e  a n a r r o w i n g  
of the  s p e c t r a l  d i s t r i b u t i o n  w i t h  p a r t i c u l a r  emphas i s  
on i nc r e a s ing  i ts  s lope  on the  shor t  w a v e  l eng th  
side. I t  is w e l l  k n o w n  t h a t  in Z n S : C u  phosphor s  
e i the r  t he  b lue  or  t he  g r e e n  emiss ion  b a n d  can  b e  

f C dE 
7 L e t  t h e  n u m b e r  o f  q u a n t a  e m i t t e d / c m 2 - s e c  = K ~ . . . .  d k ,  

hv d k  
w h e r e  C i s  a c o n s t a n t  i n t r o d u c e d  t o  c o r r e c t  t h e  a r b i t r a r y  u n i t s  i n  
w h i c h  t h e  s p e c t r u m  i s  m e a s u r e d  t o  w a t t s / c m  2. T h e n ,  

C J ~k dE CQ K = ~  --~dX=--hc 
T h e  c o n s t a n t  C m a y  b e  d e t e r m i n e d  f r o m  t h e  m e a s u r e d  b r i g h t n e s s  

B ( i n  f o o t - l a m b e r t s )  a n d  t h e  s p e c t r a l  d i s t r i b u t i o n  a s  f o l l o w s :  

6 8 0  l p w  [D dE 680  x 9 2 9 C  ~ dE 680  • 9 2 9 C L  

Therefore, 
AB 

C 
680  X 9 2 9 L  

S i n c e  he = 1 .99  • 10  -1~ erg = 1 . 9 9  • 10 - ~  w a t t - s e e ,  

Q AB B A Q x 101~ 

1 .99  x 10 -m  6 8 0  • 9 2 9 L  1 . 2 6 L  

Table III. Integrated emission spectra of three phosphors excited in 60~ castor oil cell at 400 cps and 400 v 

E n e r g y  E = - -  d k  Q u a n t a  Q = k d E  d k  L u m i n o s i t y  L = Y ~ d k  
d k  J d k  

Sample  No. 1 ( red  emission) 
Sample  No. 2 (deep red  emission) 
ZnS: Cu, C1 (green  emission) 

102.9 77.6 1.36 
166.6 134.8 0.28 
472.1 257.0 290.7 
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Table IV. Output and efficiency of three phosphors excited in 60/~ castor oil cell at 400 cps and optimum voltage, Area of cell ~ 10.8 cm s 

Vol tage ,  B r i g h t n e s s ,  Q u a n t a / s e e  
v f t - L  W a t t s  L u m e n s / w a t t  Q u a n t a / s e c  w a t t  

Sample No. 1 (red emission) 350 
Sample No. 2 (deep red emission) 300 
ZnS: Cu, C1 (green emission) 350 

1.1 • 10 -~ 6.4 • 10-' 2.0 • 10 -: 4.3 • 1018 6.7 X 1031 
7.2 • 10 -3 1.51 • 10 -" 5.6 • 10 -~ 2.35 • 10 TM 1.55 • 10 ~: 
3.66 1.63 • 10 ~ 2.6 2.3 • 10 TM 1.4 • 102~ 

isolated by employing ve ry  low or sufficiently high 
rat ios of coact ivator  to act ivator .  If the  broad  spec- 
t ra l  d is t r ibut ion  of the  r ed -emi t t i ng  phosphors is 
the resul t  of super imposed emission bands  shif ted 
to longer  wave  lengths but  arising f rom the same 
centers,  then s imilar  var ia t ions  in ac t iva tor  p ro -  
port ions should also influence the spect ra l  d i s t r ibu-  
t ion of the r ed -emi t t i ng  phosphor  in the  same man-  
ner. F igu re  9 shows, however ,  tha t  this was not 
observed.  The phosphors  represented  in the  figure 
were  p repa red  in an effort to main ta in  approx i -  
ma te ly  the same emission color as measured  by 
means of the filter ra t io  discussed above. This was 
reasonably  successful but  requi red  tha t  wi th  in-  
creasing coact ivator  addition, the  concentrat ion of 
C d + H g  had to be lowered.  Nevertheless,  the  short  
wave - l eng th  emission band increases wi th  such de-  
creasing C d + H g  concentrat ion and is quite p ro-  
nounced at  a high coact ivator  concentrat ion such 
as to resul t  in only the green-emiss ion  band in ZnS: 
Cu phosphors.  The increased br ightness  obtained at 
h igher  B r §  addi t ion may  now be expla ined  at 
least  pa r t i a l l y  by  the increased slope of the short  
wave - l eng th  side of the emission spectrum. 

Discussion 

Perhaps  the most impor tan t  quest ion concerning 
this s tudy is why  subst i tut ion of Zn by Hg resul ts  
in good EL at emission colors s imi lar  to the  photo-  
luminescence emission colors of the respect ive  phos-  
phors, whi le  subst i tut ion of Zn by  Cd does not. For  
(Zn, Cd, H g ) S  phosphors wi th  a sufficiently high 
rat io of Cd /Hg  so as to effect a decrease  in EL, no 
evidence of a separa te  (Cu, Cd)S  phase  (3) could 
be observed.  Therefore,  the only clue in this d i rec-  
t ion is offered by the difference in crys ta l  s t ruc ture  
of the  two systems. 

I t  has been noted that  hexagonal  and cubic 
ZnS:Cu,  C1 phosphors p repa red  wi th  low Cu con- 
cent ra t ion  (such as 0.01 mole %) per fo rm about 
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Fig. 9. Emission spectra of (Zn, Ccl, Hg)S:Cu phosphors as 
a function of composition. Excitation = 400 cps. (A), 20.3 % 
Cd, 18.7% Hg, 0.01% Br ~ 0.01% I; (B), 15.9% Cd, 
13.8% Hg, 0.1% Br -k 0.1% I; (C),14.8% Cd, 11.1% Hg, 
0.3% Br - t - 0 .3% I; (D), 11.1% Cd, 9.3% Hg, 0.7% 
Br -k 0.7% I. 

equal ly  wel l  under  ar t i f icial ly induced contac t -EL 
(11). It must  therefore  be concluded tha t  the  be t te r  
EL per formance  of cubic (Zn, H g ) S  or cubic (Zn, 
Cd, Hg)S ,  as compared to the  poorer  per formance  
of hexagonal  (Zn, Cd)S  or (Zn, Cd, H g ) S  phos-  
phors, resul ts  f rom differences in the means of EL 
exci tat ion only. In the former  case, the  field in ten-  
sifying Cu~S inclusions are  present  and active. If in 
the  la t te r  case they  are  a lso .present ,  then they  are  
not active, poss ibly  as a resul t  of the  different  e lec-  
t r ical  na tu re  of the ba r r i e r  represen ted  by the non-  
isomorphic junctions.  

The sharp min imum in EL noted at low concen- 
t ra t ion  of Hg is accompanied by  a s imi lar  min imum 
of photoluminescence.  At  present ,  its appearance  
can not be explained.  Inspection of Fig. 3 shows, 
however,  tha t  the weak ly  emit t ing (0.95 Zn, 0.05 
H g ) S : C u ,  C1 phosphor  lacks the  secondary hump 
in reflect ivi ty near  the absorpt ion edge. According 
to an inves t igat ion by Froel ich  (12) the in t roduc-  
tion of small  amounts  of Cu causes jus t  such a hump 
in the diffuse reflection spect rum of ZnS. This sug- 
gests the  poss ibi l i ty  tha t  at  such cr i t ica l ly  low con- 
centra t ion of Hg, the  incorporat ion of Cu is some- 
how hindered.  

The iden t i ty  of the long wave- l eng th  emission 
band is quest ionable  since it is favored not by  high 
coact ivator  concentra t ion (as in ZnS :Cu)  but  by 
high Hg concentrat ions.  Bowers and Melamed (13) 
proposed tha t  the blue emission in ZnS: Cu, C1 may  
be identified wi th  the "se l f -ac t iva ted"  blue caused 
by Zn-vacancies .  I t  now appears  tha t  in t roduct ion 
of a sufficient concentrat ion of Hg resul ts  in in-  
creasing p robab i l i t y  that  the vacancy becomes a 
Hg-vacancy.  The decreased popula t ion  of Z n - v a -  
cancies would  resul t  in the d i sappearance  of the 
short  w a v e - l e n g t h  band  in favor  of a different  
emission band as shown to occur qui te  a b r u p t l y  in 
Fig. 4 and 9. F igure  2 shows tha t  there  is also slight 
evidence tha t  a s imi lar  phenomenon occurs with 
low-Cu photo luminescent  phosphors  which are  suf-  
ficiently coact ivated so as to give rise to p redomi-  
nan t ly  green (long wave - l eng th  band)  emission in 
ZnS. 

According to this mechanism, a s imilar  phenome-  
non should occur on subst i tut ion of Zn by  Cd. This, 
however,  has not been repor ted.  Instead, Van Goal 
(14) noted the opposite, namely,  a re la t ive  increase 
in the short  wave - l eng th  emission band of (Zn, 
C d ) S : A g  phosphors  occurr ing wi th  increasing Cd 
concentrat ion.  These measurements ,  however,  were  
taken  at  77~ while, wi th  increasing tempera ture ,  
the short  w a v e - l e n g t h  emission band was more 
r ap id ly  quenched.  I t  is therefore  also possible tha t  
the increase of re la t ive  in tens i ty  of the long wave-  
length emission band wi th  increasing concentrat ion 
of Hg is caused by  increasing the rma l  quenching of 
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been  ob ta ined ;  t he  w r i t e r  does  no t  k n o w  to w h a t  
e x t e n t  th is  can be  a c c ompl i she d  w i t h  (Zn,  C d ) S e :  
Cu E L  phosphors .  A ser ious  d i s a d v a n t a g e  is, h o w -  
ever ,  t h e  h igh  v o l a t i l i t y  of H g S  w h i c h  necess i t a t e s  
spec ia l  t echn iques  of p h o s p h o r  p r e p a r a t i o n .  
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the  shor t  w a v e - l e n g t h  emiss ion  band .  The  c h a r a c -  
t e r i s t i cs  of t he  two  emiss ion  b a n d s  in  r e d - e m i t t i n g  
(Zn,  H g ) S : C u  p h o s p h o r s  a r e  such t h a t  a t  p re sen t ,  
no def in i te  conc lus ions  can  be  d r a w n  as to t h e i r  
or igin .  

Summary 
I n t r o d u c t i o n  of Hg into  ZnS:  Cu p h o s p h o r s  causes  

a sh i f t  in  emiss ion  to  l o n g e r  w a v e  l eng th s  which,  
for  m o d e r a t e  subs t i tu t ions ,  is a b o u t  f ou r  t imes  as 
h igh  as t h a t  caused  b y  s i m i l a r  m o l a r  c o n c e n t r a t i o n s  
of Cd. A t  suff icient  a c t i v a t o r  concen t ra t ions ,  EL is 
obse rved .  F o r  compos i t ions  e m i t t i n g  in t h e  r e d  end  
of t he  s p e c t r u m ,  the  q u a n t u m  efficiency of the  EL 
was  found  to be  of t he  s a m e  o r d e r  of m a g n i t u d e  as 
t ha t  of g r e e n - e m i t t i n g  ZnS:  Cu, C1. This  is a t t r i b u t e d  
to the  cubic  modi f i ca t ion  of t he  sys tem,  as f a v o r e d  
b y  the  p r e s e n c e  of HgS,  even  in t e r n a r y  (Zn,  Cd, 
Hg)  S compos i t ion  whose  c o n c e n t r a t i o n  of Cd would ,  
in  t he  absence  of Hg, r e su l t  in h e x a g o n a l  a n d  n o n -  
EL sys tems .  

P r o c e d u r e s  for  the  p r e p a r a t i o n  of (Zn,  H g ) S  and  
(Zn,  Cd, H g ) S  EL p h o s p h o r s  h a v e  been  desc r ibed .  
A l l  p r o c e d u r e s  i nvo lve  f i r ings  w i t h  HgS  in sea led  
tubes ,  us ing  on ly  p re f i r ed  r a w  ma te r i a l s .  E s p e c i a l l y  
for  l o w - f r e q u e n c y  exc i t a t ion ,  t he  s u b s t i t u t i o n  of Hg 
for  Zn enab le s  t he  use  of G a  or  In  as coac t iva to r s ,  
p r e s u m a b l y  due  to a d e c r e a s e  in t r a p  d e p t h  caused  
b y  l o w e r i n g  of t he  conduc t i on  band .  F o r  phospho r s  
e m i t t i n g  in  t h e  r e d  end  of t h e  s p e c t r u m ,  t h e  r e l a -  
t i ve  he igh t s  of t he  two  emiss ion  b a n d s  a r e  p r i m a r i l y  
d e p e n d e n t  on Hg  concen t r a t ion .  The i r  i d e n t i t y  can -  
no t  n e c e s s a r i l y  be  a s s u m e d  in t e r m s  of an  a n a l o g y  
w i t h  t he  b l u e -  and  g r e e n - e m i s s i o n  bands  in ZnS:  
Cu phosphor s .  

F r o m  a p r a c t i c a l  po in t  of v iew,  t he  (Zn,  H g ) S :  
Cu and  (Zn  Cd, H g ) S : C u  EL phospho r s  a r e  p r e f -  
e r a b l e  to t h e  Z n S e : C u  EL phosphors ,  m a i n l y  b e -  
cause  of t h e i r  b e t t e r  r e s p o n s e  at  low f r equenc i e s  of 
exc i t a t ion ,  t h e  e x t e n t  of w h i c h  can be  e s t i m a t e d  
r o u g h l y  f r o m  Fig .  8. A t  h i g h e r  H g S  concen t ra t ions ,  
EL emiss ion  occu r r ing  e n t i r e l y  in t he  i n f r a r e d  has  

Crater Resistance of Submerged Arc Smelting 
Furnaces Simulated by a Simple Model 

Oluf Chr. Bockman 

Elektrokemisk A/S,  Oslo, Norway 

ABSTRACT 

An e lec t ro ly t ic  t rough technique has been used to s tudy the effect of size 
and shape of the smel t ing cra ter  on the ohmic resis tance of the cra ter  of sub-  
merged  arc smel t ing furnaces.  The ohm-inch  rule  is demonst ra ted ,  and the cor-  
rect  use of this  rule  is discussed. 

In  des ign ing  s u b m e r g e d  a rc  sme l t i ng  fu rnaces ,  t he  
a n t i c i p a t e d  ohmic  c r a t e r  r e s i s t ance  of t he  p r o j e c t e d  
f u r n a c e  is t he  k e y  to t he  speci f ica t ion  of t h e  e l e c t r i -  
cal  c i rcui t .  N a t u r a l l y ,  m a n y  w o r k e r s  h a v e  d e v o t e d  
t h e m s e l v e s  to t he  s t u d y  of th is  p r o b l e m .  In  1933, 

A n d r e a  po in t e d  (1)  out  t ha t  the  p r o d u c t  of e l ec t rode  
d i a m e t e r  D and  c r a t e r  r e s i s t ance  R of e lec t r i c  s m e l t -  
ing  f u r n a c e s  is f a i r l y  i n d e p e n d e n t  of f u r n a c e  size. He  
def ined  a " p e r i p h e r a l  ohm inch  f a c t o r "  r b y  

r ~ ~rDR [1]  
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Va lues  of r for  d i f fe ren t  sme l t i ng  p rocesses  have  
been  g i v e n  b y  U d y  [2]  and  b y  K e l l y  [3] .  This  f ac -  
tor  has  p r o v e d  use fu l  for  ca l cu l a t i ng  o p e r a t i n g  d a t a  
in des ign ing  n e w  fu rnaces  and  in sca l ing  up  r e su l t s  
o b t a i n e d  b y  p i lo t  tests .  

A n d r e a  a p p a r e n t l y  a r r i v e d  at  th is  r u l e  e m p i r i -  
cal ly .  He r e f e r r e d  the  c r a t e r  r e s i s t ance  to t he  e lec -  
t rode  p e r i p h e r y  b y  i n t r o d u c i n g  ~ in Eq. [1] ,  p r e s u m -  
a b l y  a s s u m i n g  t h a t  1 in. of e l e c t r o d e  p e r i p h e r y  
m a k e s  t he  s ame  c o n t r i b u t i o n  to t he  conduc t ance  of 
the  c r a t e r  in s m a l l  as w e l l  as in l a rge  fu rnaces .  

R e c e n t l y  M o r k r a m e r  (4)  d e r i v e d  Eq. [1]  b y  m a k -  
ing the  fo l lowing  s impl i f ica t ions .  The  c u r r e n t  r a d i -  
ates  h e m i s p h e r i c a l l y  f rom the  t ip  of t he  e l ec t rode ;  
the  c h a r g e  has  a u n i f o r m  e l ec t r i ca l  r e s i s t i v i t y ;  t he  
d i s t ance  f r o m  the  t ip  of the  e l ec t rode  to the  f u r n a c e  
b o t t o m  is v e r y  la rge .  On m a k i n g  these  a s sumpt ions ,  
he d e m o n s t r a t e s  the  r of Eq. [ 1 ] a c t u a l l y  is t he  e lec -  
t r i ca l  r e s i s t i v i t y  of the  charge .  

The  s impl i f i ca t ions  m a d e  b y  M o r k r a m e r  a r e  d r a s -  
tic. E q u a t i o n  [1]  may ,  h o w e v e r ,  be  d e r i v e d  b y  m a k -  
ing qu i t e  a few much  m o r e  rea l i s t i c  a s sumpt ions .  
This  d e r i v a t i o n  is based  on d i m e n s i o n a l  ana lys i s  as 
a p p l i e d  in t he  t h e o r y  of models .  Such  a d e r i v a t i o n  
m a y  be  of v a l u e  in po in t i ng  out  t he  l i m i t a t i o n s  of 
Eq. [1] .  

Dimensional Analysis 
The  cond i t ions  p r e v a i l i n g  in the  sme l t i ng  zone of 

an e l ec t r i c  f u r n a c e  a re  v e r y  complex .  A c t u a l l y ,  the  
p h y s i c a l  p r o p e r t i e s  of t he  zone and  the  v a r i a t i o n  of 
these  p r o p e r t i e s  w i t h i n  the  zone a r e  b u t  l i t t l e  
known.  P r o b a b l y ,  t e m p e r a t u r e  and  e l ec t r i ca l  r e -  
s i s t iv i ty  v a r y  w i t h i n  w ide  l imi ts .  A n y  ca l cu l a t i on  of 
c r a t e r  r e s i s t ance  b y  c lass ica l  m e t h o d s  t h e r e f o r e  is 
b o u n d  to fai l .  

If  i t  is a s sumed ,  h o w e v e r ,  t h a t  d i f f e r e n t l y  s ized 
fu rnaces  w o r k i n g  on the  same  r a w  m a t e r i a l s  f o rm  
g e o m e t r i c a l l y  and  e l e c t r i c a l l y  s imi l a r  sys tems ,  t he  
t h e o r y  of m o d e l s  m a y  be  used.  These  a s s u m p t i o n s  
i m p l y  t h a t  t he  s m e l t i n g  c r a t e r s  of t he  f u r n a c e s  
c o m p a r e d  h a v e  the  s ame  shape  and  the  s ame  size 
r e l a t i v e  to e l ec t rode  d i a m e t e r  and  t h a t  c o r r e s p o n d -  
ing po in t s  in t he  two  fu rnaces  show the  s ame  e lec -  
t r ic  r e s i s t i v i ty .  S ince  e lec t r i c  r e s i s t i v i t y  d e p e n d s  on 
t e m p e r a t u r e  and  compos i t ion ,  c o r r e s p o n d i n g  po in t s  
mus t  also a g r e e  in these  respects .  

The  e l ec t r i c  cu r ren t ,  on pass ing  f rom the  e l ec t rode  
to the  charge ,  m a y  fo rm arcs.  E v e n  in s u b m e r g e d  
arc  s m e l t i n g  f u r n a c e s  t h e  arcs  m a y  consume  a p a r t  
of t he  t ip  to h e a r t h  vo l tage .  The  arcs  do not  obey  
Ohm' s  l aw,  t he  vo l t age  v a r y i n g  in a c o m p l e x  m a n n e r  
wh ich  i t  is diff icult  to inc lude  in the  d i m e n s i o n a l  
ana lys i s .  The  p r e s e n t  de r iva t i on ,  t he re fo re ,  is r e -  
s t r i c t ed  to t he  cases  w h e r e  a rc ing  is ins igni f icant .  I t  
mus t  also be  a s s u m e d  t h a t  the  con tac t  r e s i s t ance  b e -  
t w e e n  e l e c t r o d e  and  the  cha rge  is neg l ig ib le .  By  the  
passage  of t h e  e l ec t r i c  c u r r e n t  t h r o u g h  the  cha rge ,  
Ohm' s  l a w  m a y  sa fe ly  be  cons ide red  va l id .  

On t h e s e  a s s u m p t i o n s  t he  ohmic  v o l t a g e  d rop  f rom 
the  t ip  of t he  e l ec t rode  to the  f u r n a c e  b o t t o m  m a y  
in p r i n c i p l e  be  f o u n d  b y  i n t e g r a t i n g  a long  a c u r r e n t  
p a t h  acco rd ing  to 

E = fpids 

w h e r e  p is e l ec t r i c  r e s i s t i v i t y  and  i is c u r r e n t  d e n -  
s i ty  at  the  i n c r e m e n t  ds of the  pa th .  The  v a r i a t i o n  
of p and  i a long  the  p a t h  is h o w e v e r  not  known .  
S i m i l a r l y  t he  e l e c t r o d e  c u r r e n t  m a y  be  f o u n d  b y  
i n t e g r a t i n g  ove r  a n y  e q u i p o t e n t i a l  su r f ace  

J = f i d A  

w h e r e  i is c u r r e n t  d e n s i t y  at  t he  su r face  i n c r e m e n t  
dA. The  ohmic  c r a t e r  r e s i s t ance  t hen  is 

R = E / J  = ( fpids)  / ( r i gA)  

On inc rea s ing  the  size of t he  sy s t em at  cons t an t  
e lec t r i c  r e s i s t i v i t y  and  c u r r e n t  de ns i t y  in t h e  v a r i -  
ous p a r t s  of t he  sys tem,  i t  is seen t ha t  E inc reases  
w i t h  first  p o w e r  and  J w i t h  second p o w e r  of l i n e a r  
d imens ions .  The  R t h e r e f o r e  is i n v e r s e l y  p r o p o r -  
t i ona l  to l i n e a r  d imens ions ,  w h i c h  is t h e  bas ic  con -  
t en t  of Eq. [1] .  The  a s s u m p t i o n  of e q u a l  c u r r e n t  
d e n s i t y  in the  two  sizes of the  sy s t em is no t  neces -  
sary ,  howeve r ,  be c a use  E and  J a r e  a f fec ted  in  t h e  
s a m e  w a y  b y  a c h a n g e  in t he  l eve l  of c u r r e n t  d e n -  
si ty.  

The  same  r e s u l t  m a y  be  o b t a i n e d  b y  a f o r m a l  
d i m e n s i o n a l  ana lys i s .  S ince  the  sys t ems  in ques t ion  
a r e  c ons ide r e d  as  g e o m e t r i c a l l y  s imi la r ,  w i t h  co r -  
r e s p o n d i n g  po in t s  h a v i n g  equa l  e l ec t r i ca l  r e s i s t i v -  
i ty ,  the  p r o b l e m  of the  shape  of the  s m e l t i n g  zone 
and  of the  v a r i a t i o n  of r e s i s t i v i t y  w i t h i n  t he  zone 
d rop  out  of the  ana lys i s .  The  on ly  quan t i t i e s  e n t e r -  
ing  the  ana lys i s ,  then ,  is ohmic  c r a t e r  r e s i s t ance  R, 
a r e p r e s e n t a t i v e  v a l u e  p for  t he  e lec t r i c  r e s i s t i v i t y  of 
the  cha rge  in t he  s m e l t i n g  zone, and  e l ec t rode  d i a m -  
e t e r  D r e p r e s e n t i n g  t h e  size of the  sys tem.  By  the  
t h e o r y  of d i m e n s i o n a l  ana lys i s  (5)  t he se  q u a n t i t i e s  
h a v e  to be  a r r a n g e d  in d imens ion l e s s  groups ,  w h i c h  
a r e  a r g u m e n t s  in t he  causa l  r e l a t i onsh ip .  I t  t u r n s  out  
t h a t  on ly  t h e  g r o u p  RD/p  is fo rmed .  The  r e l a t i o n s h i p  
sought ,  t he re fo re ,  is 

F ( R D / p )  = 0 
o r  

RD/p  = cons t an t  [2]  

w h i c h  is e q u i v a l e n t  to [ 1 ] 
A d i f fe ren t  f o r m  of [2]  has  been  r e p o r t e d  p r e v i -  

ous ly  (6) .  

Pp/DE ~ = cons t an t  [3]  

w h e r e  E is ohmic  v o l t a g e  and  P is p o w e r  input .  By  
the  r e l a t i o n  

E~'/P ~- R [4]  

i t  is seen t ha t  [3]  is e q u i v a l e n t  to [2] .  So lv ing  [3]  
for  E gives  

E = const .  ~ / P / D  [5]  

S i m i l a r l y ,  t he  e l e c t r o d e  c u r r e n t  J is found  to be 

J = const .  ~/PD [6]  

Di f fe ren t  f o r m u l a s  h a v e  been  p r o p o s e d  for  r e l a t -  
ing p o w e r  i n p u t  to e l ec t rode  d i a m e t e r  ( 1 , 7 , 8 ) .  
W h a t e v e r  r e l a t i o n  is used,  [5]  and  [6]  a r e  v a l i d  
w i t h i n  the  s a m e  r a n g e  as [2] .  

Model Experiments 
The  v a l i d i t y  of [2]  m a y  b e  d e m o n s t r a t e d  for  t he  

case  of a s imp le  mode l ,  w h e r e  the  s m e l t i n g  c r a t e r  
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Fig. 3. Effect of electrode submergence 

has been  s imula ted  by  an  electrolyt ic  t rough  as 
shown in  Fig. 1. Be tween  the  bo t tom p la te  and  the 
electrode, both  of copper,  is filled an aqueous  solu-  
t ion a p p r o x i m a t e l y  0.4M CuSO, and  0.1N I-I,SO4. The 
res is tance  is m e a s u r e d  by  a Phi l ips  conduc t iv i ty  
m e a s u r i n g  br idge  PR 9500 at a f r equency  of 1000 
cps. The sys tem is made  in two sizes, wi th  1 in. and  
2 in. d i ame te r  of the  electrode,  respect ively .  

In  Fig. 2 is shown resu l t s  ob ta ined  for different  
va lues  of the  d is tance  b e t w e e n  bo t tom p la te  and  
electrode and  for d i f ferent  rat ios of vessel  to elec- 
t rode d iameters ,  bo th  at cons tan t  l iqu id  level.  In  
Fig. 3 the  effect of e lect rode submergence  into the  

Table I, Values of RD/p for 1- and 2-in. electrodes 

RD/p 
A / D  B / D  C / D  D = 1 i n .  D = 2 i n .  

0.5 0.5 2.21 0.289 0.278 
0.5 1.0 2.21 0.260 0.256 
0.5 1.5 2.21 0.256 0.254 
1.0 0.5 2.21 0.408 0.414 
1.0 1.0 2.21 0.383 0.392 
1.0 1.5 2.21 0.380 0.390 
1.5 0.5 2.21 0.550 0.543 
1.5 1.0 2.21 0.525 0.522 
1.5 t.5 2.21 0.522 0.520 

l iqu id  is shown.  Cor re spond ing  m e a s u r e m e n t s  on 
the two sizes of the  sys tem are  shown  in Table  I. 

Discussion 

The model  used for s i m u l a t i n g  the  smel t ing  c ra te r  
is s imple  and  do not  reflect all  the  complexi t ies  en -  
coun te red  in  ac tua l  furnaces .  The results ,  therefore,  
must be used with caution in interpreting actual fur- 
nace behavior. It is seen, however, that within the 
precision of the measurements Eq. [2] is verified 
for this simple system. 

Within the assumptions made, however, the deri- 
vation of Eq. [2] by dimensional analysis is valid 
also for the complex system of actual furnaces. It is 
equally valid for three-phase furnaces as for the 
single electrode furnace simulated by the simple 
model, as the derivation is not restricted to any 
definite pattern of electric current. The basic re- 
quirement for the derivation is that the smelting 
zones of the furnaces compared are geometrically 
and electrically similar. Geometrical similarity im- 
plies equal relative electrode position and equal 
shape and relative size of the smelting zone. Elec- 
trical similarity implies that corresponding points 
of the two smelting zones have equal electric re- 
sistivity. The furnaces compared, then, will obtain 
identical patterns of electric current. This is a less 
restricting requirement than specifying any definite 
pattern of electric current and seems to allow a 
more realistic comparison of different-sized fur- 
naces. 

The general trend of measurements on the sim- 
ple model agrees with everyday experience with 
smelting furnaces. The resistance increases when 
electrodes are raised. The shape of the curves on 
Fig. 2 may indicate the extent to which the voltage 
drop is concentrated at the tip of the electrode. The 
slopes of the straight parts of the curves of Fig. 2 
correspond exactly to uniform current distribution 
in the cylindrical vessel. The resistance decreases 
with increasing diameter of the smelting zone. Most 
interesting, it is seen from Fig. 3 that the current is 
found by the model experiments to flow mainly from 
the very tip of the electrode to the charge. In actual 
furnaces, the high temperature and good electric 
conductivity of the smelting zone, as compared with 
the top of the charge, probably will make this effect 
still more pronounced. 

The derivation of Eq. [2] assumes that the fur- 
naces compared operate at the same relative elec- 
trode position and with the same relative size of the 
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smel t ing  zone. For  this  to be t rue ,  the power  i n p u t  
to the fu rnace  mus t  be re la ted  to e lect rode size in  
a definite m a n n e r .  Actua l ly ,  according to Ke l l y  (3) ,  
the  o h m - i n c h  factor  var ies  wi th  the power  dens i ty  
of the electrode.  Accord ing  to his data, fu rnaces  
opera t ing  at the  same power  dens i ty  wi l l  show the  
same va lue  of the  o h m - i n c h  factor.  By increas ing  the  
power  densi ty ,  however ,  this  factor  wi l l  decrease  
marked ly .  By increas ing  the  power  i npu t  to a g iven  
furnace ,  however ,  the e lect rode has to be ra ised  to 
m a i n t a i n  p roper  t e m p e r a t u r e  of the  me ta l  pool. The  
size of the smel t ing  zone wi l l  in  t u r n  increase,  wh ich  
more  t h a n  offsets the  increased  dis tance  b e t w e e n  
electrode and  metal .  The ne t  resu l t  t hen  wi l l  be  a 
r educ t ion  in  the  cra ter  res is tance.  These cons idera -  
t ions are i l l u s t r a t ed  in  Fig. 2 by  the  opera t ing  poin ts  
for low and  h igh  power  dens i ty  of the furnace .  

For  the p roper  use of the  o h m - i n c h  factor,  it  is 
i m p o r t a n t  to no te  tha t  the condi t ions  of the  sme l t i ng  
zone m a y  also be affected by  the  me thod  of a t t e n d -  
ing the furnace .  The fu rnaces  to be  compared,  t h e r e -  
fore, mus t  be  charged,  stoked, and  tapped  in  the 
same way  as far  as these opera t ions  wi l l  inf luence 
the  fu rnace  pe r fo rmance .  W h e n  the fu rnaces  oper -  
ate  wi th  subs t an t i a l  a rc ing  of the electrodes,  the  
de r iva t ion  of Eq. [2] is no t  va l id  and  the o h m - i n c h  
ru le  should be used wi th  caut ion.  

Most impor t an t ,  the  res i s t iv i ty  of the charge  de-  
pends  on the n a t u r e  of the r aw  mate r i a l s  used, espe-  
c ia l ly  on the  n a t u r e  of the r educ ing  agent .  The  f u r -  
naces  to be compared,  therefore ,  mus t  operate  on the 
same raw mater ia l s ,  or at least  on the  same type  of 
r aw mater ia l s ,  if the  o h m - i n c h  ru le  shal l  apply.  

F u r n a c e  opera t ion  pract ice  differs wide ly  b e t w e e n  
dif ferent  works,  and  the  r aw  mate r i a l s  qua l i t y  m a y  
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be h igh ly  different  in di f ferent  pa r t s  of the  world.  
Two furnaces ,  ope ra t ing  the same process, p icked 
out  at  r a n d o m  f rom dif ferent  par t s  of the  wor ld  most  
p r o b a b l y  wi l l  not  agree by  the o h m - i n c h  rule .  In  
order  to use the ru le  prof i tably,  one has to see t ha t  
the  fu rnace  opera t ions  agree wi th  the a s sumpt ions  
u n d e r l y i n g  the rule.  Most prof i tab ly  the  ru le  m a y  be 
used i n t e r n a l l y  w i t h i n  the  works,  w h e n  b igger  f u r -  
naces  have  to be bui l t ,  or w h e n  scal ing up pi lot  
p l a n t  resul ts .  
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Graphite Anodes in Brine Electrolysis 
IV. Effect of Anolyte pH on Corrosion Rate in Chlor-Alkali Cells 

L. E. Vaaler 

Research Laboratories, National Carbon Company, Division of Unio~ Carbide Corporation, Cleveland, Ohio 

ABSTRACT 

The effect of anolyte pH on cell efficiency and anode corrosion rate was 
studied in an exper imental  chlorine cell. With increasing pH, the expected 
decrease in  current  efficiency was observed with a resul tant  increase in  the 
amounts  of oxygen and carbon dioxide evolved. The relative increase in oxygen 
evolution is far greater than the carbon dioxide evolution. The results can 
be explained by a mechanism whereby the oxygen is formed from physically 
adsorbed oxygen, while carbon monoxide is formed from chemisorbed oxygen 
and oxidized to carbon dioxide by oxygen or dissolved chlorine. The increased 
corrosion resistance of impregnated graphite as compared to pla in  graphite may 
be due to the fact that filling of the voids decreases the effective area to one-  
third of the ini t ia l  value. 

A s tudy  of the  behav io r  of g raphi te  anodes  in  
b r ine  electrolysis,  and  in  pa r t i cu l a r  a d e t e r m i n a t i o n  
of the ra te  at which  they  corrode, r equ i res  t ha t  the  
pH of the ano ly te  be wel l  defined. In  some cases pH 
is wel l  defined by  close cont ro l  of such condi t ions  of 

e lectrolysis  as c u r r e n t  densi ty ,  t empe ra tu r e ,  and  
flux of e lec t ro ly te  t h r ough  the  cell, and  need  be 
m e a s u r e d  on ly  occasional ly.  This  is of ten t r u e  in  
cells w i t hou t  d iaphragms .  J anes  (1) found  tha t  pH 
in  an  e x p e r i m e n t a l  chlora te  cell was  r ep roduc ib le  
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u n d e r  c o n t r o l l e d  cond i t ions  of e l ec t ro lys i s  and  
p r o p e r  a d j u s t m e n t  of the  ac id i t y  of the  feed  br ine .  

The  s i tua t ion  is less  s a t i s f a c t o r y  w i t h  d i a p h r a g m  
cells.  P a r t  of t he  h y d r o x i d e  ion f o r m e d  in t he  c a t h o -  
ly re  l e a k s  t h r o u g h  the  d i a p h r a g m  into  t he  ano ly te ,  
and  t h e  a m o u n t  of l e a k a g e  is a func t ion  of t he  
m e t h o d  of p r e p a r a t i o n  and  age  of t he  d i a p h r a g m .  
I t  is diff icult  to ob t a in  neg l ig ib l e  l e a k a g e  or  even  
a r e p r o d u c i b l e  l e akage ,  w i t h  t h e  r e s u l t  t h a t  p H  is 
not  c lose ly  m a i n t a i n e d .  Johnson  (2) de s igned  a v e r y  
use fu l  c h l o r - a l k a l i  d i a p h r a g m  cel l  for  the  l a b o r a -  
to ry ,  and  i t  has  been  used  to e v a l u a t e  v a r i o u s  anode  
m a t e r i a l s  for  m a n y  years .  H o w e v e r ,  i t  has  some  
l imi t s  as to p rec i s ion ,  and  v a r i a t i o n s  in p H  f rom cel l  
to cel l  p r o b a b l y  h a v e  an  i m p o r t a n t  b e a r i n g  on this .  
This  r e l a t e s  b a c k  to the  di f f icul ty  in p r e p a r i n g  the  
w r a p p e d  asbes tos  d i a p h r a g m s  used  in these  cel ls  
so t h a t  r e p r o d u c i b l e  p r o p e r t i e s  a r e  ob ta ined .  Th is  
p r o b l e m  is a lso  p r e s e n t  in  c o m m e r c i a l  cel ls  w i t h  
depos i t ed  d i a p h r a g m s .  

A m e r c u r y  ca thode  cel l  con ta ins  no d i a p h r a g m  
bu t  m a y  act  in an  ana logous  m a n n e r  because  of 
h y d r o g e n  d i s cha rge  at  the  ca thode .  The  d i s c h a r g e  
p r o d u c e s  sod ium h y d r o x i d e ,  and  i t  is diff icult  to 
m a i n t a i n  th is  cons tan t ,  due  to t he  m a n y  v a r i a b l e s  
af fec t ing  it. 

Ch lo r ine  cel ls  o p e r a t e  in t he  p H  r a n g e  of 3 to 
s l i g h t l y  ove r  4 w i t h  c u r r e n t  eff iciencies of 90% or 
be t t e r .  The  p H  is m a i n t a i n e d  in th is  r a n g e  b y  the  
bu f f e r ing  ac t ion  of the  anode,  w h i c h  on d i s cha rge  of 
o x y g e n  a n d / o r  c a rbon  d iox ide  fo rms  sufficient  ac id  
to n e u t r a l i z e  sod ium h y d r o x i d e  l e a k i n g  t h r o u g h  the  
d i a p h r a g m .  T h e  r a t e  of g r a p h i t e  cor ros ion  is d e t e r -  
m i n e d  to a l a r g e  e x t e n t  b y  t h e  f o r m a t i o n  of ca rbon  
d iox ide .  The  cel l  eff iciency is d e t e r m i n e d  l a r g e l y  b y  
the  f o r m a t i o n  of c a r b o n  d i o x i d e  p lus  oxygen .  Thus ,  
bo th  t he  cor ros ion  r a t e  and  c u r r e n t  eff iciency a re  
sens i t i ve  func t ions  of the  pH. 

The  e x c e l l e n t  and  c o m p r e h e n s i v e  w o r k  of F o e r s -  
t e r  (3)  and  o the r s  in t he  e a r l y  1900's was,  n e v e r t h e -  
less,  l i m i t e d  b e c a u s e  t h e r e  w e r e  no s u i t a b l e  m e t h o d s  
of m e a s u r i n g  p H  in the  de s i r ed  range .  Some  a t -  
t e m p t s  to t i t r a t e  t he  v e r y  d i l u t e  ac id  in the  a n o l y t e  
gave  on ly  a p p r o x i m a t e  answers .  T h e  w o r k  mos t  
c lose ly  a l l i ed  to t he  p r e s e n t  s t u d y  is t ha t  of M u r r a y  
and  K i r c h e r  (4 ) ,  who  m e a s u r e d  the  effect of s e v -  
e r a l  v a r i a b l e s  in a c o m m e r c i a l  H o o k e r  Cell .  Ch lo r ide  
concen t r a t i ons  w e r e  not  the  s ame  at  the  va r i ous  p H  
leve l s  t r i ed ,  b u t  an  e m p i r i c a l  co r r ec t ion  was  m a d e  
to r e l a t e  d i r e c t l y  c u r r e n t  eff iciency and  pH. H o w -  
ever ,  co r ros ion  r a t e  and  p H  w e r e  not  s i m i l a r l y  
s t u d i e d  and  on ly  c o m m e r c i a l  o i l - i m p r e g n a t e d  
g r a p h i t e  anodes  w e r e  used.  B a r r  (5) ,  u s ing  ex i s t i ng  
f u n d a m e n t a l  and  p r a c t i c a l  da ta ,  d e v e l o p e d  use fu l  
r e l a t i o n s h i p s  r e l a t i n g  cel l  p e r f o r m a n c e  to p H  and  
o b t a i n e d  good a g r e e m e n t  w i t h  the  r e su l t s  of M u r r a y  
and  K i r c h e r .  H o w e v e r ,  no p r e d i c t i o n  could  be  m a d e  
of co r ros ion  ra te .  Okada ,  Yash ida ,  and  S h i r a g a m i  
(6)  s t u d i e d  p H  in a K r e b s - t y p e  m e r c u r y  cel l  u n d e r  
p r o d u c t i o n  condi t ions ,  b u t  c lose  con t ro l  w a s  no t  
poss ib le .  W h e n  the  p H  d e v i a t e d  u p w a r d  to a s ign i f -  
i can t  d e g r e e  f r o m  a s t a t i s t i ca l  ave rage ,  a d rop  in 
c u r r e n t  eff iciency was  noted .  L a c h e i s s e r i e  (7)  p l o t -  
t ed  his  e x p e r i m e n t a l  d a t a  on a p H - p o t e n t i a l  d i a g r a m  
showing  s t a b i l i t y  r eg ions  for  ch lor ide ,  chlor ine ,  and  

the  v a r i o u s  c h l o r i n e - o x y g e n  compounds .  O n e - m o l a r  
so lu t ions  w e r e  e l e c t ro lyz e d  at  a m b i e n t  t e m p e r a t u r e  
and  an a n o d e  c u r r e n t  d e n s i t y  of 1 m a / c m  ~. Thus,  
cond i t ions  w e r e  far  d i f fe ren t  f rom those  in a com-  
m e r c i a l  cei l .  

The  p u r p o s e  of the  w o r k  r e p o r t e d  h e r e  was  to 
d e t e r m i n e  t h e  b e h a v i o r  of t h r e e  anode  m a t e r i a l s  in 
ano ly t e s  of k n o w n  pH. The  m a t e r i a l s  w e r e  p l a in  
g raph i t e ,  i m p r e g n a t e d  g raph i t e ,  and  p l a t i n u m ;  pH 
va lues  r a n g e d  f r o m  3.0 to 4.2. The  p o r o s i t y  of a 
g r a p h i t e  a n o d e  increases  as i t  is co r roded ,  and  the  
e x t e n t  of p o r o s i t y  can inf luence  the  r e su l t s  of e lec -  
t ro lys is .  To e l i m i n a t e  v a r i a b l e s  due  to poros i ty ,  a n -  
odes w e r e  used  for  on ly  a f ew  hours  d u r i n g  wh ich  
t ime  co r ros ion  was  s l ight .  T h e  cor ros ion  r a t e  was  
c a l c u l a t e d  f rom the  compos i t ion  of the  a n o d i c a l l y  
f o r m e d  gas  r a t h e r  t h a n  f rom w e i g h t  loss, s ince the  
l a t t e r  was  v e r y  sma l l  ove r  t he  p e r i o d  of an  e x p e r i -  
ment .  Ra te s  c a l c u l a t e d  in th i s  m a n n e r  do not  t a k e  
into  account  loss of g r a p h i t e  due  to the  f o r m a t i o n  
of s ludge.  

Experimental 
Electrolysis cell.--Figure 1 is a d i a g r a m  of the  

e x p e r i m e n t a l  cell .  I t  is of t he  W h e e l e r  type ,  w i t h  
d i a p h r a g m  and  w i r e - s c r e e n  ca thode  in t he  center ,  
and  is a modi f i ca t ion  of the  l a b o r a t o r y  cel l  de sc r ibed  
b y  J o h n s o n  (2 ) .  The  a n o l y t e  was  con t a ined  in a 
6-in.  d i a m e t e r  x 12-in.  h igh  glass  ja r .  A p o l y m e t h y l -  
m e t h a c r y l a t e  cover  sea led  the  cel l  and  he ld  a l l  of 
the  e l ec t ro ly s i s  and  con t ro l  a p p a r a t u s .  This  i nc luded  
the  c a t h o d e - d i a p h r a g m  as sembly ,  two  opposed  a n -  
odes,  a r e s i s t a nc e  h e a t e r  s ea l ed  into  glass ,  t h e r m o m -  
eter ,  t h e r m i s t o r  t e m p e r a t u r e - c o n t r o l  bead ,  glass and  
ca lomel  e lec t rodes ,  b r i n e  in le t ,  a f unne l  con ta in ing  
acid  or a l k a l i  for  p H  control ,  and  orifices for  s a m p l -  
ing a n o l y t e  and  anodic  gas. These  un i t s  w e r e  p u s h e d  
t h r o u g h  r u b b e r  s toppe r s  t ha t  f i t ted in t u r n  into t he  
cel l  cover .  The  cover  was  sea l ed  to t he  glass  j a r  w i t h  
a f l uo r ina t ed  paraff in.  

Fig. 1. Experimental chlorine cell 
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The  c a t h o d e - d i a p h r a g m  uni t  was  a s s e m b l e d  b y  
p a r t i a l l y  i n se r t i ng  the  end of a 1-in.  d i a m e t e r  c i r -  
c u l a r  w i r e - g a u z e  ca thode  into a g lass  tube .  A r u b -  
b e r  s leeve  he ld  t he  two  un i t s  t o g e t h e r  and  sea led  
the  b o t t o m  of t he  glass  t ube  f r o m  anoly te .  A 3-in.  
l e n g t h  of the  ca thode  p r o j e c t i n g  ou t  of the  t u b e  was  
w r a p p e d  w i t h  a s ingle  l a y e r  of asbes tos  pape r ,  he ld  
on w i t h  a f u r t h e r  w r a p p i n g  of p e r m e a b l e  asbes tos  
t ape .  S e v e r a l  t u r n s  of e l ec t r i c i an ' s  r u b b e r  t a p e  he ld  
t he  ends  of t he  asbes tos  t ape  in p lace ,  and  a r u b b e r  
s t o p p e r  sea led  the  b o t t o m  of t he  c y l i n d r i c a l  ca thode .  
C a t h o l y t e  was  s iphoned  out  of t he  ca thode  com-  
p a r t m e n t  through a glass tube of sufficiently small 
diameter to entrain gas bubbles and prevent their 
collection at the upper bend. A constant head was 
maintained in the electrolytic cell by means of the 
feed bottle design shown in Fig. I. 

Platinum sheet anodes 3 x i V4-in. were bent 
lengthwise at right angles and positioned so that the 
bend projected toward the cathode. Graphite anodes 
were solid specimens 5/s x 5/s x 3-in. I The average 
current density for a cell current of 7.2 amp was 
0.4 amp/in. ~. Independent experiments with an elec- 
trode whose front and back halves were separated 
by a thin strip of insulation showed that about 60% 
of the current is carried by the front half and 40% 
by the back half. 

For the purpose of experiments at controlled pH, 
a simple diaphragm or partition to separate cathodic 
hydrogen from the anode gas may have been suf- 
ficient. However, the degree of manual control that 
can be obtained is much improved by use of an ef- 
ficient diaphragm, since the frequency and amounts 
of additions that must be made are reduced. The 
diaphragm in the experimental cell was submerged 
under an anolyte head of several inches to minimize 
back-migration of hydroxide. In a Wheeler cell the 
diaphragm extends to the surface of the anolyte, at 
which point there is no flow of anolyte into the 
cathode chamber. Therefore, back migration is ex- 
tensive at the anolyte surface and is most noticeable 
in small cells of limited depth. 

Analysis.--Anode gas was collected and analyzed 
by a method used for production control (8). This 
involves absorption of chlorine and carbon dioxide 
into alkaline-arsenite solution and analysis of the 
unabsorbed gas for oxygen, carbon monoxide, hy- 
drogen, and nitrogen in an Orsat apparatus. 

A portion of the arsenite solution is acidified and 
carbon dioxide distilled over into 0.1N caustic solu- 
tion. Barium chloride is added to precipitate the 
carbonate, and the amount of carbonate present is 
determined from the amount of acid needed to de- 
compose it. Carbonate in brine was determined by 
the same distillation procedure, and carbonate in 
the caustic used for adjusting pH was analyzed by 
adding barium chloride and proceeding as above. 

Chlorine (as chloride) in the absorbing mixture 
was determined by the Volhard procedure, but the 
simpler Mohr method was suitable for chloride in 
the anolyte after reducing dissolved chlorine with 
hydrogen peroxide. Active, or dissolved chlorine in 

The  two  g rades  of g r a p h i t e  used  w e r e  N a t i o n a l  C a r b o n  Co. 
g r a d e s  A G L R  (un impre gna t ed}  and  A G L R - 5 8  ( l inseed  oi l  i m p r e g -  
n a t e d ) .  The  u n i m p r e g n a t e d  g r a p h i t e  h a d  a b u l k  de ns i t y  of a b o u t  
1.55 g/cc ,  c o r r e s p o n d i n g  to a po ros i ty  of  a b o u t  30%. 
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the  a n o l y t e  was  d e t e r m i n e d  b y  p i p e t t i n g  a s a m p l e  
d i r e c t l y  out  of t he  cel l  into a k n o w n  a m o u n t  of 
ac id i f ied  f e r rous  a m m o n i u m  sul fa te ,  bo i l ing  for  7 
rain and  t i t r a t i n g  w i t h  p e r m a n g a n a t e .  The  ana lys i s  
i n c l u d e d  ch lor ine ,  hypoc h lo r i t e ,  ch lora te ,  and  a n y  
o the r  ox id i zed  ch lo r ine  compounds .  

Experimental procedure.--The cel l  was  o p e r a t e d  
c o n t i n u o u s l y  a t  80~ and  7.2 amp,  us ing  p l a t i n u m  
anodes.  The  feed  r a t e  was  abou t  100 ro t / h r .  U n d e r  
these  cond i t ions  t he  a n o l y t e  p H  a p p r o x i m a t e d  3.8, 
and  the  c a t h o l y t e  caus t ic  c onc e n t r a t i on  was  110-120 
g/1. W h e n  g r a p h i t e  anodes  we re  to be s tud ied ,  t h e y  
were substituted for platinum at the beginning of an 
experiment. The pH was immediately adjusted to 
and held at the desired value for 1 hr. Analysis was 
made for chloride and dissolved chlorine in the ano- 
l y t e  a n d  a n o d e  gas  was  co l lec ted  for  1-2 hr .  D i s -  
so lved  ch lo r ine  was  d e t e r m i n e d  aga in  a f t e r  gas  col -  
lec t ion.  The  r a t e  of flow of c a t h o l y t e  out  of the  cel l  
was  g e n e r a l l y  d e t e r m i n e d  d u r i n g  gas  col lect ion.  

Calculations.--The a m o u n t  of d i s so lved  ch lo r ine  
g e n e r a t e d  p e r  hour  was  c a l c u l a t e d  f r o m  a m a t e r i a l s  
ba l ance :  

Net  ch lo r ine  d i s so lved :  = 

[ A n o l y t e t h r o u g h ]  [ A v e r a g e d i s s o l v e d  ] 

d i a p h r a g m  J X Lch lo r ine  c o n c e n t r a t i o n  

[ A n o l y t e ]  X [ C h a n g e i n d i s s o l v e d  ] 

~- L v o l u m e  _l ch lo r ine  c o n c e n t r a t i o n  

F Dissolved chlorine ] 

-~ L removed by sampling J 

This amount was expressed as the per cent of the 
current required to produce it or in ce of STP gas/hr. 
The flow of anolyte through the diaphragm was 
estimated to be 10% greater than the flow of eatho- 
lyre out of the cell. The reduction in volume is due 
mainly to the decomposition of water into hydrogen 
and alkali. At pH 3.0, the amount of chlorine dis- 
solved was found to be less than the experimental 
error in the above material balance and was neg- 
lected. An experiment at this pH was carried out 
using platinum anodes and stopping the flow of feed 
brine so that generation of dissolved chlorine could 
be detected simply by a change in concentration in 
the anolyte. No change in concentration could be 
detected over a period of 2 hr. 

The amount of air in the sample was determined 
from the nitrogen present, and the total oxygen cor- 
rected for the amount in the air. The evolved Cl~, 
CO~, CO, and corrected O2 were expressed as volume 
percent, assuming ideal gases. Further corrections 
were required for the COs fed into the cell by the 
brine and by the alkali used for adjusting pH. The 
evolution of about 3 ee of COs per hour could not 
be accounted for when platinum anodes were used, 
and a correction for this amount was made when 
graphite anodes were employed. 

Since the corrections are on a volume per hour 
basis, it is convenient to know the volumes of gases 
generated per hour. Due to interruptions during gas 
sampling, leaks, etc., the gas sample could not be 
considered the total generated during the collection 
period. 
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The fol lowing ca lcu la t ion  y ie lded  the corrections,  
k n o w i n g  the re l a t ive  composi t ion  of the gas and  
a m o u n t  of dissolved chlorine,  i nc lud ing  hypochlor i te  
and  chlorate.  The  symbols  Ct~, CO~, CO, and  O~ de -  
no te  vo lume  per  cent  va lues  in the  sample  and  C12' 
CO~', CO', and  02' gas p roduced  by  electrolysis  in  
cc /hr .  The  gases r equ i r i ng  2 and  4 F a r a d a y s  per  
mole, respect ively,  are  added so tha t :  

t h e n  

x = CI~' + CO' [1] 

y = CO~' + O~' [2] 

2x + 4y 
- -  22.4 X F • E/100 [3] 

i000 

where F is Faradays per hour and 
E is nonchlorine current efficiency. 

x + 2 y =  1 1 2 F E = K 1  [4] 

A second equa t ion  in x and  y is the  fol lowing:  

CO~ + O~ y + K~ 
= -  - K s  [ 5 ]  

100 x + y + K~ 

w h e r e  K~ is the  ca rbon  dioxide corrected for in  
c c /h r  and  is a pos i t ive  value .  

Al l  of the K 's  are  e x p e r i m e n t a l  quant i t ies ,  so [4] 
and  [5] m a y  be solved s i m u l t a n e o u s l y  for x and  y. 

K3 (K1  + K2)  - -  K~ 
y = [6] 

1 + K ,  

since:  

CO~' + K~ 

0 2 '  

subs t i tu t ion  f rom [2] gives 

CO2 

O.~ 
[ 7 ]  

y -- K, (O'~/CO,) 
CO; = [8] 

1 + (O-~/CO~) 

Therefore ,  CO2' can be d e t e r m i n e d  f rom the va lue  
of y ca lcula ted  f rom [6] and  the ra t io  of OJCO~ in  
the gas evolved.  02' is t hen  ca lcula ted  f rom [2]. 

x can be d e t e r m i n e d  f rom Eq. [4],  a nd  CO' re la ted  
to it by  a de r iva t ion  s imi la r  to the above:  

CO' = (CO/Cl~ + CO) x [9] 

C12 is t h e n  d e t e r m i n e d  f rom [1].  

Results 

Data  and  ca lcula t ions  for the  e xpe r i me n t s  are 
s u m m a r i z e d  in  Table  I. Each pH va lue  represen ts  
an  ave rage  of m a n y  read ings  t a ke n  d u r i n g  an  ex -  
pe r imen t ,  mos t  of which  did not  va ry  more  t h a n  0.1 
un i t  f rom the  mean.  The change  in  dissolved chlo- 
r ine  d u r i n g  an  e x p e r i m e n t  was no t  a lways  de te r -  
mined,  and  va lues  in  pa ren theses  are es t imated.  Re-  
gardless  of the  va lues  shown  for dissolved chlor ine  
gene ra t ed  at pH 3, this  was  assumed to be zero. The 
gas composi t ion shown is tha t  a f ter  correct ion for 
CO, as descr ibed above and  af ter  inc lus ion  of dis-  
solved chlorine.  The smal l  va lues  for ca rbon  dioxide 
l is ted for p l a t i n u m  at pH 4.2 ind ica te  a r ea sonab ly  
good ma te r i a l s  ba lance  for this gas, w h e n  none  is 
gene ra t ed  at the anode.  The  va lue  of 100 mi nus  the  
ch lor ine  c u r r e n t  efficiency is tha t  due to genera t ion  
of CO,, CO, and  05. 

F i g u r e  2 is a plot  of the n o n c h l o r i n e  cu r r en t  
efficiency for the th ree  anode ma te r i a l s  which  in -  
dicate  the fol lowing order  for pH 3 to 4: 

P l a i n  A G R  > I m p r e g n a t e d  Graph i t e  > P l a t i n u m  

At  pH 4.2 the n o n c h l o r i n e  efficiency wi th  the im-  
p r e gna t e d  g raph i te  is the  same as or h igher  t han  
tha t  wi th  p la in  graphi te .  Accord ing  to the resu l t  
the pH should  drop w h e n  graph i te  anodes  are sub-  
s t i tu ted  for p l a t i num,  s ince the chlor ine  c u r r e n t  ef-  
ficiency, cont ro l led  m a i n l y  by  the  d i a p h r a g m  l eak -  
age, wi l l  r e m a i n  a p p r o x i m a t e l y  constant .  A sl ight  
drop has been  observed.  

Table I. Effect of anode material and anolyte pH on cell performance 

A n o d e  

A n o l y t e  A v e r a g e  D i s s o l v e d  
s o d i u m  d i s s o l v e d  ch lo r ine ,  C o m p o s i t i o n  of g a s  g e n e r a t e d  

ch lo r ide ,  ch lo r ine ,  g e n e r a t e d ,  
p H  g/1 m e q / 1  % of  c u r r e n t  CI~, % CO2, % CO, % 02, % 

Ca l cu l a t ed  
a n o d e  

100-C12 w t  loss,  
c u r r e n t  g/1000 

ef f ic iency ,  % a m p  h r  

Pla in  graphite 3.01 248 40.2 --0.2 99.09 0.82 
2.98 251 56.7 1.49 98.99 0.84 
3.82 270 111 (5) 97.86 1.46 
3.79 271 80.5 4.9 97.68 1.29 
4.20 252 120.7 7.4 94.90 2.02 
4.19 259 144.1 11.8 95.74 1.85 

Impregnated 2.99 252 120 2.4 99.19 0.41 
graphite 3.00 254 113 - -  99.36 0.33 

3.80 258 128 (7) 98.31 0.65 
3.80 262 135 7.2 98.03 0.66 
4.18 259 141 26.1 95.16 1.03 
4.23 243 249 38.4 96.05 0.69 
4.20 262 276 21.0 95.45 1.05 

P la t inum 2.99 275 204 (0) 99.72 
3.00 260 20 (0) 99.71 
3.85 268 76 (5) 98.54 
3.97 260 169 (5) 98.79 
4.19 270 144 13.4 97.54 --0.04 
4.19 244 279 11.5 97.05 --0.06 

0.02 
0.04 
0.08 
0.09 
0.12 
0.11 

0.03 
0.02 
0.06 
0.06 
0.07 
0.07 
0.07 

0.06 
0.11 
0.62 
0.91 
2.97 
2.30 

0.35 
0.30 
1.00 
1.27 
3.74 
3.17 
3.43 

0.28 
0.29 
1.46 
1.21 
2.52 
2.98 

1.76 
1.92 
4.15 
4.39 
9.62 
8.07 

1.54 
1.27 
3.30 
3.85 
9.17 
7.50 
8.64 

0.56 
0.58 
2.88 
2.39 
4.91 
5.79 

1.86 
1.95 
3.38 
3.02 
4.56 
4.21 

0.98 
0.78 
1.56 
1.58 
2.41 
1.63 
2.39 

T e m p e r a t u r e  80~ 7.2 A m p  on  t w o  5/8 • % • 3 in. b l o c k s  o r  11/4 • 3 in. shee t s .  
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Figu re  3 shows the m a r k e d  cont ras t  b e t w e e n  ox-  
ygen  and  ca rbon  dioxide va r ia t ions  w i th  pH. The  
oxygen  curves  unde rgo  a much  la rger  change  in 

I . . . .  I , , , , I , I , , 
3.0 3,5 4.0 4,2 4.5 

pH 

Fig. 6. Ef fect  o f  pH on anode consumpt ion 

slope over  the pH range  t h a n  do the ca rbon  dioxide 
curves.  This me a ns  tha t  the slope of a CO2/O~ vs. pH 
plot  becomes more  nega t ive  w i th  increas ing  ptI,  as 
shown in  Fig. 4. 

On the other  hand,  the  ra t io  C O J C O  is p r o b a b l y  
cons tan t  over the  pH range.  The  rat ios  at  pH 3.0 
are  unce r t a in ,  because  the  a m o u n t s  of CO in  the  gas 
were  too smal l  to more  t h a n  approx imate .  F igu re  5 
is a plot of the da ta  and  indica tes  a h igher  ra t io  for 
p l a in  g raph i te  t h a n  for i m p r e g n a t e d  graphi te .  

F igure  6 shows the  v a r i a t i o n  in  ca rbon  c o n s u m p -  
t ion  as ca lcu la ted  f rom the  gas composit ion.  The  
curve  has the  same t r e n d  as tha t  for nonc h lo r i ne  
c u r r e n t  efficiency, bu t  is less steep because  of the  
compensa t ing  effect of the  decreas ing  COJO~ ratio.  

The  rat ios of c o n s u m p t i o n  for p l a in  g raph i te  com-  
pa red  to i m p r e g n a t e d  g raph i t e  for the  th ree  pH 
va lues  are shown in  Tab le  II. The rat io of 2 is u n -  
affected by  pH. 
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Table II. Ratio of consumption of plain graphite relative to 
impregnated graphite 

p H  W e i g h t  r a t io  

3.0 2.2 
3.8 2.0 
4.2 2.1 

Discussion 
The a m o u n t s  of dissolved ch lor ine  in the  l abo ra -  

tory  cell are  m u c h  h igher  t han  in  a commerc ia l  cell. 
Wi th  the la t ter ,  the  a m o u n t  corresponds  to less t h a n  
5% of the  c u r r e n t  u n d e r  n o r m a l  opera t ing  condi -  
tions. This  low va lue  m a y  be due to the  h igher  
t e m p e r a t u r e  and  g rea te r  degree  of ag i ta t ion  used 
commercia l ly .  The ag i ta t ion  min imizes  the  f o r m a -  
t ion of an  a lka l ine  l ayer  in  the  ano ly te  in  the v i c in -  
i ty  of the  d i a p h r a g m  and  thus  reduces  the  a m o u n t  
of ch lora te  format ion .  The chemical  fo rma t ion  of 
chlora te  is the  most  r easonab le  exp l ana t i on  for high 
chlor ine  so lubi l i ty  in  the  l abo ra to ry  cell, s ince it  is 
favored by  the  la rge  ra t io  of anoly te  v o l u m e / a n o d e  
surface.  A large ano ly t e  v o l u m e  m e a n s  a long hold  
t ime  for chemical  chlora te  fo rma t ion  to t ake  place. 
E lec t rochemica l  ch lora te  fo rma t ion  appears  to be 
no more  t h a n  expected as ev idenced  by  the  amoun t s  
of ca rbon  dioxide and  oxygen  evolved.  The ve ry  
high dissolved ch lor ine  va lues  for i m p r e g n a t e d  
graphi te  anodes  at pH 4.2 appear  to invo lve  a f u r -  
ther  m e c h a n i s m  for so lu t ion  beyond  those operable  
for the o ther  condi t ions.  

W h e n  chlor ine  c u r r e n t  efficiency is based on 
evolved p lus  dissolved chlor ine,  the  l abo ra to ry  and  
commerc ia l  cells compare  favorab ly .  This  me thod  of 
compar i son  is just i f ied in  s tudy ing  anode p e r f o r m -  
ance, since the ch lor ine  is formed at the  anode  re -  
gardless  of w h e t h e r  it is evolved or dissolved. Re-  
sults  wi th  i m p r e g n a t e d  g raph i te  anodes in  the ex -  
p e r i m e n t a l  cell and  the  Hooker  Cell  i nves t iga ted  
by  M u r r a y  and  K i r che r  (4) are compared  in  Tab le  
III. The i r  va lues  are  p icked off of a curve  of h y -  
d roxy l  ion discharge,  which  does no t  inc lude  dis-  
solved chlorine.  These au thors  found  tha t  chemical  
chlora te  fo rma t ion  was ins igni f icant  up  to pH 4.2. 

The h igher  ch lor ine  c u r r e n t  efficiencies ind ica ted  
for p l a t i n u m  as compared  to g raph i t e  reflect a 
h igher  overvo l tage  of oxygen  re la t ive  to chlor ine  
for the metal .  The s l igh t ly  h igher  chlor ine  c u r r e n t  
efficiency for i m p r e g n a t e d  as compared  to p l a in  
g raph i te  is p r o b a b l y  re la ted  to the less ex tens ive  
chemical  a t tack  by  hypochlor i t e  as a resu l t  of fi l l ing 
lhe  pores. 

The decrease  in  ch lor ine  c u r r e n t  efficiency wi th  
increas ing  pH is expected  f rom the  increase  in  con-  
cen t r a t ion  of subs tances  tha t  form oxygen  (or CO 

Table III. Comparison of current efficiency losses in 
Laboratory and Hooker Cell 

C u r r e n t  eff iciency loss 

p H  Lab.  cel l  H o o k e r  cell* 

3.0 1.4 1.0 
3.8 3.6 3.2 
4.2 9 6.0 

* Values  e s t i m a t e d  f r o m  h y d r o x y l  d i s cha rge  c u r v e  i n  Ref. (4). 

and  CO~) by  anodic  ox ida t ion  or chemical  decom-  
position. The equ i l ib r i a  and  k ine t ics  invo lved  have  
been  discussed in  deta i l  by  Ba r r  (5) and  M u r r a y  
and  Ki rcher  (4) .  The l abo ra to ry  data,  in conf i rming 
the  effect of pH on c u r r e n t  efficiency, po in t  up  the 
pract ica l  a t t r ac t iveness  of us ing  an  acid feed to keep 
ano ly te  pH low. The decrease in  anode consumpt ion  
is an added advan tage .  The prac t ica l  cons idera t ions  
of p rov id ing  co r ros ion -p roo f -con ta ine r s  and  con-  
dui ts  for the acid b r ine  as wel l  as a possible de-  
crease in d i a p h r a g m  life m u s t  be ba lanced  agains t  
the benefits of opera t ing  at lower  pH. 

The  change  in  COJO2 ra t io  w i th  pH could be due 
to he te rogeneous  react ions  t ak ing  place on the su r -  
face of the anode,  wi th  or w i t hou t  homogeneous  re -  
act ions t ak ing  place in  the  v i c in i ty  of the  anode  or 
in  the bu lk  of the  solut ion.  A n y  of the possible dis-  
charge m e c h a n i s m s  could r e su l t  in  adsorp t ion  of 
oxygen  d i rec t ly  onto the  anode,  as could chemical  
a t tack  of the  g raph i te  by  hypochlor i te .  The ove r - a l l  
reac t ion  for d ischarge of hypochlor i te  ion, pos tu -  
la ted by Foers te r  (3) f rom e x p e r i m e n t a l  ev idence  
in  a lka l ine  so lu t ion  is: 

6(OC1)- + 3H~O + 6 e ~  6H* + 2C10~- + 4C1- + 202 

Since several  steps are p r o b a b l y  invo lved  in  this  
ove r -a l l  react ion,  there  is the poss ibi l i ty  of some in -  
t e rmed ia t e  p roduc t  diffusing away  f rom the anode 
and  homogeneous ly  decomposing  to give molecu la r  
oxygen.  Hypochlorous  acid decomposes homogene -  
ous ly  to oxygen  and  hydroch lo r ic  acid. Lis ter  (9) 
has found  the ra te  to be ins igni f icant  except  in  the 
presence  of a catalyst .  H y d r o g e n  peroxide  can be 
formed anod ica l ly  and  decompose to oxygen  and  
water .  The ques t ion  tha t  arises w h e n  oxygen  is 
formed f rom homogeneous  reac t ions  is w he t he r  such 
oxygen  is ava i l ab le  e i ther  to a t tack  the anode or to 
oxidize ca rbon  monox ide  fo rmed  at the anode or 
whe the r  it escapes as molecu la r  oxygen  and  is u n -  
ava i l ab le  as an  oxidiz ing agent .  Nevertheless ,  a 
m e c h a n i s m  can be proposed, based on the  phys ica l  
and  chemical  adsorp t ion  of all  the oxygen  sup-  
posedly formed,  tha t  agrees fa i r ly  wel l  w i th  the  
data.  

If, by  ana logy  to mechan i sms  proposed for air  ox-  
ida t ion  (10-12) ,  oxygen  i s ' a d s o r b e d  as a first step, 
d e s o r p t i o n - c o m b i n a t i o n  can take  place to form ox-  
ygen,  or a ca rbon  bond can b r e a k  to form a c a rbon -  
oxygen  compound.  Ey r ing  and  Blyholder  (10) found  
tha t  CO was the  p r i m a r y  p roduc t  of air  ox ida t ion  
and  ascr ibed this  to its low ene rgy  of desorpt ion.  
S ihvonen  (11) proposed tha t  CO comes f rom de-  
sorpt ion of keto or ke tene  groups  formed as a resu l t  
of oxygen  adsorpt ion.  He also m a i n t a i n e d  tha t  
keto acids are  ob ta ined  d u r i n g  electrolysis,  which  
give rise to a m i x t u r e  of CO and  CO~. In  e lec t ro l -  
ysis, the presence  of adsorbed  oxygen  need  not  be 
the  direct  r esu l t  of adsorp t ion  of the  e lement ,  bu t  
more  p r o b a b l y  is the  resu l t  of ox ida t ion  of hyd roxy l  
or hypochlor i t e  ions a l r eady  p re sen t  on the  surface  
which  t hen  de hyd r a t e  or dehydroha logena te  to leave  
adsorbed oxygen  behind.  F u r t h e r m o r e ,  h y d r o x y l  
radicals  could desorb d i rec t ly  to form hyd rogen  
peroxide  which  t hen  decomposes to oxygen.  This 
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m e c h a n i s m  is suggested by  the fact tha t  S ihvonen  
found  tha t  p rac t ica l ly  no oxygen  was formed at a 
g raphi te  anode in  su l fur ic  acid solut ion where  pe r -  
oxide decomposi t ion  is slow, whi le  in  s t rong  alkal i ,  
which  read i ly  decomposes peroxide,  oxygen  was the  
p r e p o n d e r a n t  anodic  gas. 

The process for e lectrolyt ic  ox ida t ion  wi l l  be as-  
sumed  to invo lve  the rap id  physica l  adsorp t ion  of 
oxygen  on the anode surface,  a convers ion  of a pa r t  
of this oxygen  to desorbed molecu la r  oxygen  by  a 
second order  reac t ion  and  a convers ion  of the  rest  
to chemisorbed  oxygen  by  a first order  reac t ion  fol-  
lowed by  rap id  desorp t ion  of ca rbon  monoxide .  The 
monoxide  is t hen  oxidized a lmost  comple te ly  to 
carbon  dioxide e i ther  by  the oxygen  desorbed or by  
dissolved chlor ine.  The desorpt ion  of h y d r o x y l  r a d i -  
cals to fo rm h y d r o g e n  peroxide  and  then  oxygen  is 
also a second order  react ion,  p rov ided  the  perox ide  
fo rma t ion  is the  r a t e - d e t e r m i n i n g  step. 

The fo l lowing  scheme represen ts  the  m e c h a n i s m :  
Oxygen  source (OH-, OCF, etc) 

K, ~ Electrolysis  

O (Adsorbed)  

0.2 C - - - 0 (Chemisorbed)  

CO 

Volume percen tages  of oxygen  and  ca rbon  dioxide 
in the evolved gases are p ropor t iona l  to the i r  ra tes  
of format ion .  In  accordance  wi th  the  a s sumed  me c h -  
anism,  the  v o l u m e  percen tage  of ca rbon  monoxide ,  
which  is the  p r i m a r y  anodie product ,  is ca lcula ted  
f rom the  v o l u m e  percen tage  of ca rbon  dioxide. 
These ra tes  are p ropor t iona l  to the  f rac t ion  of act ive 
surface sites covered by  phys ica l ly  adsorbed  and  
chemisorbed  sites, respect ively ,  so tha t  by  p roper  

24/ |  0 PLAIN GRAPHITE,CI OXIDATION 
2.21"- nTREATED GRAPHITe, CI z OXIDATION 

APLAIN GRAPHITE,O 2 OXIDATION ~ / 
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/ /  1.8 

1.6 o A 

1.2 

Z 
o 02 0.4 0.6 0.8 IO 1.2 1.4 1.6 1.8 2D 

-/Co 2 

~176 1.0 o 

0.8 

0.6 

0.4 

0.2 

Fig. 7. Plot according to Eq. [12] 

choice of un i t s  for the ra te  cons tan ts  the  fo l lowing  
equa t ions  hold for the s teady state:  

Co.~ = K2 8 ~ [10] 

Coo = K,~b = K~# [11] 

where  Coo is v o l u m e  per  cent  CO, Co~ is vo lume  per  
cent  O~, 0 is f rac t ion  of act ive sites covered by  phys -  
ical ly  adsorbed oxygen,  and  ~b is f rac t ion  of act ive  
sites covered by  chemisorbed  Oxygen. 

Coo = Ks ~/COJK~ [12] 

which  is the obvious  re l a t ion  for compet ing  first 
and  second order  react ions  lead ing  to ca rbon  m o n -  
oxide and  oxygen,  respect ively .  

To test  these a s sumpt ions  it is necessary  to reca l -  
cu la te  the da ta  to give CO and  O~ concen t ra t ions  
pr ior  to ox ida t ion  of the CO and  CO.~. E i the r  oxygen  
or dissolved ch lor ine  has been  assumed to be the  
oxidiz ing agent .  The resu l t s  are p lo t ted  in Fig.  7, 

which  shows Coo vs. v/Co.~. Reasonab le  l i n e a r i t y  
w i t h i n  the  accuracy  of the  data  was ob ta ined  for 
all  of the plots. Whe r e  it was assumed tha t  oxygen  
oxidizes ca rbon  monoxide,  the  l ines  came closer to 
the origin.  A s t ra igh t  l ine  t h r ough  the or ig in  i nd i -  
cates ra te  cons tan ts  i n d e p e n d e n t  of the a m o u n t  of 
surface covered w i th  adsorbed atoms, a s i tua t ion  
tha t  is not  apt  to be s t r ic t ly  t rue.  The ra te  of chem-  
isorpt ion (Ks) w h e n  # and  ~b are ve ry  smal l  wou ld  
p robab ly  be h igher  t h a n  w h e n  the  f rac t ions  covered 
are larger ,  because  on ly  the most  act ive sites on the  
g raph i te  would  be react ing.  More exactly,  the  curves  
should s tar t  at the or ig in  wi th  a slope tha t  decreases 
wi th  increas ing  Coo due  to a con t inua l  decrease  in  
K3. The Elovich equa t ion  [12], or other  func t ion  
wi th  chang ing  slope can be fitted to the  data  in  such 
a m a n n e r  tha t  the  l ine  passes t h rough  the  origin,  
bu t  adds l i t t le  to a f u r t he r  u n d e r s t a n d i n g  of the  
reac t ion  mechan i sm.  

The difference in  the  resul t s  wi th  p l a in  and  
t rea ted  g raph i te  can be exp la ined  on the  basis  of 
the  decrease in  area  ava i l ab le  for electrolysis  r e su l t -  
ing f rom the  i m p r e g n a t i o n  w i th  oil. The curves  in  
Fig. 7 m a y  be r ep re sen t ed  as: 

Coo = A ~/Co~ + B [13] 

A s imi lar  equa t i on  can be w r i t t e n  in which  the  
a m o u n t  of gas evolved per  u n i t  area is used r a t h e r  
t h a n  the  tota l  

Coo/a = A'  ~ /CoJa  + B' [14] 

w he r e  

A'  : A / ~ / a  B' = B / a  

Table IV. Relative areas of plain and treated graphite 

O x i d i z i n g  
G r a p h i t e  a g e n t  A B Ap2/At ~ B p / B t  

Pla in  HOC1 0.89 0.62 
3.0 

Treated HOC1 0.51 0.15 

Plain  02 1.02 0.15 
3.5 

Treated O~ 0.55 0 

4.1 
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Thus,  in  compar ing  two curves  ob ta ined  in  the  
same m a n n e r :  

al/a~ : Ap~/A~, ~ B,/BT [15] 

where  subscr ip ts  p and  T refer  to p l a in  and  t r ea ted  
graphi te ,  respect ively .  Resul t s  are shown in  Tab le  
IV. The area  ra t io  based on the squares  of the  slopes 
is p r o b a b l y  much  more  accura te  t h a n  tha t  based on 
the in te rcep t  ratio,  s ince the  in te rcep t  is more  u n -  
certain,  p a r t i c u l a r l y  w h e n  it is in  the v i c in i ty  of the  
origin.  T r e a t m e n t  appears  to reduce  the  effective 
anode area  3 to 4-fold.  This  seems reasonable ,  a l -  
though  the  poss ib i l i ty  tha t  add i t iona l  oxygen  is 
formed wi th  t rea ted  g raph i t e  by  the ca ta lyzed de-  
composi t ion of HOC1 canno t  be discounted.  Cobal t  
is a su i tab le  ca ta lys t  and  is con ta ined  in  the  i m p r e g -  
n a t i n g  oil. Joost  (13) cons idered  tha t  chemical  a t -  
tack by  hypochlor i t e  was an  i m p o r t a n t  factor  in  
graphite corrosion, since the addition oi cobalt was 
effective in inhibiting corrosion. 

The proposed adsorption mechanism, while giv- 
ing a reasonable explanation of events in the brine 
solution, would probably need to be modified to 
account for results in other media. However, Sih- 
vonen's (14) results, in which he obtained more 
oxygen than COs in strongly alkaline solution and 
much more CO, than oxygen in strong sulfuric acid 
solution, exhibit the same trend as the brine data. 

In commercial cells the corrosion rate of plain 
graphite is about double that of impregnated graph- 
ite, in agreement with the experimental results in 
which the corrosion was not allowed to proceed to 
any extent. It remains to be determined whether 
such a short test is useful in determining practical 
corrosion resistances of various anode materials. 
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An Electrochemical Study of Uranium in Fused Chlorides 
Derek L. Hill, Jeanne Perano, and Robert A. Osteryoung 

Department of Chemistry, Rensselaer Polytechnic Institute, Troy, New York 

ABSTRACT 

The U (III) -U (O) and U (IV) -U (III) s tandard potentials in MgCL-NaC1- 
KC1 eutectic, and the U ( IV) -U (III) and UO,(VI)-UO~(IV) s tandard potentials 
in LiC1-KC1 eutectic have been measured at 450~ The values found are re-  
spectively, --2.25, --1.30, --1.25, and --0.285 v vs. the s tandard P t ( I I ) - P t ( O )  
reference electrode on the mole-fract ion scale. Polarographic studies of the be- 
havior of U (III) ,  U (IV), and UO~ (VI) in  LiCI-KC1 eutectic at 450~ have been 
performed. The significance of the results with respect to certain indust r ia l ly  
impor tant  processes is briefly noted. A coulometric t i t rat ion procedure ut i l izing 
electrogenerated P t ( I I )  has been developed for an in situ determinat ion of 
U (III) in LiC1-KC1 and MgCL-NaC1-KC1 eutectics. 

Recent  ac t iv i ty  in  the use of fused salt  ba ths  for 
the e lec t rodeposi t ion  of pu re  u r a n i u m  (1, 2) and  for 
the extraction of fission products from a liquid metal 
fuel reactor (3) and other studies (4, 5) involving 
this metal suggested that an investigation of certain 
aspects of the electrochemical behavior of uranium 
in such solvents would be of interest. 

Two chloride eutect ic  so lvents  were  chosen for 
for s tudy:  (a)  the  b i n a r y  LiC1 (59 mole  % ) - K C 1  
(41 mole  % ) ,  mp  355~ because  it has been  w i d e l y  
used in  e lec t rochemical  inves t iga t ions  and  wou ld  
enab le  direct  compar i son  of u r a n i u m  electrode po-  
ten t ia l s  to be m a d e  wi th  those of other  metals ,  and  
(b)  the t e r n a r y  MgCI~ (50 mole  %) -NaC1  (30 mole  
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% ) - K C 1  (20 mole  % ) ,  m p  396~ because  of i ts  
s u i t a b i l i t y  for  the  fission p r o d u c t  e x t r a c t i o n  process .  

E x p e r i m e n t a l  a n d  R e s u l t s  

Melt Purification 
The a p p a r a t u s  for  t he  d e h y d r a t i o n  and  f i l t ra t ion  

of the  eu tec t ic  so lven ts  is shown  in Fig.  1. Eu tec t i c  
c o m p o n e n t s  of r e a g e n t  g r a d e  and  a n h y d r o u s  m a g -  
n e s i u m  ch lo r ide  w e r e  m i x e d  in the  a p p r o p r i a t e  r a -  
t ios and  p l aced  in t he  t u b e  a b o v e  the  fine p o r o s i t y  
fr i t ,  w i th  t he  open ing  of t he  gas  b u b b l e r  t u b e  a t  t h e  
l o w e r  end,  j u s t  a b o v e  the  fr i t .  A n h y d r o u s  HC1 gas 
was  passed  t h r o u g h  the  m i x t u r e  for  30 m i n  to d i s -  
p l ace  air ,  and  the  n i c h r o m e - w o u n d  t u b u l a r  f u r n a c e  
was  t hen  s l o w l y  h e a t e d  ove r  a pe r iod  of a b o u t  3 hr ,  
HC1 pass ing  al l  t h e  whi le ,  un t i l  the  m i x t u r e  me l t ed .  
A f t e r  HC1 h a d  been  pas sed  t h r o u g h  the  m e l t  for  a 
f u r t h e r  30 min,  i t  was  r e p l a c e d  b y  a p u r e  a r g o n  
s t r e a m  for  20 min ,  to r e m o v e  d i s so lved  HC1. A t  th i s  
poin t ,  c l ean  m a g n e s i u m  t u r n i n g s  of G r i g n a r d  q u a l i t y  
w e r e  a d d e d  f rom the  s i de - t ube ,  and  s t i r r e d  b y  the  
a rgon  s t r e a m  to r eac t  w i t h  r e s i d u a l  impur i t i e s .  The  
l o w e r  p o r t i o n  of the  a p p a r a t u s  was  t hen  evacua t ed ,  
and  the  m e l t  was  f i l t e red  into  the  c ruc ib l e  w h e r e  i t  
solidified.  F i n a l l y  t he  a p p a r a t u s  was  f i l led w i t h  
argon,  t h e  c r u c i b l e  w a s  r e m o v e d ,  q u i c k l y  s t o p p e r e d  
and  t r a n s f e r r e d  to a d r y - b o x  b y  w a y  of a v a c u u m  
tunne l ,  and  s tored.  As  r e q u i r e d ,  t h e  w e i g h e d  sol id  
eutec t ic ,  u s u a l l y  abou t  160 g, was  s l i pped  out  of t he  
c ruc ib l e  and  into  t he  ce l l  a s sembly ,  w h i c h  f i t ted 
in to  a n i c h r o m e - w o u n d  V y c o r  t ube  f u r n a c e  p a c k e d  
in an  i n s u l a t e d  c o n t a i n e r  p r o v i d e d  w i t h  a r e a r -  
l i gh t ed  v i e w - p o r t  a t  t he  m e l t  level .  

Cell Assembly and Related Apparatus 
The  cel l  a s s e m b l y  is shown  in Fig .  2, t h e  r e f e r e n c e  

e l ec t rode  and  a u x i l i a r y  ca thode  f r i t t e d  c o m p a r t -  
ments ,  and  t h e  t i t r a t i o n  e l e c t r o d e  in Fig .  3 ( a )  a n d  
(b ) ,  r e spec t i ve ly .  

A f t e r  t he  sol id i f ied  eu tec t i c  h a d  been  p l a c e d  in  t he  
cel l  and  the  f langed h e a d  c a r r y i n g  the  e lec t rodes ,  
etc., had  been  p l aced  in posi t ion,  the  w h o l e  a s s e m b l y  
was  e v a c u a t e d  o v e r n i g h t  a t  abou t  10 -~ m m  Hg. I t  was  
t hen  s l o w l y  w a r m e d  un t i l  t he  sa l t  m e l t e d  u n d e r  
vacuum,  a f t e r  w h i c h  the  t e m p e r a t u r e  was  con t ro l l e d  
at  450~ b y  a c h r o m e l - a l u m e l  t h e r m o c o u p l e  con-  
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Fig. 2. Pyrex cell assembly 
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Fig. 3(0). Reference electrode and auxiliary cathode. Fig. 
3(b). Argon-stirred titration electrode. 

r a ined  in an  i m m e r s e d  glass  shea th ,  ac t ing  t h r o u g h  
a B a r b e r - C o l e m a n  Whe e l c o  f u r n a c e  r e gu l a to r .  

The  f r i t t e d  c o m p a r t m e n t s  w e r e  t hen  l o w e r e d  t i l l  
t h e  f r i t s  w e r e  j u s t  a b o v e  the  su r f a c e  of t he  me l t ,  
w h e r e  t h e y  w e r e  k e p t  for  30 m i n  to a id  t h e i r  o u t -  
gass ing .  T h e y  w e r e  t h e n  i m m e r s e d  in t he  m e l t  to a 
d e p t h  of abou t  2 cm, the  cel l  was  f i l led w i t h  p u r e  
a r g o n  w h i c h  was  t hen  m a i n t a i n e d  at  a s t e a d y  flow 
t h r o u g h  the  cel l ;  t he  m e l t  f i l t e red  up  into  t he  c o m -  
p a r t m e n t s  and  r e a c h e d  i ts  e q u i l i b r i u m  level .  T h e  
c o m p a r t m e n t s  each  h a d  a sma l l  ho le  above  the  m e l t  
l eve l  to avo id  p r e s s u r e  d i f f e ren t i a l s  and  to f ac i l i t a t e  
t he  i n se r t i on  of t he  e l ec t rodes  d u r i n g  the  a s s e m b l y  
of t he  cell .  The  r e f e r e n c e  e l ec t rode  was  t hen  p r e -  
p a r e d  c o u l o m e t r i c a l l y  b y  the  anod iza t i on  at  ~ 5  m a  
cm -~ of t he  P t  fo i l  o r  A g  w i r e  in  one c o m p a r t m e n t ,  
us ing  the  P t  foi l  in t he  o the r  as ca thode .  The  g e n -  
e r a t i o n  of P t ( I I )  and  A g ( I )  a t  100% c u r r e n t  effi- 
c i ency  u n d e r  t hese  cond i t ions  has  been  w e l l  e s t a b -  
l i shed  (6) .  A n o d i z a t i o n  was  g e n e r a l l y  c o n t i n u e d  for  
a t i m e  sufficient  to b r i n g  the  mo le  f r ac t ion  of P t  ( I I )  
or  A g ( I )  in  t he  c o m p a r t m e n t  to a b o u t  1 -  2 • 10-". 
The  exac t  c o n c e n t r a t i o n  was  d e t e r m i n e d  a t  t he  end  
of each  e x p e r i m e n t  b y  the  w e i g h t  of eu tec t i c  con-  
t a i n e d  in t h e  c o m p a r t m e n t  and  the  n u m b e r  of cou-  
l o m b s  passed .  The  N e r n s t  r e l a t i o n  was  t h e n  used  to 
r e f e r  the  p o t e n t i a l  of t he  r e f e r e n c e  e l e c t r o d e  to t he  
s t a n d a r d  s t a t e  of un i t  m o l e  f rac t ion .  

C y l i n d e r  a rgon  (99 .995%) was  pa s sed  t h r o u g h  
P~O~ and  over  t i t a n i u m  sponge  at  900~176 P o -  
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Fig. 4. U(III)-U(O) potential  in MgCI~-NaCI-KCI at 450~ 
Ag(I)-Ag(O) reference electrode, 3.02 X 10 -~ mole fraction 
of Ag(I). 

l a r o g r a m s  w e r e  r e c o r d e d  w i t h  a S a r g e n t  X X I  r e -  
co rd ing  p o l a r o g r a p h .  A Rub icon  Mode l  2700 p r e c i -  
s ion p o t e n t i o m e t e r  was  used  to m e a s u r e  cel l  p o t e n -  
t ia ls .  A S a r g e n t  c o u l o m e t r i c  c u r r e n t  source  was  used  
in a l l  cons t an t  c u r r e n t  anod iza t ion  or  t i t r a t i o n  p r o -  
cedures .  
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Fig. 5. Polarograms for the oxidat ion of U(III) to U(IV) in 
LiCI-KCI at  450~ Pt(l l)-Pt(O) reference electrode, 1.14 
>< 10 -3 mole fract ion of Pt(l l), microelectrode area 1.65 
ram':; melt weight 160 g; addit ions of U(III): a:0; b:12; c:28; 
d:44; e:68; f :92 rag. The current below the zero-axis is 
anodic. 

U ( I I I )  -U  (O) Potential In MgC12-NaC1-KC1 

To a k n o w n  w e i g h t  of t e r n a r y  eutec t ic ,  succes-  
s ive quan t i t i e s  of U ( I I I )  w e r e  i n t r o d u c e d  c o u l o m e t -  
r i c a l l y  b y  the  a n o d i z a t i o n  at  abou t  10 m a  cm -~ of a 
c a r e f u l l y  ou tgas sed  p u r e  u r a n i u m  rod  ( ana ly s i s :  Fe  
0.003%, Mg 0.0008-0.003%, S i  0.0008%, Cu 0.0008%, 
A1 0 .0005%).  C u r r e n t  efficiency of 100% for  th is  
p rocess  is d e m o n s t r a t e d  in the  p r e s e n t  w o r k  and  is 
d i scussed  la te r .  The  p o t e n t i a l  of the  u r a n i u m  rod  
was  m e a s u r e d  a g a i n s t  a A g ( I ) - A g ( O )  r e f e r e n c e  
e l e c t r o d e  a f t e r  each  add i t ion ,  i n su r ing  u n i f o r m  con-  
c e n t r a t i o n  in the  deep  r e d  so lu t ion  b y  a rgon  s t i r r ing .  

A p lo t  of th is  p o t e n t i a l  aga in s t  log [ U ( I I I ) ]  a t  
450~ is shown in Fig .  4 and  ind ica t e s  t ha t  the  
N e r n s t  r e l a t i o n  is obeyed ,  the  s lope  of t he  l ine  
(0.0470 v )  be ing  in close a g r e e m e n t  w i t h  t ha t  ca l -  
c u l a t e d  (0.0478 v)  for  a 3 - e l e c t r o n  t r ans f e r .  E x -  
t r a p o l a t i o n  to un i t  mo le  f r ac t ion  of U ( I I I )  y i e lds  a 
va lue  of --1.61 _+ 0.01 v aga ins t  a s t a n d a r d  A g ( I ) -  
A g ( O )  r e f e r e n c e  e lec t rode .  Us ing  the  d a t a  of L a i -  
t i nen  and  L iu  (6)  th is  v a l u e  becomes  --2.25 _+ 0.01 
v aga in s t  a s t a n d a r d  P t ( I I ) - P t ( O )  r e f e r e n c e  e lec -  
t rode .  

Potarography of U ( I I I )  and U ( IV)  in LiC1-KC1 

The  p o ] a r o g r a p h i c  b e h a v i o r  of U ( I I I )  and  U ( I V )  
in t he  b i n a r y  eu tec t ic  was  s tud i ed  us ing  a P t  n e e d l e  
m i c r o e l e c t r o d e  p r e p a r e d  b y  sea l ing  a l e n g t h  of 14 
ra i l  d i a m e t e r  P t  w i r e  in to  6 m m  P y r e x  t u b i n g  so t h a t  
abou t  1.5 mm" p r o j e c t e d  f rom the  seal.  M e a s u r e -  
m e n t s  w e r e  m a d e  w i t h  r e spec t  to a P t ( I I ) - P t ( O )  
r e f e r e n c e  e lec t rode .  Aga in ,  U ( I I I )  was  a d d e d  cou-  
l o m e t r i c a l l y  b y  the  anod iza t ion  of a p u r e  u r a n i u m  
rod, w h i c h  was  r a i s ed  out  of t he  m e l t  a f t e r  each  
p e r i o d  of anod iza t ion .  C u r r e n t  eff iciency of 100% 
was  f o u n d  for  th is  p rocess  also, and  is d i scussed  
l a t e r .  

By  r e s t r i c t i n g  the  p o t e n t i a l  r a n g e  in  w h i c h  t h e  
m i c r o e l e c t r o d e  was  used  to less t h a n  1.5 v n e g a t i v e  
to t h e  r e f e r e n c e  e lec t rode ,  r e p r o d u c i b l e  and  w e l l -  
def ined  w a v e s  for  the  o x i d a t i o n  of U ( I I I )  to  U ( I V )  
w e r e  obse rved .  F i g u r e  5 i l l u s t r a t e s  the  p o l a r o g r a m s  
o b t a i n e d  a f t e r  success ive  add i t i ons  of U ( I I I ) .  As the  
U ( I I I )  c o n c e n t r a t i o n  was  increased ,  the  p o t e n t i a l  a t  
w h i c h  the  p o l a r o g r a p h i c  c u r r e n t  a t t a i n e d  the  r e s i d -  
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CONCENTRATION ( r a g  per  IOOml) 

Fig. 6. Relation between U( l l l ) - - ox ida t i on  polarographic 
current and U(III) concentration in LiCI-KCI at 450~ (from 
Fig. 5, at - - 0 .43  v). 

ua l  v a l u e  b e c a m e  i n c r e a s i n g l y  nega t ive ,  but ,  a l -  
t hough  the  m a g n i t u d e  of t he  shi f t  was  of t he  r i gh t  
order ,  exac t  q u a n t i t a t i v e  a g r e e m e n t  w i th  t h a t  ca l -  
cu l a t ed  f rom the  N e r n s t  r e l a t i o n  was  not  ob ta ined .  
At  a f ixed po ten t i a l ,  the  p o l a r o g r a p h i c  c u r r e n t s  due  
to successive additions of U(III) showed a linear 
relation to concentration, as illustrated in Fig. 6. 

Starting with a given concentration of U(III) in 
the melt, U(IV) could be added to the system by the 
reaction 

2 U ( I I I )  -k P t ( I I )  ~ 2 U ( I V )  -k P t  [1]  

us ing  P t ( I I )  g e n e r a t e d  c o u l o m e t r i c a l l y  f rom an  i m -  
m e r s e d  P t  foi l  anode.  On m a k i n g  success ive  a d d i -  
t ions  of U ( I V )  in th is  m a n n e r ,  a c c o m p a n i e d  of 
course  b y  the  e q u i v a l e n t  success ive  r e m o v a l s  of 
U ( I I I ) ,  the  p o t e n t i a l  a t  w h i c h  the  p o l a r o g r a p h i c  
c u r r e n t  a t t a i n e d  the  r e s i d u a l  v a l u e  b e c a m e  less 
n e g a t i v e  again ,  and  the  s t e a d y  d e v e l o p m e n t  of the  
U ( I V )  r e d u c t i o n  w a v e  was  o b s e r v e d  a long w i t h  the  
s i m u l t a n e o u s  s t e a d y  d i s a p p e a r a n c e  of the  U ( I I I )  ox i -  
da t i on  wave .  W i t h  equa l  concen t r a t i ons  of U ( I I I )  
and  U ( I V )  in t h e  mel t ,  t he  po in t  of zero c u r r e n t  oc-  
c u r r e d  at  a p o t e n t i a l  v e r y  close to t ha t  f o u n d  in the  
p o t e n t i o m e t r i c  t i t r a t i o n  p r o c e d u r e  for  the  d e t e r m i -  
na t i on  of t he  U ( I V ) - U ( I I I )  r e d o x  p o t e n t i a l  d e -  
sc r ibed  be low.  The  d e v e l o p m e n t  of t he  c o m b i n e d  
U ( I V ) - U ( I I I )  p o l a r o g r a m s  is shown  in Fig.  7. 
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Fig. 7. Development of combined U(III) and U(IV) poloro- 
grams in LiCI-KCI at  450~ Pt(ll)-Pt(O) reference electrode, 
1.14 X 10 -8 mole fract ion of Pt(l l); microelectrode area 
1.65 ram2; a, residual current; b, U(III) ox idat ion (92 mg 
U(III) per 100 ml melt); c, U(III) oxidat ion, U(IV) reduc- 
t ion; d, Pt(l l) reduction, U(IV) reduction. Current below the 
zero-axis is anodic. 

O n l y  ind i s t i nc t  w a v e s  for  t he  r e d u c t i o n  of U ( I I I )  
to u r a n i u m  m e t a l  w e r e  obse rved ,  a t  a b o u t  --2.2 v, 
and  i t  a p p e a r e d  t h a t  a l l oy ing  occur red ,  bo th  f r o m  
the  s u b s e q u e n t  a p p e a r a n c e  of the  mic roe l ec t rode ,  
and  also because  i t  was  no t  found  poss ib l e  to ob t a in  
u n e q u i v o c a l  anod ic  s t r i p p i n g  cu rves  c o r r e s p o n d i n g  
to t he  d i s so lu t ion  of t he  u r a n i u m  m e t a l  w h i c h  shou ld  
have  been  e l e c t r o d e p o s i t e d  on the  mic roe l ec t rode .  
The  use  of a P t  m i c r o e l e c t r o d e  at  such  a n e g a t i v e  
po ten t i a l ,  w h i c h  is c lose  to t ha t  c o r r e s p o n d i n g  to t he  
depos i t i on  of l i t h i u m  on P t  ( -~ - -2 .4  v ) ,  was  d e t r i -  
m e n t a l  to t he  r e p r o d u c i b i l i t y  of s u b s e q u e n t  p o l a r o -  
g rams ,  due  to t he  d i f f icul ty  of c o m p l e t e l y  d i s so lv ing  
out  t he  e l e c t ropos i t i ve  a l l o y i n g  e l e m e n t s  f r o m  the  
Pt.  The  p r o b l e m  was  a c c e n t u a t e d  b y  t h e  d e c r e a s e  in 
the  s e p a r a t i o n  of t he  depos i t ion  p o t e n t i a l s  of t he  
two  m e t a l s  b y  the  a l l oy  fo rma t ion .  A t t e m p t s  to 
avo id  th is  d i f f icu l ty  b y  the  use  of a t u n g s t e n  or  
g r a p h i t e  m i c r o e l e c t r o d e  w e r e  no t  successful .  I m -  
mersed ,  f inely  po l i shed ,  f l u s h - g r o u n d  t u n g s t e n  m i -  
c roe l ec t rodes  w e r e  a t t a c k e d  at  t h e  g l a s s - m e t a l  seal  
and  also gave  i r r e p r o d u c i b l e  resu l t s ,  w h i l e  a f inely 
po in ted ,  spec t roscop ic  g r a d e  g r a p h i t e  rod  i m m e r s e d  
jus t  in t he  su r f ace  of t he  me l t  gave  v e r y  u n s t e a d y  
w a v e s  and  a p p e a r e d  to d i s i n t e g r a t e  s lowly .  

A s i m i l a r l y  s u r f a c e - i m m e r s e d  g r a p h i t e  m i c r o e l e c -  
t r o d e  was  used  to e x a m i n e  the  b e h a v i o r  of a p p r o x i -  
m a t e l y  e q u a l  concen t r a t i ons  of U ( I I I )  a n d  U ( I V )  at  
p o t e n t i a l s  m o r e  pos i t i ve  t h a n  can  be  r e a c h e d  w i t h  a 
P t  m ic roe l ec t rode .  The  U ( I V ) - U ( I I I )  c o m b i n e d  
w a v e  was  c l e a r l y  shown,  b u t  no f u r t h e r  w a v e s  w e r e  
found  b e t w e e n  the  p o t e n t i a l  a t  w h i c h  th is  occu r r ed  
and  t h a t  a t  w h i c h  ch lo r ine  was  evo lved .  

Determination of the U ( I V ) - U ( I I I )  Redox Potential 
In  bo th  t he  b i n a r y  and  t e r n a r y  eutec t ics ,  w h e n  

P t ( I I )  was  e l e c t r o l y t i c a l l y  g e n e r a t e d  f r o m  an  i m -  
m e r s e d  P t  foil, r e a c t i o n  [1]  occur red ,  and  i t  was  
f o u n d  t h a t  t he  p o t e n t i a l  of t h e  P t  foil,  m e a s u r e d  
aga ins t  a P t ( I I ) - P t ( O )  r e f e r e n c e  e l e c t r o d e  a t  i n t e r -  
va l s  b e t w e e n  success ive  pe r iods  of anod iza t ion ,  fo l -  
l o w e d  t y p i c a l  p o t e n t i o m e t r i c  t i t r a t i o n  cu rves  such 
as t ha t  shown  in Fig.  8. 
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Fig. 8. Coulometric titration of U(I I I )  with Pt(I[) in MgCI2- 
NaCI-KCI at 450~ Pt(II)-Pt(O) reference electrode, 1.83 X 
10 -a mole fract ion of Pt(l l); constant current, 48.25 too, 1.2 
X 10 -~ equivalents U(III). T.E.P., theoretical end-point. 

T i t r a t i ons  w e r e  p e r f o r m e d  w i t h  t he  a r g o n - s t i r r e d  
P t  foi l  e l e c t r o d e  shown  in Fig .  3 ( b ) .  D u r i n g  t h e  
course  of t he  t i t r a t i o n  the  i n i t i a l l y  d a r k  r e d  color  of 
t he  me l t s  due  to U ( I I I )  g r a d u a l l y  l i gh tened ,  and  j u s t  
be fo re  t he  end  po in t s  b e c a m e  l i gh t  g r e e n  in  color,  
due  to U ( I V ) .  Black ,  f ine ly  d i v i d e d  P t  was  also seen 
in the  mel t s .  A t  t he  end  of a t i t r a t i o n  the  i m m e r s i o n  
of a u r a n i u m  r o d  caused  the  m e l t  to b e c o m e  r e d  
aga in  due  to t he  r e a c t i o n  

U + 3 U ( I V )  ~ 4 U ( I I I )  [2]  

S ince  bo th  U ( I I I )  a n d  P t ( I I )  w e r e  g e n e r a t e d  cou-  
l o m e t r i c a l l y ,  a t h e o r e t i c a l  end  p o i n t  cou ld  be  ca l -  
cu la ted .  In  e x p e r i m e n t s  w i t h  me l t s  h a v i n g  v e r y  low 
r e s i d u a l  i m p u r i t y  concen t ra t ions ,  as d e m o n s t r a t e d  
b y  p o l a r o g r a p h i c  r e s i d u a l  c u r r e n t s  of c o n s i d e r a b l y  
less t h a n  1 ~a m m  -~ a t  --1.0 v a ga in s t  the  P t ( I I ) -  
P t ( O )  r e f e r e n c e  e lec t rode ,  t he  a g r e e m e n t  b e t w e e n  
the  a m o u n t  of U ( I I I )  t a k e n  and  t h e  a m o u n t  f o u n d  
was  v e r y  close, as in Fig.  8. In  m a n y  o the r  e x p e r i -  
ments ,  the  t i t r a t i o n  end  po in t s  fe l l  s o m e w h a t  shor t  
of those  ca lcu la ted .  As  the  i n i t i a l  c o n c e n t r a t i o n  of 
U ( I I I )  in t h e  me l t s  was  less  t h a n  600 ppm,  i t  can  
r e a d i l y  be  seen  t h a t  in t he  case  of a l ow  m o l e c u l a r  
w e i g h t  i m p u r i t y  such  as oxygen ,  w h i c h  r eac t s  v e r y  
r e a d i l y  w i t h  U ( I I I )  as  d e s c r i b e d  be low,  less  t h a n  10 
p p m  w o u l d  be  r e q u i r e d  to ox id ize  m o r e  t h a n  10% 
of t he  in i t i a l  U ( I I I )  concen t r a t ion ,  and  so t he  o c c u r -  
r e n c e  of low t i t r a t i o n  v a l u e s  is eas i ly  unde r s tood .  
F o r t u n a t e l y ,  th i s  d id  no t  i n t e r f e r e  too se r ious ly  w i t h  
t he  d e t e r m i n a t i o n  of t he  U ( I V ) - U  ( I I I )  r e d o x  p o t e n -  
t i a l  w h i c h  was  t a k e n  f r o m  t h e  r e l a t i v e l y  f lat  m i d -  
p o r t i o n  of t he  l o w e r  b r a n c h  of t he  curve .  On  t h e  
mole  f r a c t i o n  scale  t h e  s t a n d a r d  r e d o x  p o t e n t i a l s  
found  w e r e  --1.30 ---- 0.01 v in MgC1,-NaC1-KC1 
eutec t ic ,  a n d  --1.25 ----- 0.01 v in LiC1-KC1 eutec t ic ,  
w i t h  r e spe c t  to t h e  P t ( I I ) - P t ( O )  couple  a t  450~ 

F o r  a g iven  e x p e r i m e n t  t he  shape  of t he  l o w e r  
b r a n c h  of t he  c u r v e  can  be  c a l c u l a t e d  f r o m  t h e  r e d o x  
p o t e n t i a l  b y  m e a n s  of t he  N e r n s t  r e l a t ion ,  and  in  
gene ra l ,  good a g r e e m e n t  was  found  w i t h  t he  shape  
o b t a i n e d  e x p e r i m e n t a l l y .  U s u a l l y  t he  in i t i a l  p o t e n -  
t ial ,  be fo re  a n y  a d d i t i o n  of P t  ( I I ) ,  c o r r e s p o n d e d  to a 
U ( I V )  to U ( I I I )  r a t i o  of J/2% or  less.  

In  v i e w  of t h e  p o l a r o g r a p h i c  b e h a v i o r  of U ( I I I ) ,  
U ( I V ) ,  and  P t ( I I )  i t  was  to be  e x p e c t e d  t h a t  a m -  
p e r o m e t r i c  e n d - p o i n t  de tec t ion ,  us ing  a P t  m i c r o -  
e l ec t rode  a t  a b o u t  --0.5 v vs. t h e  w o r k i n g  P t ( I I ) -  
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Fig. 9. Coulometric t i t rat ion of U ( I I I )  with Pt( l l )  in MgCI2- 
NoCI-KCI at 450~ with amperometr ic end-point detection. 
Pt(ll)-Pt(O) reference electrode, 1.75 X ]0  -3 mole fract ion 
of Pt(l l); constant current, 48 .25 mo, 2.5 X 10 -* equivalents 
U(III). Microelectrode area 1.35 mm s. 

P t ( O )  r e f e r e n c e  e lec t rode ,  w o u l d  be  a c o n v e n i e n t  
a d j u n c t  to t he  t i t r a t i on .  In  p r ac t i ce  h o w e v e r ,  i t  u s u -  
a l l y  p r e s e n t e d  diff icult ies ,  due  in p a r t  to t he  neces -  
s i ty  of w a i t i n g  a c o n s i d e r a b l e  p e r i o d  of t i m e  a f t e r  
a r g o n - s t i r r i n g  the  m e l t s  for  t he  c u r r e n t  to become  
suff ic ient ly  s t e a d y  to e n a b l e  a r e a d i n g  to be  t aken ,  
and  in p a r t  due  to t he  f o r m a t i o n  d u r i n g  the  t i t r a t i o n  
of f inely  d i v i d e d  Pt ,  w h i c h  t e n d e d  to become  a t -  
t a c h e d  to t h e  P t  m ic roe l ec t rode ,  and  w h i c h  was  
diff icult  to d is lodge .  A success fu l  a t t e m p t  to use  th is  
m e t h o d  of e n d - p o i n t  de t ec t i on  is shown in Fig.  9 
w h i c h  also d e m o n s t r a t e s  t h a t  the  p o l a r o g r a p h i c  b e -  
hav io r  in t he  two  eu tec t ics  was  s imi la r .  

Preparation, Polarography, and Potentiometry 
o] Uranyl Species 

Solu t ions  of t he  u r a n y l  species  w e r e  p r e p a r e d  in 
bo th  eu tec t ics  a t  450~ b y  b u b b l i n g  d r y  o x y g e n  (7)  
t h r o u g h  the  g r e e n  so lu t ions  o b t a i n e d  b y  the  a d d i t i o n  
of p u r e  a n h y d r o u s  u r a n i u m  t e t r a c h l o r i d e .  The  r e -  
su l t ing  so lu t ions  w e r e  c l ea r  y e l l o w  in color  a t  l ow  
concen t ra t ions ,  and  r e d d i s h - o r a n g e  at  h igh  c onc e n -  
t ra t ions .  The  a b s o r p t i o n  s p e c t r u m  in LiC1-KC1 
eu tec t ic  a t  400~ was  v e r y  s imi l a r  to t h a t  o b s e r v e d  
for  u r a n y l  species  in th is  so lven t  a t  the  s ame  t e m -  
p e r a t u r e  b y  G r u e n  (8) ,  showing  no ev idence  of t he  
p re sence  of U ( I V ) ,  and  x - r a y  p a t t e r n s  of t he  p o w -  
d e r e d  y e l l o w  solid,  o b t a i n e d  b y  g r i n d i n g  th is  so l id i -  
fied eutec t ic ,  showed  l ines  c h a r a c t e r i s t i c  of u r a n y l  
ch lor ide .  The  r e a c t i o n  a p p e a r e d  to p roceed  s m o o t h l y  
and  r a p i d l y  to c o m p l e t i o n  w i t h  the  evo lu t i on  of 
chlor ine .  I t  was  no t  poss ib l e  to d e t e r m i n e  w h e t h e r  
i t  p r o c e e d e d  d i r ec t ly ,  or  t h r o u g h  i n t e r m e d i a t e  s tages.  

In  o t h e r  e x p e r i m e n t s  i t  was  o b s e r v e d  t h a t  U ( I I I )  
in so lu t ion  in these  m e l t s  also y i e l d e d  c lea r  y e l l o w  
so lu t ions  r a p i d l y  w h e n  d r y  o x y g e n  was  b u b b l e d  in, 
bu t  if mois t  a i r  w e r e  u sed  ins tead ,  p a r t i a l  p r e c i p i t a -  
t ion,  p r o b a b l y  of oxides ,  also occur red .  

To p r e p a r e  for  the  p o l a r o g r a p h i c  and  p o t e n t i o m e t -  
r ic  w o r k  on the  u r a n y l  species,  s amp le s  of a k n o w n  
w e i g h t  of LiC1-KC1 eu tec t ic  con ta in ing  U O , ( V I )  
p r e p a r e d  d i r e c t l y  i n  t h e  m e l t  f r om a k n o w n  w e i g h t  
of UCL w e r e  d r a w n  up  in to  s e v e r a l  l eng ths  of 6 m m  
glass  tub ing ,  q u i c k l y  cooled  to p r e v e n t  t he  f o r m a t i o n  
of concen t r a t i on  g rad i en t s ,  and  sea led  off to e x c l u d e  
moi s tu re .  W e i g h e d  s a m p l e s  of th is  sol id i f ied  sa l t  
w e r e  l a t e r  t a p p e d  ou t  a n d  a d d e d  to LiC1-KC1 so lven t  
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for  s tudy .  This  p r o c e d u r e  p r o v i d e d  a m o r e  c o n v e n -  
i en t  m e t h o d  for  t he  i n t r o d u c t i o n  of k n o w n  a m o u n t s  
of UO~(VI)  to t he  m e l t  t h a n  does t he  d i r ec t  a d d i t i o n  
of p u r e  a n h y d r o u s  UO~CI~ p o w d e r  p r e p a r e d  b y  the  
s t a n d a r d  m e t h o d  of t he  r e a c t i o n  of UC14 w i t h  d r y  
O8 a t  350~ 

So lu t ions  of UO~(VI)  in  LiC1-KC1 at  450~ p r e -  
p a r e d  in th is  w a y  gave  w e l l - d e f i n e d  p o l a r o g r a p h i c  
r e d u c t i o n  w a v e s  a t  a P t  m i c r o e l e c t r o d e  w i t h  a 
P t ( I I ) - P t ( O )  r e f e r e n c e  e l ec t rode ;  these  a r e  shown  
in Fig .  10. 

If  the  process  occu r r i ng  w e r e  t he  r educ t i on  of 
UO~(VI)  to u r a n i u m  d iox ide ,  t h e n  b y  ho ld ing  t h e  
p o t e n t i a l  of t he  m i c r o e l e c t r o d e  at  a su i t ab l e  v a l u e  
a long  the  p l a t eau ,  sol id  UO~ shou ld  h a v e  been  p l a t e d  
onto t he  e lec t rode .  A t  th is  p o i n t  t he  m i c r o e l e c t r o d e  
could  be d i s c onne c t e d  f rom the  p o l a r o g r a p h  and  i ts  
p o t e n t i a l  d e t e r m i n e d  w i t h  the  p o t e n t i o m e t e r .  B y  r e -  
p e a t i n g  this  p r o c e d u r e  at  v a r i o u s  UO~(VI)  c o ncen -  
t r a t ions ,  a N e r n s t  p lo t  shou ld  h a v e  been  o b t a i n e d  if 
a t r u e  e q u i l i b r i u m  e x i s t e d  b e t w e e n  the  ox ide  and  t h e  
u r a n y l  species.  

This  p o s t u l a t e  w a s  t e s t ed  a n d  ver i f ied  e x p e r i -  
m e n t a l l y ,  and  such a N e r n s t  p lo t  is shown  in Fig .  11. 
The  s lope  of the  l ine  (0.07166 v )  is in good a g r e e -  
m e n t  w i t h  t ha t  c a l c u l a t e d  for  a 2 - e l e c t r o n  p rocess  
(0.07174 v ) .  By  e x t r a p o l a t i o n ,  t he  s t a n d a r d  p o t e n t i a l  
on the  mole  f r ac t i on  scale  for  t he  UO~(VI ) -UO~( IV)  
coup le  was  found  to be  --0.285 • 0.005 v aga ins t  t he  
s t a n d a r d  P t  ( I I )  - P t  (O)  r e f e r e n c e  e lec t rode .  

F u r t h e r m o r e ,  a UO~-pla ted  P t  m i c r o e l e c t r o d e  
shou ld  have  p r o d u c e d  a l a r g e  anod ic  s t r i pp ing  c u r -  
r e n t  a t  po t en t i a l s  m o r e  pos i t i ve  t h a n  t ha t  for  t h e  
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Fig. 10. Polarogroms of UO2(VI) reduction in LiCI-KCI at 
450~ Pt(ll)-Pt(O) reference electrode, 1.05 X 10 -~ mole 
fraction; microelectrode area, 1.35 mm~; mole fractions 
UO~(VI) X 10-4: a, O; b, 0.23; c, 0.63;  d, 2.42; e, 3.60;  
f ,4.80 
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Fig. 11. UO2(VI)-UO2(IV) potent ial  in LiCI-KCI at 450~ 
Pt(ll)-Pt(O) reference electrode, 1.05 X 10 -~ mole fract ion 
of Pt(ll). 
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Fig. 12. Combined deposition and anodic dissolution waves 
for UO~ in LiCI-KCI at 4S0~ Pt(ll)-Pt(O) reference elec- 
trode, 1.05 X 10 ~ mole fraction of Pt(l l); mole fraction 
UO2(VI), 2.42 X 10-~; a, Pt dissolution; b, U02 deposition, 
reversal of direction of change in polar izat ion;  c, UOs dissolu- 
t ion; d, Pt dissolution. Microelectrode area 1.35 mm ~. Cur- 
rent below zero-axis is anodic. 

UO~(VI)-UO~(IV) equilibrium if its potential were 
slowly shifted from a value on the plateau toward 
less negative values. This effect also was observed, 
and a typical combined deposition and stripping 
curve is shown in Fig. 12. The relation between 
wave height and UO~(VI) concentration is shown in 
Fig. 13. 

Discussion 

Results of the coulometric titration establish that 
U( I I I )  was electrogenerated at 100% current  effi- 
ciency in both eutectics. The value of the U ( I I I ) -  
U(O) potential in MgCI~-NaC1-KC1 eutectic is vir-  
tually identical to that found by Gruen and Oster- 
young (9) in LiC1-KC1 eutectic at the same temper-  
ature. Close correspondence of electrode potentials 
in different melts is not uncommon (10). The 
U ( I V ) - U ( I I I )  redox potentials observed in the 
present work provide a similar example. This cor- 
respondence of electrode potentials in different 
melts suggests that in many cases the behavior of 
the potential determining solute species is not de- 
pendent primarily on the nature of the solvent ca- 
tionic species. 

For the cell 

{ U ( I I I )  ~ h g ( I )  
(--) V~binary  or t e r n a r y ~ b i n a r y  or te rnary  I A g ( §  ) 

chloride eutectic J t  chloride eutectic j 
(i) 

2e I 
24! 
2 2 '  

2 0  
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C O N C E N T R A T I O N  ( m o l e  f r a c t i o n  x IO 4 

Fig. 13. Relation between wave height for UO~(VI) reduc- 
t ion and UO~(VI) concentration in LiCI-KCI at  450~  (from 
Fig. ]0,  a t - - 0 . 7  v). 

the measured emf is in close agreement with that 
calculated from the established thermodynamic data 
for the pure compounds. This indicates that the free 
energies of solution of U( I I I )  and Ag( I )  are not 
very different, and are much smaller than the free 
energy change for the overall cell reaction, so that 
only the difference between two minor quantities 
is included in the calculation. For the cell 

;V (IV),U (III) ~{Pt (II) ~Pt(+) 
(--) Pt I binary or ternary~binary or ternary~ 

chloride eutectic JL chloride eutectic J 
( I I )  

a difference considerably greater than can be at tr ib- 
uted to experimental  error is found on making a 
similar comparison between measurement and cal- 
culation. Since for the cell 

(--)Ag I Ag(I) LiCI-KCI II Pt(II) LiCI-KCI I Pt(+ ) 
( I I I )  

the same comparison leads to good agreement, it 
would appear that the difference between the meas- 
ured and calculated values for the emf of cell (II) 
may be due to a comparatively large term involving 
the free energy of solution of U(IV) .  A possible in- 
terpretation of this is that U(IV)  forms a chloro- 

Table I. Comparison of measured cell potentials with those calculated from thermodynamic data ~ 
for the pure compounds at 450~ 

C e i l  S o l v e n t  P o t e n t i a l  P o t e n t i a l  
e u t e c t i c  m e a s u r e d  c a l c u l a t e d  

(--) U IU (III) I IAg (I) lAg ( + )  
(--) UIU (III) l lAg (I) lAg ( + )  
(--) AglAg (I)I IPt ( I I ) I P t ( + )  
(--) UIU (III)I IPt ( I I ) I P t ( + )  
(--) UIU (III) I IPt (II) IPt (~-) 
( - ) P t l U  (IV), u (III) ] IPt (II)IPt  ( + )  
( - ) P t l U  (IV), u (III) I IPt (II)IPt  ( + )  
( - )  u I u  (IV) I IPt (II) IP t (+)  
( - )  u I u  (IV)l]Pt (II)IPt  (+ )  

Binary -k 1.61 b ~- 1.619 
Ternary ~- 1.61 ~- 1.619 
Binary +0.637 c +0.612 
Binary -~2.25 +2.231 
Ternary -~2.25 ~-2.231 
Binary ~- 1.25 + 0.835 
Ternary + 1.30 + 0.835 
Binary ~- 2.00 ~ ~- 1.882 
Ternary ~-2.01 ~ -F 1.882 

a W .  H a m e r ,  M .  1 V i a l m b e r g ,  a n d  B .  l= tub in  ( 1 6 ) .  
b D .  M ,  G r u e n  a n d  R .  A .  O s t e r y o u n g  ( 9 ) .  
c H .  A .  L a i t i n e n  a n d  C.  H .  L i u  ( 6 ) .  

C a l c u l a t e d  f r o m  p r e s e n t  m e a s u r e m e n t s .  
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c o m p l e x  of sufficient s t a b i l i t y  in t he  ch lo r ide  me l t s  
to sh i f t  t h e  m e a s u r e d  U ( I V ) - U ( I I I )  p o t e n t i a l  to a 
v a l u e  m o r e  n e g a t i v e  t h a n  t h a t  c a l c u l a t e d  f rom the  
t h e r m o d y n a m i c  f o r m a t i o n  da ta .  1 S i m i l a r  c o n s i d e r a -  
t ions  have  been  used  b y  F l e n g a s  and  I n g r a h a m  (11-  
15) to e x p l a i n  such d i f fe rences  b e t w e e n  e x p e r i -  
m e n t a l  and  c a l c u l a t e d  va lues .  T a b l e  I l is ts  t he  c o m -  
p a r i s o n s  m a d e  in  t he  p r e s e n t  w o r k .  

The  U ( I I I )  o x i d a t i o n  w a v e s  a r e  s o m e w h a t  d r a w n  
ou t  and  do not  con fo rm q u a n t i t a t i v e l y  in r e spe c t  of 
e i t he r  log [ i / ( i ~ - - i ) ]  vs. p o t e n t i a l  plots ,  or  p o t e n -  
t i a l  a t  t he  i n t e r s ec t i on  w i t h  t h e  r e s i d u a l  c u r r e n t  vs. 
log  [ U ( I I I ) ]  plots ,  p r o b a b l y  due  to t he  diff icul t ies  
i n h e r e n t  in r e c o r d i n g  p o l a r o g r a m s  at  a s t a t i o n a r y  
sol id  mic roe l ec t rode .  N e v e r t h e l e s s ,  t he  p o l a r o g r a p h i c  
b e h a v i o r  o t h e r w i s e  and  t h e  p o t e n t i o m e t r i c  t i t r a t i o n  
of U ( I I I )  d e m o n s t r a t e  c l e a r l y  t h a t  t he  r e a c t i o n  

U ( I V )  + e - ~ - U ( I I I )  [3]  

b e h a v e s  in a e l e c t r o c h e m i c a l l y  r e v e r s i b l e  m a n n e r  in  
bo th  mel ts .  In  add i t ion ,  t he  l i n e a r  r e l a t i o n  b e t w e e n  
w a v e  h e i g h t  a n d  c o n c e n t r a t i o n  of U ( I I I ) ,  and  e s p e -  
c i a l ly  t he  c o u l o m e t r i c  t i t r a t i on ,  p r o v i d e  use fu l  in situ 
a n a l y t i c a l  p rocedures .  This  t i t r a t i o n  is u n i q u e  in 
t h a t  i t  uses  an  o x i d a n t  e l e c t r o g e n e r a t e d  d i r e c t l y  
f r o m  a me ta l .  C o u l o m e t r i c  t i t r a t i o n  w i t h  a m p e r o -  
m e t r i c  e n d - p o i n t  de t ec t ion  in fused  LiC1-KC1 us ing  
e l e c t r o g e n e r a t e d  F e ( I I I )  as o x i d a n t  has  been  the  
sub j ec t  of a r e c e n t  p a p e r  (17) .  

The  absence  of f u r t h e r  o x i d a t i o n  w a v e s  a t  a 
g r a p h i t e  m i c r o e l e c t r o d e  in t he  p o t e n t i a l  r a n g e  b e -  
t w e e n  U ( I I I )  o x i d a t i o n  and  ch lo r ine  evo lu t ion  i n d i -  
ca tes  t h a t  U (V) and  U (VI )  a r e  u n s t a b l e  in t he  mel t ,  
a n d  conf i rms the  o b s e r v a t i o n  b y  G r u e n  (7) t ha t  no 
r e a c t i o n  occurs  w h e n  c h l o r i n e  is b u b b l e d  into  a 
so lu t ion  of UC1, in the  b i n a r y  eutec t ic .  

I t  has  long  been  k n o w n  (18) t ha t  p u r e  m o l t e n  
u r a n y l  ch lo r ide  can  be  e l e c t r o l y z e d  to p r o d u c e  UO~ 
a t  t he  ca thode  a n d  CI~ a t  t h e  anode.  The  p r e s e n t  
w o r k  w i t h  t he  u r a n y l  spec ies  c l e a r l y  d e m o n s t r a t e s  
t h a t  t he  e q u i l i b r i u m  

UO.~(VI) § 2e- ~ UO~(IV) [4]  

can  be  e s t a b l i s h e d  in t he  m e l t  LiC1-KC1, and  the  
m o v e m e n t  of t he  UO~ depos i t i on  p o t e n t i a l  t o w a r d  
less  n e g a t i v e  va lue s  as t he  UO~(VI)  c o n c e n t r a t i o n  is 
i nc r ea sed  is r e a d i l y  unde r s tood .  This  w o r k  also con-  
f i rms and  e x t e n d s  t he  o b s e r v a t i o n  b y  S m i r n o v  and  
I v a n o v s k y  (19) t h a t  anodes  of c o m p a c t e d  UO~ cou ld  
be  d i s so lved  a n o d i c a l l y  in  LiC1-KC1 eu tec t i c  a t  
650~ w i t h  t he  p r o d u c t i o n  of  u r a n y l  ions, and  t h a t  
i t  was  poss ib l e  to ob t a in  w e a k l y  a d h e r e n t  e l e c t r o -  
p l a t e s  of UO~ on m o l y b d e n u m  cathodes .  In  the  p r e s -  
en t  w o r k  i t  was  no t i ced  t h a t  a rgon  s t i r r i n g  of t he  
m e l t  d r a s t i c a l l y  a l t e r e d  the  p o t e n t i a l  of t he  UO~- 
p l a t e d  m i c r o e l e c t r o d e  in t h e  d i r ec t ion  cons i s t en t  
w i t h  t he  p h y s i c a l  r e m o v a l  of t h e  p la te .  S m i r n o v  and  
I v a n o v s k y  also s t ud i ed  the  p o t e n t i a l  of a UO, a n o d e  
a t  va r i ous  c u r r e n t  dens i t i es ,  a n d  b y  e x t r a p o l a t i o n  
to zero c u r r e n t  d e n s i t y  o b t a i n e d  a p o t e n t i a l  of --0.57 
v aga in s t  a c h l o r i n e - c h l o r i d e  r e f e r e n c e  e l ec t rode  at  

1 T h i s  c o n c l u s i o n  is i n  c o n t r a s t  to  t h a t  of  I n m a n ,  et  aL (5) w h o  
c o n c l u d e  t h a t  c o m p l e x i n g  of U ( I I I )  occu r s .  H o w e v e r ,  i t  a p p e a r s  
t h a t  t h e  c a l c u l a t i o n s  f r o m  w h i c h  th i s  c o n c l u s i o n  w a s  d r a w n  a r e  
i n  e r r o r ,  a n d  t h a t  t h e i r  d a t a  do n o t  s h o w  s i g n i f i c a n t  e v i d e n c e  of 
com!olex ing  of U ( I I I ) ,  a r e s u l t  i n  a c c o r d  w i t h  t h e  p r e s e n t  w o r k  
a n d  w i t h  t h a t  of  G r u e n  a n d  O s t e r y o u n g  (9) .  
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550~ in a d i l u t e  b u t  unde f ined  c onc e n t r a t i on  of 
UO~(VI) .  Us ing  the  v a l u e  (20) of --0.216 v for  t he  
d i f fe rence  b e t w e e n  the  s t a n d a r d  p o t e n t i a l s  of t he  
P t  ( I I ) - P t ( O )  and  CI~-C1- couples ,  t h e  p r e s e n t  w o r k  
y i e ld s  a v a l u e  of --0.501 v for  the  UO~(VI ) -UO~( IV)  
s t a n d a r d  p o t e n t i a l  a ga in s t  t he  s t a n d a r d  CI~-C1- r e f -  
e r ence  e l ec t rode  on t h e  mo le  f r a c t i o n  scale.  Tha t  th is  
is less  n e g a t i v e  t h a n  t h e  v a l u e  f o u n d  b y  S m i r n o v  
a n d  I v a n o v s k y  is to be  e x p e c t e d  in  v i e w  of the  l o w e r  
t e m p e r a t u r e  and  the  use  of un i t  mo le  f r ac t ion  as t h e  
s t a n d a r d  s ta te .  

The  he igh t s  of t he  UO~(VI)  r e d u c t i o n  w a v e s  a r e  
seen to be  an  a p p r o x i m a t e l y  l i n e a r  func t ion  of con-  
cen t r a t i on ,  bu t  i t  is diff icult  to d e t e r m i n e  t h e m  ac -  
c u r a t e l y  because  t h e y  a r e  not  too s teady ,  and  the  
p l a t e a u s  a r e  no t  smoo th  l ines.  In  th i s  case the  diffi- 
cu l t i es  a s soc ia t ed  w i t h  the  use  of s t a t i o n a r y  sol id  
m i c r o e l e c t r o d e s  a r e  p r o b a b l y  a c c e n t u a t e d  b y  u n e v e n  
or  r o u g h  g r o w t h  a n d  poo r  a d h e r e n c e  of t he  ox ide  
p l a t e ,  a n d  s t r a i g h t  l i ne  p lo t s  of  log  [ ( i ~ -  i ) ]  vs. 
p o t e n t i a l  do not  h a v e  the  s lope  e x p e c t e d  for  a 
2 - e l e c t r o n  process .  

W i t h  r e g a r d  to the  e l e c t r o d e p o s i t i o n  of pu re  u r a -  
n i u m  f r o m  fused  sa l t  ba ths ,  the  p r e s e n t  w o r k  shows  
c l e a r l y  tha t ,  in the  p r e p a r a t i o n  of u r a n i u m  b y  the  
r e d u c t i o n  of U ( I V )  in  a ch lo r ide  me l t ,  the  p r i m a r y  
p rocess  p roceeds  s t epwise ,  f irst  to U ( I I I ) ,  t hen  to t he  
me ta l .  In  v i ew of t he  m e a s u r e d  v a l u e  of the  U ( I V ) -  
U ( I I I )  r e d o x  po t en t i a l ,  the  m a j o r i t y  of m e t a l  ion 
i m p u r i t i e s  in t he  m e l t  can  ox id ize  U ( I I I )  to U ( IV) ,  
and  th is  is the  p r o b a b l e  cause  of t he  p re sence  of 
U ( I V )  in t he  me l t s  d e d u c e d  f rom t h e  in i t i a l  p o t e n -  
t i a l  of t he  i nd i ca to r  e l ec t rode  in t he  cou lome t r i c  
t i t r a t ions .  F u r t h e r ,  s ince  bo th  U ( I I I )  a n d  U ( I V )  r e -  
act  r a p i d l y  w i th  o x y g e n  to fo rm UO~(VI) ,  t he  r e -  
duc t ion  of e i the r  U ( I I I )  or U ( I V )  f rom a me l t  con-  
t a m i n a t e d  b y  o x y g e n  m u s t  r e su l t  in t he  inc lus ion  
of UO~ w i t h  t he  u r a n i u m  depos i t ,  and  f rom the  
m e a s u r e d  po ten t i a l s ,  bo th  U ( I I I )  a n d  u r a n i u m  m e t a l  
shou ld  be  capab le  of r e d u c i n g  UO.~(VI) to  UO~(IV) .  
F o r  t he  s ame  reasons ,  t he  r e v e r s i b l e  r e d o x  e q u i l i b -  
r i u m  b e t w e e n  u r a n i u m  d i s so lved  in a l iqu id  m e t a l  
and  U ( I I I )  in a m o l t e n  ch lo r ide  so lven t  w i l l  be  
u p s e t  b y  o x y g e n  i m p u r i t i e s  in t he  mel t .  
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Electrochemical Study of Metallic Oxides 
in Fused lithium Chloride-Potassium Chloride Eutectic 

H. A. Laitinen and B. B. Bhatia 

Noyes Chemical Laboratory, University of Illinois, Urbana, Illinois 

ABSTRACT 

The oxygen electrode does not behave reversibly in LiC1-KC1 at tempera-  
tures of 400~176 and at oxide ion concentrat ions of 0.1-0.2M. The following 
electrode systems behave revers ibly as electrodes of the second kind: Cu/  
Cu~O,O=; Pt/PtO,O=; Pd/PdO,O=; Bi/BiOC1,O=. The Ni/NiO,O= and Bi/Bi~O~,O: 
electrodes did not show reversible behavior. Because of the relat ively high 
solubilities of the metal  oxides, the applicabil i ty of the metal  oxide electrodes 
to the measurement  of oxide ion act ivi ty is l imited to solutions containing 
oxide ion in  concentrations comparable with, or greater than, that  contr ibuted 
by dissolution of the oxides. This l imit  is 10-sM or higher, depending on the 
system. The relat ively high solubil i ty of heavy metal  oxides in this solvent  is 
a t t r ibuted to the great complexing tendency of chloride ion. It is probable 
that  these oxides would be much less soluble in ni t ra te  and sulfate melts and 
thus their  ut i l i ty  as acidity electrodes could be extended to lower oxide con- 
centrations.  

A m o l t e n  a lka l i  me t a l  chlor ide so lvent  m a y  be 
said to be "buffered"  w i th  respect  to the  add i t ion  of 
Lewis  acids such as A1C1, because  of the  presence  of 
a large excess of the  w e a k l y  basic chlor ide ion. On 
the  o ther  hand ,  such a so lven t  can be r e n d e r e d  basic  
b y  the  add i t ion  of subs tances  such as oxide ion 
which are  more  s t rong ly  basic t h a n  chlor ide  ion. 

The purpose  of the  p re sen t  i nves t iga t ion  was  to 
d e t e r m i n e  the  feas ib i l i ty  of us ing  the  o x y g e n - o x i d e  
ion e lect rode or m e t a l - m e t a l  ox ide -ox ide  ion elec-  
t rodes for the  e lec t rochemica l  m e a s u r e m e n t  of oxide 
ion ac t iv i ty  in  m o l t e n  l i t h i u m  ch lo r ide -po ta s s ium 
chloride eutect ic  at  450 ~ A secondary  objec t ive  was  
to d e t e r m i n e  the  solubi l i t ies  of me t a l  oxides f rom 
emf m e a s u r e m e n t s .  

There  is cons iderab le  ev idence  for the  r eve r s i -  
b i l i ty  of the  o x y g e n - o x i d e  ion electrode at  t e m p e r a -  
tu res  of the  order  of 1000~ in  va r ious  mel t s  con-  
t a in ing  oxyanions .  The  ea r ly  w o r k  of B a u r  and  
E h r e n b e r g  (1) on borates ,  silicates, etc., and  of 
T readwe l l  (2) on me ta l  oxides, us ing  qua r t z  or por -  
cela in  as an  e lec t ro ly te  and  s i lver  as the  ind ica tor  
electrode,  had  ind ica ted  tha t  the  o x y g e n - o x i d e  ion 
was exh ib i t i ng  r eve r s ib l e  behavior .  

Cs~ki and  Dietzel  (3) r epor ted  on emf m e a s u r e -  
me n t s  in  cells i nvo l v i ng  p l a t i n u m  ind ica tor  e lec-  
t rodes in  bora te  melts ,  b u t  the i r  i n t e r p r e t a t i o n  of the 
resul ts  has been  cri t icized b y  Flood, Fo r l and ,  and  
Motzfeld (4) .  A n t i p i n  (5) used  a g raph i te  electrode,  
which  had  b e e n  anodized to m a k e  it b e h a v e  as an  
oxygen  electrode,  as a r e fe rence  electrode in cryol i te  
at 1050~ The  inves t iga t ions  of Lux  (6) l a rge ly  in  
su l fa te  and  phospha te  sys tems at 950~ were  the  
first which  c lear ly  showed the  feas ib i l i ty  of oxide 
ion ac t iv i ty  m e a s u r e m e n t s  us ing  a p l a t i n u m  elec-  
t rode  wi th  oxygen  gas. S imi la r  m e a s u r e m e n t s  were  
m a d e  by  Flood and  co -worke r s  (4, 7, 8) who d e m o n -  
s t ra ted  tha t  the  dependence  of the po ten t i a l  on oxide 
ion ac t iv i ty  obeyed the  Nerns t  equat ion .  

Work  at  lower  t e m p e r a t u r e s  has been  m u c h  more  
l imi ted  in  scope. Rose, Davis,  a nd  E l l i n g h a m  (9) 
made  m e a s u r e m e n t s  i nvo l v i ng  oxygen  electrodes in  
m o l t e n  NaOH con ta in ing  smal l  concen t ra t ions  of 
t in  or lead at  4000-700 ~ and  f ound  tha t  the  cells b e -  
haved  revers ib ly .  Hi l l  and  co -worke r s  (10) meas -  
u r ed  emfs of cells of the  type  

M / M O / C a O  in  Li~SO4-K~SOJPt,O~ [A]  
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at 550~176 and  concluded tha t  for iron,  copper, 
and  (at  t e m p e r a t u r e s  be low 658~ nickel ,  the cell 
emf agreed  wi th  tha t  ca lcu la ted  f rom the  free e n -  
ergy of fo rma t ion  of the  me ta l  oxide. Since both  of 
the electrodes used by  Hill,  e t  al .  theore t i ca l ly  r e -  
sponded equa l l y  to oxide ion act ivi ty ,  the  cell emf 
data  did no t  show w h e t h e r  the potent ia l s  of the  two 
types  of oxide ion electrodes i n d i v i d u a l l y  va r ied  
p roper ly  w i t h  oxide ion act ivi ty .  Selis and  c o - w o r k -  
ers (11) in  i n t e r p r e t i n g  the  ga lvan ic  behav io r  of a 
Mg-Ni  cell in  mois t  l i t h ium ch lo r ide -po ta s s ium 
chloride eutectic,  cons idered  tha t  the p o t e n t i a l - d e -  
t e r m i n i n g  sys tems were  Mg/MgO,O = and  e i ther  N i /  
NiO,O= (at  t e m p e r a t u r e s  of 445~176 or H~, N i /  
OH-,O = (at  t e m p e r a t u r e s  of 390~176  Once 
again,  the  i n d i v i d u a l  e lect rode behav io r  aga ins t  a 
re fe rence  e lect rode tha t  was  i n v a r i a n t  w i th  oxide 
ion ac t iv i ty  was  not  de te rmined .  

In  the p re sen t  inves t iga t ion ,  a p l a t i n u m  ( I I ) - p l a t i -  
n u m  electrode (12) was  used as a re fe rence  for the  
m e a s u r e m e n t  of the  po ten t ia l s  of the o x y g e n - o x i d e  
ion e lect rode and  of va r ious  m e t a l - m e t a l  oxide-  
oxide ion electrodes as a func t ion  of the  concen t r a -  
t ion of oxide ion. 

P rev ious  a t t empts  to measu re  revers ib le  oxygen  
potent ia ls ,  us ing  a p l a t i n u m  foil or g raph i t e  rod as 
an  ind ica tor  electrode,  had  been  unsuccess fu l  (13).  
In  the p re sen t  s tudy,  a porous  g raph i te  e lect rode 
was used, aga in  wi th  unsuccess fu l  resul ts ,  as wi l l  be 
seen below. 

For  an  e lect rode of the  second kind,  composed of 
a me t a l  M, its spa r ing ly  soluble  oxide MO~j2, and  
free oxide ion, the  Nerns t  equa t ion  is g iven  by  

E = E~ . . . .  ~- R T / n F  In  a~,+ [ 1 ] 

= E~ + R T / n F  In (K , ,~ /ao : )  "j~ [2] 

: E~ M + R T / 2 F  In Ka,, - -  R T / 2 F  In ao = [3] 

where  E~ ~ is the  s t a n d a r d  electrode po ten t i a l  1 for 
the me ta l  i o n - m e t a l  electrode,  and  Ko~, = a~ ~+~ln ao =, 

is the  ac t iv i ty  p roduc t  of the  spa r ing ly  soluble  oxide. 
The first two t e rms  on the r igh t  h a n d  side of Eq. [3] 
can be combined  to give the  s t anda rd  po ten t i a l  of 
the  electrode of the second kind,  or 

E : E~ . . . .  - -  R T / 2 F  In ao: [4] 

which  is the  Nerns t  equa t ion  for the electrode r e -  
act ion 

n 
MOn~ (solid) + n e -  ~- M + - -  O: [5] 

2 

F r o m  prev ious  work  on the e lec t romot ive  force 
series in  LiC1-KC1 (12) it m a y  be in fe r red  tha t  ac-  
t ivi t ies  m a y  be rep laced  by  concen t ra t ions  in Eq. 
[ 1 ] - [ 4 ]  if a ve ry  d i lu te  solut ion is chosen as the  
s t anda rd  state,  at least  if the  mole f rac t ion  of added 
solute is in  the r ange  10 -~ to 104. For  ana ly t i ca l  p u r -  
poses it wi l l  be c o n v e n i e n t  to adopt  the  m o l a r i t y  
scale of concen t ra t ion ,  a l though  s imple  convers ion  
factors to mola l i t y  or mole  f rac t ion  m a y  be appl ied  
if desired. The fo rma l  po ten t i a l  E ~ w r i t t e n  to de-  
scribe the e lect rode wi th  soluble  r eac tan t s  at  a con-  
cen t r a t ion  of 1M, wi l l  the re fore  be w r i t t e n  as E ~ the  
s t anda rd  potent ia l .  At  450~ the  Nerns t  factor  

1 T h e  I U P A C  s ign  c o n v e n t i o n  (14), in  w h i c h  h a i l - r e a c t i o n s  are  
w r i t t e n  as r e d u c t i o n s  a n d  the  s ign  re fe rs  to the  s ign  of t he  cha rge  
on the  me ta l ,  is used.  

2 . 3 0 3 R T / F  becomes 0.1434 v, so tha t  the theore t ica l  
slope of the plot  of po ten t i a l  aga ins t  log C, the  
loga r i thm of mo l a r  concen t r a t i on  of oxide ion, be -  
comes 71.7 m v  if a solid u n c h a r g e d  oxide is formed,  
regardless  of the  va lence  of the  metal .  Dev ia t ion  
f rom this slope impl ies  a d i f ferent  course of the  r e -  
action.  

The meta ls  in  this s tudy  were  chosen to have  
s table  oxides at the  opera t ing  t e m p e r a t u r e  and  to be 
compara t ive ly  noble ,  in order  tha t  the  electrode po-  
ten t ia l s  would  no t  become excess ively  nega t ive  and  
therefore  subjec t  to in t e r f e rence  by  traces of r educ i -  
b le  impur i t i es  in  the  presence  of excess oxide. 

Experimental 
The eutect ic  m i x t u r e  of 41 mole  % potass ium 

chlor ide and  59 mole  % l i t h i u m  chloride (me l t i ng  
po in t  352~ was  used as a so lvent  sys tem at 450~ 
the  w o r k i n g  t e m p e r a t u r e  in  this  inves t igat ion.  The  
t echn ique  of p r e p a r a t i o n  and  pur i f ica t ion as de-  
scr ibed in  a de ta i led  form ear l ie r  (15, 27) was fol-  
lowed. The re fe rence  electrode was  a p l a t i n u m  pla te  
immersed  in  a p l a t i n u m ( I I )  so lu t ion  p repared  in  a 
f r i t ted  glass c o m p a r t m e n t  by  anodic  d issolut ion wi th  
a k n o w n  q u a n t i t y  of electr ici ty.  Af te r  each expe r i -  
m e n t  the re fe rence  electrode c o m p a r t m e n t  was a n a -  
lyzed by  t i t r a t i on  for chlor ide  to de t e rmine  the  
a m o u n t  of solvent ,  and  the po ten t i a l  was corrected 
to a P t ( I I )  concen t r a t i on  of 1M by  ca lcula t ion  us ing  
the  Nerns t  equat ion .  

The associated appa ra tu s  and  e q u i p m e n t  used in  
fused salt  methodology  has been  descr ibed e l sewhere  
(16-19). 

The oxygen electrode was a porous graphite elec- 
trode, of a type described by Senderoff and Mellors 
(20), which was held in an oxygen atmosphere at 
400~ for 5 hr before use. 

In the study of metal oxides the solvent was com- 
partmented into medium porosity fused alumina or 
zirconia tubes. Prior to their actual use the tubes 
were soaked in hydrochloric acid for a few days in 
order to remove any basic oxides incorporated as 
binding agents in the tubes. After this treatment, 
the tubes were washed thoroughly with distilled 
water and dried at 500~ before they were inserted 
in the melt. There was no evidence for the presence 
of any objectionable species in the melt due to the 
use of these tubes. The residual current was found 
to be the same whether alumina or zirconia tubes or 
fritted glass compartments were used. Glass frits 
were used only when the study was purely qualita- 
tive in nature, for instance, when it was desired to 
observe color changes in the system. The solutes, 
generally anhydrous metallic salts, were added to 
the compartmentation tubes with the aid of a small 
platinum scoop which was mounted on a glass 
handle. At times, coulometric generation of metal 
ions by anodic oxidation of pure metal foils or wires 
was employed. At the conclusion of each experiment, 
the chloride content of each compartment was de- 
termined by an argentometric titration as described 
elsewhere (12). Thus, knowing the volume of the 
solution in the compartment, the concentration of 
solute at the time of measurement could be calcu- 
lated. 
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The a n h y d r o u s  meta l l i c  oxides were  p repa red  as 
follows: Ca lc ium oxide, p l a t i n u m ( I I )  oxide, and  
b i s m u t h ( I I I )  oxide were  made  by  v a c u u m  desicca-  
t ion  of commerc ia l ly  ava i lab le  a n h y d r o u s  samples.  
L i t h i u m  oxide was  p repa red  f rom an ana ly t i ca l  
g rade  sample  of l i t h i u m  hydrox ide  m o n o h y d r a t e  
according to a p rocedure  ou t l ined  by  Braue r  (21).  
N icke l ( I I )  oxide (22),  coppe r ( I )  oxide (21), pa l -  
l a d i u m ( I I )  oxide (23),  and  b i s m u t h ( I I I )  oxychlo-  
r ide  (21) were  p r epa red  according to ava i lab le  p ro -  
cedures.  

Results and Discussion 
The oxygen  electrode,  w h e n  d ipped into solut ions 

0.09M to 0.21M in l i t h i u m  oxide, was  found  v e r y  
slow to reach e q u i l i b r i u m  at t e m p e r a t u r e s  of 400 ~ 
500~ Af te r  6-7 hr, the  po ten t i a l  u sua l l y  had 
reached a cons tan t  value ,  the  final po ten t ia l s  at 
450~ be ing - -0 .212 ,  --0.328, a n d - - 0 . 4 0 7  v agains t  a 
1M P t ( I I )  re fe rence  electrode, at  oxide ion con-  
cen t ra t ions  of 0.094, 0.167, and  0.21M, respect ively .  
These data  do not  y ie ld  a l i nea r  s emi - loga r i thmic  
plot, and  the  ra te  of change  of po ten t i a l  wi th  con-  
cen t r a t i on  is much  grea te r  t h a n  pred ic ted  by  the  
Nerns t  equat ion.  The slope of the  "best"  s t ra igh t  
l ine  is abou t  0.6 v r a the r  t h a n  the  theore t ica l  0.0717 
v. S imi la r  behav io r  was observed at  400 ~ and  500~ 
It is concluded tha t  revers ib le  behav io r  could not  be 
achieved u n d e r  the condi t ions  of the p resen t  s tudy.  
I t  is l ike ly  tha t  ca rbon  takes  pa r t  in  the  po ten t i a l -  
d e t e r m i n i n g  react ion,  in  v iew of the  f inding by  
Smirnov ,  et al. (24) tha t  at  800~ in  KC1-NaC1 
sa tu ra t ed  w i th  CaO, the  p o t e n t i a l - d e t e r m i n i n g  reac -  
t ion  of a ca rbon  electrode is 

2Ca ++ + CO2 + 4e-~ C + 2CaO 

Consequently, the drifting potentials and nonequi- 
librium character in the present study are probably 
due to mixed electrode processes. 

The following metal oxides were studied in this 
investigation: copper(I) oxide, nickel(If) oxide, 
platinum (II) oxide, palladium (II) oxide, bis- 
muth(Ill) oxide. In addition, bismuth oxychloride 
was compared with bismuth (III) oxide. The general 
procedure was to add a weighed amount of an anhy- 
drous metal oxide to the melt collected in a zirconia 
tube and to measure the potential after each addi- 
tion, a metal rod or foil serving as the indicator elec- 
trode. /k di f ferent  p rocedure  was  fo l lowed wi th  b is -  
m u t h  oxide and  b i s m u t h  oxychlor ide  since meta l l ic  
b i s m u t h  is a l iqu id  at the  opera t ing  t e m p e r a t u r e  in  
this  inves t iga t ion  (450~ A t u n g s t e n  rod in con-  
tact  wi th  a b i s m u t h  pool was  used as a b i s m u t h  elec-  
trode.  Af te r  each add i t ion  of me ta l  oxide, the  so lu-  
t ion  was wel l  s t i r red  and  lef t  for 15-20 rain before  
a po ten t i a l  m e a s u r e m e n t  was made.  In  a lmost  all  
cases studied,  the  me l t  was s a tu ra t ed  w i th  the first 
add i t ion  of oxide and  no change  in  po ten t i a l  was  
observed  on subsequen t  addi t ions  of oxide. For  fol-  
lowing  the  r eve r s ib i l i t y  of these e lect rode systems, 
v a r y i n g  amoun t s  of l i t h i u m  or ca lc ium oxide were  
added  to es tabl ish  the  oxide ion concen t ra t ion .  These 
oxides are k n o w n  to be fa i r ly  soluble  in  l i t h i u m  
ch lo r ide -po ta s s ium chlor ide eutectic.  

To ca lcula te  the e q u i l i b r i u m  concen t r a t i on  of ox-  
ide ion, it was necessa ry  to take  into account  the  

Table I. Potential of Pd, PdO Electrode at'Various 
Concentrations of Added Oxide Ion 

Tota l  CaO E, vo l t ,  
added ,  CaO added ,  E {Ceil[B] ), v e r s u s  

m g  to 8.3 s t o i c h i o m e t r i c  [O=] corr,  vo l t  1M P t  
m l  cell  m o l a r  cone. m o l a r  m e a s u r e d  r e f e r ence  

0 0 7.0 x 10 -3 --0.2371 --0.3594 
7.8 0.0168 2.06 X 10 -2 --0.2700 --0.3923 

1 5 . 9  0.0342 3.60 X 10 -= --0.2862 --0.4058 
23.0 0.0494 5.07 X 10 -2 --0.2992 --0.4215 

con t r i bu t i on  f rom the so lub i l i ty  of the  me ta l  oxide. 
To i l lus t ra te  the procedure ,  the  m e a s u r e m e n t s  on 
the P d - P d O  sys tem are g iven  in  Tab le  I. The meas -  
u red  emfs of cells of the type  

P t l P t ( I I ) ,  ( h  mola r )  I ICaO (B mola r ) ,  
PdO ( so l id ) /Pd  [B] 

were  first ca lcu la ted  to a p l a t i n u m  (II)  concen t r a t i on  
of 1M, to give the  figures in  the last  co lumn.  F r o m  
the  s t anda rd  po ten t ia l  of the  P d ( I I ) , P d  electrode 
(--0.214 v vs. 1M Pt  ( I I ) ) ,  es t imates  of the  so lub i l i ty  
p roduc t  of PdO were  made,  us ing  the s to ichiometr ic  
concen t ra t ions  of ca lc ium oxide added ( c o l umn  2). 
The  two va lues  (6.63 and  6.49 X 10 -5, r espec t ive ly )  
es t imated  f rom the h igher  added oxide c o n c e n t r a -  
t ions  were  averaged  to give 6.56 X 10 -~. F r o m  the  
so lubi l i ty  product ,  us ing  a quadra t i c  solut ion,  the  
corrected oxide ion concen t ra t ions  were  calculated.  
The  oxide ion concen t r a t i on  of a sa tu ra t ed  so lu t ion  
of PdO wi thou t  added CaO wou ld  be expected  to 
be equa l  to the square  root of the so lubi l i ty  product ,  
or 8.1 X 10-'M. F r o m  the  s t a n d a r d  po ten t i a l  of pa l -  
l a d i u m  and  the  measu red  emf, a P d ( I I )  c o n c e n t r a -  
t ion  of 9.38 X 10-~M is ca lcula ted.  This suggests  tha t  
some in i t i a l  ox ida t ion  of Pd, p romoted  by  the  p res -  
ence of oxide ion, had occur red  before  the  oxygen  
had  been  comple te ly  f lushed f rom the  system. A 
be t t e r  es t imate  of in i t i a l  oxide concen t r a t i on  is g iven  
by  KsJ9 .38  X 10 -~-- 7.0 X 10-'M. 

The so lubi l i ty  of each me ta l  oxide was  es t imated  
by  th ree  procedures :  (a)  f rom the  m e a s u r e d  po t en -  
t ia l  of the  me ta l  in a so lu t ion  sa tu ra t ed  w i th  its ox-  
ide, (b)  f rom m e a s u r e m e n t s  of the  v o l t a m m e t r i c  
(po la rographic )  diffusion c u r r e n t  of a so lu t ion  sa tu -  
ra ted  w i th  the  oxide, and  (c) f rom E~ defined as 
the  s t a n d a r d  po ten t i a l  of the metal ,  me t a l  oxide 
e lect rode ob ta ined  f rom the  e x p e r i m e n t a l  cu rve  of 
e lect rode po ten t i a l  aga ins t  l oga r i t hm of oxide ion 
concen t r a t i on  ex t r apo la t ed  to a concen t r a t i on  of 1M 
(Eq. [4 ] ) .  

Two a l t e r na t e  procedures  were  used to p repa re  
hal f -cel ls .  In  the  first, a me t a l  was dissolved anod i -  
cal ly  in  the  me l t  and  l i t h i u m  or ca lc ium oxide was  
s u b s e q u e n t l y  added. In  the  second, a we ighed  
a m o u n t  of a n h y d r o u s  me t a l  chlor ide was  added to 
the  me l t  con ta in ing  the so luble  ca lc ium or l i t h i u m  
oxide. A br ie f  discussion of each m e t a l - m e t a l  oxide 
sys tem s tudied  wi l l  now  be given.  For  each e lec-  
t rode  system, a plot  of l oga r i t hm of m o l a r i t y  of ox-  
ide vs. po ten t i a l  aga ins t  1NI p l a t i n u m  re fe rence  elec-  
t rode  has been  made.  These plots are depic ted  in  Fig. 
1, 2, and  3. In  each f igure the  poin ts  are connec ted  
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Fig. 2. Experimental behavior of Pt/PtO,O = and Pd/Pd,O,O = 
electrodes. For comparison with theory, see text. 

by  the  best  s t ra igh t  line. The e x p e r i m e n t a l  and  theo-  
re t ica l  slopes are compared  in  the  text.  

Nicke l ( I I )  ox ide . - -The  n i c k e l - n i c k e l  oxide couple, 
NiO § 2e- = Ni + O=, was  the  first to be studied.  
Nickel  is k n o w n  to fo rm NiO as a s table  oxide and  
no oxychlor ide  of this  me ta l  is known .  The  concen-  
t r a t i on  of n icke l  ca lcu la ted  f rom the po ten t ia l s  is 
3.3 X 10 -' mole  liter-L The concen t r a t i on  found  f rom 
a po l a rog ram t a k e n  of a s a tu ra t ed  solut ion of NiO 
in  the  me l t  was  3.2 X 10-' mole  li ter- ' .  A plot  of log 
[O =] vs. E, shown  in  Fig. 1, showed a cons iderab le  
d e p a r t u r e  f rom the theore t ica l  slope and  there fore  
ind ica ted  i r r eve r s ib i l i t y  of the  system. The  slope 
ca lcula ted  by  the  least  squares  me thod  is 53 m v  as 
compared  to a theore t ica l  slope of 71.7 m v  for a re -  
ve rs ib le  ha l f  react ion.  The E~ va lue  can app rox i -  
m a t e l y  be quoted  as --1.23 v which  corresponds  to 

so lub i l i ty  of ca. i 0  - '  moles / l i t e r ,  ca lcu la ted  f rom the 
theore t ica l  slope. The e x p e r i m e n t a l  po in ts  on the  
f igure are  sca t tered  a nd  thus  ve ry  l i t t le  theoret ica l  
s ignificance can be a t t ached  to the E~ value.  The 
va lue  --1.23 v is more  posi t ive  t h a n  expected f rom 
E%~++_sl and  so lub i l i ty  of NiO es t imated  pola ro-  
g raph ica l ly  (--1.297 v ) .  

Two reasons  m a y  be advanced  for the  d i sc repancy  
b e t w e e n  theory  and  exper iment .  Firs t ,  the  N i ( I I ) -  
Ni sys tem m a y  act i r r eve r s ib ly  in  the  presence  of 
excess oxide ion. This  e xp l a na t i on  is implaus ib le  
because  of the h igh exchange  c u r r e n t  of the  Ni ( I I ) -  
Ni e lectrode (24) and  the  modera te  so lubi l i ty  of 
NiO in  LiC1-KC1. Second,  a h igher  n i cke l  oxide, e.g., 
Ni20,, m a y  be formed.  In  this ins tance  the  measu red  
poten t ia l s  would  be mixed  poten t ia l s  due to the  
presence  of NiO and  Ni20~. This e x p l a n a t i o n  appears  
to be more  p laus ib le ,  p a r t i c u l a r l y  because  the for-  
m a t i o n  of the  l a t t e r  oxide has b e e n  shown  to be 
p romoted  by  the  presence  of l i t h i u m  oxide (25).  
Ev idence  for the  ex is tence  of Ni~O~ at t e m p e r a t u r e s  
of 660~ and  h igher  in  mol t en  l i t h i u m  su l f a t e -po -  
t a s s ium sulfa te  eutect ic  has also been  pub l i shed  re -  
cen t ly  by  Hil l  and  co -worke r s  (10).  

Copper(,I) ox ide . - -The  so lubi l i ty  of Cu=O, as de-  
t e r m i n e d  f rom po ten t i a l  m e a s u r e m e n t s  a nd  f rom a 
c u r r e n t - v o l t a g e  curve,  was  3.8 X 10 -~ moles l i ter  -~ 
and  5.8 X 10 -~ moles  l i ter  -~, respect ively .  A plot  of 
log [O=] vs. E shown on Fig. 1 gave a slope of 66.2 
m v  and  the  E~ value,  --1.207 v. The  so lubi l i ty  
ca lcula ted  f rom the  E~ va lue  was  6.95 X 10 -~ 
moles l i te r  -~ which  is in  a g r e e me n t  w i th  the  va lues  
ob ta ined  direct ly.  Cor respond ing  to the  electrode 
reac t ion  Cu~O + 2e- ~- 2Cu % O=, the  sys tem C u /  
Cu~O,O = acts as an  electrode of the second kind,  bu t  
the  appl ica t ion  of this  electrode as an  ind ica tor  elec- 
t rode  for oxide ion is l imi t ed  by  the  h igh  so lubi l i ty  
of Cu~O. 
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Pla t inum(I I )  ox ide . - -A  sa tu ra t ed  so lu t ion  of PtO 
in  e q u i l i b r i u m  wi th  solid oxide w h e n  b rough t  in  
contact  w i th  the p l a t i n u m  foil e lect rode reg is te red  
a po ten t i a l  of --0.0546 v vs. a 3.28 X 10 -3 M P t ( I I )  
reference .  This  po ten t i a l  was  s table  over  a long  
per iod  (4-5 h r ) .  F r o m  the  po ten t i a l  the  so lubi l i ty  of 
PtO was ca lcula ted  to be 3.32 X 10 -3 moles  l i t e r  -~. 
The  effect of add i t iona l  inc reas ing  a m o u n t s  of CaO 
on the  po ten t i a l  was also fol lowed.  A plot  of log 
[O=] vs. E is shown in Fig. 2. The slope of the  plot  is 
72.5 m v  and  E~ is --0.3385 v. The so lubi l i ty  ca l -  
cu la ted  f rom the  E~ va lue  is 4.36 X 10 -3 moles 
l i te r  -~ which  is in  good a g r e e m e n t  w i th  the  me a s -  
u r ed  value .  

In  some expe r imen t s  P tO was gene ra t ed  i n t e r n a l l y  
by  anodiz ing  p l a t i n u m  foil in  the  me l t  in  the  p re s -  
ence of an  excess of CaO. A l t h o u g h  the  m e a s u r e -  
m e n t s  agreed  w i th  those ob ta ined  by  di rect  add i -  
t ion  of PtO, the  e s t ab l i shmen t  of e q u i l i b r i u m  was  
so slow tha t  it  took a lmost  24 hr  to m a k e  four  
m e a s u r e m e n t s .  S t i r r ing  of the  so lu t ion  or pass ing  
of smal l  c u r r e n t  (ca. 1 ~a),  whi le  the  m e a s u r e m e n t s  
were  made,  did no t  speed the a t t a i n m e n t  of equ i -  
l i b r i u m  apprec i ab ly  

Palladium(II)  oxide. - -Fol lowing the  p rocedure  
exp la ined  above, the so lub i l i ty  of PdO f rom p o t e n -  
t ia l  m e a s u r e m e n t s  was  ca lcu la ted  as 9.4 X 10 -~ moles 
l i te r  -~. The  plot  of log [O =] vs. E shown on Fig. 2 
gives a slope of 74.2 m v  and  E~ --0.514 v. The  
so lub i l i ty  ca lcula ted  f rom E~ is 8.1 X 10 -' 
moles  l i te r  -~. The a t t a i n m e n t  of e q u i l i b r i u m  in  this  
sys tem was  also e x t r e m e l y  slow. F r o m  the  e xpe r i -  
m e n t a l  data,  however ,  the  e lect rode sys tem appears  
to b e h a v e  as a r evers ib le  e lect rode of the  second 
kind.  

Bismuth  (I7I) ox ide . - - In  s tudy ing  the  Bi/Bi~O3,O= 
system, a r e - e v a l u a t i o n  of the  s t a n d a r d  po ten t i a l  of 
the  B i ( I I I ) / B i  e lectrode was  made.  Us ing  a t u n g s t e n  
e lect rode in  contact  w i th  a m o l t e n  Bi pool, a va lue  
o f - - 0 . 6 3  v vs. 1M P t ( I I ) / P t  on the  m o l a r i t y  scale 
was found.  This va lue  is in  a g r e e m e n t  w i th  the  va lue  
o f - - 0 . 6 4  +-- 0.01 v repor ted  e l sewhere  (24) ,  us ing  a 
t u n g s t e n  contact,  r a the r  t h a n  the  p rev ious  va lue  of 
--0.553 v o r ig ina l ly  repor ted  (12),  us ing  a p l a t i n u m  
contact .  The d i s ag reemen t  m a y  be a t t r i b u t e d  to a l loy 
f o r m a t i o n  b e t w e e n  p l a t i n u m  and  l iqu id  b i smuth .  

E x p e r i m e n t a l  va lues  of the po t en t i a l  of a b i s m u t h  
e lect rode in  the  presence  of sufficient solid Bi~O, to 
fo rm a solid phase, and  wi th  v a r y i n g  concen t ra t ions  
of oxide ion, added as CaO, are g iven  in  Fig. 3. The  
e lect rode po ten t i a l  fol lowed the  empi r i ca l  equa t ion  

E = --1.023 --  0.042 log [O=] [6] 

f rom which  K,~ = 3.2 X 10 -3 us ing  Eq. [3].  The  slope 
of the  logar i thmic  plot  (42 m v ) ,  however ,  does no t  
agree  wi th  the  theore t ica l  va lue  of 71.7 m v  g iven  in  
Eq. [4].  The va lue  of K,~ can also be es t ima ted  f rom 

the po ten t i a l  of the  b i s m u t h  pool in  the  presence  of 
Bi~O~ bu t  in  the  absence  of added  CaO (--0.8543 v 
vs. 1M P t ) ,  f rom which  [Bi*'] = 2.06 X 10-"M. If 
it  is a ssumed  tha t  [O =] = 3 / 2  [Bi +3]--3.09 X 10 -3 , 
a va lue  of K,p---- [Bi+"]"/"[O =] = 5.0 X 10 -' is es t i -  
mated ,  differing by  a lmos t  an  order  of m a g n i t u d e  
f rom the  es t imate  made  f rom the  in tercept .  
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F r o m  the  fact tha t  the  theore t ica l  Ne rns t  slope 
is no t  observed,  however ,  it can be i n f e r r ed  tha t  
the s imple  so lubi l i ty  e q u i l i b r i u m  of Bi~O3 is not  
reached.  If Bi~O3 dissolves t h rough  the  i n t e r m e d i a t e  
fo rma t ion  of BiO +, the  theore t ica l  N e r n s t  slope 
wou ld  no t  be  affected as long as solid Bi30, w e r e  
p resen t  at  equ i l ib r ium.  If Bi~O3 in te rac t s  to form a 
ne w  solid phase  of BiOC1 and  is p resen t  in  excess 
so t ha t  bo th  solid phases  exist,  t hen  the e q u i l i b r i u m  

Bi~O3(solid) + 2C1- ~ 2BiOCl(sol id)  W O = [7] 

wou ld  cor respond to a fixed oxide ion ( and  the re -  
fore b i s m u t h  ion)  act ivi ty .  Add i t ion  of excess oxide 
wou ld  m e r e l y  change  the  re la t ive  a m o u n t s  of the  
two solid phases.  On the  o ther  hand,  if all the  Bi~O~ 
were  conver t ed  to a n e w  solid phase of BiOC1, then,  
in  accordance  wi th  the  hal f  reac t ion  

BiOC1 (solid)  + 3e- ~ Bi + O= + C1- [8] 

a Ne rns t  slope of 2.3 RT/3F  (47.8 m v )  wou ld  be 
expected.  The  concen t r a t i on  of oxide ion, however ,  
wou ld  depend  on the  a m o u n t  of Bi~O~ as wel l  as 
CaO which  had  been  added. To c lar i fy  this  point ,  
a separa te  s tudy  of the  Bi/BiOC1,O = electrode was  
made.  

B i ( I I I )  oxychlor ide . - -The  b i s m u t h  e lect rode in  the  
presence  of solid BiOC1 and  added CaO was found  
to obey the  equa t ion  

E = --0.935 --  0.045 log [O=] [9] 

in  good a g r e e m e n t  wi th  the  theore t ica l  equa t ion  

E = E%~+~,Bf + RT /3F  In  K,~, --0.0478 log [O=] [10] 

where  K,~ = [Bi +3] [O=]. 
F r o m  the  in tercept ,  K,,, = 4.2 X 10 -7. F r o m  the  

po ten t i a l  in  the  absence  of added oxide (--0.782 v 
vs. 1M P t ) ,  a b i s m u t h  ion concen t r a t i on  [Bi +'] = 
6.6 X 10-' and  K,~ = 4.4 X 10 -~ are calculated,  in  
good a g r e e m e n t  wi th  the va lue  ca lcu la ted  f rom the  
in tercept .  Moreover ,  f rom the  po la rographic  wave  
he ight  for s a tu ra t ed  BiOC1, a so lubi l i ty  of 6.9 • 10 -3, 
co r respond ing  to K,~ ---- 4.8 X 10 -~, was  es t imated .  

It  m a y  be conc luded  tha t  the  e lec t rode  B i /  
BiOCI,O= is b e h a v i n g  r eve r s ib ly  and  tha t  the  above 
es t imates  of the  so lub i l i ty  are therefore  val id.  I t  
is i n t e r e s t i ng  to note  tha t  these da ta  ind ica te  no 
apprec iab le  i n t e r ac t i on  b e t w e e n  Bi § and  O= to fo rm 
a complex  such as BiO +. 

R e t u r n i n g  now to the  behav io r  of Bi~O,, it is clear 
f rom a compar i son  of Eq. [6] and  [9] that ,  at  the  
same added  oxide ion concent ra t ion ,  the  Bi30, e lec-  
t rode  showed a more  nega t ive  po ten t i a l  t h a n  the  
co r respond ing  BLOC1 electrode.  If Bi~O~ were  to i n -  
te rac t  according  to Eq. [7] to p roduce  BiOCI and  
oxide ion, the  oxide ion concen t r a t i on  w ou l d  be i n -  
creased a nd  qua l i t a t i ve l y  the  electrode po ten t i a l  
wou ld  be shi f ted  in  the  nega t ive  d i rec t ion  as ac tua l ly  
observed.  The  slope, however ,  would  be affected 
because  the  oxide a p p e a r i n g  f rom reac t ion  [7] 
wou ld  exe r t  more  inf luence  at  low concen t ra t ions  
t h a n  at h igh  concen t r a t i on  of added oxide ion. I t  
appears  p robab l e  t ha t  some in t e rac t ion  occurs be -  
t w e e n  solid Bi~O3 and  the  melt ,  bu t  tha t  e i ther  the  
reac t ion  is no t  as s imple  as r ep resen ted  by  Eq. [7] 
or the  s y s t e m  is slow to come to equ i l i b r ium,  or 
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both. In  an  event ,  the  Bi/Bi20~,O= elect rode cannot  
be rega rded  as a r eve r s ib l e  oxide ion electrode.  
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Solutions of Some Alkali Halides in the Pure Liquids 
and in Mixtures of N-Methylacetamide and Dimethylformamide 

Lyle R. Dawson and Walter W. Wharton 

Department of Chemistry, University of Kentucky, Lexington, Kentucky 

ABSTRACT 

Dielectric constants, densities, and viscosities of N-methylacetamide,  di- 
methylformamide,  and of mixtures  of these liquids have been determined at 
five temperatures.  Conductances, densities, and viscosities of solutions of so- 
dium and potassium bromides and potassium iodide in various mixtures  of 
these solvents have been measured at ten-degree  intervals  from 20 ~ to 50~ 
Variations in the dielectric constant  of the solvent over the range 35-165 
showed no influence on the degree of dissociation of these salts; they are es- 
sential ly completely dissociated in all of the solvent mixtures  studied. Differ- 
ences in mobili t ies of the ions are explained in terms of various specific types 
of solute-solvent  interactions. 

D u r i n g  the  pas t  few years  Dawson  and  c o - w o r k -  
ers have  pub l i shed  f rom This  Labo ra to ry  severa l  
papers  descr ib ing  the proper t ies  of solut ions  of elec-  
t ro ly tes  in  solvents  h a v i n g  high dielectr ic  constants .  
Very  large  degrees of dissociat ion and  co r respond-  
ence w i th  the  theore t ica l  Onsager  (1) conduc tance  
re la t ionsh ips  to concen t ra t ions  m u c h  grea te r  in  

these solut ions t h a n  in  wa te r  are a t t r i b u t a b l e  to a 
cons iderab le  ex ten t  to the  high die lect r ic  constants .  

The  inves t iga t ion  repor ted  in this  pa pe r  was de-  
s igned to s tudy  the inf luence  of la rge  changes in  
dielectr ic  cons tan t  on the  degree of e lectrolyt ic  dis-  
sociat ion and  the mobi l i t ies  of the  ions of some 
u n i v a l e n t  b romides  a nd  iodides. It  was  expected tha t  



Vol. 107, No. 8 A L K A L I  H A L I D E S  I N  L I Q U I D S  O F  N M A  & D M F  

some ins igh t  into the compara t ive  so lu t e - so lven t  
effects migh t  be ob ta ined  also f rom the resu l t s  of 
these studies.  

Experimental 
Apparatus and procedure.--The br idge  assembly  
and  procedures  for conduc tance  m e a s u r e m e n t s  as 
wel l  as viscosi ty  and  dens i ty  d e t e r m i n a t i o n s  have  
been  descr ibed  adequa t e ly  in  ear l ier  papers  (2 -4) .  
No s ignif icant  change  in the cell cons tan ts  of the  
conduc tance  cells could be detected over  the t e m p e r -  
a tu re  range  for which  they  were  used. The cells were  
held in  a t he rmos t a t ed  o i l - b a t h  m a i n t a i n e d  at  a 
cons tan t  t e m p e r a t u r e  to w i t h i n  +_0.1 ~ 
Solvents.--The p repa ra t i on  and  pur i f ica t ion of N-  
m e t h y l a c e t a m i d e  (NMA) and  d i m e t h y l f o r m a m i d e  
(DMF) has been  descr ibed p rev ious ly  (5, 6). The 
solvents  used in  this work  had  specific conduc tances  
in  the r ange  1 to 4 x 10 -7 ohm- '  cm -1 at 30 ~ 
Electrolytes.--The best  ob t a inab le  commerc ia l  
grades of sod ium and  po tass ium bromides  were  r e -  
crys ta l l ized twice f rom wa te r  and  alcohol mix tu res ,  
fused, t h e n  s tored in  a desiccator  over  m a g n e s i u m  
perchlora te .  

A n a l y t i c a l  grade  po tass ium iodide was r ec rys t a l -  
lized twice, dr ied  at  60 ~ in  a v a c u u m  oven,  t hen  
stored over  m a g n e s i u m  perchlora te .  
Solutions.--Solutions were  p repa red  and  d i lu t ions  
made  on a we igh t  basis. Al l  t r ans fe rs  were  made  in  
a dry  a tmosphere .  

Dielectr ic  cons tan t s  of the solvents  were  m e a s u r e d  
(7) at  20 ~ , 25 ~ , 30 ~ , and  40 ~ . Ex t r apo l a t ed  va lues  
were  used  for 50 ~ . 

Results and Discussion 
All  conduc tances  were  corrected by  sub t r ac t i ng  

the conduc tance  of the so lvent  f rom tha t  of the  so lu-  
tion. L i m i t i n g  e q u i v a l e n t  conductances  were  ob-  
t a ined  by  empi r ica l  ex t r apo la t ion  of plots of A vs. 

~/C. A l t h o u g h  the re  is some u n c e r t a i n t y  in  the  Ao 
values,  t hey  are be l ieved  to be accura te  gene r a l l y  to 
wel l  w i t h i n  1%. 

In  the  mixed  solvent  d i m e t h y l f o r m a m i d e  ( D M F ) -  
N - m e t h y l a c e t a m i d e  (NMA) there  are b r o u g h t  to-  
gether  isomeric  componen ts  hav ing  a p p r o x i m a t e l y  
equa l  densi t ies  bu t  w ide ly  differ ing viscosit ies and  
dielectr ic  cons tan ts  (Fig. 1). At  40 ~ , the r a nge  of 
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Fig. 1. Dielectric constants of the mixed solvents N-methyl- 
acetamide-dimethylformamide. 
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Table I. Summary of data for solutions of NaBr, KBr, and 
KI in DMF, NMA, and in the mixed solvent DMF-NMA 

% % 
N M A  D M F  S a l t  T e m p  Ao To Ao~?o 

0.0 100.0 KBr 20 78.2 0.00845 0.6604 
30 90.1 0.00746 0.6723 
40 99.8 0.00664 0.6626 
50 111.5 0.00598 0.6670 

NaBr 20 78.6 0.00845 0.6640 
30 89.2 0.00746 0.6654 
40 100.6 0.00664 0.6679 
50 111.8 0.00598 0.6688 

90.0 10.0 KBr 20 16.7 0.03765 0.6269 
30 21.3 0.02924 0.6214 
40 26.4 0.02336 0.6172 
50 32.0 0.01907 0.6095 

NaBr 20 16.4 0.03765 0.6186 
30 20.9 0.02924 0.6105 
40 25.9 0.02336 0.6060 
50 31.4 0.01907 0.5988 

0.0 100.0 KI 20 77.6 0.00845 0.6552 
30 88.3 0.00746 0.6586 
40 99.4 0.00664 0.6596 
50 110.4 0.00598 0.6604 

48.67 51.33 KI 20 39.9 0.01564 0.6234 
30 47.2 0.01314 0.6201 
40 54.9 0.01125 0.6177 
50 63.1 0.00976 0.6159 

90.0 10.0 KI 20 18.0 0.03765 0.6777 
30 23.0 0.02924 0.6728 
40 28.5 0.02336 0.6653 
50 34.4 0.01907 0.6575 

95.13 4.87 KI 30 20.4 0.03310 0.6759 
40 25.5 0.02635 0.6730 
50 31.3 0.02120 0.6631 

98.0 2.0 KI  30 19.1 0.03615 0.6905 
40 24.1 0.02830 0.6823 
50 29.7 0.02274 0.6754 

100.0 0.0 KI 30 18.1 0.03888 0.7053 
40 23.0 0.03021 0.6945 
50 28.5 0.02413 0.6875 

dielectr ic  cons tan ts  f rom 35 to 165 is spanned .  Vis-  
cosities v a r y  f rom 0.67 for DMF to 3.02 cent ipoises  
for NMA. Ear l i e r  w o r k  (4) has shown that  sod ium 
and  po tass ium bromides  and  iodides are  comple te ly  
dissociated in  pu re  NMA. 

A s u m m a r y  of p e r t i n e n t  data  for the  solut ions  
s tudied  is p r e sen t ed  in  Tab le  I. 

R a m a n  spect ra  a nd  i n f r a r e d  s tudies  (8) have  
shown tha t  in  NMA there  exists  a t r ans  d isposi t ion 
of the  oxygen  a tom and  the  a mi no  hydrogen .  H y d r o -  
gen bond i ng  at  these  two poin ts  produces  long  
chains  of molecules  l ead ing  to e x t r e m e l y  high d i -  
electr ic  constants .  In  an  u n s u b s t i t u t e d  amide  
such as f o r ma mi de  r a n d o m  associated forms occur 
which  pa r t i a l l y  cancel  con t r ibu t ions  made  by  ad -  
d i t iona l  molecules  and  the  dielectr ic  cons tan t  is 
lower.  If bo th  a mi no  hyd r oge ns  are  rep laced  b y  
a lky l  groups,  as in  DMF, h y d r o g e n  b o n d i n g  is no t  
possible  and  the dielectr ic  cons tan t  is r e l a t i ve ly  low. 

Add i t ion  of a smal l  a m o u n t  of DMF to NMA 
grea t ly  reduces  bo th  the  dielectr ic  cons tan t  and  the  
viscosi ty  by  d i s rup t i ng  the  long chains  of molecules .  
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Fig. 2. Absolute viscosities of the mixed solvents N- 
methylocetamide-dimethylformomide. 

Since the  densi t ies  of the  two pu re  componen t s  are 
so n e a r l y  equal ,  the  degree  of molecu la r  associat ion 
has l i t t le  inf luence  on the  dens i ty  of the  mix tu re .  

In  all  of the  solut ions  s tudied the  viscosi ty  increases  
as the  concen t r a t i on  of added e lec t ro ly te  becomes 
g rea te r  (Fig. 2). This  effect is more  p r o n o u n c e d  in  
m i x t u r e s  r icher  in  NMA. Increased  viscosi ty m a y  
resu l t  f rom so lva t ion  of the  ions by  a t t a c h m e n t  of 
separa te  solvent  molecules  which  are ava i lab le  in  
DMF or which  m a y  be produced  in  NMA by  d i s r up -  
t ion  of molecu la r  chains.  In  addi t ion,  the  viscosi ty 
of NMA solut ions  m a y  become grea te r  because  of 
o ther  changes  in  the  so lvent  s t ruc tu re  a r o u n d  the 
ions. In  pu re  NMA the  molecules  are a r r a n g e d  in  
long cha in l ike  groups.  These l i n e a r l y  disposed m o -  
l ecu la r  chains  move  past  one ano the r  w i thou t  grea t  
i n t e r f e rence  as the  l iqu id  flows. None lec t ro ly te  
solute par t ic les  which  exer t  l i t t le  inf luence on the  
so lvent  molecules  e n c o u n t e r  res is tance  which  is no t  
a b n o r m a l l y  grea t  as they  move  th rough  the  med ium.  
Ionic solute  par t ic les  at  lower  concen t ra t ions  exer t  
p ronounced  e lect ros ta t ic  a t t rac t ive  forces on var ious  
poin ts  along the  so lvent  molecu la r  cha in  b u t  p r o b -  
ab ly  d i s rup t  ex t ens ive ly  r e l a t ive ly  few of the  sol-  
ven t  molecu la r  groups.  U n d e r  the inf luence  of the  
electrostat ic  fields of these ions most  of the  mo lecu -  
lar  chains  a r o u n d  t h e m  are on ly  d is tor ted  so tha t  
they  become se r ra ted  and  curved.  T h e n  m o v e m e n t  
of the  so lven t  un i t s  pas t  one ano the r  or of solute  
par t ic les  t h rough  this  m e d i u m  is g rea t ly  h indered .  
I t  seems Iogical t ha t  this  effect m a y  be l a rge ly  r e -  
sponsible  for the  u n u s u a l  increase  in  viscosi ty wi th  
increas ing  concen t r a t i on  of added e lec t ro ly te  which  
is observed  in  NMA solut ions.  

The absence  of a m a x i m u m  or m i n i m u m  in the  
densit ies,  viscosities, or dielectr ic  cons tan ts  of the  
so lvent  m i x t u r e s  is an ind ica t ion  tha t  compound  
fo rma t ion  be tween  the  componen ts  does no t  occur. 
The fact tha t  on cooling a solvent  mix tu re ,  essen-  
t i a l ly  pu re  NMA crystal l izes  out, lends  add i t iona l  
ev idence  tha t  i n t e rac t ion  be tween  the  so lvent  com- 
ponen t s  is compa ra t i ve ly  sl ight  and  p r i m a r i l y  phys -  
ical  in  na tu r e .  

Solutions of sodium and potassium bromide . -  
Plots  of the  e q u i v a l e n t  conduc tance  as a func t ion  of 
the  square  root of the  concen t ra t ion  for sodium and  
po tass ium bromides  ( typ ica l  plots shown in  Fig. 
3-5) at  t en  degree  i n t e rva l s  f rom 20 ~ to 50 ~ in  
bo th  the  pu re  componen t s  and  in  the  90-10 N M A -  
DMF m i x t u r e s  are typ ica l  of h igh ly  dissociated elec- 
t rolytes .  Slopes of the  K B r  plots are s l ight ly  less 
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Fig. 3. Kohlrousch plots for solutions of potassium bromide 
in dimethylformarnide. 
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Fig. 4. Kohlrausch plats for solutions of potassium bromide 
in 90% N M A - ] 0 %  DMF. 

32 

A 
2r ~ ~  3O" 

0.04 

2 ~  

0.112 ! o.,, o~o o~, o~, 

Fig. 5. Kohlrausch plots for solutions of sodium bromide 
in 90% NMA-10% DMF. 

nega t ive  whi le  those for NaBr  are s l ight ly  more  
nega t ive  t h a n  the  theore t ica l  (Onsager )  slopes. The 
h igher  charge dens i ty  on the  sod ium ion wou ld  pro-  
duce g rea te r  i on - so l ve n t  i n t e r ac t i on  t h a n  in  the  case 
of the  po tass ium ion. This leads  to a grea te r  effective 
viscosi ty in  the  i mme d i a t e  e n v i r o n m e n t  of the  so- 
d i u m  ion a l though  the  two a lka l i  ion so lvodynamic  
un i t s  ma y  be of n e a r l y  equa l  sizes wi th  equa l  l imi t -  
ing conductances .  The g rea te r  so lubi l i ty  of the  so- 
d i u m  compound  lends  suppor t  to this  supposi t ion.  

Solutions of potassium iodide.--Potassium iodide 
is essen t ia l ly  comple te ly  dissociated in  both  of the 
pure  cons t i tuen t s  and  in  the  var ious  so lvent  m i x -  
tu res  (Fig. 6 and  7). In  p u r e  DMF the  ho va l ue  for 
K I  is abou t  1% less t h a n  for sodium and  po tas s ium 
bromides  (Tab le  I ) ;  in  the  90-10 D M F - N M A  m i x -  
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Fig. 6. Kohlrausch plots for solutions of potassium iodide 
in 98% NMA-2% DMF. 

so 

44 

320 0.~ 0,~ O.~N~ 0.~ O.lO' 0.112 0.'4 

Fig. 7. Kohlrousch plots for solutions of potassium iodide 
in 48.67% NMA-51.33% DMF. 

t u r e  Ao for  K I  is s e v e r a l  p e r  cent  g r e a t e r  t h a n  for  
t he  o t h e r  two  sal ts .  

S p e c u l a t i o n  conce rn ing  the  poss ib l e  m e c h a n i s m s  
of so lva t ion  of b r o m i d e  and  iod ide  ions  in N M A  and  
D M F  m a y  be  useful .  Because  of i ts  s m a l l e r  size and  
g r e a t e r  e l e c t r o n e g a t i v i t y ,  t he  b r o m i d e  ion w o u l d  be  
m o r e  l i k e l y  to u n d e r g o  h y d r o g e n  b o n d i n g  t h r o u g h  
the  a m i n o  h y d r o g e n  of NMA.  H y d r o g e n  b o n d i n g  w i t h  
D M F  w o u l d  not  occur.  In  D M F  so lva t ion  of an  e l ec -  
t r o n - d o n o r  ion could  p roceed  t h r o u g h  the  e l e c t r o -  
ph i l i c  n a t u r e  of t h e  c a r b o n  a t o m  in t h e  c a r b o n y l  
g roup  (9 ) .  So lva t i on  t h r o u g h  e l ec t ro s t a t i c  p h e n o m -  
ena  as i o n - d i p o l e  or  i o n - i n d u c e d  d ipo l e  effects w o u l d  
be  g r e a t e r  w i t h  t he  b r o m i d e  ion b e c a u s e  of i ts 
g r e a t e r  cha rge  dens i ty .  H o w e v e r ,  t he  m o r e  eas i ly  
d e f o r m a b l e  e l ec t ron  a t m o s p h e r e  of t he  iod ide  ion 
m a k e s  i t  m o r e  su scep t i b l e  to d i p o l e - i n d u c e d  d ipo le  
a t t r a c t i on .  

A c o m p a r i s o n  a t  40~ of 22.99 for  t he  l i m i t i n g  
e q u i v a l e n t  conduc t ance  of p o t a s s i u m  iod ide  in N M A  
w i t h  the  v a l u e  of 21.04 for  p o t a s s i u m  b r o m i d e  o b -  
t a i n e d  b y  Dawson ,  Sears ,  a n d  G r a v e s  (11) shows  
the  b r o m i d e  less  c onduc t i ng  b y  a b o u t  10%. A t  40 ~ 
the  Ao v a l u e  for  p o t a s s i u m  iod ide  in  N M A  is less  b y  
a f ac to r  of 4.32 t h a n  i t  is in DMF.  Ao for  p o t a s s i u m  
b romide ,  on the  o the r  hand ,  has  been  r e d u c e d  b y  a 
f ac to r  of 4.74 a t  t he  s ame  t e m p e r a t u r e .  A t  th is  t e m -  
p e r a t u r e  N M A  is 4.55 t i m e s  as v iscous  as DMF.  Thus  
i t  is seen t h a t  p o t a s s i u m  iod ide  is abou t  5% m o r e  
c onduc t i ng  and  p o t a s s i u m  b r o m i d e  is abou t  5% less  
c onduc t i ng  t h a n  w o u l d  be  e x p e c t e d  f rom v i scos i ty  
effects a lone.  These  da ta ,  in a d d i t i o n  to t he  fac t  t h a t  
the  g r e a t e r  c r y s t a l l o g r a p h i c  d i a m e t e r  of t he  iod ide  
ion w o u l d  t e n d  to m a k e  i t  less m o b i l e  t h a n  the  b r o -  
m i d e  ion, c o n s t i t u t e  s t rong  ev idence  t h a t  in  N M A  
the  b r o m i d e  ion is s o l v a t e d  to a g r e a t e r  e x t e n t  t h a n  
the  iod ide  ion. S i m i l a r  r e su l t s  a r e  o b t a i n e d  b y  com-  
p a r i n g  s o d i u m  b r o m i d e  and  p o t a s s i u m  iodide.  

The  r e su l t s  of th is  i n v e s t i g a t i o n  e m p h a s i z e  t h e  
d i f fe rences  in  t he  b e h a v i o r  of t he  two  h a l i d e  ions 
in D M F  a n d  in NMA.  
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A n y  discussion of this  pape r  wil l  appear  in a Dis-  
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JOURNAL.  
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A piece  of i ron  s ingle  c r y s t a l  abou t  2 m m  in d i a m -  
e t e r  and  10 m m  long was  used  for  t he  e x p e r i m e n t s  
d e s c r i b e d  be low.  One  end  of th i s  r o d  was  s h a r p e n e d  
to a t r u n c a t e d  w e d g e  b y  g r i n d i n g  and  t hen  e t ch ing  
w i th  h y d r o c h l o r i c  acid.  A s m a l l  p e r m a n e n t  m a g n e t  
( coe rc ive  force  a b o u t  300 O e r s t e d )  was  a t t a c h e d  to 
the  o the r  end  of the  s p e c i m e n  as i n d i c a t e d  in Fig.  1. 
In  th is  w a y  the  m a g n e t i c  i nduc t i on  of t he  s a m p l e  
was  k e p t  s a t u r a t e d .  

To s t u d y  e l ec t ron  d i f f rac t ion ,  an  e l ec t ron  b e a m  
abou t  0.05 m m  in cross  sec t ion  was  a l l o w e d  to g raze  
the  edge  of the  s p e c i m e n  (Fig .  1).  The  m a g n e t i c  d e -  
f lect ion of t he  i nc iden t  b e a m  can  be  m e a s u r e d  b y  
o b s e r v i n g  the  sh i f t  in pos i t i on  of the  d i f f rac t ion  
pa t t e rn .  The  p a t t e r n  f r o m  the  i ron  c r y s t a l  was  m e a s -  
u r e d  w i t h  r e spec t  to t he  i n v a r i a n t  pos i t ion  of the  
p a t t e r n  f rom a n o n f e r r o m a g n e t i c  gold  foil.  The  p a t -  
t e rns  f rom the  c r y s t a l  and  the  foi l  w e r e  s u p e r i m p o s e d  
b y  m e a n s  of a d o u b l e  e x p o s u r e  t e c h n i q u e  (1 ) .  

The  p a t t e r n  o b t a i n e d  f r o m  an  u n m a g n e t i z e d  

s a m p l e  ( the  same  i ron  c r y s t a l  w i t h  t he  p e r m a n e n t  
m a g n e t  r e m o v e d )  is s h o w n  in Fig .  2. The  spots  f r o m  
the  i ron  c rys t a l  f a l l  on r i ngs  w h i c h  a r e  concen t r i c  
w i t h  r ings  due  to t he  gold  foil.  Mos t  of the  spots  a r e  
a c t u a l l y  loca ted  on r ings  p r o d u c e d  b y  the  gold,  due  
to t he  n e a r  co inc idence  of the  i n t e r p l a n a r  spac ings  
of i ron  and  gold;  th i s  i nd i ca t e s  t h a t  the  spec imen  
con ta ins  no m a j o r  i n t e r n a l  s t resses .  

F i g u r e  3 shows  t h e  p a t t e r n  o b t a i n e d  f rom t h e  
m a g n e t i z e d  sample .  The  spots  due  to the  i ron  h a v e  
sh i f t ed  r e l a t i v e  to t he  r e f e r e n c e  gold  p a t t e r n ;  t he  
sh i f t  shows  the  m a g n e t i c  L o r e n t z  effect. 

Orientation--Figures 2 and  3 show t h a t  the  i nc i -  
d e n t  b e a m  was  p e r p e n d i c u l a r  to t he  (111) p l a n e  of 
the  i ron  s ingle  c r y s t a l  as we l l  as to the  m a g n e t i c  

i nduc t i on  Bo~l p e r p e n d i c u l a r  to t h e  ( 0 i l )  p lane .  The  
r e l a t i o n s  ex i s t ing  b e t w e e n  the  i n c i d e n t  beam,  t he  

E L E C T R O / ~ ~  - ~  

t ' I< ~e SINqLE 
I i CRYSTAL 

I I ~ K---NNqNET 

Fig. I. Arrangement of the specimen relative to the inci- 
dent beam. 

Fig. 3. Double diagram from the magnetized specimen and 
from a gold foil, showing the /orentz effect. Wave length, 
0.0288•; camera length; 495 ram; positive enlarged 2.3 
times. 

Fig. 2. Double diagram from the nonmagnetized specimen 
and from a gold foil; no korentz effect. 

C 

(oTO 

Fig. 4. Relation between the orientation of the specimen 
and the incident beam. 
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Fig. 5. Electron micrograph of the oxide fi lm on and 
separated from the specimen. 

Fig. 6. (o) Diffraction pattern from the oxide fi lm of Fig. 
5 (Fe304). In (b) the Mil ler indices are assigned to the cor- 
responding oriented diffraction arcs. 

o r i e n t a t i o n  of the  spec imen ,  and  the  d i r ec t ion  of i n -  
duc t ion  a r e  i l l u s t r a t e d  in Fig.  4. He re  t he  s h a d o w e d  
c i rc le  r e p r e s e n t s  the  cross  sec t ion  of t he  inc iden t  
beam.  

Electron microscopy . - -An ox ide  r ep l i ca  film 
( th i ckness :  a b o u t  200A) f o r m e d  on the  s t em su r face  
of t h e  s p e c i m e n  a n d  t hen  s e p a r a t e d  f r o m  i t  was  e n -  
l a r g e d  b y  m e a n s  of e l ec t ron  m i c r o s c o p y  (Fig .  5) .  1 
F i g u r e  5 p i c tu re s  the  o c t a h e d r a l  (111) f igures w i t h  
r e g u l a r  o r i en ta t ion .  This  conf i rms the  o r i e n t a t i o n  of 
the  s p e c i m e n  as d e t e r m i n e d  b y  the  d i f f rac t ion  p r o -  
cess. 

A n  e l ec t ron  b e a m  r u n n i n g  p e r p e n d i c u l a r  to the  
ox ide  f i lm face  of Fig.  5 gave  the  d i f f rac t ion  p a t t e r n  

1 T h i s  o x i d a t i o n  w a s  c a r r i e d  o u t  i n  a n  e u t e c t i c  b a t h  o f  K N O s -  
N a N O ~  a t  a b o u t  3 0 0 ~  T h e  o x i d e  f i l m  w a s  i s o l a t e d  f r o m  t h e  s u b -  
s t r a t e  w i t h  a C H s O H - B r  s o l u t i o n  [ e L  (3)  ] .  

F e  S I N G L E  C R Y S T A L  715 

shown  in Fig.  6 ( a ) .  This  p a t t e r n  is c h a r a c t e r i s t i c  of 
Fe,O~ c r y s t a l s  ( m a g n e t i t e ,  sp ine l  t y p e )  o r i e n t e d  as 
i l l u s t r a t e d  in Fig.  6 ( b ) .  In  t he  case  of Fig.  6 t he  i n -  
c i d e n t  b e a m  was  p a r a l l e l  to t he  (110) p l a n e s  of t h e  
Fe30~ c rys ta l s .  I t  is t h e r e f o r e  conc luded  t h a t  the  
(111) p l a n e  of the  i ron  s u b s t r a t e  is o r i e n t e d  p e r p e n -  
d i cu l a r  to the  (110) p l anes  of the  Fe30, c rys ta l s .  I t  
is k n o w n  e m p i r i c a l l y  t ha t  t h e r e  is a r e g u l a r  c r y s t a l -  
l o g r a p h i c  o r i e n t a t i o n  b e t w e e n  a f e r r o m a g n e t i c  s u b -  
s t r a t e  and  the  f e r r o m a g n e t i c  ox ide  f o r m e d  on i t  (2) .  
The  r e su l t  o b t a i n e d  in t h e  p r e s e n t  e x p e r i m e n t ,  
( 1 1 1 ) ~  • (ll0)~e~o,, cou ld  s e r v e  for  e s t i m a t i n g  the  
pos i t ion  of t he  i ron  c r y s t a l  ax i s  b y  m e a n s  of t h e  
ox ide  r ep l i ca  process .  

Magnetoanalysis . - -The d o u b l e  d i a g r a m  of Fig .  3 
m a k e s  i t  poss ib le  to ca l cu l a t e  the  m a g n e t i c  i n d u c -  
t ion B of the  spec imen  as a func t ion  of i ts  c r y s t a l  
axis .  W e  h a v e  a r e l a t i o n  b e t w e e n  the  m a g n e t i c  d e -  
f lect ion of the  i nc iden t  b e a m  r e a d i l y  m e a s u r a b l e  in 
Fig.  3 (AZ),  and  B. Tha t  is 

eLk ~ 1  
AZ -- ~ B dl [1]  

o 

w h e r e  e is the  e l ec t ron  cha rge  (1.6 x 10 -~~ e m u  ), L is 
the  c a m e r a  l e n g t h  (495 m m ) ,  X is t he  w a v e  l e n g t h  of 
t he  e lec t rons ,  h is P l a n c k ' s  cons t an t  (6.6x10 -~7 e rg  
sec) ,  and  l is the  m a g n e t i c  field t r a v e r s e d  b y  the  
e l ec t ron  beam.  

I t  is diff icult  to e s t i m a t e  t he  m a g n e t i c  p a t h  I in the  
p r e s e n t  e x p e r i m e n t .  The  fo l l owing  p rocess  was  e m -  
p l o y e d  to e s t i m a t e  the  v a l u e  of I. S ince  the  m a g n e t i c  
i nduc t i on  of the  s p e c i m e n  u n d e r  t he  cond i t ions  in 
Fig.  3 is a t  s a t u r a t i o n  i n d u c t i o n  [B ~ 20000 gauss  
(3) ], we  can ca l cu l a t e  the  m e a n  v a l u e  of l acco rd ing  
to Eq. [ 1 ]. He re  i t  is a s s u m e d  t h a t  B is homogeneous .  

We thus  ob t a in  1 = 4 ~, w h e r e  X = 0.0288 A and  ~Z = 

0.27 cm. T h i s - i - - v a l u e  can  t h e n  be  used  for  the  
f u r t h e r  m e a s u r e m e n t  of t he  B - H  cu rve  of t he  i ron  
s ingle  c rys ta l .  

Manuscr ip t  received March 16, 1960. 

Any  discussion of this  pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June  1961 JOUR- 
NAL. 
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Stress Corrosion Cracking 
D. van Rooyen 
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A m e c h a n i s m  in w h i c h  s t ress  cor ros ion  c racks  
i n i t i a t e  and  p r o p a g a t e  in  aus t en i t i c  s t a in less  s tee l  in 
p u r e l y  e l e c t r o c h e m i c a l  s tages  was  p o s t u l a t e d  b y  
H o a r  and  Hines  (1 -5 ) .  Such  a m e c h a n i s m  is s u p -  

p o r t e d  b y  r e c e n t  w o r k  (6) w h i c h  d e m o n s t r a t e d  t ha t  
no s teps  of m e c h a n i c a l  f r a c t u r e  cou ld  be  d e t e c t e d  at  
a n y  s tage  of t he  c r a c k i n g  p rocess  of 18-8 t y p e  s t a i n -  
less s tee l  in bo i l ing  m a g n e s i u m  c h l o r i d e  solut ions .  
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In  o r d e r  to account  for  o b s e r v e d  r a t e s  of c r a c k  p r o -  
paga t i on ,  i t  was  c a l c u l a t e d  t h a t  s e l ec t ive  d i s so lu t ion  
of the  h i g h l y  s t r e s sed  a d v a n c i n g  edge  of a c r a c k  
t a k e s  p l a c e  at  c u r r e n t  dens i t i e s  of t he  o r d e r  of 1 
a m p / c m  ~. H o a r  and  Wes t  (7)  d e m o n s t r a t e d  t h a t  18-8 
s t a in less  s tee ls  can  d i sso lve  a t  such h igh  c u r r e n t  d e n -  
s i t ies  w i t h o u t  m u c h  po la r i za t ion ,  p r o v i d e d  t h a t  t he  
su r f ace  is y i e l d i n g  r a p i d l y  a n d  p r o v i d e d  t h a t  con-  
c e n t r a t i o n  p o l a r i z a t i o n  is avo ided .  T h e y  c o n c l u d e d  
t ha t  anod ic  d i s so lu t ion  is h i g h l y  s t i m u l a t e d  b y  t h e  
m e c h a n i c a l l y  i nduced  m o v e m e n t  of t he  su r face  
m e t a l  a toms.  T h e y  f u r t h e r  r e p o r t e d  t h a t  s i m i l a r  t es t s  
on p u r e  n i c k e l  gave  no i n d i c a t i o n  of such a m e c h a n i -  
cal  effect in hot  aqueous  m a g n e s i u m  chlor ide .  

W h i l e  i t  is k n o w n  t h a t  n i c k e l  a n d  h igh  n i c k e l  a l -  
loys  do no t  suffer  ch lo r ide  s t ress  cor ros ion  c r a c k i n g  
(8 -13 ) ,  i t  is u n c e r t a i n  w h e t h e r  t h e i r  i m m u n i t y  
a r i ses  in t he  in i t i a t i on  or  in  the  p r o p a g a t i o n  stage.  
I t  is i m p o r t a n t  to k n o w  this ,  s ince  t he  w h o l e  c o r r e l a -  
t ion  m a d e  b y  H o a r  and  Wes t  b e t w e e n  s t a in less  s tee l  
and  n i c k e l  is b a s e d  on the  a s s u m p t i o n  t h a t  c racks  
a c t u a l l y  w o u l d  not  p r o p a g a t e  in to  n i c k e l  u n d e r  
t h e i r  condi t ions .  

S t u d i e s  on th is  m e c h a n i s m  of c r a c k i n g  a r e  u n d e r  
way .  A t t e m p t s  a r e  be ing  m a d e  to c o m p a r e  the  r e -  
s i s tance  of v a r i o u s  a l loys  to c r a c k  p r o p a g a t i o n  w i t h  
t h e i r  e l e c t r o c h e m i c a l  b e h a v i o r  w h i l e  c o r r o d i n g  at  
h igh  c u r r e n t  dens i t i e s  in bo i l ing  m a g n e s i u m  ch lo r ide  
solut ions .  S p e c i m e n s  a re  p r e p a r e d  b y  a rc  depos i t i ng  
a l a y e r  of a suscep t ib l e  m a t e r i a l ,  such as 304 s t a i n -  
less s teel ,  onto  a s t r ip  of t he  m a t e r i a l  to be  tes ted .  
The  c o m p o u n d  s a m p l e  is t hen  a l t e r n a t e l y  r o l l e d  and  
v a c u u m  a n n e a l e d  at  1065~ un t i l  t he  f inal  t h i ckness  
of a b o u t  0.045 in. is r eached .  The  s a m p l e  is g iven  
a f inal  a n n e a l i n g  t r e a t m e n t  a f t e r  m a c h i n i n g  the  
edges  and  is p l aced  u n d e r  d i r ec t  load  w h i l e  in con-  
t ac t  w i t h  t he  tes t  so lu t ion  w h i c h  is c o n t a i n e d  in a 
g lass  cell.  The  load  is h igh  enough  to cause  c racks  to 

Fig. 1. Cracks stopping at steel-nickel boundary. Magnifi- 
cation 150X before reduction for publication. 

s t a r t  in t he  su scep t i b l e  a l loy,  a n d  t h e i r  b e h a v i o r  is 
t h e n  s t u d i e d  a t  t h e  b o u n d a r y  b y  s u b s e q u e n t  m e t a l t o -  
g r a p h i c  e x a m i n a t i o n .  P a r a l l e l  tes t s  a r e  n e x t  c a r r i e d  
out  in  t he  w a y  d e s c r i b e d  b y  H o a r  a n d  Wes t  (7) .  

Resu l t s  so f a r  on n i cke l  h a v e  conf i rmed  the  a b -  
sence of m e c h a n i c a l  s t i m u l a t i o n  of i ts  anodic  d i s so lu -  
t ion.  F u r t h e r m o r e ,  s t ress  co r ros ion  cracks ,  w h i c h  
s t a r t  in the  304 t y p e  s ta in less  s tee l  of a b o n d e d  spec i -  
men ,  p roceed  to t he  n i cke l  b o u n d a r y  w h e r e  t h e y  
stop, Fig .  1. I t  can  be  seen t h a t  t he  c racks  p e n e t r a t e  
a sho r t  d i s t ance  in to  t he  t h in  i n t e r m e d i a t e  l a y e r  
t h a t  ex is t s  b e t w e e n  the  sens i t ive  a l l o y  and  the  n ickel .  
A f t e r  c r ack  i n f o r m a t i o n  and  p e n e t r a t i o n  in th is  p a r -  
t i c u l a r  e x p e r i m e n t ,  t he  s t ress  on the  n i cke l  was  43,-  
000 psi, not  a l l o w i n g  for  any  s t r e s s - r a i s i n g  effect a t  
the  t ips  of t he  c racks .  Resu l t s  to be  r e p o r t e d  l a t e r  
show t h a t  i t  is u n l i k e l y  t h a t  a g a l v a n i c  effect  b e t w e e n  
the  m e t a l s  cou ld  account  for  the  s topp ing  of c r acks  
at  t he  b o u n d a r y .  

The  r e su l t s  a r e  in a g r e e m e n t  w i t h  the  e l e c t r o -  
chemica l  m e c h a n i s m  of c r a c k i n g  (1 -5 ) ,  a l t h o u g h  
t h e y  do no t  d i r e c t l y  cons t i tu t e  f u r t h e r  proof.  
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Investigation of the Electrochemical Characteristics of 
Organic Compounds 

V. Heterocyclic Nitro Compounds 
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ABSTRACT 

A s tudy of the  e lec t rochemical  character is t ics  of n i t ropyr id ine  and o ther  
heterocycl ic  n i t ro  compounds shows tha t  the  cathode potent ia l  of these com- 
pounds dur ing  cur ren t  flow is dependent  on the a romat ic i ty  of the compound, 
as wel l  as the  type  and posi t ion of subs t i tuent  groups on the aromat ic  ring. 
The effect of these  factors  on the cathode potent ia l  is i n t e rp re t ed  in te rms of 
the e lect ron densi ty  d i s t r ibu t ion  in the molecule.  Pe r fo rmance  character is t ics  
of magnes ium d ry  cells containing 2 ,5-dini t rofuran and var ious  n i t ropyr id ine  
compounds as cathodes are  also presented.  

P r e v i o u s  w o r k  b y  the  a u t h o r s  (1, 2) has  d e a l t  
w i t h  t he  effect of va r i ous  t y p e s  of g roups  and  t h e i r  
pos i t ion  in  t he  m o l e c u l e  on the  ca thode  p o t e n t i a l  of 
a r o m a t i c  n i t ro  and  n i t r o a l k a n e  c o m p o u n d s  d u r i n g  
c u r r e n t  flow. As  an  ex t ens ion  of th is  work ,  a s t u d y  
of t he  e l e c t r o c h e m i c a l  c h a r a c t e r i s t i c s  of he t e rocyc l i c  
n i t ro  c o m p o u n d s  and  t h e i r  use  as  ca thodes  in  p r i -  
m a r y  cel ls  has  been  m a d e  a n d  is p r e s e n t e d  in th is  
pape r .  

Apparatus and Technique 
A t e c h n i q u e  p r e v i o u s l y  d e s c r i b e d  b y  the  a u tho r s  

(3)  has  been  used  to m e a s u r e  t he  o p e r a t i n g  p o t e n -  
t i a l  d u r i n g  c u r r e n t  flow and  the  cou lombic  c a p a c i t y  
of the  v a r i o u s  he t e rocyc l i c  n i t ro  compounds .  This  
t e c h n i q u e  consis ts  in d i s c h a r g i n g  at  a cons t an t  c u r -  
ren t ,  in a l a r g e  v o l u m e  of e l ec t ro ly t e ,  a 0 .5-g s a m p l e  
of the  he t e rocyc l i c  n i t ro  ca thode  m a t e r i a l  m i x e d  
w i t h  0.05 g of S h a w i n i g a n  a c e t y l e n e  b l ack .  The  
change  in ca thode  p o t e n t i a l  w i t h  t i m e  w a s  m e a s u r e d  
w i t h  a L&N t y p e - K  p o t e n t i o m e t e r ,  u s ing  a s a t u r a t e d  
ca lome l  r e f e r e n c e  e lec t rode .  M e a s u r e d  p o t e n t i a l s  
we re  c o r r e c t e d  for  t he  IR drop  a s soc ia t ed  w i t h  t he  
a p p a r a t u s  and  e l e c t r o l y t e  b y  m e a n s  of an  osc i l lo -  
g r aph i c  t echn ique .  

A l l  h a l f - c e l l  p o t e n t i a l  d a t a  r e p o r t e d  in th is  p a p e r  
a r e  r e f e r r e d  to t he  n o r m a l  h y d r o g e n  scale  and  in -  
c lude  a l iqu id  j u n c t i o n  po ten t i a l ,  w h i c h  in mos t  
cases  is sma l l  and  can be  neg lec t ed .  

F o r  mos t  of t he  m e a s u r e m e n t s  an  aqueous  m a g -  
n e s i u m  b r o m i d e  e l e c t r o l y t e  a n d  a m a g n e s i u m  anode  
w e r e  used.  F o r  s t u d y i n g  the  effect of p H  on p o t e n -  
t ial ,  a zinc anode  was  e m p l o y e d  w i t h  t he  ac id ic  
NH,CI-ZnCL-H~.O and  bas ic  NaOI-I-H~O e lec t ro ly t e s .  

Experimental Data and Discussion of Results 
Nitropyridine and Nitroquinoline Compounds 

A n u m b e r  of he t e rocyc l i c  c o m p o u n d s  possess  t he  
t y p e  of s t a b i l i t y  found  in benzene .  A m o n g  the  m o r e  
c o m m o n  he te rocyc les ,  p y r i d i n e  is less e a s i l y  subs t i -  
t u t e d  t h a n  benzene  and,  in gene ra l ,  su rpasses  i t  in 
a r o m a t i c  c h a r a c t e r  (4 ) .  On the  o t h e r  hand ,  t h e  

r e s o n a n c e  ene rg ie s  of t h i o p h e n e  (31 kca l )  a n d  f u r a n  
(23 k c a l )  i n d i c a t e d  t h a t  these  c o m p o u n d s  a r e  less  
s t ab l e  t h a n  be nz e ne  (39 kca l )  and  p y r i d i n e  (43 
k c a l )  (5 ) .  The  c h e m i c a l  r e a c t i v i t y  of t h i o p h e n e  and  
fu r an ,  in gene ra l ,  is in  good  a g r e e m e n t  w i t h  th i s  
fact .  

Be c a use  s u b s t i t u t i o n  of a r o m a t i c  c o m p o u n d s  u s u -  
a l l y  t a k e s  p l a c e  t h r o u g h  a t t a c k  b y  e l ec t ron  seek ing  
groups ,  pos i t ions  t h a t  have  the  g r e a t e s t  e l e c t r o n  
d e n s i t y  wi l l  be  s u b s t i t u t e d  mos t  r ead i ly .  H o w e v e r ,  
a n i t ro  g roup  on a pos i t i on  of h igh  e l e c t r o n  d e n s i t y  
is m o r e  diff icult  to r e d u c e  t h a n  one on a pos i t i on  of 
low e l ec t ron  d e n s i t y  (1, 2) and,  t he re fo re ,  one w o u l d  
e x p e c t  t he  ca thode  p o t e n t i a l  of a r o m a t i c  h e t e r o c y c l i c  
n i t ro  c o m p o u n d s  to be  g r e a t e r  for  those  c o m p o u n d s  
w h i c h  a r e  less  eas i ly  subs t i t u t ed ,  i.e., for  t he  m o r e  
h i g h l y  a r o m a t i c  sy s t e ms  such as p y r i d i n e .  

T h e  effect of a r o m a t i c i t y  a n d  g r o u p  s u b s t i t u t i o n  
on the electrode potential of heterocyclic nitro com- 
pounds was determined by half-cell potential stud- 
ies of a number of nitropyridine and nitroquinoline 
compounds discharged continuously in 250 g/l 
MgBr2.6H~O electrolyte at a rate of 0.005 amp/g. 
The half-cell discharge curves are presented in 
Fig. I-5, and theoretical capacity and electrode effi- 
ciency data for these compounds are given in Table 
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Fig. 1. Half-cell potent ial  studies of various heterocyclic 
n i t ro compounds disclqarged in 250 g / I  MgBr~ �9 6H20 elec- 
trolyte at  a rote of  0 .005 amp/g .  
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Table I. Theoretical capacities and electrode efficiencies of 
various nitropyridine and nitroquinoline compounds 

C o m p o u n d  

T h e o -  Experi-  
retical m e n t a l  

capacity, capacity,* Electrode 
a m p -  a m p -  efficien- 

min/g  m i n / g  cies, % 

nitrobenzene 78.4 - -  - -  
2-nitropyridine 77.7 51.5 66.3 
4-hydroxy-2-ni t ropyridine 69.0 56.8 82.3 
2-chloro-5-nitropyridine 60.9 46.9 77.0 
2-hydroxy-5-ni tropyridine 69.0 57.0 82.6 
2-hydroxy-3-cyano-5-ni t ro-  

pyridine 58.5 50.6 86.5 
2-amino-5-nitropyridine 69.3 60.6 87.6 
2-amino-3-nitropyridine 69.3 57.8 83.4 
4-amino-3-nitropyridine 69.3 65.5 94.5 
4-nitropyridine 77.7 43.2 55.6 
4-ni tropyridine-N-oxide 69.0 32.8 47.5 

m-dinitrobenzene 114.9 88.0 76.6 
3, 5-dinitropyridine 114.0 71.1 62.4 
2-h~droxy-3, 5-dinitropyri- 

dine 104.4 80.2 76.8 
2-chloro-3, 5-dinitropyri-  

dine 94.6 50.4 53.3 

1-nitronaphthalene 55.8 54.4 97.5 
8-nitroquinoline 55.4 51.3 92.6 
6-nitroquinoline 55.4 53.7 96.9 
5-nitroquino]ine 55.4 45.0 81.2 
5-nitroisoquinoline 55.4 48.0 86.6 
6, 8-dinitroquinoline 88.1 43.3 4.9.1 

* C a p a c i t y  c a l c u l a t e d  on t h e  bas i s  of  a - -0 .40  v e n d  p o t e n t i a l .  

I. The theoret ica l  capacit ies  were  computed by  
means of Fa raday ' s  Law, assuming a 6-electron 
change per  ni t ro group, and the electrode efficiencies 
were  calcula ted from the data  in Fig. 1-5, using a 
--0.40 v end potent ia l  to compute the capacities. 

F igure  1 shows ha l f -ce l l  discharge da ta  for n i t ro-  
benzene and 2 -n i t ropyr id ine  along with  thei r  cor-  
responding bicyelic compounds, l - n i t r o n a p h t h a l e n e  
and 8-ni t roquinol ine.  The higher  potent ia l  of 2-n i -  
t ropyr id ine  as compared with  ni t robenzene is unde r -  
s tandable  in te rms of resonance theory.  In pyridine,  
the n i t rogen atom has a g rea te r  a t t rac t ion  for elec- 
t rons than  has a carbon atom and decreases the 
ava i l ab i l i ty  of electrons.  Thus, the effect of reso-  
nance in pyr id ine  is to br ing electrons from the a 
or 2 and y or 4 posit ions to the n i t rogen atom, which 
decreases the electron densi ty  at  these posit ions re l -  
a t ive to tha t  at  the fl or 3 positions. The induct ive 
effect is also operat ive,  and because electrons are  
removed  from the B posit ions of py r id ine  as well ,  
this posit ion too has a lower  electron dens i ty  than 
found in benzene. The n i t ropyr id ines  then, because 
of the lower  electron densi ty  in the  v ic in i ty  of the 
reducib le  n i t ro  group, should have a grea te r  affinity 
for electrons and opera te  at  h igher  cathode poten-  
t ia ls  than  comparable  n i t robenzene  der ivat ives .  

The effect induced by  the n i t rogen a tom is s imilar  
to tha t  found in n i t robenzene as evidenced by  the 
fact  tha t  it is about  as difficult to subs t i tu te  on p y r i -  
dine as on ni trobenzene.  I f  this behav ior  is assumed 
to be caused by  the s imi lar  r ing electron densit ies 
of py r id ine  and ni t robenzene,  it would  be expected  
tha t  the  cathode poten t ia l  of 2 -n i t ropyr id ine  would 
be comparable  to tha t  of o-dini t robenzene.  Ha l f -ce l l  
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Fig. 2. Half-cel l  potential  studies of various nitropyridine 
derivotives discharged in 250 g / I  MgBr~ �9 6H~O electrolyte 
at a rate of 0 .005 amp/g .  

discharge studies of o-d in i t robenzene  under  s imi-  
lar  conditions of discharge confirm this reasoning. 

F igure  1 also shows tha t  the  s imple monocyclic 
n i t ro  compounds, n i t robenzene and 2-n i t ropyr id ine ,  
opera te  at h igher  potent ia ls  t han  the i r  cor respond-  
ing bicyclic compounds. These resul ts  are consistent 
wi th  the s t ronger  aromat ic  charac te r  of the mono-  
cycles as compared  wi th  the bicyl ic  compounds. Be- 
cause quinoline is re la ted  to naph tha lene  s imi lar ly  
to the way  py r id ine  is re la ted  to benzene, the h igher  
operat ing poten t ia l  of 8-n i t roquinol ine  as compared 
wi th  l - n i t r o n a p h t h a l e n e  is to be expected.  

In Fig. 2 a re  ha l f -ce l l  d ischarge data  for va r i -  
ous n i t ropyr id ine  der iva t ives  discharged at  a ra te  
of 0.005 a m p / g  in magnes ium bromide  electrolyte.  
These resul ts  indicate  that  the effect of subst i tuent  
groups and the i r  posit ion in the  molecule  on the po-  
tent ia l  of n i t ropyr id ine  compounds closely para l le l s  
the i r  effect on the  potent ia l  of n i t robenzene de r iva -  
tives. For  example ,  the presence of the e lec t ron- re -  
pel l ing hyd roxy l  group in 4 - h y d r o x y - 2 - n i t r o p y r i -  
dine causes the  cathode poten t ia l  of this  compound 
to be 0.15 v lower  than  the potent ia l  of 2 -n i t ropy-  
ridine.  The magni tude  of this effect is comparable  to 
tha t  found for the  corresponding ni t robenzene de-  
r ivat ives.  S imi l a r ly  the subst i tut ion of an electron 
a t t rac t ing  - -CN group in the -3 posit ion of 2 -hy -  
d r o x y - 5 - n i t r o p y r i d i n e  resul ts  in a compound, 2- 
h y d r o x y - 3 - c y a n o - 5 - n i t r o p y r i d i n e ,  wi th  a h igher  
opera t ing  potent ia l  than the pa ren t  compound. 

The ha l f -ce l l  po ten t i a l - t ime  discharge curves of 
these hyd r oxy  n i t ropyr id ine  compounds .show a 
s t r ik ing  s imi la r i ty  to those of the  hydroxy  aromat ic  
C-ni t roso compounds (6).  As is the  case wi th  the  
l a t t e r  compounds, the  high in i t ia l  opera t ing  po ten-  
t ials  of the h y d r o x y  n i t ropyr id ines  decrease r ap id ly  
durin~ the first 10 amp-ra in  of discharge and then 
assume a constant  value  for the  r ema inde r  of the 
discharge. 

This behavior  can be expla ined  in the fol lowing 
way:  both the  2- and 4 - h y d r o x y  pyr id ines  are 
tau tomer ic  wi th  the  pyr idones :  e.g., 
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Fig. 3. Half-cell potential discharge curves of 4-nirropyri- 
dine and 4-nitropyridine-N-oxide discharged at a rote of 0.005 
amp/g in various aqueous electrolytes. 

and it is bel ieved tha t  the high ini t ia l  potent ia l  of 
these compounds is a resul t  of the pyr idone  s t ruc-  
ture.  However,  dur ing  the discharge,  hydroxy l  ion 
is formed as a consequence of the cathodic reduct ion 
reaction, and a neut ra l iza t ion  react ion occurs wi th  
t ime between the hyd roxypy r id ine  form and the a l -  
kal ine e lect rolyte  wi th  the format ion of the  
s t rongly e lec t ron- repe l l ing  phenoxide  ion. At  this 
point, the cathode potent ia l  is due to tha t  of the 
hyd roxypyr id ine  salt, and it remains  constant  at the  
lower potent ia l  throughout  the remainder  of the 
discharge.  

The higher  potent ia l  of 4 - h y d r o x y - 2 - n i t r o p y r i -  
dine as compared wi th  tha t  of 2 - h y d r o x y - 5 - n i t r o -  
pyr id ine  is a t t r ibu ted  to the fact that  the ni tro group 
in the  former  compound is on a posi t ion of lower  
electron densi ty  than  the ni tro group in 2 - h y d r o x y -  
5 -n i t ropyr id ine  and is thus more read i ly  reduced.  
This behavior  is apparen t  when the possible reso-  
nance s t ructures  of pyr id ine  are  considered Thus, it  
would be expected tha t  2- and 4 -n i t ropyr id ine  com- 
pounds would opera te  at h igher  cathode potent ia ls  
than  comparable  3 -n i t ropyr id ine  compounds. 

In Fig. 3 the high cathode potent ia l  of 4 -n i t r opy -  
r ld ine  compounds is demons t ra ted  by  the ha l f -ce l l  
potent ia l  discharge curves of 4 -n i t ropyr id ine  and 
4 -n i t r opy r id ine -N-ox ide  obtained by  discharging 
these compounds at  a ra te  of 0.005 a m p / g  in aqueous 
MgBr~, NaOH, and NH~CI-ZnCL electrolytes.  The 
curves show that  both compounds opera te  at about  
the same potential ,  indicat ing the effect of the N - o x -  
ide group on the electrode potent ia l  to be very  small.  
In general ,  the e lectrode potent ia ls  of these 4 -n i t ro -  
pyr id ine  compounds increase wi th  decreasing e lec-  
t ro ly te  pH, a resul t  s imi lar  to tha t  found for the  
aromat ic  n i t robenzene compounds. However ,  unl ike  
the aromat ic  n i t robenzene compounds which have  
poor electrode efficiencies in s t rongly  basic e lect ro-  
lyte, 4 -n i t ropyr id ine  operates  at an efficiency of 
62.7% in this electrolyte .  

F igu re  4 gives ha l f -ce l l  potent ia l  discharge da ta  
for various 3 ,5-d in i t ropyr id ine  compounds dis-  
charged cont inuously in a 250 g/1 MgBr.~-6H_~O elec-  
t ro ly te  at a ra te  of 0.005 amp/g .  The da ta  show tha t  
the  d in i t ropyr id ine  compounds opera te  at  h igher  po-  
tent ia ls  than the i r  corresponding mononi t ropyr id ine  
compounds. For  example  2 -hyd roxy -3 ,5 -d in i t r opy -  
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Fig. 4. Half-cell potential studies of various dinitropyridine 
compounds discharged in 250 g/I  MgBr~ �9 6H~O electrolyte at 
a rate of 0.005 amp/g. 

ridine, for its first discharge step, operates  at  a po-  
tent ia l  app rox ima te ly  0.14 v h igher  than  that  of 
2 -hyd roxy-5 -n i t ropy r id ine .  In  addi t ion to the i r  
h igher  opera t ing  potentials ,  the d in i t ropyr id ine  
compounds have higher  theore t ica l  a m pe r e - minu t e  
capacit ies than  the mononi t ropyr id ine  compounds 
and consequent ly  show more promise  for use as 
cathode mater ia l s  in d ry  ce]ls. 

The data  in Fig. 4 i l lus t ra te  tha t  the effect of sub-  
s t i tuted groups on the potent ia l  of 3 ,5-d in i t ropyr i -  
dine is s imi lar  to that  found for the aromat ic  d in i -  
t robenzene and mononi t ropyr id ine  compounds. The 
0.08 v lower potent ia l  of m-d in i t robenzene  as com- 
pared  with  3 ,5-din i t ropyr id ine  also agrees wi th  
theory.  

The ha l f -ce l l  potent ia l  discharge curves of va r i -  
ous ni t roquinol ine  compounds given i~ Fig. 5 show 
that  the various isomeric mononi t roquinol ine  com- 
pounds opera te  at comparable  potent ia ls  of about  
--0.15 to --0.20 v for most of thei r  discharge ]ire. 
As expected,  the cathode potent ia l  of 6 ,8-dini t ro-  
quinoline is 0.1 v higher  than  the potent ia ls  of 6- 
and 8-ni t roquinol ine.  

The electrode efficiencies of the n i t ropyr id ine  and 
ni t roquinol ine  compounds are in general  quite high 
as indicated by the data  in Table I. For  the 3 - ( o r  5-) 
n i t ropyr id ine  compounds efficiencies of 77-95% are 
obtained,  whi le  the n i t roquinol ine  compounds oper -  
ate at e lectrode efficiencies ranging f rom 81-97%. 
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ni trothiophene compounds discharged in 250 g / I  MgBr2 �9 
6H20 electrolyte at  a rote of 0 .005 amp/g .  
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Table II. Theorletical capacities and efficiencies of various five 
membered heterocyclic nitro compounds 

H o w e v e r ,  t he  m o r e  s t r o n g l y  ox id iz ing  2- a n d  4 - n i -  
t r o p y r i d i n e  a n d  d in i t ropyr . id ine  c o m p o u n d s  h a v e  
l o w e r  efficiencies.  

N~trofuran, Nitrothiophene, and Other 
Five Membered Heterocyclic Nitro Compounds 

In  Fig.  6 a r e  h a l f - c e l l  p o t e n t i a l  d i s c h a r g e  cu rves  
of va r i ous  n i t r o f u r a n  and  n i t r o t h i o p h e n e  c o m -  
pounds .  Desp i t e  t he  w e a k l y  a r o m a t i c  c h a r a c t e r  of 
f u r a n  as c o m p a r e d  w i t h  b e n z e n e  a n d  th iophene ,  2-  
n i t r o f u r a n  o p e r a t e s  a t  a h i g h e r  ca thode  p o t e n t i a l  
t h a n  e i t he r  n i t r o b e n z e n e  or  2 - n i t r o t h i o p h e n e  u n d e r  
s i m i l a r  cond i t ions  of d i scha rge .  The  a p p a r e n t  a n o m -  
a lous  b e h a v i o r  of 2 - n i t r o f u r a n  m a y  be  e x p l a i n e d  b y  
the  fac t  t h a t  f u r a n  is not  a t r u e  a r o m a t i c  compound ,  
and  a n y  g e n e r a l i z a t i o n  b a s e d  on a r o m a t i c  b e h a v i o r  
w o u l d  no t  be  p e r t i n e n t  for  th is  compound .  F o r  e x -  
ample ,  f u r a n o b e h a v e s  l i ke  a t y p i c a l  d i ene  in  t he  
D i e l s - A l d e r  r eac t ion ,  w h i l e  r i ng  c l e a v a g e  b y  m i n -  
e ra l  ac id  shows  i ts  v i n y l  e t h e r  cha rac t e r .  H o w e v e r ,  
r e s o n a n c e  e n e r g y  cons ide ra t i ons  show tha t  f u r a n  has  
some c h a r a c t e r i s t i c s  of a t y p i c a l  a r o m a t i c  subs t ance  
as wel l .  I t  is t hus  a p p a r e n t  t h a t  t he  u n s a t u r a t i o n  of 
the  f u r a n  nuc l eus  wi l l  f r e q u e n t l y  m a n i f e s t  i t se l f  as 
a d i e n e  or  v i n y l  e ther ,  r a t h e r  t h a n  as a t r u e  a r o m a t i c  
s y s t e m  typ i f i ed  b y  benzene .  

The  d a t a  in Fig .  6 also i l l u s t r a t e  t he  effect  of s u b -  
s t i t u t ed  g roups  on the  p o t e n t i a l  of 2 - n i t r o f u r a n .  The  
ca thode  p o t e n t i a l s  of 2 - n i t r o f u r a n  d e r i v a t i v e s  i n -  
c rease  as t he  5 -pos i t i on  is s u b s t i t u t e d  w i t h  i n c r e a s -  
i n g l y  s t r o n g e r  e l e c t r o n e g a t i v e  groups ,  i.e., in t he  
o r d e r - - C H ~ , - - H , - - C H - - C H N O ~ , - - N O ~ .  As  w i t h  
the  o t h e r  n i t ro  c o m p o u n d s  s tud ied ,  t h e  effect of s u b -  
s t i t uen t  g roups  on the  ca thode  p o t e n t i a l  of  2 - n i t r o -  
f u r a n  can  be  e x p l a i n e d  b y  t h e i r  effect on t h e  e l ec -  
t r on  d e n s i t y  in t h e  v i c i n i t y  of t he  r e d u c i b l e  n i t ro  
group .  

I t  is s ign i f ican t  t h a t  t he  i nc rea se  in p o t e n t i a l  
caused  b y  t h e  a d d i t i o n  of a - -NO~ g roup  to t h e  -5 
pos i t ion  of 2 - n i t r o f u r a n  is 0.15-0.20 v g r e a t e r  t h a n  
t h e  i n c r e a s e  f o u n d  for  t h e  a d d i t i o n  of  a ~ N O ~  g r o u p  
to t he  or tho ,  pa ra ,  o r  m e t a  pos i t i on  of n i t r o b e n z e n e .  
In  th is  r e s p e c t  t h e  n i t r o f u r a n s  b e h a v e  m o r e  l i ke  t h e  
n i t r o a l k a n e s  t h a n  l ike  t he  a r o m a t i c  n i t ro  compounds .  
Moreove r ,  t h e  n i t r o f u r a n s ,  l i k e  t h e  n i t r o a l k a n e s ,  
h a v e  e x c e e d i n g l y  poo r  e l e c t r o d e  efficiencies in t h e  
lVIgBr~ e l ec t ro ly t e ,  g iv ing  v a l u e s  r a n g i n g  f r o m  16- 
31% for  t he  fou r  c o m p o u n d s  s tud ied .  

Compound 

T h e o -  E x p e r i -  
r e t i ca l  m e n t a l  

capac i ty ,  capaci ty ,*  E lec t rode  
a m p -  a m p -  efficien- 

m i n / g  m i n / g  cies, % 

ni t robenzene 78.4 - -  - -  
2 -n i t ro furan  85.5 13.6 15.9 
2, 5 -d in i t rofuran  122 30.7 25.2 
2 - n i t r o - I -  (5 -n i t ro fury l )  

e thy lene  52.4t 14.2 27.1 
2 -me thy l -5 -n i t r o fu ran  75.8 23.2 30.6 
2-n i t ro th iophene  74.8 31.6 42.2 
2, 4 -d in i t ro th iophene  111 20.9 18.8 
2, 5-dichloro-3,  4 -d in i t ro -  

th iophene  78.8 7.5 9.5 
2 -amino-5-n i t ro th iazo le  67.0 14.5 21.6 

1-n i t ronaphtha lene  55.8 54.4 97.5 
6-ni t roindazole  59.1 51.9 87.8 
6-ni t robenzimidazole  59.1 51.8 87.6 
5-ni t roindazole  59.1 16.5 27.9 
5-ni t robenzotr iazole  58.9 61.5 100 
5 -n i t ro -2-benz imidazo l -  

ethiol  49.5 43.0 86.9 

* Capac i t y  ca l cu l a t ed  on the  bas is  of a --0.40 v end  

Theo re t i c a l  c apac i t y  c a l c u l a t e d  on the  bas i s  of the  
f u r a n  n i t r o  g r o u p  only.  

po ten t i a l .  

r e d u c t i o n  of 

F i g u r e  6 also g ives  h a l f - c e l l  p o t e n t i a l  d i s cha rge  
cu rves  for  v a r i o u s  n i t r o t h i o p h e n e  d e r i v a t i v e s  a n d  
for  2 - a m i n o - 5 - n i t r o t h i a z o l e .  Be c a use  t h i o p h e n e  
u n d e r g o e s  the  t y p i c a l  subs t i t u t i on  r eac t i ons  of a r o -  
m a t i c  compounds  a n d  is m o r e  r e a c t i v e  t h a n  benzene ,  
i ts  n i t ro  d e r i v a t i v e  w o u l d  be  e x p e c t e d  to ope ra t e  at  
a l o w e r  ca thode  p o t e n t i a l  t h a n  n i t robenzene .  H o w -  
ever ,  the  d i s cha rge  cu rves  in Fig.  i a n d  6 show t h a t  
bo th  2 - n i t r o t h i o p h e n e  and  n i t r o b e n z e n e  o p e r a t e  a t  
c o m p a r a b l e  p o t e n t i a l s  of --0.20 v in  t he  m a g n e s i u m  
b r o m i d e  e l ec t ro ly t e .  The  effect on t h e  ca thode  p o -  
t e n t i a l  of a d d i t i o n a l  - -NOn and  - - C 1  g roups  on the  
t h i o p h e n e  nuc leus  is s imi l a r  to t h a t  found  w i t h  
o the r  n i t ro  c o m p o u n d s  as  e v i d e n c e d  b y  the  h igh  
c a t h o d e  po t e n t i a l s  of 2 , 4 - d i n i t r o t h i o p h e n e  and  2,5- 
d i c h l o r o - 3 , 4 - d i n i t r o t h i o p h e n e .  H o w e v e r ,  t he  d a t a  in  
T a b l e  II  show t h a t  t he se  c o m p o u n d s  o p e r a t e  at  e x -  
t r e m e l y  poor  e l e c t r o d e  efficiencies. 

The  th iazoles ,  w h i c h  a r e  s t r u c t u r a l l y  s imi l a r  to  
t h i o p h e n e  and  to p y r i d i n e ,  show r eac t i ons  s imi l a r  to 
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Fig. 7. Half-cell potent ial  curves of 2,5-d in i t rofuran and 
2-ni t rothiophene discharged at  a rate of 0 .005 amp /g  in var- 
ious aqueous electrolytes. 
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p y r i d i n e  r a the r  t h a n  those of th iophene .  This  be -  
havior  ~s p a r t i c u l a r l y  a p p a r e n t  m the  res is tance  
shown toward  s u b s t I t u t m n  reac t ions  and  zs e w -  
denced by  the h igher  cathode po ten t i a l  of 2 - a m l n o -  
5 -n i t ro th iazo le  as compared  wi th  n i t r o b e n z e n e  and  
z -n l t r o tn iophene .  

H a l , - c e l l  po ten t i a l  d ischarge s tudies  were  made  
on Z,5-dm~tro~uran and  z - n i ~ r o t n m p n e n e  to deter- 

mine the  erlect o~ p i t  on the opera t ing  po tenUal  and  
capaci ty  at  these compounds .  ~ ' lgure 7 shows tha t  
the ca~nocte capaci ty  oI Z ,5-d ln l t ro~uran  increases  
only  s lzgnuy wz~h decreas ing p i i  and  is cons~der- 
ably  less t han  the theore t ica l  capaci ty  (122 a m p -  
r a in /g )  at this compound.  S imi la r ly ,  2 -n i t r o th io -  
phene  shows no i m p r o v e m e n t  in  capacity wi th  the  
more  acidic NH,CI-ZnCI~ e lec t ro ly te  and  ac tua l ly  
shows a sl ight  decrease. The poorer  capacit ies  ob-  
t a ined  f rom these compounds  in  the  s t rong ly  basic 
NaOH elec t ro ly te  are  s imi la r  to those found  ~or the  
a roma tm n i t ro  and  n i t r o a l k a n e  compounds  and  can 
be a t t r i b u t e d  to the presence  of side p roduc t s  which  
are fo rmed  by  the  condensa t ion  of the p r i m a r y  re -  
duc t ion  products  and  to the poor s tab i l i ty  of these 
compounds  in  this  e lectrolyte .  

In  genera l  the effect of decreas ing  e lec t ro ly te  pH 
is to increase  the  cathode po ten t i a l  in  ag r ee me n t  
wi th  theore t ica l  considerat ions .  I t  is i n t e re s t ing  to 
note  tha t  the  effect of pH on the  cathode po ten t i a l  
of 2 ,5 -d in i t r o fu ran  is small ,  a r e la t ionsh ip  s imi la r  
to tha t  found  for the  n i t r oa lkanes  (2) bu t  d i f ferent  
f rom tha t  found  for the a romat ic  n i t ro  compounds.  
The behav io r  of 2 -n i t r o th iophene  in  this  respect  is 
closer to tha t  of the  a romat ic  n i t r o b e n z e n e  com- 
pounds.  

In  add i t ion  to the s imple  5 - m e m b e r e d  he te ro -  
cycl ic  compounds ,  each of the  heterocycl ic  com- 
pounds  can be fused to a benzene  r ing  to give b i -  
cyclic sys tems which  are comparab le  to n a p h t h a -  
lene and  quinol ine .  The ha l f -ce l l  po ten t i a l  d ischarge 
curves  of va r ious  bicycl ic  heterocycl ic  n i t ro  com- 
pounds  are p resen ted  in  Fig. 8. In  genera l ,  these 
compounds,  which  con ta in  two or th ree  n i t r ogen  
atoms in  the  5 - m e m b e r e d  r ing,  opera te  at potent ia l s  
h igher  t h a n  tha t  of 1 - n i t r o n a p h t h a l e n e  bu t  lower  
t h a n  t ha t  of the n i t roqu ino l ines .  As wi th  the  n i t r o -  
qu ino l ine  compounds  h igh electrode efficiencies are 
ob ta ined  wi th  these bicycl ic  heterocycl ic  n i t ro  cam-  
pounds.  
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Fig. 8. Half-cell potential  studies of various bicyclic hetero- 
cyclic nitro compounds discharged in 250 g/I M~Br2 �9 6H_~O 
electrolyte at o rate of 0.005 amp/g .  
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Fig. 9. AA-size magnesium dry cells containing various 
heteroeyclic nitro compounds as cathodes discharged conf in-  
uausly through 50- and 150-ohm resistances. 

Experimental Dry Cell Data 
E x p e r i m e n t a l  d ry  cells c o n t a i n i n g  var ious  he t e ro -  

cyclic n i t ro  compounds  as cathodes  were  assembled  
in the usua l  m a n n e r ,  us ing  an  AA-s ize  can of i mpac t -  
ex t ruded  m a g n e s i u m  AZ10A al loy and  a m a g n e s i u m  
bromide  electrolyte .  The cathode mix  (we igh ing  ap-  
p r o x i m a t e l y  5 g) consisted of two par t s  by  weight  
of Darco G-60 ca rbon  black to one pa r t  by  weight  
of the n i t r o p y r i d i n e  compounds .  For  cells con ta in ing  
2 ,5 -d in i t ro fu ran  as the cathode, two par t s  of the 
n i t ro  compound  was b l ended  wi th  one pa r t  by  
weight  of S h a w i n i g a n  ace ty lene  black.  

The pe r f o r ma nc e  charac ter is t ics  of these Mg/  
M g B r J h e t e r o c y c l i c  n i t ro  AA-s ize  cells on a 50- and  
150-ohm con t inuous  d ischarge  test  are  shown  in  
Fig. 9. The  opera t ing  vol tages of these cells closely 
pa ra l l e l  the i r  ha l f -ce l l  po ten t ia l s  af ter  correct ions  
are made  for the  ha l f -ce l l  po ten t i a l  of the  m a g n e -  
s ium anode,  which  operates  at a po ten t ia l  of about  
1.3 v in  this  electrolyte.  F r o m  the  l imi ted  she l f - l i fe  
data  avai lable ,  it appears  tha t  the  cells con ta in ing  
the  n i t r o p y r i d i n e  cathodes can be stored for ex-  
t ended  per iods of t ime  w i t hou t  an  apprec iab le  de-  
crease in cell per formance ,  whi le  the 2 ,5 -d in i t ro -  
f u r a n  cells do no t  have  an  apprec iab le  shelf  life. 

The use of heterocycl ic  n i t ro  compounds  as ca th-  
odes in  d ry  cells appears  to offer some advan tages  
over  the  n i t r o b e n z e n e  compounds  in  tha t  m a n y  of 
t hem opera te  at h igher  po ten t ia l s  at comparab le  
electrode efficiencies. At  present ,  these compounds  
are not  as r ead i ly  ava i l ab le  as the  n i t r o b e n z e n e  
der iva t ives ,  be ing  more  difficult to synthes ize ;  h o w -  
ever,  they  offer a vast  n e w  source of po ten t i a l  ca th -  
ode ma te r i a l s  for fu tu re  use. For  example ,  cons ide r -  
ing on ly  the  p y r i d i n e  compounds ,  a lmost  e ve r y  type  
of benzene  compound  has its ana log  in  the  p y r i -  
d ine  series, and  the  n u m b e r  and  types  of p y r i d i n e  
der iva t ives  are po t en t i a l l y  as ex tens ive  as those in  
the benzene  system. 
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Discharge of a I,ead-Acid Cell through an R-I_ Circuit 

J. J. Lander 1 and E. E. Nelson 

Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

Submar ine  cells of the lead-acid type were discharged through resistance- 
inductance circuits. The data are analyzed to show no contr ibut ion to voltage 
loss' other than IR losses in  the cell dur ing the ini t ial  voltage t ransient ;  con- 
sequently, a method is provided for the determinat ion of the in te rna l  resistance. 
Circuit geometry is an impor tant  factor de termining the types of discharge 
curves which can be obtained. 

It  has been  des i rab le  for va r ious  reasons  to de-  
t e r m i n e  the  i n t e r n a l  res i s tance  and  other  e lectr ical  
charac ter is t ics  of l ead -ac id  s torage cells (1 -5) .  Ex-  
p e r i m e n t a l  d e t e r m i n a t i o n s  of the  i n t e r n a l  res i s tance  
have  been  more  or less u n c e r t a i n  because  of p r e -  
sumed  effects con t r i bu t ed  by  po la r iza t ion  p h e n o m -  
ena  o ther  t h a n  IR drop. In  this  work,  m e a s u r e m e n t s  
i nvo lv ing  cell d ischarges  t h rough  a r e s i s t a n c e - i n -  
duc tance  series c i rcui t  are  shown  which  lead to a 
d e t e r m i n a t i o n  of the  i n t e r n a l  res is tance  of a fu l ly  
charged  cell. 

Theory  

W h e n  a cons tan t  vol tage  is d ischarged t h ro ugh  a 
r e s i s t ance - i nduc t ance  circuit ,  c u r r e n t  bu i lds  up wi th  
t ime  and  levels  off to a cons t an t  va lue  depend ing  
on the  res i s tance  and  the  i n d u c t a n c e  in  the  circuit ,  
according to the equation 

E = L d I / d t  + RI  [1] 

If this r e l a t ion  is appl ied  to the  circui t  shown in  
Fig. 1, it can be shown  tha t  the  vol tage  change  
measu red  across V~, af ter  the  switch is closed, wi l l  
be g iven  by  the  d i f ferent ia l  equa t ion  

Ro -~ RI 
dV~/d t  = -- \ ~ ) V~ § const. [2] 

At  the  i n s t an t  the  switch is closed, all  the  ene rgy  
suppl ied  by  the vol tage  source is con ta ined  in  the 
t e r m  L dI /d t ,  the va lue  of I be ing  zero. As t ime  
proceeds and  I bu i lds  up, the  vol tage  V~ wi l l  fal l  off 
l oga r i t hmica l ly  f rom its open -c i r cu i t  va lue  and  ap-  
proach a cons tan t  va lue  as d I / d t  approaches  zero. 
If R, is u n k n o w n ,  its va lue  could be d e t e r m i n e d  by  
m e a s u r i n g  the vol tage  V~ and  cu r r en t  w i th  t ime.  It  
would  be g iven  by  d iv id ing  the  c u r r e n t  at a n y  t ime  

1 P resen t  address :  Delco R e m y  Division,  Genera l  Motors Corpo- 
rat ion,  Anderson,  Indiana.  

Ro L 
, , , , ~WN ~ 

Vt 

R! 

Fig. 1. An R-L series circuit  

S 

I' 

in to  the  difference b e t w e e n  the  open -c i r cu i t  v a l u e  
of VT and its va l ue  at the  co r respond ing  t ime. R; 
migh t  also be ob ta ined  f rom the  slope of the dV~/d t  
vs. VT l ine if Ro and  L were  k n o w n .  

I t  might  be assumed  tha t  a l ead-ac id  cell d is -  
charg ing  t h r ough  an  R- L  circui t  could be r e p r e -  
sented  for some in i t i a l  t ime  i n t e r v a l  by  the  c i rcui t  
g iven  in Fig. 1. The  two po ten t i a l  sources wou ld  
correspond to the  posi t ive  and  nega t ive  plates  and  
V~, the  vol tage  m e a s u r e d  across the  cell t e rmina l s .  

It  is not  to be supposed tha t  this  c i rcui t  would  r e p -  
resen t  the cell over  a whole  per iod  of t r ans i en t  vo l t -  
age, because o ther  k inds  of po la r iza t ion  besides IR 
drop are known.  These would  r e n d e r  the  vol tage  
source noncons tan t ,  and  Eq. [2] would  no t  be ade -  
quate .  If, however ,  the  add i t iona l  po la r iza t ion  should 
be slow to develop compared  to the  t ime  necessary  
for the i nduc t ance  field to be es tabl ished,  the p ro -  
posed circui t  wou ld  be a good r ep re sen t a t i on  of the  

in i t i a l  vol tage  t r ans i en t .  
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Fig. 2. Cell top and switch 

Exper imenta l  W o r k  
E x p e r i m e n t a l  w o r k  cons i s t ed  in d i s c h a r g i n g  a 

f u l l y  c h a r g e d  s u b m a r i n e  ce l l  (~-, 7000 a m p - h r  n o m -  
ina l  c a p a c i t y )  t h r o u g h  r e s i s t ances  of k n o w n  va lues ,  
w h i l e  cel l  v o l t a g e  and  v o l t a g e  d rop  across  a n o t h e r  
s m a l l  r e s i s t ance  in  ser ies  w e r e  r e c o r d e d  as  a f u n c -  
t ion  of t ime.  The  r e s i s t ance  cons i s t ed  of u a n d  1 in. 
b r a i d e d  copper  cables ,  o r  l eng th s  of these  in pa ra l l e l ,  
in  ser ies  w i t h  a short ,  h e a v y  b ra s s  t ube  of r e s i s t ance  
1.4 x 10 -+ ohms.  This  t u b e  was  p r o v i d e d  for  m e a s u r -  
ing  cu r ren t .  A swi t ch ing  dev i ce  was  m o u n t e d  on the  
cel l  t e r m i n a l s  as s h o w n  in F ig .  2. The  cab le s  w e r e  
a r r a n g e d  in b ig  loops,  4-5 f t  in  d i a m e t e r  to s u p p l y  
the  induc tance .  I t  was  a t t e m p t e d  to keep  the  i n d u c -  
t ance  loop r e l a t i v e l y  cons tan t .  Res i s t ances  w e r e  
m e a s u r e d  b y  r u n n i n g  c u r r e n t s  of a b o u t  100 a m p  
t h r o u g h  a p p r o p r i a t e  p a r t s  of t he  c i rcu i t  a n d  m e a s -  
u r i n g  v o l t a g e  d rops  w i t h  a p r e c i s i o n  p o t e n t i o m e t e r .  

In  F ig .  2, A is a h e a v y  s i x - b l a d e d  k n i f e  swi t ch  
used  to  open  the  c i rcu i t ;  a fuse  was  p l aced  in p a r -  
a l l e l  to t a k e  the  load  w h e n  the  swi tch  was  o p e n e d  
and  t hen  b u r n  out  to b r e a k  the  d i s c h a r g e  c i rcui t .  The  
c i rcu i t  was  c losed  b y  d r i v i n g  the  w e d g e  swi t ch  B 
into  i ts  sea t  in t he  m o u n t i n g .  B was  des igned  to 
m a k e  the  c i r cu i t  q u i c k l y  and  comple t e ly .  A l l  m e -  
c h a n i c a l l y  con tac t ing  p a r t s  w e r e  s i l v e r - p l a t e d  to 
r e d u c e  con tac t  res i s tance .  U n d e r  bes t  cond i t ions  t he  
to ta l  r e s i s t ance  of t he  sw i t ch  m o u n t i n g  could  be  r e -  
duced  to 15-20 x 10 -+ ohms.  

P r o c e d u r e  fo r  m a k i n g  a r u n  was  as  fo l lows.  The  
cel l  was  c h a r g e d  to fu l l  gass ing  and  t h e n  a l l ow e d  
to si t  on open  c i rcu i t  o v e r n i g h t  for  the  v o l t a g e  to  
become  s teady .  The  s h u n t  r e s i s to r s  w e r e  c l a m p e d  
into  p l a c e  w i t h  bo th  swi t ches  open  and  t h e i r  r e -  
s i s tance  v a l u e s  m e a s u r e d .  V o l t a g e  connec t ions  w e r e  
m a d e  to t h e  r e c o r d e r  f r o m  t h e  p r o p e r  p l aces  in t h e  
d i s c h a r g e  c i rcu i t ;  t he  k n i f e  swi t ch  was  c losed and  
the  w e d g e  swi tch  s l a m m e d  home.  C u r r e n t  was  a l -  
l o w e d  to r u n  for  t h e  d e s i r e d  pe r i od ;  t he  c i r cu i t  w a s  
b r o k e n  and  the  cel l  c h a r g e d  for  a n o t h e r  run .  

Cel l  vo l t ages  (Vp) w e r e  m e a s u r e d  at  t h e  tops  of 
t h e  p l a t e s  ins ide  t he  cell ,  b ecause  p r e l i m i n a r y  d a t a  
showed  t h a t  m e a s u r e m e n t s  m a d e  across  t he  cel l  
t e r m i n a l s  i n c l u d e d  e n o u g h  i n d u c t a n c e  c o n t r i b u t i o n  
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Fig. 4. Current vs. t ime 

to r e n d e r  r e su l t s  v e r y  diff icult  to a n a l y z e  q u a n t i t a -  
t i ve ly .  S i m i l a r l y ,  t he  short ,  heavy ,  b r a s s  t u b e  was  
u sed  so no a p p r e c i a b l e  i n d u c t a n c e  w o u l d  be  i n c l u d e d  
in t he  c u r r e n t  m e a s u r e m e n t .  

A B r u s h  r eco rde r ,  t y p e  BL-202,  was  used  to 
m e a s u r e  vol tages .  T i m e  could  be  e s t a b l i s h e d  to w i t h i n  
0.002 sec. This  was  cons ide red  to be  of sufficient  
p rec i s ion  because  t h e  i n i t i a l  t r a n s i e n t s  e x i s t e d  for  
t i m e s  of 0.04-0.10 sec, d e p e n d i n g  on the  L / R  ra t io ,  
and  b e c a u s e  t he  m e a s u r e d  vo l t ages  rose  ( f r o m  zero, 
in t he  case of c u r r e n t )  and  fe l l  a w a y  ( f r o m  OCV, 
in t he  case of cel l  v o l t a g e )  v e r y  smoo th ly .  

D a t a  
F i g u r e s  3 and  4 show v o l t a g e  d e c a y  and  c u r r e n t  

r i se  cu rves  ove r  t he  f irst  0.1 sec or  so, for  t he  cel l  
sho r t e d  t h r o u g h  e x t e r n a l  shun t s  h a v i n g  re s i s t ances :  
171, 193, 354, and  624 x 10 -6 ohms.  These  d a t a  w e r e  
a l l  checked  once and  d u p l i c a t e  t r aces  c he c ke d  a lmos t  
e x a c t l y  w h e n  s u p e r i m p o s e d .  

Discussion and  Conclusion 
The  s lopes  of t he  v o l t a g e - t i m e  cu rves  w e r e  m e a s -  

u r e d  and  a re  s h o w n  p l o t t e d  a ga in s t  t he  cel l  vo l t age  
in Fig .  5. The  cu rves  a re  l i nea r ;  t h e r e f o r e  Eq. [2]  
de sc r ibe s  t h e  d i s cha rges  ove r  these  t r a n s i e n t  per iods ,  
i.e., t h e s e  po r t i ons  of t h e  d i s c h a r g e  d a t a  r e p r e s e n t  
a cons t an t  p o t e n t i a l  d r i v i n g  c u r r e n t  t h r o u g h  an  R - L  
c i rcui t .  

P r e s u m a b l y ,  t he  cel l  v o l t a g e  m i g h t  be  cons t an t  
ove r  t he  r anges  i n c l u d e d  in  Fig .  5 and  y e t  i nc lude  
some in i t i a l  con t r ibu t ion ,  o t h e r  t h a n  ]R~, to  v o l t a g e  
decay .  There fo re ,  t he  cu rves  of Fig .  6 a r e  shown  
w h e r e  t he  v o l t a g e  d r o p  f rom open  c i r cu i t  is p l o t t e d  
a ga in s t  s e ve r a l  v a l u e s  of c u r r e n t  for  each  d i scha rge .  
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la ted  f rom the  slopes of the  curves  of Fig. 5, k n o w -  
ing R, a nd  R~, r anged  b e t w e e n  5 and  7 x 10 -6 henry .  

One  r u n  was  m a d e  in  which  t ime  was  ex tended  
out  to 2 sec, du r ing  wh ich  cell vol tage  and  single 
e lect rode poten t ia l s  w e r e  measured .  F o r  this run ,  
no po la r i za t ion  was e v i de n t  at  t he  nega t i ve  p la te  
af ter  0.1 sec, the to ta l  con t r i bu t i on  f rom sources 
o ther  t h a n  IR~ loss be ing  located a t  the  posi t ive 
plate.  Wi th  somewhat  over  9000 amp flowing, posi-  
t ive  p la te  po la r iza t ion  a m o u n t e d  to 0.05 v at  2 sec, 
and  i t  was  st i l l  inc reas ing  s lowly w h e n  the  r u n  was 
s topped at  abou t  5 sec. 

Discharge Voltages Measured at the Cel~ TerminaLs 

I t  has  b e e n  m e n t i o n e d  t h a t  ce l l -vo l t age  taps were  
located at  the  tops of the  p la tes  ins ide  the  cell to 
avoid con t r i bu t ions  f rom the  L dI/dt  t e rm.  One set 
of da ta  wi l l  be p re sen t ed  to i l lus t ra te  the  effect of 
i nc l ud i ng  such a c o n t r i b u t i o n  wi th  the  vol tage  taps 
at the  cell t e rmina l s .  

The c i rcui t  was r e a r r a n g e d  to approach  a shor t -  
c i rcui t  condi t ion  by  r e m o v i n g  the  cables a n d  swing-  
ing the  short,  heavy,  c u r r e n t - m e a s u r i n g  brass  tube  
b e t w e e n  the  tops of the  p la tes  f o r mi ng  the  switch 
moun t i ng ,  so the  e x t e r n a l  res i s tance  consisted of 
the  swi tch  m o u n t i n g  and  the  brass  t u b e  in  series. 
Reference  to Fig. 2 wi l l  a id in  ge t t ing  the  picture.  
The i n d u c t a n c e  loop was  t h e n  b o u n d e d  by  the  plates  
of the cell, the  cell r isers  a n d  lugs,  the  pla tes  and  
switches compr i s ing  the  swi tch  m o u n t i n g  a nd  the  
brass  tube.  The  i nduc t ance  of the  loop was es t imated  
to have  a va l ue  of abou t  0.3 x 104 henry .  For  this 
r u n  a d i f fe rent  cell was  used  t h a n  was  used for 
ob ta in ing  the  p rev ious  data.  I t  had  a di f ferent  n u m -  
ber  of p la tes  bu t  had the  same n o m i n a l  capacity.  

The da ta  for the  r u n  is g i ve n  in  Fig. 7. The  shun t  
vol tage cu rve  ( c u r r e n t )  rose smooth ly  f rom zero 
to a va l ue  cor respond ing  to 34,300 a m p e r e s ?  The cell 

2 A w o r d  s h o u l d  be  sa id  a b o u t  c u r r e n t  dens i t y .  T h e  g ross  p o s i t i v e  
p l a t e  a r e a  is  64,000 cm~ for  t h i s  ce l l ,  P a r t i c l e  s ize  m e a s u r e m e n t s  
i n d i c a t e  t h e  a c t u a l  a r e a  of t h e  a c t i v e  m a t e r i a l  c o u l d  be  as  h i g h  as 
3000 x t h e  g ross  a r e a ,  so c u r r e n t  d e n s i t y  can  be  in  t h e  r a n g e  0.5 
to  1.7 x 10-~ a m p / c m  2 d e p e n d i n g  on c u r r e n t  d i s t r i b u t i o n .  

1 (AMPI~RI-~ ,S) " 

Fig. 6. Change in cell voltage vs. current, all runs 

The curves  are  l i nea r  and  n e a r l y  supe r imposab le  
for each pa i r  of runs  and  ex t rapo la te  t h rough  zero 
w i t h i n  0.01 v. 

It  is conc luded  tha t  the re  are  no subs t an t i a l  (i.e., 
outs ide  e x p e r i m e n t a l  e r ro r )  con t r i bu t ions  to vol tage  
loss w i t h i n  the cell f rom sources o ther  t h a n  IR loss 
over  the  d ischarge  periods. The i n t e r n a l  res i s tance  
ob ta ined  f rom the  slopes of the curves  of Fig. 6 
has the  va lue  43.7 • 3.8 x 10 -~ ohm. The  res i s tance  
of the  r isers  and  lugs was  m e a s u r e d  d u r i n g  c u r r e n t  
flow a n d  it  con t r ibu te s  10 x 10 -6 ohm to the  cell r e -  
s is tance m e a s u r e d  at the  tops of the  lugs outs ide 
the cell, so to ta l  res i s tance  of this  cell  in  the  fu l ly  
charged condi t ion  was  53 x 10 -6 ohm. 

Values  of i nduc t ance  of the  o n e - t u r n  loop were  
es t ima ted  to be 5-8 x 10 -~ h e n r y  (6) .  Values  ca lcu-  

L _ 

/ 

o -  ctL%. " T ~ A ~ I ~ A L  VDL'TACI~ 

X- SMUN'T VC)L ' rAC~ 

t 

f 
0,9 ~. 

O.0~ 
u~ 

o.o~ 

o am 

O.( 0D2 (XO4 0.o c~o8 
T I M E ~ , E C O N O S )  OJO 

Fig. 7. Cell discharge data, voltage measured at cell 
terminals. 
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Fig. 8. Types of discharge curves possible in R-L circuits 

voltage,  however ,  fel l  i m m e d i a t e l y  (i.e., w i t h i n  0.002 
sec) to a va lue  of abou t  1.5 v, t he rea f t e r  decay ing  
smooth ly  to a va l ue  of 0.63 v. 

Now, w h e n  the  locat ion of the  cell vol tage  taps  in  
r e l a t ion  to the  geome t ry  of the  i n d u c t a n c e  loop is 
considered,  it appears  tha t  the  in i t i a l  vol tage  drop 
could inc lude  1 / 3 - 1 / 2  the in i t i a l  L dI/dt  te rm.  F u r -  
the rmore ,  at zero t ime  the re  can be  no c o n t r i b u t i o n  
f rom IR loss ins ide  the cell because  I = 0, or f rom 
e lec t rochemical  po la r iza t ion  because  no c u r r e n t  has 
passed. The conclus ion  tha t  the  in i t i a l  vol tage  drop 
corresponds  to an  induc tance  con t r i bu t i on  is ines -  
capable.  

The c i rcui t  i nduc t ance  can be ob ta ined  f rom the  
t ime  constant ,  i.e., t, w h e n  I ~ 0.632 I max.  and  

tota l  R in  c i rcui t  f rom the  equa t ion :  L ---- tR. t is 
0.06 sec and  R is a p p r o x i m a t e d  f rom the  da ta  a s sum-  
ing tha t  w h e n  I levels  off there  is subs t a n t i a l l y  no 
e lec t rochemical  c o n t r i b u t i o n  to polar izat ion.  If so, 
R~ is 43.7 x 10 -6 ohm, Ro is 18.1 x 10 -6 ohm, and  L is 
0.37 x 10 -6 henry .  Then,  the  in i t i a l  vol tage  drop of 
2.12-1.50 or 0.62 v is equa l  to L~ dI/dt, where  L~ is 
the i nduc t ance  c o n t r i b u t i o n  to the  in i t i a l  vol tage  
drop m e a s u r e d  at the  t e rmina l s ,  dI/dt  at zero t ime  
is 5.1 x 10 ~ a m p / s e c  f rom Fig. 7 and,  therefore,  L~ 
is 0.12 x 10 -" henry ,  i.e., w i t h i n  the es t imated  range  
of 1 / 3 - 1 / 2  of to ta l  L based  on the c i rcui t  geometry .  

One f u r t he r  po in t  is to be made:  by  judic ious  
select ion of res is tances  in  the  l a t t e r  circuit ,  po la r iza-  
t ion curves  of the  types  i l lus t ra ted  in  Fig. 8 could 
have  been  obta ined,  a n d  this  in a c i rcui t  con ta in ing  
R - L  e lements  only'. Of course, t ime  cons tants  would  
vary,  de pe nd i ng  on R, so the  curves  are i l l u s t r a t ive  
only.  

Manuscript  received Ju ly  9, 1959. This paper was 
prepared for delivery before the Columbus Meeting, 
Oct. 18-22, 1959. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1961 JOUR- 
NAL. 
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The Silver-Silver Oxide Electrode 
B. D. Cahan, J. B. Ockerman, R. F. Amlie, and P. Riietschi 

Carl F. Norberg Research Center, The Electric Storage Battery Company, Yardley, Pennsylvania 

ABSTRACT 

An a-c square wave technique was used to study resistance and double-  
layer capacity dur ing  film formation on silver electrodes in  KOH solutions. 
The peak in the vol tage-t ime curve at constant  cur ren t  anodization is shown to 
coincide with complete surface coverage by Ag~O and is not an ohmic re-  
sistance, but  ra ther  an overvoltage effect. Evidence for the existence of an 
unstable  higher oxide than AgO (or additional oxygen) dur ing oxygen evolu- 
t ion is presented. Microvolumetric gas measurements  with large area elec- 
trodes on open-circui t  decay also support this conclusion. The dura t ion of the 
upper  voltage plateau of the vol tage- t ime curve dur ing  discharge of AgO 
electrodes is determined by contact phenomena among individual  AgO par-  
ticles, in  part icular  by separation and passivation of the remain ing  AgO by 
insulat ing surface layers of Ag~O. 

Increased  in te res t  in  the s i lve r - s i lve r  oxide elec-  
t rode has p r o m p t e d  a n u m b e r  of inves t iga t ions  about  
this  system. However ,  the  recen t  l i t e r a tu re  (1-15)  
shows a n u m b e r  of cont rad ic t ions  in  the  i n t e r p r e t a -  
t ion  of the observed  phenomena ,  in  pa r t i cu l a r  w i th  
regard  to the  presence  of oxides h igher  t h a n  AgO on 

the electrode,  and  w i t h  r ega rd  to the  shape of the  
vo l t age - t ime  curves  d u r i n g  cons tan t  c u r r e n t  anod i -  
zat ion and  discharge of s i lver  in  K O H  electrolyte .  

It  was  decided, the re fore  to app ly  the  a-c  squa re -  
wave  t e c hn i que  wh ich  was  developed r ecen t l y  (16) 
to s tudy  films on lead electrodes.  This t e chn ique  i n -  
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Fig. 1. Block diagram of electronic circuit: A, electrolytic 
cell; B, sample; C, upper platinum electrode; D, constant cur- 
rent supply; E, lower platinum electrode; F, square wave 
generator; G, noninductive resistor; H, reference electrode; J, 
9 m~ scope probe; K, electrometer; L, high speed recorder; 
M, bias box; N, 4 m~] scope probes; P, oscilloscope; Q, cam- 
era; R, relay. 

Figu re  2 is a pho tog raph  of the cell. The  test  elec- 
trode, consis t ing of a sheet  of silver,  was  c lamped 
agains t  the  bo t tom of the  cell wi th  a t h in  Teflon 
gasket  to p r e v e n t  leakage.  A n  area  of 1 cm 2 was ex-  
posed to the  electrolyte .  A special  micro  r e fe rence -  
electrode was  cons t ruc ted  in  the  fo l lowing  m a n n e r .  
A 28 gauge  p l a t i n u m  wi re  was ben t  in to  a fiat loop, 
2 m m  in length ,  and  one end  was  p inch - sea l ed  into a 
3 m m  P y r e x  tube.  The loop was  heav i ly  gold coated 
by p lac ing  gold chlor ide crysta ls  on it and  decom-  
posing t h e m  by heat ing ,  a nd  then  fus ing  the gold 
into the  surface  of the  p l a t i num.  Contac t  to the 
p l a t i n u m  wi re  in  the t u b e  was  made  by  filling the 
t ube  w i th  soft solder and  by  inse r t ing  a copper wi re  
into the mo l t en  solder. The  gold was t hen  wet ted  
wi th  m e r c u r y  such tha t  it  filled the loop. Mechanica l  
c lean ing  of the  go ld-coa ted  loop improved  the we t -  
t ing  w i th  mercu ry .  This  re fe rence  electrode was 
then  p laced  into the  K O H  elec t ro ly te  to be used and  
anodized briefly. Microelectrodes  p r epa red  in  this  
w a y  gave  poten t ia l s  w i t h i n  0.1 m v  of a s t anda rd  
HgO re fe rence  electrode.  The  microelec t rode  was 
placed in to  the L u g g i n  capi l lary ,  which  in tersec ted  
the side wa l l  of the  e lec t ro ly t ic  cell w i t h i n  0.3 m m  
of the  electrode surface.  This  m i n i mi z e d  the ohmic 
drop in  the  e lect rolyte  d u r i n g  m e a s u r e m e n t s  of elec-  
t rode po ten t i a l s  and  p rov ided  for an  u n d i s t u r b e d  
l inear  e lectr ical  field. S ince  the  microelec t rode  was  
on ly  3 m m  f rom the  e lect rode surface,  f r equency  
dispers ion  and  capaci t ive  p i c k - u p  were  minimized .  

F igu re  3 shows examples  of oscilloscope traces ob-  
ta ined  w i th  this equ ipmen t .  The t races  shown here  
were  selected in  order  to de mons t r a t e  the  advan tage  
of us ing  a micro r e fe rence -e l ec t rode  over  a macro -  
e lectrode and  the advan t ages  of a d i f ferent ia l  oscil-  
loscope i n p u t  over a s ingle  ended  one. The traces 
are v o l t a g e - t i m e  curves.  The  sweep speed was 20 
~sec/cm. The  vol tage  scale was 5 m v / c m .  The square  
wave  c u r r e n t  used had  a f r equency  of 6250 cps and  
was 10 ma  peak  to peak. 

Trace  1 was  ob ta ined  us ing  a conven t iona l  macro  
re fe rence  electrode and  di f ferent ia l  oscilloscope i n -  
pu t  ( type  53/54 D T e k t r o n i x  p l u g - i n  p reampl i f i e r ) .  
Here  the e lect rolyte  pa th  be tween  the  re ference  

Fig. 2. Glass cell for the study of films at electrochemical 
interfaces. 

volved  the  superpos i t ion  of an a-c  square  wave  c u r -  
r en t  on the polar iz ing  d-c  cons tan t  cur ren t .  

Experimental 
The e x p e r i m e n t a l  s e t -up  is i l l u s t r a t ed  schemat -  

ica l ly  in  Fig. 1. It  shows the  e lect rolyt ic  cell, w i th  
separa te  aux i l i a ry  electrodes for the  supp ly  of a-c  
and  d-c  cur ren ts ,  and  the record ing  e q u i p m e n t  to 
fol low the a-c  and  d-c  response  of the test  e lec-  
t rode  th rough  a r e fe rence  electrode. The i n s t r u m e n -  
ta t ion  has been  descr ibed in deta i l  (16).  

Fig. 3. Oscilloscope traces of voltage-time curves. Abscissa: 
time (20 /~sec/cm); ordinate: voltage (S mv/cm). 
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e lect rode and  the work ing  e lect rode was a L u g g i n  
cap i l l a ry  8 cm long. Clear ly  v is ib le  is the  overshoot  
of the  t race  due to capaci t ive  p i ck -up .  The d u r a t i o n  
of the  t r a n s i e n t  spike at the m o m e n t  of c u r r e n t  r e -  
versa l  is be tween  2-3/~sec. This  obscures  the de te r -  
m i n a t i o n  of in i t i a l  slopes of the  traces.  

Trace  2 shows a s imi la r  curve,  bu t  t a k e n  wi th  a 
microelect rode.  It  can  be seen t ha t  the  t r a n s i e n t  
spikes are  comple te ly  e l imina ted .  The  r i s e - t ime  of 
the  oscilloscope preampl i f ie r  was  abou t  1 ~sec in  
the  5 m v / c m  range  used here,  and  the  re fe rence  
e lect rode shows a perfect  f r e q u e n c y  response  for 
this  r ise  t ime.  [ W h e n  a wider  b a n d  pass ampl i f ier  
was  used ( type  53/54 B T e k t r o n i x  p l u g - i n  u n i t ) ,  
the  r ise  t ime  of the  t races  was found  to be 0.1 /~sec, 
or as good as the  r ise t ime  of the  square  wave  cur -  
r en t  used.]  This  shows tha t  the  a r r a n g e m e n t  used 
here  is capable  of fo l lowing e x t r e m e l y  fast  e lec t ro-  
chemica l  phenomena .  

Trace  3 shows the  effect of us ing  a s i n g l e - e n d e d  
p reampl i f i e r  ( type  53/54 D T e k t r o n i x  uni t ,  used 
s ingle  ended)  ins tead  of a d i f fe rent ia l  amplif ier .  The 
t races  show ex tens ive  r i ng ing  and  noise  p ick-up .  At  
the  low vol tage  s ignal  levels  used  he re  even  the r e -  
s i s tance  of the  copper  wires  of the  cable  shields and  
the  g r o u n d  r e t u r n  pa ths  r ep re sen t  cons iderab le  i m -  
pedances .  E v e n  though  all  g r o u n d  connec t ions  are 
m a d e  at  the  work ing  electrode,  h i g h - f r e q u e n c y  
cable osci l lat ions a re  de tec tab le  and  a -c  g round  
loops are  set up. 

Trace  4 was ob ta ined  by  connec t ing  the  s ingle  
ended  amplif ier  b e t w e e n  the squa re  wave  genera to r  
g r o u n d  and  the  work ing  electrode,  which  ~ e r e  shor t  
c i rcui ted  by  the cable shield. Trace  4 represen t s  
the  difference b e t w e e n  t race 2 and  3. In  t race  2 the  
effects of all  g r o u n d  loops and  spur ious  p i c k - u p  
have  been  e l im ina t ed  or cancel led  e lect ronical ly .  

P u r e  s i lver  sheet  (99.99%) was  e tched in  d i lu te  
n i t r ic  acid, washed  wi th  t r i p l e -d i s t i l l ed  water ,  and  
air  dried.  The  sample  was  cathodized at 3 m a / c m  '~ 
in  30% KOH at  28~ for severa l  m i n u t e s  w h e r e b y  
h y d r o g e n  was  evolved to r emove  a n y  surface  films 
of s i lver  oxide. The c u r r e n t  was  reve r sed  and  the  
e lec t rode  anodized.  The  po ten t ia l s  we re  recorded 
and  p ic tures  were  t a k e n  w i t h  the  c a m e r a  on the  
oscilloscope to d e t e r m i n e  the  double  l ayer  capaci ty  
and  res i s tance  at  r ap id  in t e rva l s  d u r i n g  the  anod iza -  
t ion  per iod  of 5 min .  T h e n  the  c u r r e n t  was  reversed  
and  the  oxide film discharged.  

In  a second phase of this  i nves t iga t ion  of the  si l -  
v e r - s i l v e r  oxide system, a m ic rovo lume t r i c  s tudy  
of oxygen  evolved d u r i n g  the  open -c i r cu i t  decay 
of oxygen  overvol tage  was  made.  The oxygen  
evolved  at cons tan t  t e m p e r a t u r e  and  p ressure  was  
m e a s u r e d  as a func t ion  of t ime  s i m u l t a n e o u s l y  w i th  
the  decay of potent ia l .  The e x p e r i m e n t a l  s e t -up  for 
this  s tudy  has been  descr ibed r e c e n t l y  (17).  

A s t anda rd  AgO storage b a t t e r y  p la te  as p ro -  
duced  by  the  I n d u s t r i a l  Divis ion  of The  Electr ic  
Storage Ba t t e ry  Company ,  con t a in ing  7 g of silver,  
was charged over p ro longed  per iods of t ime  at 50 
ma  in  30% KOH. The cu r r en t  was  t h e n  i n t e r r u p t e d  
and  the  po ten t i a l  a l lowed to decay to 0.52 v vs. H g /  
HgO or 20 m v  posi t ive  to the  r eve r s ib l e  AgO/Ag~O 
potent ia l .  The  p la te  was t hen  charged  at va r ious  

TIME IH SECONDS 

Fig. 4. Electrode potential (solid line), ohmic resistance 
(dashed line), and double layer capacity (dotted-dashed line) 
of silver during anodization at 3 ma/cm 2 as a function of 
time. 

cons tan t  c u r r e n t s  f rom 10 ma to 250 ma  and  the  
b u i l d - u p  of oxygen  overvo l tage  recorded.  Af te r  24 
hr  of overcharge  the  cu r ren t s  were  i n t e r r u p t e d  and  
the  cell sealed s imul t aneous ly .  The gas evolved  d u r -  
ing overvo l tage  decay was m e a s u r e d  by  the  dis-  
p l a c e me n t  of a drop of l iqu id  in  a ca l ib ra ted  cap i l -  
lary.  

Results 
The anod iza t ion  curve  of a 1 cm ~ sheet  s i lver  e lec-  

t rode  is shown  as the  solid l ine  in  Fig. 4. The curve  
s tar ts  out  at  h y d r o g e n  evo lu t ion  at 3 m a / c m  ~. At  
t = 0 the c u r r e n t  was  reversed  and  the  po ten t i a l  
rose rapid ly .  Af te r  a sharp  rise of 450 m v  the re  was 
a sl ight  a r res t  and  then  the  po ten t ia l  rose smooth ly  
to the  Ag/Ag~O po ten t i a l  at  abou t  +0.35 v. 

Af te r  abou t  40 sec, the  po ten t i a l  increased  to a 
peak  of +0.62 v, and  decreased s u b s e q u e n t l y  to 
abou t  +0.57 v. The po ten t i a l  rose aga in  af ter  250 
sec to +0.6  v, a f ter  which  a sharp  b r e a k  occurred,  
and  the  po ten t i a l  increased  to +0.8  v. At  the  po in t  
of the  sharp  r ise a cloud of fine gas bubb le s  was  
seen r i s ing  in the electrolyte .  

The  e lec t rode  fi lm res is tance  ca lcu la ted  f rom the  
oscilloscope t races  as recorded by  the  camera  is 
p lo t ted  as a dot ted  l ine.  The in i t i a l  res i s tance  is 
very  low, abou t  0.03 11, and  is due p r i m a r i l y  to the  
gas b u b b l e s  adhe r ing  to the  surface,  a nd  r educ ing  
the  effective cross section of the  e lectrolyte .  As the  
c u r r e n t  is reversed,  the  res is tance  shows a sl ight  
jump,  bu t  r e m a i n s  r e l a t i ve ly  cons tan t  at  0.04 to 
0.05 ~ for abou t  40 sec. 

At  this  t ime,  the  res i s tance  bu i lds  up  qui te  r ap id ly  
to a ve ry  h igh va lue  of 0.8 ~l, and  p r o b a b l y  higher ,  
ind ica t ing  a rap id  pass iva t ion  of the surface.  At  the  
m o m e n t  the  po ten t i a l  reaches its peak,  the  res is t -  
ance fal ls  off such tha t  w i t h i n  1 sec the  res i s tance  
has fa l len  to 0.1 ~. D u r i n g  the  course of the  Ag~O/ 
AgO vol tage  p l a t eau  the  res i s tance  increases  
smooth ly  to a po in t  abou t  30 sec before  the  th i rd  
step in  the  v o l t a g e - t i m e  curve,  or w he r e  O~ is 
evolved.  Here,  r a the r  t h a n  increas ing  as at  the  be -  
g i n n i n g  of the  Ag~O/AgO pla teau,  the  res i s tance  
takes  a sharp  dip, fa l l ing  to a va lue  of 0.06 II. Af te r  
the  oxygen  evo lu t ion  starts,  the  res i s tance  bu i lds  
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up smooth ly  as the oxide fi lm th ickness  con t inues  to 
increase  slowly. 

The curve  showing  the  d i f ferent ia l  capac i tance  
(as d e t e r m i n e d  f rom the  in i t i a l  slope of the  vo l t -  
age - t ime  osci l lographs)  is p lo t ted  as a do t -dash  
line.  This curve  reflects in  a gene ra l  way  the  i n -  
verse of the  r e s i s t ance - t ime  curves,  wi th  severa l  
n o t e w o r t h y  exceptions.  The in i t i a l  capaci ty  d u r i n g  
H2 evo lu t ion  is about  200 ~ f d / c m  ~, i nd ica t ing  a 
roughness  factor  of abou t  10 ( a s suming  a double  
layer  capaci ty  of 20 ~ f d / c m  ~ of t r ue  surface  a rea ) .  
The  m o m e n t a r y  h igh capaci ty  af ter  r eversa l  shows 
tha t  some h igh ly  revers ib le  reac t ion  is in  progress,  
but after the first 10-15 sec the capacity decreases 
nearly linearly to very low values of 1-2 ~fd/cm 2. 
After the Ag=O/AgO plateau is reached the capacity 
rises rapidly to 25 ~fd/cm 2 and then more slowly to 
about 40 ~fd/cm ~. When oxygen evolution starts the 
capacity increases abruptly and erratically, rising 
to a peak and decaying, rising to a peak and de- 
caying, rising again, etc. 

The discharge curve of a specimen that had been 
held at the oxygen evolution potential at 3 ma/cm 2 
for 3 rain is shown by the solid line in Fig. 5. The 
potential falls in about I/2 sec to the Ag~O/AgO 
plateau, but this drop is not instantaneous. The 
AgO plateau lasts for 100 sec, at 3 ma/cm ~ and then 
drops to the Ag~O/Ag discharge potential. This sec- 
ond plateau lasts for 170 sec (longer than the first 
plateau) and then the potential falls off rapidly. A 
slight arrest is noted, at --0.75 v and then the po- 
tential drops to the H2 evolution value. 

The resistance curve during discharge shows a 
very different behavior from that obtained on anodi- 
zation. The resistance of 0.3 Q at oxygen evolution 
shows an initial rise which levels off at about 0.5 
fL A more gradual increase sets in, which slowly 
accelerates until values as high as 2.5 II or more 
are reached. The resistance breaks down completely 
within I/6 of a second, or the repetition rate of the 
camera we used, at the moment when the potential 
drops to the lower voltage plateau. The resistance 
falls to 0.04 12 and gradually decreases to unmeas- 
urably low values during the Ag~O/Ag plateau. 

After a sharp initial peak, the capacitance de- 
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Fig. 5. Electrode potential (solid line), ohmic resistance 
(dashed line), and double layer capacity (dotted-dashed line) of 
a silver oxide f i lm (produced by previous anadizat ion of silver 
in KOH) during discharge at 3 m a / c m  2, as a function of t ime. 

creases abou t  l i n e a r l y  as pass iva t ion  progresses,  de-  
creas ing to 1 or 2 ~ f d / c m  ~ at  the  t r a n s i t i o n  point .  As 
the  Ag/Ag~O step progresses,  the  capaci tance  i n -  
creases more  or less l i nea r ly  to v e r y  h igh va lues  
(g rea te r  t h a n  4000 ~ f d / c m  ~) and  drops off sharp ly  
at the  end  of the second vol tage  p la teau .  A f u r t he r  
peak  in  capaci tance  occurs d u r i n g  the  smal l  p o t e n -  
t ia l  arrest ,  and  t hen  the capaci tance  decreases r a p -  
id ly  at H2 evolut ion.  It  migh t  be no ted  tha t  the ca-  
pac i tance  at this po in t  is about  400 ~ f d / c m  ~ as com- 
pared  to 200 at  the  s tar t  of the run ,  ind ica t ing  a 
r o u g h e n i n g  of the  sur face  by  a factor  of 2. 

The  resul ts  of the  mic rovo lume t r i c  s tudies  d u r i n g  
oxygen  overvo l tage  decay are shown  on Fig. 6. 
These  resul t s  we re  ob ta ined  wi th  porous  l a r g e - a r e a  
electrodes.  F igu re  6A shows the  plots of electrode 
po ten t i a l  vs. t ime  on a logar i thmic  scale, for open-  
c i rcui t  decay f rom th ree  different  p repo la r iz ing  cu r -  
rents .  Also shown is a plot  of oxygen  evolved vs. 
t ime  du r ing  overvo l t age  decay on open circuit .  F ig -  
u re  6B shows a s imi la r  curve  for the  decay of oxy -  
gen overvol tage  on PbO~ in  su l fur ic  acid. The resul ts  
for PbO.~ (Fig. 6B, 6D, and  6F) are i nc luded  here  for 
purposes  of compar i son  only,  because  they  are r ep -  
r e sen ta t ive  of the decay of overvo l tage  on an ine r t  
e lec t rode  (17).  S imi l a r  curves  are ob ta ined  for de-  
cay of oxygen  overvo l tage  on n icke l  in  KOH, decay 
of hyd rogen  overvol tage  on Zn  and  Cd in  KOH, and  
Pb  in  H~SO,. 

F i g u r e  6C is a plot  of the  electrode po ten t ia l  d u r -  
ing oxygen  overvol tage  decay vs. r e l a t ive  excess of 
oxygen,  or vs. V r  Vx, where  VT is the  tota l  vo lume  
of oxyger~ evolved to a po ten t i a l  20 m v  above the  
open -c i r cu i t  potent ia l ,  and  Vx is the  vo lume  of oxy -  
gen evolved to a ny  i n t e r m e d i a t e  potent ia l .  F igu re  
6D shows a s imi la r  plot  for decay of oxygen  ove r -  
vol tage  on PbO~ (17).  F igure  6E i l lus t ra tes  a charg-  
ing curve  for b u i l d - u p  of oxygen  overvol tage  on 
AgO. The l a rge -a r ea  electrodes were  charged af ter  
be ing  a l lowed to decay to a po ten t i a l  20 mv  above  
the  revers ib le  open-c i r cu i t  potent ia l ,  at  different  
cur rents .  S imi la r  charg ing  curves  are shown in  Fig. 
6F for PbO~_. 

Discussion 

These  resul ts  p e r m i t  a deta i led  ana lys i s  of the  
m e c h a n i s m s  of the  s i lver  oxide electrode.  In  p a r -  
t icular ,  the effects of the res i s tance  of the surface 
films on si lver  are b r ough t  out c lear ly.  The lower  
oxide, Ag~O, has a ve ry  high electr ical  resis t ivi ty .  
Ag.~O powder  was compressed into a hard,  sh iny  
pel le t  at 62,500 psi. The res is tance  was measu red  
wi th  an  e lec t rometer  o h m m e t e r  to be 7.108 a cm. 
(Us ing  this value,  a 1 cm ~ m o n o l a y e r  would  have  
a ca lcu la ted  res i s tance  of about  1 a .  The ex t r apo la -  
t ion  is, of course, v e r y  approx imate ,  since a m o n o -  
l ayer  has different  proper t ies  f rom b u l k  mate r ia l . )  
F r o m  the  l eng th  of the  Ag/Ag~O p l a t e a u  in Fig. 4 
and  a surface roughness  factor  of abou t  10, the  
th ickness  of the Ag~O film produced  dur ing  the  
p l a t e a u  is rough ly  50-100 mono laye r s  thick. I t  is 
a p p a r e n t  tha t  the surface  film of Ag~O is n o n u n i f o r m  
and  tha t  at the m o m e n t  of comple te  coverage, the  
res i s tance  mus t  rise to r e l a t ive ly  h igh  values.  This 
causes the sharp peak  in  the res i s tance  curve.  
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open-circuit decay of a PbO~ electrode in H.~$04. Fig. 6C, elec- 
trode potential of AgO in KOH during decay as a function of 
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gas evolved. Fig, 6D, electrode potential of PbO9 in H~SO~ 
during decay as function of gas evolved. Fig. 6E, charging 
curves far oxygen overvoltage build-up on AgO electrodes. 
Fig. 6F, charging curves for oxygen overvoltage build-up on 
PbO_~ electrodes. 

The peak  observed in the vo l t age- t ime  curve at  
the beginning of the AgO step is not d i rec t ly  due to 
an ohmic resis tance effect since the ohmic resistance 
is in the order  of 1 ~ and would produce a vol tage 
increase of only 3 mv at  3 m a / c m  ~. The peak  is much 
higher  and is produced r a the r  by a concentra t ion of 
the current  into small  localized areas,  where  the 
conversion of Ag.~O to AgO can proceed. This causes 
an increased overvol tage  for the  conversion reaction. 

The points where  Ag20 first converts  to AgO are 
those where  the  Ag20 film is th innest  and which 
were  covered last. F rom these points the conversion 
spreads unt i l  the Ag~O film is subs tan t ia l ly  oxidized. 
S imul taneous ly  a fur ther  a t tack  of metal l ic  s i lver  
Lakes place. A n y  Ag~O which is formed dur ing  this 
s tage must  be r ap id ly  oxidized and can have only a 
t r ans i to ry  existence. 

The res i s t iv i ty  of AgO was measured  in the same 
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w a y  as for  Ag~O, a n d  was  found  to be  5 .10 ~ ~t em. 
This  is five o rde r s  of m a g n i t u d e  s m a l l e r  t han  for  
Ag~O. 

D u r i n g  the  u p p e r  p l a t e a u  0.6 cou lombs  of e l ec -  
t r i c i t y  a r e  used  in f o r m i n g  a f i lm of A g O  of " a v e r -  
age"  t h i cknes s  of a p p r o x i m a t e l y  5 .10  -~ cm. S ince  the  
r e s i s t i v i t y  is 5-108 ~t cm, t he  r e s i s t ance  of the  f ihn 
shou ld  be  of the  o r d e r  of 0.25 a .  This  is of t he  o r d e r  
of t he  r e s i s t ance  a c t u a l l y  m e a s u r e d ,  0.53 ~. This  
r e s i s t a n c e  v a l u e  shows  t h a t  t h e r e  cannot be  at  a n y  
t ime  d u r i n g  anod iza t i on  a s i g n i f c a n t  c o m p l e t e  i n -  
t e r f ace  l a y e r  of Ag20 p resen t .  On open  c i rcui t ,  a 
h e a v i e r  f i lm of Ag20 can  be  p re sen t ,  f o r m e d  b y  
loca l  ac t ion  cel ls  b e t w e e n  AgO and  Ag.  

I t  is p o i n t e d  out  h e r e  t h a t  the  l i m i t i n g  fi lm t h i c k -  
ness  r o u g h l y  of 5 .10  -~ cm is of p a r t i c u l a r  i m p o r t a n c e  
for  t he  m a n u f a c t u r i n g  of po rous  s i lve r  ox ide  e l ec -  
t r odes  for  s i l v e r - z i n c  ba t t e r i e s .  I t  is e v i d e n t  t h a t  
o n l y  p a r t i c l e s  w i t h  a d i a m e t e r  less  t h a n  10 ̀4 cm 
(1 #)  a r e  r e a d i l y  a n d  c o m p l e t e l y  c o n v e r t e d  f r o m  
m e t a l  to  oxide .  

A t  t he  end of the  AgO p l a t e a u  the  r e s i s t ance  
d rops  to  v a l u e s  of 0.08 tX This  d rop  shou ld  not  be  
i n t e r p r e t e d  as  a p h y s i c a l  r u p t u r e  of t h e  l a y e r  and  
an e x p o s u r e  of s i l ve r  to t he  e l ec t ro ly te ,  because  t he  
o x i d a t i o n  of m e t a l l i c  s i lve r  has  been  shown to be  
sma l l  once a c o m p l e t e  A g O  fi lm is fo rmed ,  a n d  r u p -  
t u r e s  t h e r e f o r e  shou ld  no t  occur.  I t  is p r o p o s e d  t h a t  
a f u r t h e r  i n c o r p o r a t i o n  of o x y g e n  in t he  AgO fi lm 
has  t a k e n  place ,  p r o d u c i n g  a h i g h l y  u n s t a b l e  f i lm 
of a h i g h e r  ox ide  t h a n  AgO. I t  is no t  c l ea r  how t h e  
a d d i t i o n a l  o x y g e n  is a d s o r b e d  in t he  i n d i v i d u a l  
c rys t a l l i t e s .  H o w e v e r ,  in a n y  case, t h e  r e s i s t i v i t y  of 
t he  f i lm is changed .  

A l t h o u g h  l i t t l e  a c c u r a t e  d a t a  is ava i l ab l e ,  i t  is 
of ten  o b s e r v e d  t ha t  w h e n  a m e t a l  ox ide  ex is t s  in 
s e v e r a l  v a l e n c e  s ta tes ,  t he  r e s i s t i v i t y  dec reases  
w i th  i n c r e a s i n g  va l ence  s ta te .  F o r  e x a m p l e ,  P b O  has  
a r e s i s t i v i t y  of 2 -5 .10  ~ ~t cm and  PbO., of 1 to 5 .10- '  

cm. S i m i l a r l y ,  AgO has  m u c h  l o w e r  r e s i s t i v i t y  
t han  Ag~O, and  a poss ib l e  h i g h e r  ox ide  w o u l d  have  
an  even  l o w e r  r e s i s t i v i ty .  A l t h o u g h  th is  r u l e  is not  
w i t h o u t  excep t ions ,  i t  cou ld  pos s ib ly  accoun t  for  t h e  
s h a r p  d rop  in r e s i s t ance  o b s e r v e d  at  250 sec in Fig.  
4. O n l y  v e r y  s m a l l  p a r t s  of t he  AgO su r f ace  f i lm 
need  be  c o n v e r t e d  to a h i g h l y  conduc t ing  c o m p o u n d  
in o r d e r  to p r o d u c e  the  o b s e r v e d  effect. 

The  r i se  in p o t e n t i a l  a t  t he  po in t  of o x y g e n  e v o l u -  
t ion  is no t  due  to an  o h m i c - r e s i s t a n c e  pas s iva t ion ,  
bu t  r a t h e r  to o x y g e n  o v e r v o l t a g e  on t h e  l i m i t e d  
n u m b e r  of s i tes  of t h e  h ighe r ,  u n s t a b l e  oxide ,  con -  
c e n t r a t i n g  t h e  c u r r e n t  to s m a l l  loca l  areas .  

The  c a p a c i t a n c e  p e a k  a t  the  b e g i n n i n g  of the  
anod iza t i on  c u r v e  shows  t h a t  t h e  r e a c t i o n  is h e r e  
v e r y  r eve r s ib l e .  The  l i n e a r  dec rea se  d u r i n g  the  f irst  
vo l t age  p l a t e a u  is due  to  a dec rea se  in t he  a v a i l a b l e  
su r face  area .  The  c a p a c i t y  d u r i n g  the  AgO s tep  is 
smal l .  This  ind ica t e s  t h a t  t he  su r f ace  f i lm is now 
conduc t ive ,  a n d  t h a t  t he  c a p a c i t a n c e  is a g a i n  due  to  
t h e  s o l i d - l i q u i d  doub le  l aye r .  The  e r r a t i c  b e h a v i o r  
of t he  c a p a c i t a n c e  d u r i n g  o x y g e n  evo lu t i on  is due  
to t he  i n s t a b i l i t y  of t h e  h i g h e r  s i lve r  o x i d e  s i tes  
w h i c h  m a y  v a r y  in  n u m b e r  and  size. 

D u r i n g  d i s c h a r g e  of t he  s i lve r  ox ide  film, shown  
in Fig .  5, t h e  r e s i s t ance  is l ow  a t  t he  b e g i n n i n g  and  

inc reases  q u i c k l y  as the  h i g h e r  s i lve r  ox ide  si tes  
d i s a ppe a r .  The  f u r t h e r  i n c r e a s e  in r e s i s t i v i t y  is due  
to b u i l d - u p  of Ag~O on the  su r f a c e  t o w a r d  the  e lec -  
t ro ly t e ,  b l o c k i n g  the  u n d e r l y i n g  AgO f rom reac t ion .  
The  r e s i s t ance  r ises  to v a l u e s  g r e a t e r  t h a n  2.5 a .  
W h e n  the  e l ec t rode  is s u b s t a n t i a l l y  cove red  wi th  
Ag~O, the  loca l  h igh  c u r r e n t  d e n s i t y  po la r i zes  t he  
e l ec t rode  to  a p o t e n t i a l  w h e r e  m e t a l l i c  s i lve r  can 
be  p roduced .  A t  th is  po in t ,  t he  r e s i s t a nc e  d rops  
s h a r p l y  due  to the  f o r m a t i o n  of f i l a m e n t a r y  c rys t a l s  
of s i lver ,  p r o v i d i n g  good e l e c t r i c a l  contact .  The  first  
vo l t age  p l a t e a u  d u r i n g  d i s c h a r g e  is a l w a y s  o b s e r v e d  
to  be s u b s t a n t i a l l y  s h o r t e r  t h a n  the  second  p l a t eau ,  
a l t h o u g h  the  f i lm cons i s t ed  i n i t i a l l y  of a lmos t  p u r e  
AgO,  and  t h e  t o t a l  c a p a c i t y  to t he  end of t he  second 
p l a t e a u  c o r r e s p o n d s  to  a t w o - e l e c t r o n  change.  As 
e x p l a i n e d  above ,  th is  is due  to a cove r ing  of A g O  b y  
Ag~O. As  the  p a s s i v a t i n g  l a y e r  of Ag~O is c o n v e r t e d  
to s i lver ,  f u r t h e r  A g O  can  be  d i s cha rged ,  b y  f o r m a -  
t ion  of m o r e  Ag~O f rom a loca l  ce l l  of A g  a n d  AgO.  
T h e  e n e r g y  c o r r e s p o n d i n g  to t he  250 m v  d i f fe rence  
b e t w e e n  the  two  p l a t e a u s  is los t  i n t e r n a l l y  as hea t .  
The  e l e c t r o c h e m i c a l  r e ac t i ons  for  t he  o x i d a t i o n  of 
A g  and  the  r e d u c t i o n  of AgO a re  fast .  Thus  i n t e r n a l  
loca l  ac t ion  in an  e l e c t r o d e  b e t w e e n  A g  and  AgO 
shou ld  p roc e e d  r ap id ly .  The  u t i l i z a t i on  of AgO in 
d i scha rge  of s i l v e r - z i n c  cel ls  is i l l u s t r a t e d  in  Fig.  7. 
Two s t a n d a r d  c o m m e r c i a l  ce l ls  w e r e  m a d e  us ing  
c h e m i c a l l y  p r o d u c e d  AgO in t he  pos i t ives .  In  one of 
these  cel ls  ( u p p e r  c i r cu i t ) ,  a spec ia l  i ne r t  conduc -  
t i ve  m a t r i x  I was  i n c o r p o r a t e d  w h i c h  could  e s t ab l i sh  
e lec t r i c  con tac t  to each  i n d i v i d u a l  AgO pa r t i c l e .  In  
th is  m a n n e r ,  t he  pa s s iva t i on  due  to Ag.,O was  g r e a t l y  
min imized ,  and  al l  t he  AgO was  u t i l i zed  at  the  
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Fig. 7. Discharge curves of commercial silver-zinc cells 
wi th and wi thout  conductive, inert matr ix  in the silver elec- 
trode. The solid line is the cell voltage during discharge. The 
dotted line represents the recovery of cell vol tage on open 
circuit. 
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h i g h e r  v o l t a g e  p l a t eau ,  a t  c lose to 100% efficiency. 
These  cel ls  w e r e  d i s c h a r g e d  for  6 h r / d a y  and  a l -  

l o w e d  to r e cove r  ove rn igh t .  The  d i s cha rge  is s h o w n  
in Fig.  7 b y  the  sol id  l ine  and  the  r e c o v e r y  b y  the  
d o t t e d  l ine.  The  in i t i a l  s h a r p  d rop  in v o l t a g e  for  
t he  l o w e r  cel l  shows  the  i n su l a t i ng  effect of the  Ag~O 
film, w h i c h  q u i c k l y  cove red  the  su r face  of t he  AgO 
e lec t rode .  The  vo l t age  r e c o v e r e d  s o m e w h a t  as soon 
as some s i lve r  was  p roduced .  Ove rn igh t ,  mos t  of the  
s i lve r  was  r e o x i d i z e d  b y  t h e  r e m a i n i n g  AgO. 

T h e  u p p e r  c u r v e  is for  an i d e n t i c a l  cel l  b u t  w i t h  
t h e  conduc t ive  m a t r i x .  The  d i s c h a r g e  occurs  at  t h e  
h i g h e r  p l a t e a u  for  t h e  t h e o r e t i c a l  t ime,  n a m e l y  one 
ha l f  of t he  d i scha rge .  This  r e su l t s  in an  inc rease  of 
10% in t he  w a t t - h o u r  ou tpu t .  

The  d e c a y  of o x y g e n  o v e r v o l t a g e  on open c i r cu i t  
on an  ine r t  e l e c t r o d e  is in g e n e r a l  e x p e c t e d  to fo l low,  
a f t e r  an  in i t i a l  t i m e  per iod ,  a l i n e a r  r e l a t i o n s h i p  
w i t h  t he  l o g a r i t h m  of t ime,  h a v i n g  a s lope  e q u a l  
to t he  n e g a t i v e  of t he  Tafe l  s lope (17) .  I t  is no t i ced  
in Fig.  6A t h a t  t he  d e c a y  cu rve  f r o m  10 m a  c h a r g e  
shows th is  n o r m a l  behav io r ,  w h i l e  t he  d e c a y  cu rves  
f r o m  50 and  250 m a  show a c h a r a c t e r i s t i c  inf lect ion.  
The  curves  for  evo lved  o x y g e n  show s imi l a r  inf lec-  
t ions.  The  cu rves  a p p r o a c h  the  same  s lope  t o w a r d  
the  end of d e c a y  only .  The  e l ec t rode  p o t e n t i a l  t ends  
to r e m a i n  h i g h e r  t h a n  n o r m a l  for  an  in i t i a l  p e r i o d  of 
t ime.  F i g u r e  6C shows  th is  even  m o r e  c l ea r ly .  S e v -  
e ra l  t en th s  of a cubic  c e n t i m e t e r  of o x y g e n  a r e  
e vo lved  wh i l e  t he  p o t e n t i a l  r e m a i n s  at  0.585 -A-_ 0.005 
v, i n d e p e n d e n t  of t h e  v a l u e  of the  p r e p o l a r i z i n g  c u r -  
ren t .  This  q u a n t i t y  of o x y g e n  c o r r e s p o n d s  to 10 
mic romoles .  No such p o t e n t i a l  p l a t e a u  is o b s e r v e d  
for  a " n o r m a l "  e l e c t r o d e  l ike  PbO~ (Fig .  6D).  

The  d e c a y  f r o m  10 m a / c m  ~ for  AgO (Fig .  6C) also 
shows  no such a r re s t ,  i nd i ca t i ng  t h a t  t h e  c h a r g i n g  
p o t e n t i a l  was  no t  suf f ic ient ly  h igh  to p r o d u c e  the  
h i g h e r  oxide .  

The  a r r e s t  in o x y g e n  o v e r v o l t a g e  d e c a y  on AgO 
has  been  o b s e r v e d  b y  o t h e r  i nves t i ga to r s  (2, 15) b u t  
has  been  i n t e r p r e t e d  some t imes  to be  caused  b y  
h y d r o x y l - h y d r o p e r o x i d e  ion couples  a n d / o r  h y -  
d r o x y l - o x y g e n  couples  (8, 15).  Th is  i n t e r p r e t a t i o n  
does  no t  e x p l a i n  the  h i g h  c o n d u c t i v i t y  of the  f i lm 
a t  t he  po in t  of o x y g e n  evo lu t ion  and,  f u r t h e r m o r e ,  
the  p o t e n t i a l  of such  couples  w o u l d  no t  co inc ide  
w i t h  the  p l a t e a u  obse rved .  

The  c h a r g i n g  cu rves  of l a r g e - a r e a  AgO e l ec t rodes  
(Fig .  6E) w h i c h  h a d  p r e v i o u s l y  been  k e p t  s l i g h t l y  
a b o v e  the  Ag~O/AgO po ten t i a l ,  b u t  b e l o w  the  p o -  
t e n t i a l  of t h e  p l a t e a u  m e n t i o n e d  above ,  show a s h a r p  
in i t i a l  p e a k  u n l i k e  t h e  smooth  b u i l d  up  of o x y g e n  
o v e r v o l t a g e  on PbO~. These  p e a k s  pos s ib ly  c o r r e -  
spond  to a n u c l e a t i o n  p h e n o m e n a  for  t he  h i g h e r  
ox ide  or  the  ac t ive  s i tes  of o x y g e n  evolu t ion .  

Conclusions 
1. The  m e c h a n i s m  r e s p o n s i b l e  ~or t he  p e a k  in t h e  

anod iza t i on  c u r v e  of A g  in K O H  so lu t ion  at  t h e  

b e g i n n i n g  of t he  AgO s tep  (Fig .  4) is due  to p a s s i -  
va t ion ,  fo rc ing  the  c u r r e n t s  to s m a l l  a r ea s  and  p r o -  
duc ing  a h igh  ove rvo l t age .  I t  is not due  d i r e c t l y  to 
an  ohmic  res i s tance .  

2. The  r eason  for  t he  shor tness  of t he  AgO s tep  
on d i s cha rge  of an  AgO e l e c t r o d e  is an  i so la t ion  of 
AgO b y  an  Ag~O fi lm w h i c h  is h i g h l y  res i s t ive .  

3. B y  spec ia l  e l e c t r o d e  f o r m u l a t i o n  the  l e n g t h  of 
the  AgO p l a t e a u  can  be  e x t e n d e d  to t he  t h e o r e t i c a l  
l eng th  of 1/2 of t h e  d i s c h a r g e  t ime .  

4. E v i d e n c e  is p r e s e n t e d  for  t he  ex i s t ence  of a 
conduc t ive ,  u n s t a b l e  ox ide  of s i l ve r  w i t h  an  o x i d a -  
t ion  s t a t e  h i g h e r  t h a n  AgO.  Because  of i ts t r a n s i t o r y  
na tu r e ,  iden t i f i ca t ion  b y  m e a n s  of x - r a y  d i f f rac t ion  
t echn iques  is difficult ,  if no t  imposs ib le .  

5. The  use  of an  a d e q u a t e l y  des igned  cel l  and  
m i c r o r e f e r e n c e  e lec t rode ,  t o g e t h e r  w i t h  a d i f f e r en -  
t i a l  ampl i f ie r ,  p e r m i t s  s ingle  e l ec t rode  s tud ies  a t  
h igh  f requenc ies ,  w i th  e l e c t r o d e  vo l t a ge  r i s e - t i m e s  
b e t t e r  t h a n  0.1 ~sec. 
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ABSTRACT 

The u ran ium-5% zirconium-11/2% niobium alloy shows good corrosion re-  
sistance, as gamma quenched, in  water  to about 315~ Opt imum heat t reat-  
ment  results in  a rate of about 6 mg/cm: /day  at 290~ Moderate aging, e.g., 
400~ for 2 hr, results in reduced corrosion rates in the ini t ia l  stages of cor- 
rosion; however, corrosion resistance can be destroyed by overaging. After  
protracted exposure, samples fail; this is believed due to absorbed corrosion 
product  hydrogen. 

Opera t ion  of he te rogeneous  wa te r -coo led  nuc l e a r  
reactors  at h igh  t e m p e r a t u r e s  wou ld  be fac i l i ta ted  if 
the  fuel  we re  corrosion res is tant .  Since u n a l l o y e d  
u r a n i u m  corrodes v e r y  r ap id ly  in  h i g h - t e m p e r a t u r e  
water ,  cons ide rab le  effort has been  devoted  to the  
deve lopmen t  of corrosion res i s tan t  al loys of r e a son -  
ab ly  low al loy con ten t  and  to the  u n d e r s t a n d i n g  of 
the  corrosion mechan i sm.  Much of this  w o r k  has 
been  s u m m a r i z e d  (1-5) .  

The  d e v e l o p m e n t  of a group of "d is tor ted"  a lpha  
phase al loys of r e l a t i ve ly  low al loy con ten t  has been  
descr ibed (6) .  In  this  class, n i o b i u m  has appeared  to 
be the  most  v a l u a b l e  a l loy ing  e lement .  Its loss of 
a s - q u e n c h e d  corrosion res i s tance  du r ing  hea t  t r e a t -  
m e n t  can p a r t l y  be p r e v e n t e d  by  the  t e r n a r y  addi -  
t ion  of z i rconium.  This paper  is concerned  wi th  the  
deta i led  corros ion behav io r  of the  u r a n i u m - 5 %  zi r -  
conium-11/z % n i o b i u m  alloy. 

This a l loy  was chosen as the  fuel  for the  A r g o n n e  
E x p e r i m e n t a l  Boi l ing Wate r  Reactor.  The proper t ies  
of a f issionable m a t e r i a l  are  p r o f o u n d l y  affected by  
nuc l ea r  rad ia t ion .  Its effect on the corrosion be -  
havior ,  as wel l  as on some phys ica l  and  mechan ica l  
propert ies ,  of this  al loy has been  descr ibed in  deta i l  
e l sewhere  (7 -9) .  I t  is sufficient to m e n t i o n  he re  tha t  
on ly  smal l  a m o u n t s  of r ad ia t ion  g rea t ly  increase  the  
corrosion ra te  of r e l a t ive ly  res i s tan t  mate r ia l .  

Experimental Procedure 
Alloys  were  v a c u u m  mel ted  and  cast by  the 

F o u n d r y  and  Fab r i ca t i on  Group  of the  A r g o n n e  
M e t a l l u r g y  Division.  The composi t ions  of all  those 
s tudied d u r i n g  this  inves t iga t ion ,  together  w i th  the  
crucible  and  mold  mater ia l ,  are  g iven  in  Tab le  I. 

Most samples  were  g a m m a  quenched  by  hea t ing  
at 1000~ in  v a c u u m  (suspended  in  t a n t a l u m  wi re  
baske t )  and  quench ing  in  Woods Meta l  at 125~ 
Other  samples  were  g a m m a  t rea ted  by  hea t ing  to 
850~ in l iqu id  me ta l  or salt  and  quench ing  in  v a r i -  
ous media.  The  me thod  of hea t  t r e a t m e n t  is i nd i -  
cated in  the  data.  

Re la t ive ly  l o w - t e m p e r a t u r e  t r e a t m e n t s  subse-  
quen t  to q u e n c h i n g  are r e fe r r ed  to as aging t r e a t -  
ments .  Because  of the  wide  va r i a t i on  in  t imes  and  
t e m p e r a t u r e s  of aging,  th ree  methods  were  used:  (a) 

Table I. Composition of alloys testedt 

C, N, Si,  Cruc ib le  
A l l o y  Z r  N b  p p m  p p m  p p m  matemal$  

H-203-T 3.93 1.77 10 35 200 
B 4.70 1.73 Magnesia 

H-317-T 5.40 1.57 65 46 50 
B 5.36 1.60 23 26 60 Magnesia 

H-416-T 4.88 1.71 25 11 
B 4.81 1.67 22 10 100 Graphite 

H-419-T 5.80 1.80 15 13 200 
B 4.95 1.62 78 34 150 Graphite* 

L-157-T 7.00 1.60 64 41 100 
B 6.00 1.65 43 134 100 Magnasite* 

L-170-T 5.70 1.95 12 10 
B 5.20 1.60 21 16 100 Magnasite* 

Unless  o the rwi se  i nd i ca t ed ,  compos i t i on  is g i v e n  as w e i g h t  pe r  
cent.  A n a l y s e s  by  C h e m i s t r y  D i v i s i o n ,  ANL.  

$ Most  ca s t ing  was  done  i n to  a w a t e r - c o o l e d  coppe r  mold.  

* Denotes  those  w h i c h  w e r e  cas t  i n to  h e a t e d  g r a p h i t e  molds .  

sample  in  an evacua ted  ampoule  p laced  in  electric 
oven  ( low t empera tu re s ,  long t i me s ) ;  (b) sample  
placed in  Vycor t u b e  fu rnace  wi th  f lowing a rgon  or 
he l i um ( low and  m e d i u m  tempera tu res ,  short  and  
m e d i u m  t imes ) ;  a nd  (c) sample  immersed  bare  in  
l iqu id  me ta l  (h igh  t empe ra tu r e ,  short  t ime) .  

Samples  were  air  cooled af ter  aging.  There  were  
enough  samples  aged by  two of these  methods  to 
ind ica te  tha t  the me thod  used was no t  a s ignif icant  
var iab le .  

Samples  are  descr ibed  by  the or ig ina l  cast ing 
n u m b e r  and  the locat ion ( w he n  k n o w n )  wi th  re la -  
t ion  to the ingot,  ind ica ted  as T ( top) ,  B (bo t tom) ,  
or C (cen te r ) .  P r e p a r a t i o n  of the m a t e r i a l  is de-  
scr ibed as c (as cast)  or r ( ro l led) .  Thus  L - 1 7 0 B - r  
indicates  the bo t tom sect ion of cast ing L-170 in  the  
rol led condit ion.  Composi t ions  are g iven  in we igh t  
per  cent. 

The h i g h - t e m p e r a t u r e  corrosion tests  were  con-  
ducted  in  s tainless  steel  autoclaves,  p laced  in forced 
convect ion  ovens. In  most  tests, samples  were  in -  
su la ted  f rom elect r ical  contact  wi th  a s tainless  steel 
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h o l d e r  b y  m e a n s  of s y n t h e t i c  s a p p h i r e  rods.  Some  
cor ros ion  tes t s  p e r f o r m e d  in t he  A r g o n n e  Reac to r  
E n g i n e e r i n g  Div i s ion  a r e  also r e p o r t e d  here .  In  
t hese  tes ts  t h e  a l l oy  s amp le s  w e r e  a l l o w e d  f r ee  con-  
t ac t  w i t h  the  bodies  of the  s t a in less  s tee l  t e s t  a u t o -  
c laves .  T h e r e  was  no no t i c eab l e  effect of such con-  
tac t .  

Before  the  f irst  p e r i o d  of tes t ,  s amp le s  w e r e  w e t -  
g r o u n d  to 400 g r i t  m e t a l l u r g i c a l  pape r .  W h e n e v e r  
t he  s a m p l e  shape  m a d e  th is  p r o c e d u r e  imprac t i ca l ,  
i t  was  e l ec t ropo l i shed  in a p e r c h l o r i c - a c e t i c  ac id  
(1 to 10) ba th .  Resu l t s  i n d i c a t e  t h a t  t h e r e  was  no 
s igni f icant  d i f fe rence  in co r ros ion  b e h a v i o r  caused  
b y  this  d i f fe rence  in  p rocedu re .  S u r f a c e  a r eas  w e r e  
m e a s u r e d ,  a f t e r  w h i c h  the  s a m p l e s  w e r e  d e g r e a s e d  
in  m e t h y l  a lcohol ,  w a s h e d  in  d i s t i l l ed  wa te r ,  and  
we ighed .  A f t e r  each  tes t  p e r i o d  each  s a m p l e  was  
c l eaned  of loose  ox ide  w i t h  w e t  K l e e n e x ,  d r i e d  
u n d e r  vacuum,  and  we ighed .  S ince  v e r y  l i t t l e  of t he  
cor ros ion  p r o d u c t  r e m a i n e d  on the  sample ,  w e i g h t  
losses c lose ly  a p p r o x i m a t e d  a c t u a l  m e t a l  cor roded .  
These  va lue s  w e r e  p lo t t ed  as a func t ion  of t ime,  and  
the slopes of the curves so obtained are described 
as the "corrosion rate" (areas used in the computa- 
tions were the original sample areas). These rates 
are expressed as mg/cm2/day (mcd). 

Distilled water was used as the corroding medium 
unless otherwise indicated. This water was double 
distilled, passing through a cation exchange resin 
between the two distillation steps. The resistivity of 
the water was equal to or greater than one megohm- 
cm at the tap. The autoclave was filled with this 
water, heated to boiling, and the water discarded. 
The sample and its holder were placed in the auto- 
clave; water was then added and again heated to 
boiling. A water sample was withdrawn and the 
autoclave sealed while the water was still boiling. 
The specific resistance of this water sample was 
measured as a check on water quality and cleanli- 
ness of the autoclave. The value was typically sev- 
eral hundred thousand ohm-cm. Fresh water was 
added in this way for each exposure so that during 
long tests the water was replaced each time the 
sample was examined. 

Hydrogen analyses were performed in an ap- 
paratus in which the uranium alloy sample was 
h e a t e d  into t h e  g a m m a  phase  r eg ion  ( a b o u t  850~ 
B y  m e a n s  of two  Toep l e r  p u m p s  the  h y d r o g e n  w a s  
passed ,  t h r o u g h  a p a l a d i u m  va lve ,  in to  a c a l i b r a t e d  
v o l u m e  w h e r e  i ts  p r e s s u r e  w a s  m e a s u r e d .  Tha t  the  
evo lu t ion  of h y d r o g e n  is c o m p l e t e  has  been  d e m o n -  
s t r a t e d  b y  c o r r o b o r a t i v e  a n a l y s e s  r u n  b y  c o m b u s -  
t ion.  F o r  a n a l y s e s  of s a m p l e s  a f t e r  co r ros ion  test ,  
the corrosion product was sometimes removed by 
grinding the samples clean, and sometimes it was 
left on and simply dried by evacuation at room tem- 
perature. For a few cases where both procedures 
were used on similar samples, the results were the 
same, inferring that the drying procedure ade- 
quately removed moisture, so that errors from this 
source are unlikely. 

For metallographic examination the majority of 
samples were electroetched with the Ames solution 
at 15-30 ma/cm ~ at room temperature. This solution 
consists of eight parts (by volume) concentrated 

p h o s p h o r i c  acid,  five p a r t s  e t h y l  a lcohol ,  and  five 
p a r t s  e t h y l e n e  glycol .  In  some cases, e l e c t r o e t c h i n g  
was  c a r r i e d  out  in a 10% ( b y  w e i g h t )  c h romic  ac id  
so lu t i on  at  r oom t e m p e r a t u r e  us ing  a c u r r e n t  d e n -  
s i ty  of 10-15 m a / c m  ~. 

Results 
Heat Treatment 

Necessity for gamma quench.--The u r a n i u m - z i r -  
c o n i u m - n i o b i u m  s y s t e m  has  been  t h o r o u g h l y  s t ud i ed  
a n d  a n a l y z e d  (10, 11).  The  d iscuss ion  he re  is l i m i t e d  
to t h a t  n e c e s s a r y  for  an  u n d e r s t a n d i n g  of t he  r e -  
l a t i onsh ip  b e t w e e n  h e a t  t r e a t m e n t  and  cor ros ion  r e -  
s i s tance .  

B e t w e e n  677~ a n d  the  m e l t i n g  po in t  t he  a l loy  
(5 Zr  + 11/2 Nb)  consis ts  of a s ingle  p h a s e  ( g a m m a ) .  

A t w o - p h a s e  ( b e t a  p lu s  g a m m a )  r e g i o n  ex i s t s  in 
t he  n a r r o w  t e m p e r a t u r e  r a n g e  of 666~176 Be-  
low 666~ t h e  s t r u c t u r e  d e p e n d s  on the  h e a t  t r e a t -  
m e n t  r e c e i v e d  b y  the  m a t e r i a l .  

A l p h a  u r a n i u m  is o r t h o r h o m b i c  and  l acks  h i g h -  
t e m p e r a t u r e  co r ros ion  res i s t ance .  The  b e t a  p h a s e  
has  a c o m p l e x  s t r u c t u r e  of t e t r a g o n a l  s y m m e t r y .  
G a m m a  u r a n i u m  has  a b o d y - c e n t e r e d  cubic  l a t t i ce  
and  has  s h o w n  good cor ros ion  r e s i s t ance  w h e n  r e -  
t a i n e d  b y  a l loy ing .  

I s o t h e r m a l  quench ing  f rom the  g a m m a  to t he  
b e t a - p l u s - g a m m a  r eg ion  ( and  ho ld ing  t h e r e  for,  
say,  24 h r )  f o l l owed  b y  r a p i d  q u e n c h i n g  to r o o m  
t e m p e r a t u r e  p r o d u c e s  a l p h a  p lus  a m a r t e n s i t i c  (d i s -  
t o r t e d  a l p h a )  phase .  This  s t r u c t u r e  is no t  co r ros ion  
r e s i s t an t .  

I f  t he  a b o v e  p r o c e d u r e  is f o l l owed  e x c e p t  t h a t  t he  
t e m p e r a t u r e  of t he  i s o t h e r m a l  quench  is r e d u c e d  to 
a b o u t  660~ the  r o o m  t e m p e r a t u r e  s t r u c t u r e  con-  
sists  of n o r m a l  a l p h a  and  r e t a i n e d  ( m e t a s t a b l e )  
g a m m a .  This  s t r u c t u r e  also lacks  co r ros ion  r e s i s t -  
ance.  

R a p i d  q u e n c h i n g  f r o m  the  g a m m a  p h a s e  to t e m -  
p e r a t u r e s  close to r o o m  t e m p e r a t u r e  p r o d u c e s  t h e  
m a r t e n s i t i c  ( d i s t o r t e d  a l p h a )  s t ruc tu re .  This  s t r u c -  
t u r e  is co r ros ion  r e s i s t an t .  I t  is no t  k n o w n  if  t h e  
a l l o y i n g  e l e m e n t s  a r e  p r e s e n t  as a submic roscop ic  
d i spe r s i on  or  a r e  in s u p e r s a t u r a t e d  solut ion.  H o w -  
ever ,  a second  p h a s e  has  no t  been  d e t e c t e d  at  2000X. 
This  t r e a t m e n t  and  r e s u l t i n g  s t r u c t u r e  is n e c e s s a r y  
for  h i g h - t e m p e r a t u r e  cor ros ion  res i s t ance .  

T h e  r a t e  of q u e n c h  is v e r y  i m p o r t a n t .  One  t y p i -  
cal  m e t h o d  of h e a t  t r e a t m e n t  consis ts  of ho ld in g  t h e  
s a m p l e  a t  1000~ for  1 h r  and  t h e n  quench ing  in 
m o l t e n  W o o d s  M e t a l  a t  125~ In  one  such o p e r a t i o n  
the  s a m p l e  caugh t  up  in such a pos i t i on  t h a t  on ly  
a b o u t  o n e - h a l f  w a s  i m m e r s e d  in t h e  W o o d s  Meta l .  
A s u b s e q u e n t  t h r e e - d a y  cor ros ion  t e s t  a t  300~ r e -  
su l t ed  in a lmos t  c o m p l e t e  d i s i n t e g r a t i o n  of t h a t  p a r t  
of t h e  s a m p l e  w h i c h  was  no t  i m m e r s e d .  

A d d i t i o n a l  e x p e r i m e n t s  conf i rmed  the  i m p o r t a n c e  
of q u e n c h i n g  ra te .  A ser ies  of s a m p l e s  w e r e  h e a t e d  
in l e a d  a t  800~ and  q u e n c h e d  in w a t e r ,  m o l t e n  
W o o d s  M e t a l  a t  a b o u t  125~ oil,  a n d  l iqu id  n i t r o -  
gen. The  first  two  g roups  of s a m p l e s  w e r e  sa t i s -  
f a c t o r y  in w a t e r  a t  290~ The  l a t t e r  two  d i s i n t e -  
g r a t e d  in less  t h a n  fou r  days .  I t  is i n d i c a t e d  t h a t  t he  
r a t e  of  q u e n c h i n g  in oil  and  l iqu id  n i t r o g e n  is l o w e r  
t h a n  some  c r i t i ca l  r e q u i r e d  va lue .  I n  t he  l a t t e r  case  
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this  is p r o b a b l y  due  to the  p resence  of a vapor  
b lanke t .  

Cor ros ion - re s i s t an t  m a t e r i a l  is p roduced  by  
q u e n c h i n g  f rom t e m p e r a t u r e s  in  the  r ange  725 ~  
1000~ The  ma te r i a l s  tes ted a p p a r e n t l y  were  
homogeneous  at these t empera tu re s ,  s ince corro-  
s ion behav io r  was  i n d e p e n d e n t  of t ime  at t e m p e r a -  
t u r e  d u r i n g  g a m m a  t r e a t m e n t ,  in  the  range  of a few 
m i n u t e s  to 5.5 hr. 

Aging characteristics.--The aging  character is t ics  
of the  al loy are  of impor t ance  f rom the  po in t  of v iew 
of p a r t i c u l a r  uses. Of equa l  in te res t  is the  fact tha t  
a s tudy  of the  ag ing  process can  lead to an  u n d e r -  
s t and ing  of the  n a t u r e  of the  corrosion res is tance  
and  the  m e c h a n i s m  of the  loss of corrosion res is t -  
ance. 

Overag ing  des t roys  the  corrosion res is tance of 
the  alloy. Fa i l u r e  of the  a l loy can t ake  place e i ther  
by  comple te  d i s in teg ra t ion  or by  c rack ing  or spa l l -  
ing in to  several  pieces. The l a t t e r  is a p p a r e n t l y  a 
s tage in  the  former .  If an  a p p a r e n t l y  sound piece 
which  has cracked off is sub jec ted  to a short  addi -  
t i ona l  exposure,  f u r t h e r  severe c rack ing  or complete  
d i s in t eg ra t ion  u sua l l y  takes  place. This s t a t emen t  
refers  to c racking  into severa l  r e l a t i ve ly  equ iva l en t  
pieces and  not  to m i n o r  ch ipping  f rom the b u l k  of a 
sample.  

As an  a r b i t r a r y  measu re  of the  aging res is tance  
of the  a l loy it was  decided tha t  a sample  was r e -  
s i s tan t  to the g iven combina t ion  of t ime  and  t e m -  
p e r a t u r e  if it did no t  fai l  in  e i ther  of the above 
ways  in  two weeks  of tes t ing  in  degassed, dis t i l led 
w a t e r  at 290~ 

In  Fig.  1, the  area  above  the  curve  represen ts  hea t  
t r e a t m e n t s  which  caused fa i lu re  in  less t h a n  two 
weeks.  Combina t ions  of t ime  at t e m p e r a t u r e  be low 
the  cu rve  did not  cause fa i lu re  as it has been  defined. 
This  cu rve  is based on cast ings  H-317,  H-416, H-419, 
and  L-170 in  the  as -cas t  and  rol led condit ions.  S a m -  
ples we re  quenched  f rom 1000~ ( in  v a c u u m )  and  
aged in  vacuum,  argon,  he l ium,  or mol t en  lead. 
Ag ing  for t imes  insufficient  to cause  " fa i lu re"  r e -  
duced sho r t - t ime  corrosion rates,  w i th  the o p t i m u m  
close to 2 hr  at 400~ This effect is i l lus t ra ted  in  
Fig. 2. Sa t i s fac tory  samples  had  a d a r k  b r o w n  su r -  
face u n i f o r m l y  in te r spersed  w i t h  sha l low pits. 

As the  t ime  of exposure  was  increased  the  corro-  
sion ra tes  of g a m m a  quenched  and  g a m m a  quenched  
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Fig. l .  Effect of heat treatment on corrosion life at 290~ 
of gamma quenched U-5% Zr-1�89 Nb alloys. 
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Fig. 2. Short-time effect of aging on corrosion rate of 
L17OBC in water at 290~ 

and  aged m a t e r i a l  gene ra l ly  became equal .  In  some 
cases the  corrosion ra te  of g a m m a  quenched  ma te -  
r ia l  decreased  (Fig.  3, cu rve  3). (This  figure is 
also used to i l lus t ra te  o ther  ideas and  wi l l  be re -  
fe r red  to again . )  I t  also appears  tha t  aging at 400~ 
decreased the  corrosion life of the  few samples  tested 
for sufficient t imes.  

To e l i m i na t e  the poss ibi l i ty  tha t  aging occurred 
du r ing  test, cast samples  of al loy H-317 were  tes ted 
as quenched,  as quenched  a nd  aged at  400~ for 
2 hr, and  as quenched  and  aged at 290~ for 312 hr. 
Al l  samples  showed apprec iab le  periods of app rox -  
ima te ly  equa l  corrosion rates.  

E]]ect of hydrogen.--The s t anda rd  h e a t - t r e a t m e n t  
p rocedure  inc ludes  hea t ing  in  a v a c u u m  tube  fu r -  
nace  at 1000~ Cons iderab le  gas (be l ieved  to be 
la rge ly  h y d r o g e n )  is evolved in  this process. In  an 
effort to l e a r n  whe the r  corrosion behav io r  is i n -  
f luenced by  this  gas, ad jacen t  samples  f rom the same 
rol led ingot  we re  t rea ted  in  vacuo and  in  mo l t en  
lead. 

The corrosion of these samples  in  w a t e r  at 290~ 
is shown in  Fig. 4. The sample  heat  t r ea ted  in he l i um 
was i nc luded  to reproduce  the  t h e r m a l  h i s tory  of 
the v a c u u m - t r e a t e d  sample.  I t  is i n fe r r ed  that  the  
gas con ten t  of the  metal ,  as received,  is d e t r i m e n t a l  
to its corrosion propert ies .  

A s imi la r  conclus ion can  be deduced  f rom the 
corrosion of the sample  quenched  f rom salt ( the 
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Fig. 4. Effect of  gas removal on corrosion in water at  
290~ of  U -5% Z r - 1 � 8 9  Nb alloy. 

eu tec t ic  of  Li~CO~ a n d  K~CO~), as s h o w n  in Fig .  3, 
c u r v e  5. F o r  t h e  first  t w e l v e  d a y s  i ts  co r ros ion  r a t e  
was  t h e  s a m e  as  t he  sample ,  d i f fe r ing  on ly  b y  h a v -  
ing the  v a c u u m  hea t  t r e a t m e n t .  S u b s e q u e n t  to t ha t  
t ime,  h o w e v e r ,  the  s a l t - t r e a t e d  s a m p l e  con t inued  to 
c o r rode  a t  t he  s ame  r a t e  wh i l e  the  cor ros ion  r a t e  
of t h e  v a c u u m - t r e a t e d  s a m p l e  d e c r e a s e d  b y  40%.  
The  h y d r o g e n  con ten t  of th is  p a r t i c u l a r  s a l t - t r e a t e d  
s a m p l e  was  no t  d e t e r m i n e d ;  h o w e v e r ,  s im i l a r  s a m -  
p les  g i v e n  the  s ame  t r e a t m e n t  c o n t a i n e d  abou t  35 
p p m  h y d r o g e n .  V a c u u m - t r e a t e d  m e t a l  con ta ins  l i t t l e  
or  no h y d r o g e n .  

H y d r o g e n  can  also be  i n t r o d u c e d  in to  t h e  s a m p l e  
b y  e x p o s i n g  i t  as t he  ca thode  in  a h y d r o g e n  d i s -  
cha rge  tube .  Such  a s a m p l e  ( a f t e r  2 4 - h r  b o m b a r d -  
m e n t )  was  c r a c k e d  a f t e r  e x p o s u r e  to w a t e r  and  
s t e a m  (because  of a u t o c l a v e  l eakage ,  p a r t  of t he  
tes t  i n v o l v e d  a s t e a m  e x p o s u r e )  a t  300~ for  t h r e e  
days .  A s i m i l a r l y  tes ted ,  bu t  n o n b o m b a r d e d ,  s a m p l e  
c o r r o d e d  in t he  n o r m a l  m a n n e r .  

H y d r o g e n  a n a l y s e s  of co r roded  s a m p l e s  show 
d i r ec t  c o r r e l a t i o n  w i t h  t he  a m o u n t  of m e t a l  co r roded .  
In  T a b l e  I I  such d a t a  h a v e  been  t r e a t e d  to show t h e  
p e r  cen t  of t he  h y d r o g e n  p r o d u c e d  w h i c h  was  a b -  
so rbed  in t h e  a l loy.  A f t e r  a shor t  i n i t i a l  p e r i o d  t h e  
p e r c e n t a g e  of h y d r o g e n  a b s o r b e d  r e m a i n e d  cons t an t  
for  s i m i l a r  s a m p l e s  f r o m  the  s ame  piece.  

W h e n  s amp le s  f r o m  d i f fe ren t  sources  w e r e  co r -  
roded ,  t h e r e  was  no t  a l w a y s  the  s ame  f r ac t i on  of 

Table II. Hydrogen build-up as function of corrosion time 
(Water, 290~ Alley H-416C-c, gamma quenched, aged 2 hr 

at 400~ * 

Time,  h r  

% of  
total  He 

produced 
Meta l  H2 in  t h a t  is 

corroded, corroded f o u n d  in  
rng sample ,  p p m  sample  

113 234 4.0 1.14 
274 692 6.5 0.71 
401 848 7.6 0.69 

(Chip out  of sample)  
642 1127 13.9 0.71 

(Sample  cracked into 
3 pieces)  

* F o u r  i d e n t i c a l  s a mp le s  w e r e  t e s ted  fo r  t he  t imes  ind ica ted .  
I n i t i a l  h y d r o g e n  c o n t e n t  ( a f t e r  hea t  t r e a t m e n t )  was  0.9 ppm.  

Table Ill. Hydrogen absorption in corroding alloy 
(Water, 290~ 

A v e r -  % of Ra te  of 
age He pro-  hydrogen 
cor-  duced  b u i l d - u p  

Tes t  ro s ion  t h a t  in  me ta l ,  
S a m p l e  and  t ime ,  ra te ,  e n t e r e d  ~g / cm2 /  

hea t  t r e a t m e n t  days  m c d  m e t a l  day 

C o n d i t i o n  
a f t e r  test  

H-416C-c Gum-  26.7 8.6 0.7 1.09 Cracked 
ma  quenched 
f rom vacuum, 
aged 400~ 2 
hr  

L-170B-c Gum- 18.9 9.4 0.6 0.95 No cracks 
ma quenched 
f rom salt  

H-419B-r  Gain-  48.9 6.7 0.96 1.07 Cracked 
ma quenched 
f rom vacuum, 
aged 400~ 2 
hr  

L-170B-c Gain-  47.9 6.5 0.97 1.06 No cracks 
ma quenched 
f rom vacuum 

the  p r o d u c e d  h y d r o g e n  a b s o r b e d  in to  t he  me ta l .  I t  
is i n t e r e s t i n g  to obse rve  in T a b l e  III,  h o w e v e r ,  t ha t  
t he  r a t e  a t  w h i c h  the  h y d r o g e n  a c c u m u l a t e d  was  
a p p r o x i m a t e l y  t he  s ame  for  a l l  the  samples ,  i n -  
d e p e n d e n t  of t h e i r  co r ros ion  ra tes .  The  d a t a  f rom 
t h e  second  s a m p l e  show t h a t  " l oad ing"  the  m a t e r i a l  
w i t h  h y d r o g e n  ( b y  t r e a t m e n t  in sa l t )  be fo re  co r -  
ros ion  caused  a h i g h e r  co r ros ion  ra te .  H o w e v e r ,  t he  
a b s o l u t e  r a t e  of h y d r o g e n  p i c k u p  b y  the  s a m p l e  
( d u r i n g  co r ros ion)  was  no t  inc reased .  As  i n d i c a t e d  
above,  an  i den t i ca l  s a m p l e  of t he  " l o a d e d "  m a t e r i a l  
c o n t i n u e d  to co r rode  a t  t h e  i n i t i a l  r a t e  for  a t  l eas t  
55 days ,  so t h a t  t he  s h o r t e r  e x p o s u r e  t i m e  for  t he  
second s a m p l e  in T a b l e  I I I  does  not  i n v a l i d a t e  t he  
a r g u m e n t .  

A l t h o u g h  t h e  r a t e  of h y d r o g e n  p i c k u p  was  a p -  
p r o x i m a t e l y  t he  same,  t h e  c o r r o s i o n - i n d u c e d  c r a c k -  
ing  was  not.  A s s u m i n g  t h a t  th is  t y p e  of c r a c k i n g  is 
caused  b y  co r ros ion  p r o d u c t  h y d r o g e n ,  i t  m u s t  be  
supposed  t h a t  h igh  loca l  h y d r o g e n  concen t r a t i ons  in 
t h e  m e t a l  cause  it, r a t h e r  t h a n  the  t o t a l  a m o u n t  
p resen t .  The  fo l l owing  e x p e r i m e n t a l  r e su l t s  s u p p o r t  
th is  hypo thes i s .  

A q u e n c h e d  and  aged  s p e c i m e n  con ta ined  0.9 p p m  
h y d r o g e n .  A f t e r  a b o u t  e l even  days  of t e s t i ng  at  
290~ t h e  s a m p l e  was  cut  in ha l f  and  a n a l y z e d  for  
h y d r o g e n .  The  r e su l t s  w e r e  5.7 and  8.1 p p m  (--+0.1 
p p m ) .  I t  is s ign i f ican t  t h a t  t h e  p i ece  w i t h  t h e  h i g h e r  
h y d r o g e n  c on t e n t  h a d  a s u b s u r f a c e  c r a c k  w h i c h  w a s  
r e v e a l e d  in s a m p l e  p r e p a r a t i o n .  

The  s a l t - t r e a t e d  s a m p l e  r e f e r r e d  to in  T a b l e  I I I  
con t a ined  a b o u t  35 p p m  h y d r o g e n  a f t e r  h e a t  t r e a t -  
men t .  V e r y  l i k e l y  th is  was  u n i f o r m l y  d i s t r i b u t e d  
in t he  b o d y - c e n t e r e d  cubic  g a m m a  u r a n i u m  d u r i n g  
the  t r e a t m e n t .  A f t e r  an  a d d i t i o n a l  h y d r o g e n  b u i l d -  
up  of 8 ppm d u r i n g  the  cor ros ion  tes t  t h e r e  was  
no e v i d e n c e  of c rack ing .  Thus  a t o t a l  q u a n t i t y  of 
h y d r o g e n  w h i c h  causes  c r a c k i n g  in a s a m p l e  in  
w h i c h  i t  is no t  u n i f o r m l y  d i s t r i b u t e d  d id  no t  cause  
c r a c k i n g  here .  P e r h a p s  t h e  o r i g i n a l  ( u n i f o r m l y  d i s -  
t r i b u t e d )  h y d r o g e n  e n h a n c e d  the  d i f fus ion of t he  
cor ros ion  p r o d u c t  h y d r o g e n  so t h a t  i t  too was  u n i -  
f o r m l y  d i s t r i b u t e d .  
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Table IV. Effect of aging on corrosion in water at 290~ 
and on hydrogen absorption 

A g i n g  H y d r o g e n  
t ime  a t  Corr.  c o n t e n t  
400~ ra te ,  a f t e r  3 -day  A p p e a r a n c e  of 

Sample*  h r  m c d  test ,  p p m  s a m p l e  af ter  test  

1 0 13.5 60 Dull. P i t t ed  
2 1 337t 832 Sample  cracked into 

i r r egu la r ly  shaped 
piece and s lurry.  
This piece in good 
condition. 

3 2 450t 1220 Same as above. 
4 3 616t 1340 Same as above. 
5 4 - -  - -  Complete ly  d is in te-  

grated.  

* L - 1 7 0 B C - - q u e n c h e d  f r o m  sa l t  a t  850~ 

t Based  on r e m a i n i n g  piece.  

A group  of  s a m p l e s  w h i c h  h a d  been  s i m u l t a n e -  
ous ly  q u e n c h e d  f r o m  sa l t  w e r e  aged  in  a h e l i u m  
a t m o s p h e r e  a t  400~ for  v a r i o u s  pe r i ods  of t i m e  and  
t e s t ed  for  71 h r  in  degassed ,  d i s t i l l ed  w a t e r  a t  290~ 
The  ag ing  t i m e s  b r a c k e t e d  t h a t  for  o p t i m u m  c o r r o -  
s ion r e s i s t ance  of a v a c u u m - t r e a t e d  sample ,  i.e., a p -  
p r o x i m a t e l y  2 hr .  Resu l t s  a r e  shown  in T a b l e  IV. 

The  a s - q u e n c h e d  s a m p l e  r e a c t e d  t yp i ca l l y ,  i n d i -  
ca t ing  t h a t  t h e  s a m p l e s  w e r e  a d e q u a t e l y  quenched .  
The  b e h a v i o r s  of the  aged  s amp le s  w e r e  c o m p l e t e l y  
d i f fe ren t  f r o m  t h a t  of v a c u u m  q u e n c h e d  a n d  s im-  
i l a r l y  aged  m e t a l  in t h a t  t he  cor ros ion  r e s i s t ance  
was  de s t royed .  

I t  seems  l i k e l y  t ha t  d u r i n g  the  ag ing  p rocess  t he  
h y d r o g e n  concen t r a t ed ,  p e r h a p s  at  g r a i n  bounda r i e s .  
These  c o n c e n t r a t i o n s  m i g h t  act  as nuc le i  for  f u r -  
t he r  loca l  h y d r o g e n  b u i l d - u p ,  e spec i a l l y  if t he  h y -  
d r o g e n  is p r e s e n t  as h y d r i d e .  The  a n a l y t i c a l  s amp le s  
cons is ted  of s m a l l  p ieces  of m e t a l  close to c r a c k e d  
surfaces .  As  expec ted ,  v e r y  h igh  h y d r o g e n  con ten t s  
w e r e  found.  I t  is also pos s ib l e  t ha t  t he  h y d r o g e n  
con ten t  of t h e  s p e c i m e n  i n c r e a s e d  the  r a t e  of  t r a n s -  
f o r m a t i o n  of t he  s t r a i n e d  a l p h a  to n o r m a l  a lpha ,  
w i t h  r e s u l t a n t  i nc rease  in corros ion .  

W h e n  the  h y d r o g e n  con ten t  of the  a l loy  becomes  
g r e a t e r  t h a n  i ts  so lub i l i ty ,  i t  has  been  e x p e c t e d  t h a t  
a h y d r i d e  p h a s e  wi l l  form.  Effor ts  to obse rve  such 
a p h a s e  in a n u m b e r  of s a m p l e s  of t he  sor t  p r e -  
v ious ly  d i scussed  w e r e  unsuccessfu l .  I t  was  t h e r e -  
fo re  a t t e m p t e d  to ob ta in  h i g h e r  to ta l  h y d r o g e n  con-  
t en t  as fo l lows.  A s a m p l e  of L - 1 7 0 B - c  was  q u e n c h e d  
f rom sa l t  a t  850~ and  aged  in h e l i u m  at  400~ 
for  3 hr .  I t  was  t hen  e x p o s e d  to degassed ,  d i s t i l l ed  
w a t e r  a t  290~ for  24 hr .  A t  the  end  of  th is  p e r i o d  
the  s a m p l e  h a d  a rough,  h e a v i l y  p i t t ed ,  i r r e g u l a r  
su r face ;  it  h a d  co r roded  a t  an  a v e r a g e  r a t e  of 2126 
mcd.  The  h y d r o g e n  con ten t  w a s  1100 ppm.  The  u n -  
e x p e c t e d l y  h igh  cor ros ion  r a t e  (as  c o m p a r e d  w i t h  
d a t a  in T a b l e  IV)  could  h a v e  been  due  to an  i n -  
a d e q u a t e  quench .  H o w e v e r ,  t h e  ob jec t  of o b t a i n i n g  
a s a m p l e  w i t h  h igh  h y d r o g e n  con ten t  for  m e t a l l o -  
g r aph i c  s t u d y  was  ach ieved .  

The  s a m p l e  was  e x a m i n e d  m e t a l l o g r a p h i c a l l y  
a f t e r  hea t  t r e a t m e n t ,  a f t e r  cor ros ion ,  and  a f t e r  h y -  
d r o g e n  ana lys i s .  1 The  r e s p e c t i v e  h y d r o g e n  con ten t s  

1 Th~ h y d r o g e n  ana ly s i s  p roduces  a s low cooled a l l oy  a n d  t he  
r ~ u l t s n t  s t r u c t u r e  is v e r y  comolex .  The  sample  was  t he re fo re  
g s m m a  q u e n c h e d  and  aged  a f t e r  a n a l y s i s  in  o rder  to p r o d u c e  a 
s t r u c t u r e  m o r e  c o n d u c i v e  to e v a l u a t i o n .  

Fig. 5. Effect of hydrogen on structure of U-5% Zr-1 Y2% 
Nb alloy. 

w e r e  a p p r o x i m a t e l y  35, 1100, and  0 ppm.  The  p h o t o -  
m i c r o g r a p h s  a p p e a r  in Fig.  5. O n l y  the  s a m p l e  w i t h  
the  h igh  h y d r o g e n  con ten t  has  w h a t  m a y  be  d e -  
s c r ibed  as a " sa l t  a n d  p e p p e r "  effect.  This  s t r u c t u r e  
has  been  found  in th is  a l l oy  o n l y  in  s amples  con-  
t a i n i n g  h igh  h y d r o g e n  contents .  I t  is t h e r e f o r e  i n -  
f e r r e d  t ha t  the  s t r u c t u r e  is h y d r i d e .  

The  di f f icul ty  of f o r m i n g  the  ( p r o p o s e d )  h y d r i d e  
is in  l ine  w i th  t he  r e p o r t  t h a t  t he  add i t i on  of as 
l i t t l e  as 0.5% z i r c o n i u m  to 10.5 and  12% m o l y b -  
d e n u m  a l loys  v i r t u a l l y  e l i m i n a t e s  t he  p r e c i p i t a t i o n  
of h y d r i d e  (4) .  

I t  w o u l d  be  d e s i r a b l e  to i d e n t i f y  t h e  n e w  p h a s e  
as t he  h y d r i d e  in  a m o r e  r i go rous  m a n n e r ,  for  i n -  
s t ance  b y  x - r a y  or  n e u t r o n  d i f f rac t ion .  Howeve r ,  t he  
h ighes t  h y d r o g e n  concen t r a t i ons  p r o d u c e d  to d a t e  
a r e  b e l o w  the  t h r e s h o l d  (2000 p p m  or  g r e a t e r )  of 
de t ec t ion  and  iden t i f i ca t ion  b y  these  methods .  The  
p a r t i c l e s  a r e  too s m a l l  to be  iden t i f i ed  b y  s t a n d a r d  
mic ro focus  x - r a y  equ ipmen t .  

Efyect of temperature.--Water t e m p e r a t u r e  affects  
bo th  t he  cor ros ion  r a t e  and  t h e  use fu l  l i fe  of th i s  
a l loy.  As  i nd i ca t ed  ear l ie r ,  s i m u l t a n e o u s  ag ing  m a y  
occur  at  suff ic ient ly  h igh  t e m p e r a t u r e s .  F i g u r e  6 is 
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Fig. 6. Effect of temperature on aqueous corrosion behavior 
of gamma quenched allay (H203r). 
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r e p r e s e n t a t i v e  of tes t s  p e r f o r m e d  b y  t h e  Reac to r  
E n g i n e e r i n g  Divis ion.  The  effects of t e m p e r a t u r e  on 
cor ros ion  r a t e  and  l i fe  a r e  i l l u s t r a t ed .  

Discussion 

Structural Aspects 
The  q u e n c h e d  a l l oy  has  a m a r t e n s i t i c  " s t r a i n e d  

a l p h a "  s t r uc tu r e .  A l t h o u g h  op t ica l  m e t a l l o g r a p h y  up  
to 2000X shows  on ly  a s ingle  p h a s e  s t ruc tu re ,  w e  
h a v e  p o s t u l a t e d  a s u b - m i c r o s c o p i c  second  phase .  
Such  a s t r u c t u r e  is poss ib l e  if t he  r a t e  of cool ing is 
not  g r e a t  enough  to p r e v e n t  some  decompos i t i on  
be fo re  t he  t e m p e r a t u r e  of t he  m a r t e n s i t i c  t r a n s -  
f o r m a t i o n  is r e a c h e d  (12) .  

M o d e r a t e  ag ing  w o u l d  comple t e  p r e c i p i t a t i o n  of 
the  second  phase ,  if  i t  w e r e  not  a l r e a d y  comple te ,  
and  cause  a s l igh t  g r o w t h  of the  second  p h a s e  p a r -  
t ic les  a l r e a d y  p resen t .  W e  have  a t t e m p t e d  to conf i rm 
or d i s p r o v e  the  ex i s t ence  and  g r o w t h  of t he  second  
p h a s e  b y  m e a n s  of t he  op t ica l  mic roscope ,  x - r a y  
d i f f rac t ion ,  and  e l ec t ron  mic roscope  t echn iques .  

Op t i c a l  m e t a l l o g r a p h y  has  no t  been  f r u i t f u l  in 
r e v e a l i n g  the  r e l a t i ons  b e t w e e n  ag ing  and  cor ros ion  
behav io r .  M o d e r a t e  ag ing  p r o d u c e s  a " c e l l u l a r "  
s t r u c t u r e  w i t h i n  t he  m a r t e n s i t e .  S e v e r e l y  a v e r a g e d  
samples ,  i.e., 475~ for  3 rain,  show w h a t  a p p e a r s  
to be  gross  p r e c i p i t a t i o n  a t  g r a i n  b o u n d a r i e s .  These  
changes  a r e  i l l u s t r a t e d  in Fig .  7, 8, a n d  9. 

S e v e r a l  c o m m e n t s  shou ld  be  m a d e  conce rn ing  
these  f igures.  The  d a r k  l ines  a re  p r o b a b l y  bor ides .  
This  ca s t i ng  h a d  an  u n u s u a l l y  h igh  b o r o n  conten t ,  
i.e., 15 ppm.  The  " a v e r a g e d "  s a m p l e  also h a d  the  

Fig. 7. L-170BC-gamma quenched. Chromic acid etch, 
VHN-382, 30 kg. Magnification 500X before reduction for 
publication. 
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F,g. 9. /-170BC-gamma quenched and aged 475~ 3 
min (averaged), Ames etch, VHN-563, 30 kg. 

" c e l l u l a r "  s t r uc tu r e ,  b u t  i t  was  imposs ib l e  to show 
bo th  the  " c e l l u l a r "  s t r u c t u r e  and  g r a i n  b o u n d a r y  
effect w i th  one  etch,  i.e., a l onge r  e t ch ing  t i m e  was  
r e q u i r e d  to d e v e l o p  the  " c e l l u l a r "  s t ruc tu re .  N e i t h e r  
t h e  " c e l l u l a r "  s t r u c t u r e  no r  t h e  g r a i n  b o u n d a r y  p r e -  
c ip i t a t i on  cou ld  be  s h o w n  to ex i s t  on the  as q u e n c h e d  
sample .  The  g r a i n  b o u n d a r y  effect was  r e v e a l e d  on ly  
on the  " a v e r a g e d "  sample .  

X - r a y  d i f f r ac t ion  r e su l t s  for  a g roup  of q u e n c h e d  
and  aged  s a m p l e s  a r e  m o r e  in t e res t ing .  In  T a b l e  V 
it  is i n d i c a t e d  t h a t  a s igni f icant  r e t u r n  t o w a r d  the  
l a t t i c e  p a r a m e t e r s  of a - u r a n i u m  a c c o m p a n i e s  i n -  
c reased  aging .  A t  t he  same  t ime  enough  l ine  s h a r p -  
en ing  was  o b s e r v e d  to i nd i ca t e  s t r a in  re l ief .  These  
obse rva t i ons  a r e  cons i s t en t  w i t h  t he  h y p o t h e s i z e d  
g r o w t h  of a fine p r ec ip i t a t e .  I t  w o u l d  thus  a p p e a r  
tha t  a g g l o m e r a t i o n  of the  p r e c i p i t a t e  and  r e t u r n  of 
t he  l a t t i c e  d i m e n s i o n s  to those  of a - u r a n i u m  a r e  
r e s p o n s i b l e  for  loss of co r ros ion  res i s tance .  

E t c h e d  su r f ace  t ex tu r e s ,  as r e v e a l e d  b y  e l ec t ron  
m i c r o s c o p y  (us ing  d i rec t ,  i.e., nega t ive ,  c a r b o n  r e p -  
l icas)  sugges t  t h a t  a p r e c i p i t a t e  is p r e s e n t  in  t he  
a s - q u e n c h e d  a l loy ,  and  t h a t  p a r t i c l e  size i nc reases  
as t he  a l loy  is aged.  F i g u r e s  10, 11, and  12 a r e  r e p -  
r e s e n t a t i v e  of q u e n c h e d  and  aged  samples ,  as seen 
at  h igh  magni f ica t ion .  

A n y  t h e o r y  r e l a t i n g  cor ros ion  r e s i s t ance  to s t r u c -  
t u r e  m u s t  e x p l a i n  the  o b s e r v a t i o n  t h a t  r e s i s t ance  
of t he  z i r c o n i u m - n i o b i u m  t e r n a r i e s  to ag ing  is con-  
s i d e r a b l y  g r e a t e r  t h a n  t ha t  of b i n a r y  a l loys  c o n t a i n -  
ing  up  to a b o u t  6% n i o b i u m  (6) .  T h e r e  a r e  a t  ]eas t  
two  w a y s  to  e x p l a i n  t he  benef ic ia l  effect of z i r -  

Table V. (13) Effect of aging on lattice parameters 
and corrosion resistance 

Corros ion  
A g i n g t  28 A n g l e  r e s i s t ance  

Temp,  ~ T i m e  for  (111) a t  290~ * 

Fig. 8. L-170BC-gamma quenched and aged 400~ 2 hr 
(moderate aging); Ames etch, VHN-566, 30 kg. Magnifica- 
tion 500X before reduction for publication. 

As-quenched  39.1 Good 
425 10 rain 39.3 Good 
425 20 rain 39.3 Good 
425 40 rain 39.35 Bad 
425 2 hr  39.4 Bad 
425 4 hr  39.5 Bad 
440 5 rain 39.35 Good 
475 3 min 39.4 Bad 
( s -Uran ium)  39.5 Bad 

* Good  and  b a d  i n d i c a t e  no f a i l u r e  and  fa i lu re ,  in  two  w e e k s '  
exposu re  to w a t e r ,  r e spec t i ve ly .  

t A l l  a l loys  q u e n c h  ~rom 1000~ 
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Fig. 10. L-170BC-gamma quenched, Ames etch, 16,100X 
--5227B. 

Fig. 11. L-170BC-gamma quenched and aged 400~ 15 
rain, Ames etch, 16,100X--S282A. 

Fig. 12. L-170BC-gamma quenched and aged 400~ 6 
hr, Ames etch, 16, 100X--5326C. 

con ium as an  a d d i t i v e  to t h e  u r a n i u m - n i o b i u m  b i -  
n a r y  a l loy.  In  t he  first,  t he  a d d i t i o n  of s e v e r a l  p e r  
cent  of z i r c o n i u m  wi l l  a u g m e n t  the  g r a i n  ref in ing 
ac t ion  of t he  n i o b i u m  and  wi l l  v e r y  l i k e l y  s low 
down  a g g l o m e r a t i o n  of t he  second phase  d u r i n g  
aging.  Hence  the  d i s t r i b u t i o n  of t he  second  phase  
wi l l  p e r h a p s  be  m o r e  f a v o r a b l e  in i t i a l ly ,  and  the  u n -  
f a v o r a b l e  effects of o v e r a g i n g  wi l l  be r e t a r d e d .  

The  second e x p l a n a t i o n  dea l s  w i th  t he  n a t u r e  of 
the  second p h a s e  fo rmed .  A t  e q u i l i b r i u m  the  t e r n a r y  
a l l oy  consis ts  of a l p h a  u r a n i u m  and  a b o u t  10% ~,1 
(10) ,  w h i c h  is g a m m a  u r a n i u m  s a t u r a t e d  w i t h  n io -  
b i u m  and  z i rcon ium.  The  c o r r e s p o n d i n g  s t r u c t u r e  
of the  n i o b i u m  b i n a r y  a l loys  is o - u r a n i u m  and  ~,~ 
( n i o b i u m  s a t u r a t e d  w i t h  u r a n i u m ) .  ~ is no t  f o u n d  
in t he  t e r n a r y  sys tem.  I t  is e n t i r e l y  poss ib le  t h a t  
the  ~,1 p h a s e  a g g l o m e r a t e s  s l ower  t han  the  ~,~ phase ;  
hence  the  t e r n a r y  a l loy  ove rages  m o r e  s lowly .  

Role of Hydrogen 

Aqueous corrosion of uranium.--It  is cons ide r ed  
h e l p f u l  to d iscuss  some aspec t s  of the  m e c h a n i s m  of 
the  aqueous  co r ros ion  of u r a n i u m  and  t h e n  to  show 

how the  s i tua t ion  is modi f ied  b y  a l loy ing .  The  r e -  
su l t s  of th is  i n v e s t i g a t i o n  w i l l  be  used  to s u p p o r t  
t h e  be l ie f  t ha t  h y d r o g e n  p r o d u c e d  as  a p r o d u c t  of 
t he  cor ros ion  r e a c t i o n  has  a c o n s i d e r a b l e  inf luence  
on cor ros ion  behav io r .  

As  u n a l l o y e d  u r a n i u m  co r rodes  in a i r - s a t u r a t e d  
d i s t i l l ed  w a t e r  a t  r o o m  t e m p e r a t u r e  i t  fo rms  a t h in  
con t inuous  and  p r o t e c t i v e  f i lm of u r a n i u m  d iox ide .  
S a m p l e s  of t he  m e t a l  in th is  e n v i r o n m e n t  deve lop  
t y p i c a l  i n t e r f e r e n c e - c o l o r  films, a n d  the  p rog re s s  of 
co r ros ion  can be e s t i m a t e d  f r o m  the  a p p a r e n t  f i lm 
th ickness .  A f t e r  suff ic ient ly  long  exposu re ,  h o w e v e r ,  
po in t s  of loca l  b r e a k d o w n  of th i s  f i lm a re  obse rved .  
A t  these  po in t s  t he  cor ros ion  p r o d u c t  is fine g r a n u l a r  
u r a n i u m  d iox ide .  W h e r e  th is  t y p e  of p r o d u c t  is 
fo rmed ,  the  r a t e  of co r ros ion  is c o n s i d e r a b l y  h ighe r .  
W i t h  f u r t h e r  e x p o s u r e  these  po in t s  of b r e a k d o w n  
g r a d u a l l y  sp read ,  and  i t  is i n f e r r e d  t ha t  e v e n t u a l l y  
mos t  of the  su r f ace  w o u l d  be  c o r r o d i n g  at  the  m o r e  
r a p i d  r a t e  c h a r a c t e r i s t i c  of t he  s i t ua t i on  w h e r e  t h e  
r e l a t i v e l y  u n p r o t e c t i v e  co r ros ion  p r o d u c t  is f o r m e d  
(1) .  I t  is cons idered ,  and  the  i dea  is d e v e l o p e d  in a 
p u b l i c a t i o n  b y  two  of us  (14) ,  t h a t  t he se  po in t s  of 
loca l  b r e a k d o w n  r e p r e s e n t  p l aces  a t  w h i c h  cor ros ion  
p r o d u c t  h y d r o g e n  r eac t s  b e n e a t h  t he  p r o t e c t i v e  f i lm 
to f o r m  u r a n i u m  h y d r i d e .  This  h y d r i d e  then  p r e -  
v e n t s  bond ing  b e t w e e n  the  ox ide  f i lm a n d  the  me ta l .  
S ince  th is  bond ing  a p p e a r s  to be  a neces sa ry  r e -  
q u i r e m e n t  for  t he  s t a b i l i t y  of t h in  ox ide  films of th i s  
type ,  t he  co r ros ion  p r o d u c t  t a k e s  i ts  m o r e  s t a b l e  
form,  a mass  of fine c rys ta l s .  

I t  is e s sen t i a l  t h a t  t h e r e  be  some  o x y g e n  d i s so lved  
in  t he  w a t e r  in  o r d e r  to have  t h e  p r o t e c t i v e  film. 
The  m e a n s  b y  w h i c h  the  o x y g e n  acts  canno t  be  
s t a t ed  u n e q u i v o c a l l y ,  bu t  i t  a p p e a r s  r e a s o n a b l e  to  
suppose  t ha t  o x y g e n  a d s o r b e d  on  the  p r o t e c t i v e  o x -  
ide  f i lm wi l l  p r e v e n t  the  e n t r y  of h y d r o g e n  in to  
the  f i lm and,  hence ,  w i l l  p r e v e n t  access  of h y d r o g e n  
to t he  u r a n i u m  surface .  The  fac t  t h a t  b r e a k d o w n  
u l t i m a t e l y  occurs  i nd i ca t e s  t ha t  t he  p r e v e n t i o n  of 
t h e  e n t r y  of h y d r o g e n  in to  t h e  ox ide  fi lm is no t  
comple te .  In  t he  absence  of d i s so lved  oxygen ,  co r -  
ros ion  a l w a y s  p roceeds  on i n i t i a l l y  c lean  m e t a l  a t  
t he  r a t e  c h a r a c t e r i s t i c  of t he  s i t u a t i o n  w h e r e  t h e r e  
is no s t ab le  p r o t e c t i v e  f i lm (1) .  

As  the  t e m p e r a t u r e  is i n c r e a s e d  i t  is p e r h a p s  m o r e  
diff icul t  to p r e v e n t  the  access  of  some  of t he  h y -  
d r o g e n  to the  m e t a l  surface ,  a n d  the  so lub i l i t y  of 
o x y g e n  in the  w a t e r  is r educed .  C o n s e q u e n t l y  t h e r e  
is a t e m p e r a t u r e  a b o v e  w h i c h  the  f o r m a t i o n  of t he  
h i g h l y  p r o t e c t i v e  f i lm is no t  o b s e r v e d  on u n a l l o y e d  
u r a n i u m .  In  a i r - s a t u r a t e d  w a t e r  th is  t e m p e r a t u r e  
is a b o u t  60~176 The  a d d i t i o n  of h y d r o g e n  p e r o x -  
ide  to the  w a t e r  a p p a r e n t l y  i nc r ea se s  th is  t e m p e r -  
a t u r e  s o m e w h a t  (1 ) .  

Alloying.--By t h e  a d d i t i o n  of  m o r e  t han  a m i n i -  
m u m  a m o u n t  of z i r c o n i u m  the  a p p a r e n t  s ens i t i v i t y  
to t h e  h y d r o g e n  effect can be  c o n s i d e r a b l y  r educed ,  
so t ha t  t he  p r o t e c t i v e  f i lm fo rms  in bo i l ing  d i s t i l l ed  
w a t e r  on a u r a n i u m - 5 %  z i r c o n i u m  a l loy  (15, 16).  
The  b e h a v i o r  of th i s  a l loy  in bo i l ing  d i s t i l l ed  w a t e r  
can  be  de sc r ibed  in e x a c t l y  t he  s a m e  t e r m s  as was  
t h e  cor ros ion  of u n a l l o y e d  u r a n i u m  in a i r - s a t u r a t e d  
d i s t i l l ed  w a t e r  a t  r o o m  t e m p e r a t u r e .  U l t i m a t e l y  l o -  
ca l  b r e a k d o w n  of t h e  ox ide  f i lm occurs ,  and  the  f i lm 
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does not form if oxygen is r ig id ly  excluded f rom 

the water .  
There are three  mechanisms which appear  r ea -  

sonable as explana t ion  for the effect of the a l loying 
zirconium. In the first the incorpora t ion  of z i rcomum 
into the UO2 lat t ice could make  an inheren t ly  more 
stable film and could also make  the process of h y -  
drogen migra t ion  through it more  difficult. That  
this is at  least  reasonable  is indicated by the fact  
tha t  the presence of z i rconium in the oxide produced 
on these alloys has been observed to reduce the UO= 
lat t ice dimensions (16). 

The second proposal  for the protec t ive  action of 
zirconium is tha t  a z i rconium-conta in ing  phase  in 
the surface layers  of the me ta l  acts as a ge t te r  for 
that  hydrogen which does reach the meta l  surface. 
If, then, this z i rconium phase  is d is t r ibuted  in such 
fashion tha t  it  can get ter  all  of the hydrogen  reach-  
mg the suriace,  no u ran ium hydr ide  should be 
formed, at  least  unt i l  the z i rcomum becomes sa tu-  
rated.  According to this p ic ture  the u l t imate  b r e a k -  
down of the oxide film occurs when this sa tura t ion  
is effected. P re sumab ly  the z i rconium-r ich  phase can 
absorb hydrogen only at a given m a x i m u m  rate. 
Oxygen might  be effective by main ta in ing  the ra te  
of a r r iva l  of corrosion product  hydrogen  below this 
l imit .  

If the al loy content is increased so tha t  the total  
ra te  at  which the z i rconium-r ich  phase can absorb 
hydrogen  at  the  surface is equal  to or grea ter  than  
the ra te  at  which hydrogen  gets there  (wi thout  any 
re tardat ion,  as by  oxygen) ,  then there  should be no 
requ i rement  for dissolved oxygen.  7.5% zirconium 
is apparen t ly  sufficient for this  purpose in boil ing 
wa te r  (15). Some get ter ing action by  zirconium is 
indicated in u ran ium alloys, since it has been re -  
por ted  (4) tha t  as l i t t le  as 0.5% zirconium v i r tua l ly  
e l iminates  the format ion of in te rna l  hydr ide  crystals  
dur ing  corrosion in g a m m a - p h a s e  alloys. 

The th i rd  a l t e rna t ive  considers that  hydrogen  
diffuses r ap id ly  into the s t ra ined  phase ( m a r -  
tensi t ic) .  Hence the ent i re  surface would be ge t t e r -  
ing the hydrogen.  This proposal  is in accord wi th  
the  fact  tha t  the s t ra ined la t t ice  has la rger  p a r a m -  
eters  than  the normal  a lpha s t ruc ture  (Table  V).  
In other studies (17, 18), increasing lat t ice p a r a m -  
eters (by  tension) has been observed to cause the 
ra te  of hydrogen  diffusion to increase, sometimes 
s t r ikingly.  

As prev ious ly  noted (16), the a l tered proper t ies  
of the oxide appear  to be insufficient to expla in  the 
observed phenomena.  There would  be no obvious 
explanat ion  for the sensi t ivi ty  of the 5% al loy to 
oxygen in boil ing water ,  nor would  it be clear  why  
there  should be a cr i t ical  min imum zirconium con- 
tent  to achieve corrosion resistance.  The proposals  
re la t ing to the disposal  of hydrogen  are therefore  
p re fe r red  and wil l  be emphasized in the r ema inde r  
of this discussion. Of these, the one based on the 
action of the prec ip i ta ted  phase is preferred.  In ad-  
dit ion to the observed ac t iv i ty  of z i rconium (as a 
get ter )  r e fe r red  to above, the  grea te r  effectiveness 
of increased percentages  of zirconium seems more 
read i ly  expla ined  on the basis of this hypothesis .  
(The mar tens i t ic  t r ans format ion  a lways  seems to 
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be at  least  nea r ly  complete,  as indicated by x - r a y  
diffraction and the observed topography  of corroded 
specimens.)  

A fine random dispersion of the second phase is 
des i rable  for its most efficient operation.  Improved  
dispersion of the second phase produced by aging 
the quenched ma te r i a l  is accompanied by some pro-  
duct ion of normal  a -u ran ium.  This perhaps  explains  
the reduced corrosion l i fe t ime of those aged sam-  
ples which have lower  corrosion rates.  Perhaps  nio-  
bium is be t te r  than  z i rconium both as a hydrogen 
get ter  and as a gra in  refiner, expla in ing its observed 
super ior i ty  as an a l loying const i tuent  (1).  

Damage by hydrogen.--Presumably the niobium 
a n d / o r  zirconium do not do a perfect  job in p ro-  
viding protection.  I t  is assumed that  a small  amount  
of hydrogen  is ava i lab le  to the surface uranium.  
Very  possibly this influences the  corrosion rate,  
e i ther  by the format ion  of a small  amount  of u ra -  
n ium hydr ide  or pe rhaps  even by some disrupt ion of 
the oxide by  gaseous hydrogen  formed beneath  it. 

When samples of the a l loy descr ibed in this r e -  
por t  are corroded in wa te r  they  f requen t ly  become 
p o c k - m a r k e d  or etched. Sometimes such localized 
corrosion is observed to make  r a the r  deep pits. This 
is p robab ly  an indicat ion of the  presence of impur i ty  
phases; whe ther  the in terface  be tween such phases 
and the ma t r ix  are p re fe r r ed  sites for hydr ide  for-  
mat ion is not known, but  might  be suspected. Sub-  
sequent  react ion wi th  the wa te r  could change the 
hydr ide  to oxide. 

I t  is known that  some hydrogen  diffuses into the 
metal .  Thus, a constant  ra te  of hydrogen  pickup by 
corroding samples was observed, in terms of micro- 
grams of hydrogen per square centimeter of cor- 
roding surface. It is presumably this hydrogen which 
initiates the formation of cracks (perhaps by for- 
mation of internal hydride) after prolonged corro- 
sion exposure. The growth of oxide within the cracks 
probably leads to rupture and ultimate failure by a 
wedging action. 

Both reduction of the corrosion rate and increase 
of the corrosion lifetime might be induced by the 
use of more efficient material (for hydrogen dis- 
posal), or its better distribution. In addition, it 
would be desirable to have the hydrogen in the 
metal uniformly distributed. This should provide 
increased corrosion lifetimes over those now ob- 
served for the reference alloy. Both objectives are 
perhaps at least partly achieved in those alloys in 
which the gamma phase is stabilized. The body- 
centered cubic gamma phase has a much higher 
multidirectional hydrogen diffusion rate than does 
the a-uranium; it might also provide a more effi- 
cient surface for the formation and liberation of 
hydrogen. Active cathodes on its surface should pro- 
vide additional benefit, and apparently do (3). 
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Inhibition of Acid Attack on Steel by Heavy Metal Ions 
Joseph A. Shropshire 

Products Research Division, Esso Research and Engineering Co~npany, Linden, New Jersey 

ABSTRACT 

Ions of lead, tin, and cadmium were shown to inhibi t  the dissolution of 
steel in  acid solutions in the absence of metal  plating. A mechanism was 
postulated whereby sulfide ions produced by metal  dissolution combined with 
the heavy metal  ions to form a protective coating on the dissolving surface. 
Analyt ical  studies indicated that  both lead and t in  ions were removed from 
acid solutions in contact with iron filings, in quanti t ies too great to be ex- 
plained by adsorption. Studies on the effect of increased acid concentrat ion 
and varying  sulfur  content  of the dissolving metal  tended to substant iate  the 
mechanism. The order of effectiveness of inhibi t ion of ions of lead, tin, and 
cadmium was shown to coincide with the order of solubil i ty of the respective 
metal  sulfides. 

A l t h o u g h  the effect of fore ign ions on the corrosion 
res i s tance  of va r ious  meta l s  has been  s tud ied  ex -  
t ens ive ly  for a n u m b e r  of years,  some con t rove r sy  
r ema ins  conce rn ing  the act ion of ce r ta in  me t a l  ca-  
t ions in  r educ ing  the  a t tack  on i ron  and  steel  b y  
nonox id iz ing  acids. The act ion of As +++ in  this  r e -  
spect has been  recognized for m a n y  years  (1, 2). 
More recent ly ,  Sn  +§ has been  shown  to exh ib i t  an  
effect s imi la r  to a rsenic  in  1N H~SO, and  1N HC1 (3) .  
As yet,  however ,  no  comple te ly  sa t i s fac tory  m e c h -  
an i sm to exp la in  these  p h e n o m e n a  has been  ad-  
vanced.  The  p re sen t  work  studies  the effect p ro -  
duced by  Sn  § Pb  §247 and  Cd *§ on the  acid d isso lu t ion  
of steel  and  proposes a m e c h a n i s m  for i nh ib i t i on  ap -  
p l icab le  to these ions as wel l  as to As ~*+. 

The  ra te  of d isso lu t ion  of i ron  or steel in a n o n -  
oxidiz ing acid such as H~SO, or HC1 has been  shown  
to increase  in  the  presence  of ce r ta in  ions capable  

of be ing reduced  at  local  cathode po ten t i a l s  (3-5) .  
In contrast, the presence of As ++* or Sn § greatly re- 
duces the attack on steel by iN H~SO, or IN HCI. 
The action of As **+ has been attributed by previous 
investigators (2) to the high hydrogen overvoltage 
of metallic arsenic. Gatos (3) has established, how- 
ever, that the presence of metallic arsenic alone on 
the steel sample does not cause a decrease in rate 
of dissolution. He has further studied the effects of 
As *++ and Sn ++ and concludes that the inhibition is 
due to the following reactions at anodic sites on the 
metal surface: 

Sn *+-~ Sn .... + 2e- 

5As +++-~ 3As ..... + 2As ~ 

These reactions are postulated to compete with and 
suppress the primary reaction, the oxidation of iron. 
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In  the p re sen t  s tudy,  a compar i son  of the effects 
of S n "  and  Pb  ++ on the corrosion of steel in  1N HC1 
solut ion has been  made.  These two ions were  chosen 
in  l ight  of the  ox ida t ion  m e c h a n i s m  proposed to 
account  for the  effect of Sn  ++, and  the  fact tha t  Pb+% 
whi le  s imi lar  to Sn  ++ in  most  respects,  differs g rea t ly  
in  oxida t ion  s tabi l i ty .  Thus  the  respect ive  s t a n d a r d  
oxida t ion  po ten t i a l s  indica te  tha t  P b  ++ should  no t  
inh ib i t  in  the  m a n n e r  proposed for Sn  ++. 

Sn  ++-~ Sn  ... .  + 2e- E ~ ~ +0.15 v 

Pb  ++--> Pb  .. . .  + 2e- E ~ ---- +1.69 v 

Experimental Procedure 
Weight  loss measurements . - -Corros ion ra tes  were  

d e t e r m i n e d  by  conven t iona l  we igh t  loss m e a s u r e -  
ments .  Two types  of me ta l  specimens  were  used:  
(a) SAE 1010 steel coupons m e a s u r i n g  1 x 1.5 x 
1/16 in., (b) d i sk - shaped  specimens  (3 /4  in. d i a m -  
eter,  1/8 in. th ick)  of v a c u u m  mel t ed  e lec t ro ly t ic  
i ron to which  had  been  added v a r y i n g  a m o u n t s  of 
sulfur .  E l e m e n t a l  ana lys i s  of the  1010 steel gave  the  
fo l lowing resul ts :  C, 0.08%; S, 0.019%; P, 0.01%; 
Cu, 0.007%; Mn, 0.25%. Ana lyzed  su l fur  con ten t s  
of the  e lect rolyt ic  i ron  samples  r anged  f rom 0.001 
to 0.021%. Corros ion  tests  were  car r ied  ou t  i n -  
d iv idua l ly  in  s toppered  E r l e n m e y e r  flasks c o n t a i n -  
ing  500 ml of  test  solut ion.  Spec imens  were  sus-  
pended  ve r t i ca l ly  f rom a smal l  glass rod t h rough  a 
1/8 in. hole n e a r  the  top of the me ta l  coupon.  P r io r  
to immers ion ,  the  test  spec imens  were  s and -b l a s t ed ,  
sc rubbed  wi th  powdered  de tergent ,  r insed  w i th  cold 
wa te r  and  acetone,  and  f inal ly  degreased w i th  b e n -  
zene and  desiccated.  All  corrosion tests r epor ted  in  
this paper  were  car r ied  out at  25.0 ~ ----- 0.5~ a nd  
all test  t imes  were  of the order  of 20 hr.  

Baker ' s  A n a l y z e d  lead chlor ide and  meta l l i c  t i n  
were  used to p r epa re  the  necessary  stock solut ions,  
and  test so lut ions  were  ob ta ined  by  appropr i a t e  
di lut ion.  The s imple  deae ra t ion  of test  solut ions  (as 
used in  Fig. 1) was  effected by  pro longed  b u b b l i n g  
wi th  n i t rogen ,  a f ter  pass ing  the  gas t h rough  iden t i -  
cal solut ions for vapor  con ten t  equ i l i b r ium.  Af te r  
b u b b l i n g  of n i t r o g e n  was stopped, a slow s t r eam of 
the gas was passed over  the top of the  solut ions  d u r -  
ing weight  loss runs .  Cons tancy  of ra te  for the  dis-  
solut ion reac t ion  was  es tabl i shed i n d e p e n d e n t l y  by  
fo l lowing the  cross-sec t ional  area  change  of a 1010 
steel probe  via  res i s tance  measu remen t s .  

Experimental Results and Discussien 

EfJect of S n  +§ and Pb  ++ on the 

Corrosion of Steel  in 1N HC1 

Both Pb  ++ and  Sn  ++ inh ib i t  the  d issolu t ion  of steel  
in 1N HC1. The  resul ts  of the ra te  studies,  shown in  
Fig.  1, ind ica te  t ha t  Pb  ++ is jus t  as effective as Sn  +*, 
and  that ,  in fact, the da ta  for bo th  me ta l  ions fal l  
on the same curve.  At  this low pH, dependence  of 
ra te  on the s ta te  of ae ra t ion  was ne i t he r  expected  
nor  found.  Microscopic inspec t ion  (500X) revea led  
no p la t ing  of me t a l  in  e i ther  case at these low ion 
concen t ra t ions  and  h igh  acidity.  (La te r  s tudies  i n -  
d icated tha t  m e t a l  p l a t ed  u n d e r  s imi la r  condi t ions  
formed crysta ls  which  were  easi ly  v is ib le  at  this  
magnif ica t ion. )  Ut i l i z ing  s t anda rd  methods,  m e a s -  

74l 

il o~ 
w 

!,o 

I I I I 

e~ = p b + + -  DFAERATEO 
O = Pb + § - AERATED 
�9 �9 Sn ++ - DEAERATED 

I I I I 
0 5 I O  15 2 0  2 5  

ION cONG. x tO 4` MOLES/LITER 

Fig. 1. Corrosion rate of 1010 steel in IN HCI as a function 
of stannous and plumbous Jan concentration. 

u r e m e n t  of the  po ten t i a l  of 1010 steel in  1N HC1 as 
a func t ion  of p l u m b o u s  ion concen t ra t ion  ind ica ted  
no s ignif icant  change  f rom the  va lue  found  in  1N 
HC1 alone. The iden t ica l  n a t u r e  of the i nh ib i t i on  
curves  for Pb  +~ and  Sn  ++ a nd  the  fact tha t  ox ida t ion  
to the  p l umb i c  s tate  is imposs ib le  u n d e r  such mi ld  
condi t ions  suggest  t ha t  most  of the  i nh ib i t i on  in  
both cases is a t t r i b u t a b l e  to a di f ferent  m e c h a n i s m  
t h a n  tha t  p rev ious ly  proposed.  

Ion Removal  Studies 

Since  no meta l  p l a t i ng  was  observed,  it was  felt  
t ha t  the  i nh ib i t i on  ev idenced  by  both  s t annous  and  
p l u m b o u s  ions could be due  to p ro tec t ion  of the  
me ta l  surface  by  the  fo rma t ion  of an  imperv ious  
layer  of mater ia l .  S tud ies  we re  there fore  car r ied  out 
to de t e r mi ne  if s t annous  and  p l u m b o u s  ions were  
r emoved  f rom acid so lu t ion  by  contac t ing  wi th  i ron 
filings. Two methods  of contac t ing  were  employed:  
[1] percola t ion  of 50 ml  of the  M ++ --  1N HC1 solu-  
t ions t h rough  30.0 g of F i she r  20 mesh  i ron  fil ings 
(0.10% S) con ta ined  in  a c o l u m n  w i t h  a glass wool  
filter, and  s u b s e q u e n t  ana lys i s  for changes  in  M +~ 
concent ra t ion ,  and  [2] ag i ta t ion  of 50 ml  of the M *~ 
-- 1N HC1 solut ions w i th  30.0 g of F isher  20 mesh  
i ron filings in  a sepa ra to ry  funne l ,  i mme d i a t e  f i l t ra-  
t ion  t h r ough  glass wool, and  s u b s e q u e n t  analysis .  
Contac t  t imes  in  bo th  cases averaged  5 rain.  Meta l  
ion concen t ra t ions  of the  test  solut ions were  i den t i -  
cal to those which  were  shown to i nh ib i t  acid a t tack  
on steel. 

Ana lyses  for Pb  ++ were  car r ied  out  b y  the  d i th i -  
zone me thod  wi th  f inal  color imetr ic  de t e rmina t ion .  
T in  d e t e r m i n a t i o n s  w e r e  m a d e  by  a low concen t r a -  
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Fig. 2. Removal of plumbous ion from IN HCI solution by 
contacting with iron filings. T - -  25~ 
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t ion  a i r - f r ee  iodine t i t r a t ion  wi th  complete  r e d u c -  
t ion to the  s t annous  s ta te  in  a closed sys tem wi th  a 
ca rbon  dioxide a tmosphere .  Due  to ana ly t i ca l  d i f -  
ficulties e n c o u n t e r e d  a t  low concent ra t ions ,  s tudies  
on t in  were  car r ied  out  at a s ingle  ion concen t r a t i on  
k n o w n  to give effective inh ib i t ion .  Al l  dup l ica te  
d e t e r m i n a t i o n s  agreed  w i t h i n  1%. 

The change  in  lead ion concen t ra t ion  caused by  
contac t ing  w i th  i ron  filings is shown  in  Fig. 2, and  
the  da ta  ob t a ined  for Sn  +~ at  a s ingle  concen t r a t i on  
are  g iven  be low:  

I n i t i a l  Sn++ cone ASn++ cone 
M e t h o d  ~ g / m i  ~ g / m l  

1 534 320 
2 534 249 

The  resul t s  ind ica te  t ha t  more  t h a n  hal f  the  m e t a l  
ion can be r emoved  f rom solution.  If a surface area  
for the  i ron fil ings of 500 cm '~ is a ssumed  (es t ima ted  
on the  basis of 30.0 g of spheres  of rad ius  0.042 cm 
and  dens i ty  7.86 g/cm~),  the a m o u n t  of, e.g., Sn  +* 
r emoved  f rom so lu t ion  corresponds  to a p p r o x i m a t e l y  
th ree  h u n d r e d  t imes  t ha t  needed  for mono laye r  cov-  
erage of the surface.  Thus,  the r emova l  of ions can -  
not  be ascr ibed to adsorp t ion  phenomena .  If me t a l  
ions were  p la ted  d u r i n g  this contac t ing  process, the  
a m o u n t  of ions r emoved  would  not  be expected  to 
decrease  wi th  ag i ta t ion  of the system. These facts 
led to the  bel ief  tha t  me t a l  ions were  r emoved  f r o m  
the  so lu t ion  by  p rec ip i t a t ion  as an  inso lub le  species. 

Mechanism 
E x a m i n a t i o n  of the  possible react ions  which  could 

occur in  the  sys tem led to the pos tu la te  tha t  the  
steel  (or i ron)  has a su l fu r  con ten t  sufficient to p r e -  
c ip i ta te  the  sulfides of both  lead and  t in.  C o m m o n  
steels have  a su l fu r  con ten t  of 0.02-0.05%, the su l -  
fu r  be ing  in  the  fo rm of me ta l  sulfides. Disso lu t ion  
of the  surface of the  m e t a l  in  acid so lu t ion  t h e n  r e -  
sults  in  the fo rma t ion  of hyd rogen  sulfide in  the i m -  
med ia t e  v ic in i ty  of the  surface.  The hyd rogen  su l -  
fide e q u i l i b r i u m  is such tha t  in  1N HC1 solut ion,  in  
which  the  dissociat ion is suppressed,  sulfide ion con-  
cen t ra t ions  of the order  of 10 -'~ mo le s / l i t e r  can exis t  
(6) .  So lub i l i t y  p roduc t s  of p l u m b o u s  and  s t annous  
sulfides (1.0 x 10 -~9 and  8 x 10 -'~, respec t ive ly)  (7) 
show tha t  this sulfide ion concen t ra t ion  is sufficient 
to in i t i a te  the  p rec ip i t a t ion  of the me t a l  ions, even  
f rom 0.0001M solut ions.  Such sulfide concen t ra t ions  
are no t  grossly in  excess since these  d iva l en t  me t a l  
hal ides  ionize i ncomple t e ly  (e.g., [PbC1] + -~ Pb  § -~ 
C1-; K~ = 0.03) (8) .  The increase  of sulfide ion con-  
cen t r a t i on  in  the  l ayer  ad jacen t  to the  surface  should  
cause the so lubi l i ty  l imi ts  of the  heavy  me ta l  su l -  
fides to be  exceeded at  d is tances  nea r  enough  to the  
sur face  to create  a pro tec t ive  layer .  The fo rma t i on  
of such a l ayer  wou ld  n a t u r a l l y  depend  on the  dis-  
t ance  f rom the  sur face  at which  p rec ip i t a t ion  occurs, 
and  thus  become a combined  func t i on  of sulfide ion 
diffusion and  me ta l  ion concent ra t ion .  This  l ayer  is 
looked on  as be ing  a b a r r i e r  to diffusion of the  p a r -  
t i c ipants  in  the  pa r t i a l  react ions  occur r ing  at the  
surface,  thus  caus ing  the  ove r -a l l  ra te  of d isso lu t ion  
to decrease.  A f u r t h e r  consequence  of the  b u i l d u p  
of sulfide ion in  the  diffusion l ayer  is tha t  a he a vy  
me ta l  ion approach ing  the  surface  would  p r o b a b l y  
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Table I. Corrosion rate of 1010 steel in IN HCI 
in the presence of Cd +~ 

R a t e - -  t o d d  

M o l a r i t y  Cd++ 100 R e l a t i v e  r a t e  

0.00 23.8 1.00 
0.01 12.8 0.54 
0.10 10.7 0.45 

be conver ted  to the  suIfide before  approach ing  
closely enough  for e lec t ron  t ransfer ,  i.e., r educ t ion  
to the meta l ,  to occur. Direct  r educ t ion  of the sul -  
fides of lead and  t in  is cons ide rab ly  more  difficult 
t h a n  r educ t ion  of the  ions themse lves  and,  thus,  is 
not  a l ike ly  reac t ion  (9) .  

Since the  heavy  me t a l  sulfides exh ib i t  a m a r k e d  
t endency  toward  colloid f o r ma t i on  w h e n  prec ip i -  
t a ted  f rom d i lu te  solut ion,  it  is possible tha t  ag i ta -  
t ion  of the solut ions  whi le  contac t ing  w i th  i ron fil- 
ings could r e su l t  in  p rec ip i t a t ion  of the  sulfides at 
grea ter  d is tances  f rom the  surface  and  in  concen t r a -  
t ions at  wh ich  colloid f o r m a t i o n  wou ld  be favored.  
Thus  a nonf i l t e rab le  d i spers ion  could give rise to 
the observed  va r i a t i on  in  ion r emova l  by  the  two 
methods  used. (I t  is fe l t  t ha t  the  " ion r emova l "  data  
are  such tha t  adsorp t ion  as wel l  as m e t a l  p la t ing  
are i m p r o b a b l e  as exp lana t ions .  I t  mus t  be  realized, 
however ,  t ha t  these da ta  p rov ide  no posi t ive ev i -  
dence of sulfide fo rmat ion . )  

Cadmium Ion 
If the  sulfide fo rma t ion  m e c h a n i s m  as pos tu la ted  

above is the  correct  one, c a d m i u m  ion should  also 
act as an  inh ib i to r  for the corrosion of steel in  
1N HC1 solut ions.  For  cadmium,  the so lubi l i ty  p ro -  
duct  of the sulfide ( 1 .4x  10 -~8) (7) is such as to 
make  it a b o r d e r l i n e  case, i.e., a lesser degree  of in -  
h ib i t ion  is to be expected.  More impor tan t ,  the sec- 
ond ioniza t ion  cons tan t  for CdCL as repor ted  by 
H a r n e d  (8) is 0.01. Thus  the  CdCI~ concen t ra t ion  
requ i red  to p roduce  p rec ip i t a t ion  of the  sulfide in  
a solut ion a p p r o x i m a t e l y  1N wi th  respect  to C1- is 
increased one hundredfo ld .  Resul ts  of we igh t  loss 
m e a s u r e m e n t s  car r ied  out  in  the presence  of cad-  
m i u m  ion at  two concen t ra t ions  (Table  I) indica te  
tha t  concen t ra t ions  of c a d m i u m  ion up to one h u n -  
dred t imes  those used for  P b  ++ and  Sn ++ produce  only  
a 50% inhib i t ion ,  and  thus,  the foregoing conc lu-  
sions are qua l i t a t i ve l y  confirmed.  

Ef]ect of Solution Acidity 
The degree  of i nh ib i t i on  afforded by  Sn  ++ and  Pb  ++ 

was found  to be g rea t ly  reduced  in  3N HC1 solution,  
as shown in  Fig. 3. This  ev idence  re inforces  the sul -  
fide mechan i sm,  since the  increase  in ac id i ty  causes 
a sharp increase  in  the  so lub i l i ty  of the  sulfides of 
t in  and  lead. It  is d o u b t f u l  tha t  the observed de-  
crease in  effectiveness of the  meta l  ions would  oc- 
cur  if me ta l  p la t ing  were  a ma j o r  factor  here,  since 
the  increase  in  ac idi ty  f rom 1N HC1 to 3N HC1 
would  resu l t  in  a change  of hyd rogen  discharge po-  
t en t i a l  at a cathodic site of on ly  a few mil l ivol ts .  
The same change  in  acidity,  however ,  causes a n i n e -  
fold decrease ( idea l ly)  in  the  sulfide ion concen t r a -  
t ion in  the  acid solut ion.  
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Fig. 3. Corrosion rate of 1010 steel in 3N HCI as a funct ion 

of stannous and plumbous ion concentration. 

The ra te  of d isso lu t ion  of 1010 steel  in  3N HC1 in  
the  presence  of 0.01 m o l e / l i t e r  of c a d m i u m  ion was 
found  to be 92% of the  ra te  of d i sso lu t ion  in  p u r e  
3N HC1. This is u n d o u b t e d l y  due  to the  fact  tha t  
c a d m i u m  forms the most  soluble  sulfide of the  
meta l s  inves t igated .  I t  is to be expected  tha t  cad-  
m i u m  ion wou ld  exh ib i t  no effect wha t soeve r  in  
solut ions  of s l ight ly  grea te r  acidity.  

EI[ect of Sulfur Content o] the Metal 
If the pos tu la ted  sulfide fo rma t ion  m e c h a n i s m  is 

correct,  it follows tha t  su l fu r  con ten t  of the  me t a l  
should  p lay  a d e t e r m i n i n g  role in  the  inh ib i t ion .  Ac-  
cordingly,  a s e r i e s  of v a c u u m  me l t ed  e lect rolyt ic  
i ron  samples  which  differed on ly  in  su l fu r  con ten t  
was obta ined.  Weigh t  loss m e a s u r e m e n t s  were  car -  
r ied out  on these samples  in  1N HC1 alone a nd  in  
1N HC1 con ta in ing  low concen t ra t ions  of Pb  §247 and  
Sn  § The  resul t s  of this  s tudy  ind ica te  tha t  h igh  
levels  of i nh ib i t i on  are  obta ined,  and  tha t  the  degree  
of i nh ib i t i on  in  both  cases increases  wi th  su l fu r  
con ten t  of the  sample  (Fig. 4 and  5).  

I t  is of in te res t  to no te  tha t  a s a tu r a t i on  level  is 
ob ta ined  wi th  the  use of a Sn §247 concen t r a t i on  some-  
wha t  h igher  t h a n  tha t  of Pb  ++. Such  a level  admi ts  
to severa l  possible exp lana t ions  in  l ight  of the p ro -  
posed mechan i sm.  I t  is possible tha t  m a x i m u m  su r -  
face coverage has been  real ized and  tha t  the  re -  
m a i n i n g  a t tack  represen t s  reac t ion  occur r ing  by  
diffusion of r eac tan t s  t h rough  the  sulfide layer .  A l -  
t e rna t ive ly ,  it  could be a s sumed  tha t  the  m a j o r i t y  
of impur i t i e s  and  the m a j o r i t y  of a t tack  are  cen te red  
about  the  g ra in  bounda r i e s  of the  me t a l  la t t ice  and  
tha t  wh i l e  this a t tack  is i nh ib i t ed  by  sulfide f o r m a -  
tion, a res idua l  d issolu t ion  r e m a i n s  at crys ta l  faces. 

The  a p p a r e n t  incons i s tency  of the  da ta  at 0.001% 
S in  Fig. 4 is exp la ined  by  the  fact tha t  microscopic 
e x a m i n a t i o n  (500X) revea led  r e l a t i ve ly  large c rys-  
tals of lead on this  sample  only.  This  obse rva t ion  
conforms to the  p rev ious  hypothes i s  tha t  me ta l  
p la t ing  should not  occur in  the  p resence  of an  ap -  
prec iab le  a m o u n t  of sulfide ion. The p la ted  lead in  
i tself  appears  to be  an  effective inh ib i tor ,  p r o b a b l y  
due  to its h igh overvo l tage  for h y d r o g e n  discharge.  
I t  is of in te res t  to no te  tha t  .this behav io r  was ob-  
served only  wi th  Pb  §247 which  is r educed  only  s l ight ly  
more  easi ly  t h a n  Sn  +§ 

The  p la t ing  of me ta l  ions at  v e r y  low su l fu r  con-  
ten ts  was  reconf i rmed by  the obse rva t ion  tha t  bo th  
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Fig. 4. Effect of  sul fur content of  electrolytic iron specimens 
on corrosion rate in IN HCI - - 0 . 0 0 1 5 M  Pb §247 Per cent re- 
duction calculated against rate in IN HCI alone. 
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Fig. 5. Effect of  sul fur content of  electrolyt ic iron speci- 
mens on corrosion rate in IN HCI - - 0 , 0 0 4 5 M  Sn § Per cent 
reduction calculated against rate in IN HC] alone. 

lead and  t in  we re  p la ted  f rom the i r  1N HC1 solut ions  
on e lect rolyt ic  i ron  powder  ( t race  su l fu r )  which  
had  been  s in te red  into coupons  wi th  a dens i ty  of 
6.5 g / c m  8. 

Conclusion 

The presence  of p lumbous ,  s tannous ,  and  c a d m i u m  
ions has been  shown to i nh ib i t  the  d issolu t ion  of 
i ron  and  steel  in  1N HC1. Wi th  the except ion  of i ron  
spec imens  w i th  e x t r e m e l y  low su l fu r  content ,  no 
evidence  of p l a t ing  of a n y  of the  meta l s  on the  i ron 
or steel samples  has been  detected.  Both p l u m b o u s  
a nd  s t annous  ions are  r e m o v e d  f rom acid solut ions  
in  contact  w i th  i ron  filings, in  a m o u n t s  d e p e n d e n t  
on the  mode  of contact ing.  The  r e m o v a l  of p l u m b o u s  
ion is l i nea r  wi th  in i t i a l  ion concen t ra t ion .  As yet,  
no sa t i s fac tory  e x p l a n a t i o n  for the  l i ne a r i t y  can be 
advanced .  The  inh ib i t i on  afforded by  Pb  §247 and  Sn §247 
is m a r k e d l y  decreased by  smal l  increases  in  ac idi ty  
of the solutions,  and  has been  shown to be d e p e n d -  
en t  on the  su l fu r  con ten t  of the  d issolv ing metal .  

In  v i ew  of these  facts, it  is pos tu la ted  t ha t  the  
d isso lu t ion  of a steel surface  in  a s t rong nonox id i z -  
ing  acid produces  sufficient sulfide ions to p rec ip i -  
ta te  the  respec t ive  he a vy  me t a l  sulfides at  the  su r -  
face. This  me t a l  sulfide f o r ma t i on  p r o b a b l y  occurs 
at  d is tances  f rom the  surface  which  are  too grea t  
for i ron  discharge,  and  thus  p rec ludes  me t a l  p la t ing .  
The p rec ip i t a t ed  l ayer  of sulfide t hen  res t r ic ts  d i f -  
fus ion  to a nd  f rom the  surface  and  causes a decrease  
in  ra te  of the  pa r t i a l  react ions.  Since As +++ forms a 
sulfide which  is inso lub le  even  in s t rong acid so lu-  
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tion, it is believed that the well-known inhibition 
effects of As +++ are accounted for by a similar mech- 
anism. The concentration of ions required for max- 
imum effectiveness appears to increase in the order 
As +++ < Pb ++ ----- Sn ++ < Cd ++. This order is in agree- 
ment with the respective metal sulfide solubility 
products (7) .i 

A puzzling factor in the experimental results is 
that corrosion rates characteristic of each metal ion 
concentration were obtained after the first few 
minutes of reaction. The continued release of sul- 
fide ions during the period of reaction would be ex- 
pected to increase the thickness of the protective 
layer and thus cause a decrease of corrosion rate 
with time. It is possible that the film is established 
quite rapidly at the period when reaction rate is 
high and that subsequent reaction by slow diffusion 
of ions through the film does not add measurably to 
the "effective" film thickness. This would occur if 
the metal sulfide formed in the latter case by dif- 
fusion of S = t h r o u g h  t h e  f i lm w e r e  loose ly  b o u n d  a t  
r e l a t i v e l y  l a r g e  d i s t ances  f r o m  the  sur face .  

I t  shou ld  be  e m p h a s i z e d  tha t ,  in  accord  w i t h  Ga tos '  
o b s e r v a t i o n s  on Sn ++, no p l a t i n g  of t in ,  lead ,  or  c a d -  
m i u m  on o r d i n a r y  s tee l  coupons  was  o b s e r v e d  in  
t h e s e  sys tems .  O b s e r v a t i o n  of t h e  p l a t i n g  on e lec -  
t r o l y t i c  i ron  spec imens  and  on s tee l  coupons  in  less 
ac id  sys t ems  i n d i c a t e d  t h a t  t he  m e t a l  depos i t s  w e r e  
s e m i - a d h e r e n t  and  c rys t a l l i ne ,  a n d  t h a t  even  the  
mos t  m i n u t e  depos i t s  w e r e  r e a d i l y  o b s e r v a b l e  u n -  
d e r  t he  mic roscope .  

O x i d a t i o n  a t  anodic  sites,  as p o s t u l a t e d  b y  Gatos ,  
is c e r t a i n l y  no t  a f ac to r  in t h e  i nh ib i t i on  e v i d e n c e d  
b y  p l u m b o u s  ion, a l t h o u g h  i t  cou ld  p l a y  a m i n o r  ro l e  
in t he  case  of Sn  +§ C a d m i u m  ion, a t  low c o n c e n t r a -  
t ions,  is p r o b a b l y  s t ab le  in ac id  so lu t ions  i n so fa r  as  
r e d u c t i o n  is concerned ,  and  canno t  c o n c e i v a b l y  
func t ion  b y  the  o x i d a t i o n  m e c h a n i s m  p r e v i o u s l y  
p o s t u l a t e d  for  Sn  +§ 

The  i n h i b i t i o n  effects p r o d u c e d  b y  As  +++, Sn  ~+, 
Pb  ++, and  Cd ++ t h r o u g h  f o r m a t i o n  of a sulf ide l a y e r  
a t  a d i s so lv ing  s teel  su r f ace  are ,  of course,  l i m i t e d  
to a def in i te  r a n g e  of ac id i ty .  The  u p p e r  l imi t  of 

1 T h e  a u t h o r  c a n  f ind  no  p u b l i s h e d  v a l u e  f o r  t h e  s o l u b i l i t y  p r o d -  
u c t  of  As~S~. H o w e v e r ,  i t  is w e l l  k n o w n  t h a t  I-IgS a n d  As~S~ a r e  
t h e  m o s t  i n s o l u b l e  of t h e  h e a v y  m e t a l  su l f ides  (10).  
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th is  r a n g e  is g o v e r n e d  b y  the  s o l u b i l i t y  of the  r e -  
s p e c t i v e  m e t a l  ion  sulf ides,  be ing  g r e a t e s t  for  As  +++ 
and  l owes t  fo r  Cd ++. The  l o w e r  l i m i t  of t he  r a n g e  
is l a r g e l y  d e t e r m i n e d  b y  the  p H  a t  w h i c h  the  su l -  
f ide in  t he  t e s t  m e t a l  spec imen  becomes  so lub le  in  
t h e  co r rod ing  m e d i u m .  

I t  shou ld  be  m e n t i o n e d  t h a t  m a n y  m e t a l  ions  
(e.g.,  Cu § f o r m  sul f ides  of  such l o w  so lub i l i t y  as  
to m a k e  i nh ib i t i on  b y  this  m e c h a n i s m  poss ib le .  
H o w e v e r ,  if  the  s y s t e m  is c a p a b l e  of caus ing  d e p -  
os i t ion  of a l o w - o v e r v o l t a g e  me ta l ,  e i the r  t h r o u g h  
r e d u c t i o n  of t h e  ions  t h e m s e l v e s  or  sulfides, t h e n  
the  c o n c u r r e n t  i nc rea se  in loca l  ce l l  c u r r e n t  a n d  
s u b s e q u e n t  g a l v a n i c  cel l  ac t ion  o v e r s h a d o w s  a n y  
poss ib l e  i nh ib i t i on  effects. F o r  Ni  ++, i nd ica t ions  
ex i s t  tha t ,  d e p e n d e n t  on the  m e t a l  ion c o n c e n t r a -  
t ion  of the  sys tem,  b o t h  p h e n o m e n a  m a y  occur  (3) .  
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ABSTRACT 

The method of continuous variat ions has been used to determine the na -  
ture of the complex in solutions containing t i n ( I I ) ,  n icke l ( I I ) ,  and fluoride 
ions. This indicates the formation of SnF,=, which in t u rn  forms NiSnF4. Other 
complexes of the type NiSnF2 -~, where x is 1, 2, or 3, have been shown to 
form, also. These complexes may contain one or more fluoride bridges. There 
is no indication of complex formation in the absence of fluoride. 

Since the i n t roduc t i on  of a b r igh t  t i n - n i c k e l  a l loy 
p la te  by  P a r k i n s o n  in  1951, m u c h  in te res t  has 
been  aroused in  the  n a t u r e  of the  species r e spon-  
sible for the n e a r l y  cons tan t  one to one atomic rat io 
of t i n - n i c k e l  in  the plate.  

P a r k i n s o n  (1) has shown  tha t  t in  and  n icke l  are  
deposi ted in  rough ly  equa l  a tomic propor t ions ,  over  
a wide  r ange  of condi t ions ,  f rom solut ions  con t a in -  
ing s t annous  chloride,  n icke l  chloride,  sod ium 
fluoride, a m m o n i u m  fluoride, and  enough  h y d r o -  
chloric acid to give the  solut ion of pH of 2.5. This  
pla te  is the i n t e rme ta l l i c  compound  NiSn,  which  
has been  u n a t t a i n a b l e  by  any  other  me thod  (2) .  

A more  deta i led  s tudy  of the  e lec t ro ly te  used in  
the p la t ing  process has led to several  i n t e re s t ing  
qua l i t a t i ve  conclusions  (3) .  W h e n  the  cathode po-  
t en t i a l  was plot ted  aga ins t  cu r r en t  dens i ty  for a 
series of solut ions con t a in ing  a cons tan t  a m o u n t  of 
s t annous  chlor ide and  increas ing  a m o u n t s  of so- 
d i u m  fluoride, it was  observed  tha t  the  cathode po-  
t en t i a l  became inc reas ing ly  negat ive ,  i nd ica t ing  
complex  fo rma t ion  b e t w e e n  s t annous  and  fluoride 
ions. A s imi lar  s tudy  us ing  n icke l  chlor ide  in place 
of s t annous  chlor ide ind ica ted  l i t t le  or no complex -  
ing b e t w e e n  n ickel  and  fluoride ions. A th i rd  s tudy,  
in which  increas ing  a m o u n t s  of n icke l  chloride were  
added to a solut ion con t a in ing  cons tan t  amou n t s  of 
s t annous  chloride, sod ium fluoride, and  a m m o n i u m  
bifluoride, ind ica ted  tha t  the  add i t ion  of n i cke l  
chloride caused the po ten t i a l  at which  t in  pla tes  out  
to become more  nega t ive .  I t  was  suggested tha t  this  
could be due to the  fo rma t ion  of a complex  c o n t a i n -  
ing bo th  t in  and  nickel .  

Davies  (4) has s tud ied  the  in t e rac t ion  b e t w e e n  
fluoride and  s t annous  ions by  d e t e r m i n i n g  the  effect 
of a change  in  f luoride ion concen t r a t i on  on the  
n a t u r e  of the al loy deposit.  The  solut ions  s tudied  
had  a cons tan t  n icke l  concen t r a t i on  bu t  con ta ined  
v a r y i n g  amoun t s  of s t annous  and  s t ann ic  t in  ( the  
la t te r  be ing  due to the  air  ox ida t ion  of the s t annous  
ion) .  At  low fluoride concen t ra t ions  the  deposits  ob-  
t a ined  had a ma t t e  sur face  and  a t in  con ten t  h igher  
t h a n  tha t  of the  b r igh t  alloy, b u t  w i th  f luoride con-  
cen t ra t ions  above ce r t a in  cr i t ical  va lues  the  typ ica l  
b r igh t  appea rance  of the  t i n - n i c k e l  a l loy was  ob-  

1 P r e s e n t  address :  M i n n e s o t a  M i n i n g  a n d  M a n u f a c t u r i n g  Co., 
St. Pau l ,  Minn.  

ta ined.  The fluoride c onc e n t r a t i on  r a n g e  in  which  
this  change  took place was  qu i te  na r row.  The  b r igh t  
t i n - n i c k e l  a l loy could be ob ta ined  only  f rom so lu-  
t ions in  which  each s t annous  ion was associated 
w i th  four  f luoride ions and  each s tann ic  ion wi th  
six fluorides ions. 

F u r t h e r  s tudies  (4) have  ind ica ted  tha t  SnF~ = is 
more  s table  t h a n  SnF4- a nd  is not  invo lved  in  the 
deposi t ion of the t i n - n i c k e l  alloy. If the t i n - n i c k e l  
e lec t ro ly te  conta ins  an  insuff icient  a m o u n t  of fluo- 
r ide to complex  all  the s t annous  and  s t ann ic  ions, 
there  is u n c o m p l e x e d  s t annous  ion in  the electrolyte ,  
and  the  b r igh t  a l loy is no t  deposi ted.  

By compar ing  the t r a n s p o r t  n u m b e r s  of the  m e -  
ta l l ic  ions in  the e lec t ro ly te  w i th  ca lcu la ted  va lues  
for the s imple  meta l l ic  ions, t he  exis tence  of a 
t in  (II)  - f luor ide  complex  seemed to be conf i rmed 
(5) .  For  solut ions con ta in ing  n icke l  chloride,  the 
difference be t w e e n  the  e x p e r i m e n t a l  and  ca lcula ted  
va lues  of the  t r anspo r t  n u m b e r  of N i ( I I )  suggested 
tha t  the  n icke l  ion was pa r t  of a n e g a t i v e l y  charged 
ion. Since the re  is no ev idence  for complex  f o r m a -  
t ion  b e t w e e n  n i c k e l ( I I )  a nd  fluoride in  aqueous  so- 
l u t i on  (6) ,  Brook, et al. suggested  tha t  N i ( I I )  was  
associated wi th  the  s t annous  f luoride complex.  

In  spite of the  r e luc t ance  of n i c k e l ( I I )  to fo rm 
fluoride complexes,  some c ombi na t i on  of SnF4= wi th  
N i ( I I )  seems to occur, b u t  conclus ive  ev idence  for 
this  has no t  been  establ ished.  I t  was  the  object  of 
this  inves t iga t ion  to d e t e r m i n e  the  n a t u r e  of the  
species fo rmed  in  the  t i n - n i c k e l  e lectrolyte ,  us ing  
the  method  of con t inuous  va r i a t i ons  (7-9)  w i th  r e -  
f rac t ive  index  as the  m e a s u r e d  proper ty .  

Experimental 
The Zeiss d ipp ing  re f rac tomete r ,  which  was  used 

in  this  inves t iga t ion ,  does no t  give a di rect  r ead ing  
of re f rac t ive  index,  bu t  for  our  purposes  it was  
no t  necessa ry  to conver t  the  r ead ings  to re f rac t ive  
index  values .  The i n s t r u m e n t  is eas i ly  r ead  to • 0.03 
scale un i t s ;  if desired, these can be conver ted  to r e -  
f ract ive  index  va lues  h a v i n g  an  accuracy  of 0.00002 
uni ts .  

In  a typ ica l  s tudy,  solut ions  a p p r o x i m a t e l y  0.1M 
were  p r epa red  by  di rect  we igh ing  of ana ly t i ca l  
grade  reagents .  In  some cases concen t ra t ions  were  
d e t e r m i n e d  ana ly t i c a l l y  (10) .  Por t ions  of these so- 
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lu t ions  were  m e a s u r e d  in to  glass s toppered  flasks in  
such a m a n n e r  tha t  the  first flask con ta ined  90% by  
v o l u m e  of so lu t ion  A and  10% of B. The  second 
flask con ta ined  80% of A and  20% of B and  so on 
up  to 10% of A and  90% of B. In  eve ry  case the  
tota l  v o l u m e  was  10 ml.  

Af te r  the  solut ion had been  in  a t h e r m o s t a t  for 
30 rain, it  was  placed in  the  r e f r ac tome te r  cup, the 
p r i sm of the  r e f r ac tome te r  was  pu t  in  posi t ion,  and  
the a s sembly  was  immersed  in  the wa t e r  ba th  for 
20 m i n  pr ior  to reading.  Al l  r ead ings  were  t a k e n  
at 25~ 

The con t inuous  va r i a t i on  curves  were  ob ta ined  by  
p lo t t ing  the  solut ion read ings  (n)  m i n u s  the  r ead ing  
of pu re  wa t e r  (n , )  vs. v o l u m e  per  cent  of the  two 
cons t i tuents .  The  devia t ion  curves  were  ob ta ined  by  
p lo t t ing  the  difference b e t w e e n  the  va lues  used in  
the con t inuous  va r i a t ion  curves  and  the  va lues  ob-  
t a ined  by  a s suming  no in t e r ac t i on  b e t w e e n  the  con-  
s t i tuen t s  aga ins t  per  cen t  composi t ion.  Such  a plot  
gives a m a x i m u m  dev ia t ion  at  the  po in t  co r respond-  
ing to the  ra t io  in  which  the  two cons t i tuen t s  react.  

Preparation of solutions.--To e l imina t e  the  pos-  
s ib i l i ty  of a tmospher ic  ox ida t ion  of the  s t annous  
ion, the  dis t i l led  wa te r  was  boi led and  sa tu ra t ed  
w i th  n i t rogen .  Al l  s t annous  solut ions  were  stored 
u n d e r  an  a tmosphere  of n i t r o g e n  and  were  used 
w i t h i n  24 h r  af ter  p repara t ion .  

To dupl ica te  the o p t i m u m  p la t ing  condi t ions  (4) ,  
al l  solut ions  were  b rough t  to a pH of 2.5. In  the  
p r epa ra t i on  of s t anda rd  s t annous  solut ions,  it was 
necessa ry  to add acid to p r e v e n t  hydrolys is .  This  
gave the so lu t ion  a nega t ive  pH. If, however ,  two 
moles of f luoride ion were  added per  mole  of s t an -  
nous ion, it was  possible to p repa re  s t annous  solu-  
t ions  of pH 2.5. A B e c k m a n  model  G pH me te r  was  
used. 

In  cases in  which  a m m o n i u m  fluoride was  a con-  
s t i tuen t  of the  solution,  it was necessa ry  to take  
into account  the  two ioniza t ion  cons tan ts  of h y d r o -  
fluoric acid (11) in  order  to p repa re  an  acid solu-  
t ion  h a v i n g  a k n o w n  unassoc ia ted  fluoride ion con-  
cent ra t ion .  

C o n t i n u o u s  V a r i a t i o n  Studies  

Study No. 1- -SnCI~:2NH,F  vs. N H , F - - I n  order  to 
d e t e r m i n e  the  n a t u r e  of the  complex fo rmed  be -  
tween  s t annous  and  fluoride ions, a con t inuous  va r i -  
a t ion s tudy  of SnC12:2NH4F vs. NH,F was  u n d e r -  
t aken  (Fig. 1). The  dev ia t ion  curve  shows a m a x -  
i m u m  at  33% SnCI~:2NH,F, ind ica t ing  a [ S n ( I I )  + 
2 F - ] : F -  reac t ion  ra t io  of 1:2;  the  complex  m u s t  
have  the  composi t ion SnF,  =. 

Study No. 2--NiClo vs. N H , F - - T h e  data  are p lo t ted  
in Fig. 2. The figure shows no devia t ion ,  ind ica t ing  
no reac t ion  b e t w e e n  the  cons t i tuen t s  u n d e r  the  ex-  
is t ing condi t ions.  

Study No. 3- -SnCI~:4NH,F  vs. NiCl~--This  s tudy  
was u n d e r t a k e n  to de t e rmine  whe the r  the re  is a ny  
in t e rac t ion  b e t w e e n  t he  cons t i tuen t s  in  a solut ion 
con ta in ing  S n ( I I ) ,  N i ( I I ) ,  and  F- (Fig. 3). The 
dev ia t ion  curve  indicates  a [ S n ( I I )  + 4 F - ] : N i ( I I )  
reac t ion  ra t io  of 1 : 1. 

Study No. 4--SnC12:3NH,F vs. NiCl~- - In  order  to 
d e t e r m i n e  w h e t h e r  four  f luoride ions are necessa ry  
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for S n ( I I )  and  N i ( I I )  to become pa r t  of the  same 
species, a solut ion con ta in ing  S n ( I I )  and  F- in  the  
ra t io  1:3 was  used in  a con t inuous  va r i a t ions  s tudy.  
The  dev ia t ion  c u r ve  shows a m a x i m u m  (and  thus  
indicates  compound  fo rma t ion )  at  a ra t io  of [50% 
S n ( I I )  :3F-]  and  50% N i ( I I ) .  

S tudies  2, 3, a nd  4 were  repea ted  us ing  SnF~ and  
Ni(C10,)~ ins tead  of the  chlorides.  W he r e  a g rea te r  
difference in  successive read ings  was  desired, an  
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i n e r t  sa l t  such  as NaC10,  was  a d d e d  to one of the  
solut ions .  In  a l l  cases the  r e su l t s  w e r e  e x a c t l y  t he  
s ame  as those  o b t a i n e d  w i t h  ch lo r ide  ion p resen t .  

Study No. 4 a - - S n F ~  vs. Ni(C10,)~  -t- N a C l O 4 - - T h e  
d a t a  o b t a i n e d  us ing  a so lu t ion  of S n ( I I )  and  F-  in 
a r a t i o  of 1:2 as one of t he  cons t i t uen t s  a re  p l o t t e d  
on Fig.  4. The  cu rve  shows  a m a x i m u m  d e v i a t i o n  
a t  50% SnF~ and  50% Ni(C104), .  

Study No. 5 - - S n C 1 F  vs. Ni(C10~)~ -F NaC10~- -To  
d e t e r m i n e  w h e t h e r  one f luor ide  ion is sufficient  to 
a l l ow S n ( I I )  and  N i ( I I )  to become  p a r t  of t he  
s ame  complex ,  a s t u d y  of t i n ( I I )  ch lo ro f luor ide  vs. 
n i cke l  p e r c h l o r a t e  was  u n d e r t a k e n .  

A 0.1M so lu t ion  of t i n ( I I )  ch lo ro f luor ide  (12) 
h a d  a p H  of 2.3 due  to p a r t i a l  h y d r o l y s i s  of the  
s t annous  ion. The  n icke l  p e r c h l o r a t e  so lu t ion  was  
b r o u g h t  to a p H  of 2.3 b y  the  a d d i t i o n  of p e r c h l o r i c  
acid.  

A f t e r  s t a n d i n g  for  30 min  the  SnC1F so lu t ion  b e -  
c ame  s l i g h t l y  t u rb id ,  so t h e  r e f r a c t o m e t e r  was  i m -  
m e r s e d  in t h e  so lu t ions  for  on ly  10 rain.  The  r e a d -  
ings  for  100% SnC1F be fo re  a n d  a f t e r  t he  f o r m a t i o n  
of the  t u r b i d i t y  d id  no t  change  b y  m o r e  t h a n  the  
m a x i m u m  e x p e r i m e n t a l  e r ro r .  F i g u r e  5 shows a 
m a x i m u m  d e v i a t i o n  at  50% S n C I F  a n d  50% 
Ni(C10, )~  i n d i c a t i n g  a S n F + : N i ( I I )  r e a c t i o n  r a t i o  
of 1:1. 

S'tudy No. 6--SnCI~ vs. NiCI~--To a s c e r t a i n  w h e t h e r  
t h e  p r e s e n c e  of f luor ide  ions  is n e c e s s a r y  for  t he  
f o r m a t i o n  of t h e  complex  species,  a con t inuous  v a r i -  
a t ion  s t u d y  of t i n ( I I )  c h l o r i d e  vs. n i c k e l  ch lo r ide  
was  u n d e r t a k e n .  

To p r e v e n t  t he  h y d r o l y s i s  of t he  s t annous  ion, the  
c a l c u l a t e d  q u a n t i t y  of s t annous  c h l o r i d e  was  d i s -  
so lved  in a so lu t ion  of 25 m l  of w a t e r  con t a in ing  
2 ml  of c o n c e n t r a t e d  h y d r o c h l o r i c  acid.  The  r e s u l t -  
ing so lu t ion  h a d  a pH less t h a n  zero. The  n i cke l  
ch lo r ide  so lu t ion  was  p r e p a r e d  in a s i m i l a r  m a n n e r .  

The  c u r v e  (Fig .  6) shows no dev ia t ion ,  i n d i c a t i n g  
no r eac t i on  b e t w e e n  s t annous  ch lo r ide  and  n i cke l  
ch lo r ide  u n d e r  ex i s t ing  condi t ions .  

Discussion 
In  o r d e r  to e x p l a i n  t he  c o n s t a n t  compos i t i on  of 

t h e  t i n - n i c k e l  a l l oy  w h i c h  is o b t a i n e d  ove r  a w ide  
r a n g e  of condi t ions ,  s e v e r a l  i n v e s t i g a t o r s  h a v e  pos -  
t u l a t e d  the  ex i s t ence  of a t i n - n i c k e l  c o m p l e x  (3, 4) .  
E x c e p t  for  t he  w o r k  p r e v i o u s l y  ci ted,  h o w e v e r ,  no 
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ev idence  has  been  offered in s u p p o r t  of th is  h y -  
pothes is .  

S t u d y  No. 1 ind ica t e s  a [ S n ( I I )  -F 2 F - ] : F - r e a c -  
t ion r a t i o  of 1:2, w h i c h  is cons i s t en t  w i t h  t he  f o r -  
m a t i o n  of SnF4:. Dav ies  (4)  and  B r o o k  (5)  h a v e  
p o s t u l a t e d  t h e  ex i s t ence  of SnF~= f r o m  e x p e r i m e n t a l  
d a t a  o b t a i n e d  b y  e n t i r e l y  d i f fe ren t  me thods .  

S t u d y  No. 2 ind ica t e s  t h a t  N i ( I I )  fo rms  no c o m -  
p l e x  w i t h  f luor ide  ions u n d e r  t he  condi t ions  i n -  
ves t iga t ed .  S i m i l a r  r e su l t s  h a v e  been  o b t a i n e d  b y  
o the r  i n v e s t i g a t o r s  (6) ,  a l t h o u g h  t h e r e  h a v e  been  
some c la ims  of c o m p l e x  f o r m a t i o n  b e t w e e n  N i ( I I )  
and  f luor ide  (13) .  

S t u d y  No. 3 ind ica t e s  t ha t  S n ( I I )  and  N i ( I I )  a r e  
p r e s e n t  in a 1:1 r a t i o  in  t h e  c o m p l e x  species .  I f  w e  
a s s u m e  t h a t  t h e  o n l y  an ions  a s soc ia t ed  w i t h  e i t he r  
t i n ( I I )  or  n i c k e l ( I I )  a r e  t h e  f luor ide  ions of SnF~ =, 
t he  f o r m u l a  for  t h e  c o m p l e x  is NiSnF, .  Dav ies  (4)  
and  B r o o k  h a v e  p o s t u l a t e d  the  ex i s t ence  of such  a 
complex .  

I f  a m e t a l  ion and  a c o m p l e x i n g  a g e n t  f o r m  a 
ser ies  of c o m p l e x e s  for  w h i c h  the  success ive  s t a -  
b i l i t y  cons t an t s  do no t  d i f fer  g rea t ly ,  a so lu t ion  of t h e  
c o n s t i t u e n t  ions  m a y  con ta in  a p p r e c i a b l e  a m o u n t s  of 
a l l  t he  poss ib l e  c o m p l e x e s  (14) .  I f  such a r e l a t i o n -  
sh ip  ex is t s  in t he  t in  ( I I )  - f luor ide  sys tem,  a so lu t ion  
of c o n s t i t u e n t  ions m a y  con ta in  SnF~-, SnF~, and  S n F  § 
as w e l l  as SnF, : .  T h e  ex i s t ence  of a l l  of these  c o m -  
p l e x e s  has  no t  been  de f in i t e ly  e s t ab l i shed ,  b u t  
s tud ies  of t i n ( I I )  ch lo r ide  and  b r o m i d e  sys t ems  i n -  
d i ca t e  t he  s i m u l t a n e o u s  ex i s t ence  of success ive  c o m -  
p lexes .  D u k e  and  C o u r t n e y  (15) o b t a i n e d  v a l u e s  
for  t h e  s t a b i l i t y  cons tan t s  of SnC1 § SnCI~, SnC1; ,  
and  SnCI,=, a n d  conc luded  t ha t  an  ac id  so lu t ion  of 
the  c o n s t i t u e n t  ions con ta ins  some of each  of t he se  
complexes .  The  d e t e r m i n a t i o n  of s t a b i l i t y  cons tan t s  
of S n ( I I ) - B r -  complexes  l ed  V a n d e r z e e  (16) to a 



748 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  S e p t e m b e r  1960 

s imi la r  conclusion;  the s tab i l i ty  cons tan ts  of the  
b romide  complexes  are  sma l l e r  t h a n  those of the 
chlor ide complexes.  We should  therefore  expect  
a solut ion of t i n ( I I )  and  fluoride ions to con ta in  
all the  ions SnF~ ~-''~ (whe re  n = 0, 1, 2, 3, and  4) ,  
each of these be ing  more  s table  t h a n  the cor respond-  
ing chloride or b romide  complex.  The concen t r a t i on  
of each complex wou ld  be d e t e r m i n e d  by  the ra t io  
of the  concen t ra t ions  of the  t in  and  fluoride ions 
and  the  re la t ive  s tab i l i ty  cons tan t s  of the  var ious  
complexes.  

The e lect rolyte  used by  P a r k i n s o n  in  his s tudies  
of the  t i n - n i c k e l  a l loy doubt less  conta ins  some of 
each of the possible t i n ( I I ) - f l u o r i d e  complexes.  The 
con t inuous  va r i a t i on  s tudies  repor ted  here  indica te  
tha t  even  one fluoride ion is sufficient to b ind  a 
t i n ( I I )  ion and  a n i c k e l ( I I )  ion into a complex in  
which  the  meta l  ions are p resen t  in  a 1:1 ratio. 

S tudy  No. 6, in which  s t annous  chlor ide and  n icke l  
pe rch lo ra te  were  the  cons t i tuents ,  showed no dev ia -  
t ion  f rom the "no reac t ion"  curve,  and  it is a ssumed  
tha t  SnCI~ and  N i ( I I )  do no t  form a complex u n d e r  
the condi t ions  s tudied.  I t  should be po in ted  out, 
however ,  tha t  the  condi t ions  of S tudy  No. 6 are no t  
iden t ica l  to those of p rev ious  studies.  Because of 
the absence of f luoride ions, it was  necessary  to 
keep the  pH below 2.5 in  order  to p r e v e n t  the h y -  
drolysis  of the s t annous  ion. 

As p rev ious ly  shown,  SnF4: is the  p r e d o m i n a n t  
species in solut ions con t a in ing  an  excess of fluoride 
ion, bu t  other  t i n ( I I ) - f l u o r i d e  complexes  m a y  be 
p re sen t  in  the  commerc ia l  e lectrolyte .  Evidence  for 
the  fo rma t ion  of a 1:1 t i n ( I I ) - n i c k e l ( I I )  complex 
was ob ta ined  in  all  cases in  which  fluoride ions were  
present ,  bu t  in the absence  of f luoride ions the re  
was no ind ica t ion  of t i n - n i c k e l  complex  format ion .  
The conclus ion tha t  f luoride ions are necessary  for 
complex  fo rma t ion  is cons is ten t  w i th  prev ious  ob-  
se rva t ions  tha t  the  b r igh t  a l loy p la te  cannot  be  
ob ta ined  f rom solut ions  which  do not  conta in  fluo- 
r ide  (4) .  

The  consis tent  1.1 rat io of S n ( I I ) : N i ( I I )  ob ta ined  
in the  con t inuous  va r i a t i on  s tudies  can be exp la ined  
most  easily by  a s suming  tha t  f luoride ions serve 
as b r idg ing  groups be tween  the metals .  F luo r ide  
ions have  not  p rev ious ly  been  shown  to serve as 
b r i dg ing  groups, bu t  compounds  which  may  conta in  
f luoride br idges  are known .  U n d e r  ex t r eme  t h e r m a l  
condit ions,  the  fluorides and  chlorides of some a l ka -  
l ine  ear th  e lements  combine  to fo rm compounds  of 
the  type  CaF~'CaCI~, SrF,.,'SrCI~, and  BaF~'BaCI~ 
(17).  The complex [Co(NH,)4BeF4] + (18) p r o b a b l y  
conta ins  fluoride bridges.  

F r o m  the con t inuous  va r i a t i on  studies,  we have  
conc luded  tha t  on ly  one fluoride ion is necessary  
for b r idg ing  in the t i n - n i c k e l  complex,  bu t  we cannot  
be sure  tha t  on ly  one f luoride ion acts as a b r i d g -  
ing group w h e n  more  are avai lable .  

T h r o u g h o u t  this  discussion it  has been  assumed 
tha t  n i c k e l ( I I )  does no t  fo rm complexes  wi th  fluo- 
r ide  ions, bu t  tha t  in  the  p resence  of a t i n ( I I ) - f l u o -  
r ide  complex some type  of associat ion takes  place. 
Appa ren t l y ,  no o ther  s imi la r  cases have  been  r e -  
ported,  and  we can offer no exp lana t ion  for this  
s eeming ly  incons i s t en t  behavior .  Because the  p h e -  

n o m e n o n  is of both  theore t ica l  and  prac t ica l  im-  
por tance,  o ther  examples  are be ing  sought  in  the 
hope tha t  they  wi l l  shed l ight  on the  n a t u r e  of the  
bond ing  in  such mixed  complexes.  F luo r ide  com- 
plexes of N i ( I I )  have  been  reported,  bu t  the i r  ex-  
is tence is not  shown by  the  me thod  of con t inuous  
var ia t ions .  Ev i de n t l y  the  condi t ions  p reva i l i ng  in 
this  work  were  not  conducive  to the i r  fo rmat ion .  

The  f o r ma t i on  of a t i n ( I I ) - n i c k e l ( I I ) - f l u o r i d e  
complex  does not  p rec lude  the s imu l t aneous  exis t -  
ence of the i nd iv idua l  ions in  the  e lectrolyte .  Cu th -  
ber tson,  et al. (3) have  shown tha t  complex  species 
as wel l  as the i nd iv idua l  ions are p re sen t  in the  
commerc ia l  electrolyte.  It  is, therefore ,  no t  i l logi-  
cal to assume the exis tence of the  equ i l ib r i a  

NiSnF~ ~-~ ~ Ni § + S n F x  -~-~ 
It 

S n  +2 + X F -  

U n d e r  n o r m a l  condit ions,  the s imple  ions are not  
d ischarged because  the i r  po ten t ia l s  are too high. If 
the concen t ra t ions  of the cons t i t uen t  ions are high 
enough,  the  e q u i l i b r i u m  shifts in  favor  of the for-  
ma t ion  of NiSnF~ '-x, bu t  in  d i lu te  solut ions  ve ry  
l i t t le  of the t i n - n i c k e l  complex  is formed.  Elec t ro l -  
ysis of such a solut ion wou ld  not  be expected to 
give the t i n - n i c k e l  alloy. 

Manuscript  received Oct. 2, 1959. 
Any  discussion of this paper  will appear in a Discus- 

sion Section to be published in the June  1961 JOUR- 
NAL. 
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Retention of Chloride in Zinc Sulfide 
during Phosphor Preparation 

A. Kremheller, S. Faria, P. Goldberg, and D. J. Bracco 
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ABSTRACT 

A concentrat ion cell procedure, based on the method of F u r m a n  and Low, 
is employed to study chloride retent ion in zinc sulfide powders. Amounts  of 
0.001% by weight of chloride in 1 g of zinc sulfide can be determined quant i ta -  
tively. Zinc sulfide powders with physically admixed or coprecipitated chloride 
are processed in open boats with variat ions in firing time and temperature;  
the retained chloride is determined. The chloride retained after displacement 
of surface chloride is defined as '"volume chloride." It is found that  the re-  
tention of volume chloride in zinc sulfide is similar whether  zinc chloride or 
sodium chloride is used as the flux; a peak concentrat ion is observed in both 
cases after processing near  500~ The exper imental  results are in terpreted 
and found significant in elucidating the mechanism of the incorporation of 
chloride into zinc sulfide powder dur ing phosphor preparation.  

A l though  Tiede and  Sch leede  (1) and  r ecen t ly  
Riehl  and  O r t m a n n  (2) r epor t  tha t  they  have  ob-  
t a ined  l u m i n e s c e n t  zinc sulfide phosphors  w i thou t  
employ ing  a f luxing agent ,  commerc ia l  zinc sulfide 
phosphors  are u sua l ly  p r e p a r e d  w i th  a f luxing agent ,  
such as zinc chlor ide or sod ium chloride.  The  p res -  
ence of flux exer ts  a p r o n o u n c e d  inf luence  on the  
luminescence  emission,  c rys ta l  s t ruc ture ,  and  p a r -  
ticle size. I t  is wel l  k n o w n  tha t  the  use of chloride 
flux has a beneficial  effect d u r i n g  zinc sulfide phos-  
phor  p repa ra t ion ;  however ,  the  pa r t i cu l a r  m e c h a n i s m  
by  which  the chloride enhances  the  luminescence  
emiss ion is no t  yet  fu l ly  unders tood .  

Schleede and  Gan tzckow (3) propose tha t  a th in  
film of flux dissolves smal l  par t ic les  of the  base 
ma te r i a l  wi th  subsequen t  p rec ip i t a t ion  on large  p a r -  
ticles, and  tha t  the th in  film sets up s t ra in  and  dis-  
order  in  the  host la t t ice  d u r i n g  cooling. The re su l t -  
ing la t t ice  imper fec t ions  are  cons idered  by  these 
au thors  as the  c a u s e  of luminescence .  

Gun tz  (4) is p robab ly  the  first r esearcher  who 
considers  the  poss ibi l i ty  of flux act ion w i t h i n  the 
vo lume  of the  phosphor.  Fo l lowing  a suggest ion by 
Gugel  (5) ,  Smi th  (6) shows tha t  the  flux is able  to 
form a solid solut ion wi th  the  base mater ia l .  K r o e -  
ger and  H e l l i n g m a n  (7) assume tha t  chloride,  i.e., 
the  flux anion,  is incorpora ted  subs t i t u t i ona l l y  into 
the host lat t ice.  They  find by  q u a n t i t a t i v e  chemical  
analys is  2 to 27 x 10 -5 g a toms of chlor ide per  mole  
of zinc sulfide in va r ious  phosphor  samples.  The i r  
inves t iga t ions  a im at co r re l a t ing  the  incorpora ted  
coact ivator  wi th  the ac t iva tor  concen t r a t i on  and  the  
l uminescence  mechan i sm;  however ,  the  au thors  
po in t  out  tha t  e x p e r i m e n t a l  difficulties l ead  to a 
--+ 50% er ror  in  the  d e t e r m i n a t i o n  of incorpora ted  
chloride,  especially,  since a ce r t a in  pa r t  of the  chlo-  
r ide  m a y  be too t igh t ly  b o u n d  for removal .  Bube  (8) 
was aware  of this  difficulty and  r emoved  10% of 
the sample  wi th  n i t r ic  acid to dispose of occluded 
surface  ch]oride before  conduc t in r  a a u a n t i t a t i v e  
chlor ide ana lys i s :  in this case the  possible  e r ror  is 

g iven  as -+ 20%. There  are some objec t ions  to Bube ' s  
p rocedure  of r e m o v i n g  surface  chloride,  in  tha t  
smal l  par t ic les ,  corners ,  edges, specific c rys ta l lo -  
g raphic  planes,  and  s imi la r  s ingu la r i t i e s  m a y  dis-  
solve p re fe ren t i a l ly .  Some chlor ide  m a y  sti l l  be 
held  by  surface  forces. This  f rac t ion  m a y  not  be 
comple te ly  r e mova b l e  by  f rac t iona l  d issolu t ion  and  
w a t e r  wash ing ;  r ep rec ip i t a t ion  m a y  also occur. 

Froe l ich  (9) observes  tha t  m u c h  of the in i t i a l ly  
added  ac t iva tor  r e ma i ns  wi th  the  zinc sulfide phos-  
phor  af ter  processing whi le  a lmost  all  flux is lost, 
a l though  it  is a p p a r e n t  tha t  coact ivators  have  a b e n -  
eficial effect on the phosphor  obta ined.  

A n  a t t e mp t  is made  in  the  p re sen t  pape r  to de-  
fine and  d e t e r m i n e  the  a m o u n t  of v o l u m e  chlor ide 
tha t  becomes incorpora ted  in to  zinc sulfide d u r i n g  
the  process of phosphor  p repa ra t ion .  The p re sen t  
s tudy  is cons idered  as the first step in  inves t iga t ing  
and  es tab l i sh ing  the  m e c h a n i s m  by  which  chlor ide 
helps  to change  a f inely divided,  n o n l u m i n e s c e n t  
zinc sulfide powder  into a wel l  crystal l ized,  b r i g h t l y  
l u m i n e s c e n t  phosphor.  Whi le  the  final objec t ive  of 
the  inves t iga t ion  wi l l  be an a t t e mp t  to corre la te  
q u a n t i t a t i v e l y  the  a m o u n t  of chlor ide  on and  w i t h i n  
the  base  m a t e r i a l  w i th  l uminescence  emiss ion  and  
re la ted  proper t ies  of phosphors,  this  i n t r o d u c t o r y  
exp lo ra t ion  should  es tabl ish  a p rocedure  for chlo-  
r ide  d e t e r m i n a t i o n  and  p resen t  some da ta  on the  
q u a n t i t a t i v e  chlor ide  r e t e n t i on  in  zinc sulfide pow-  
der  d u r i n g  phosphor  p repa ra t ion .  

Experimental 
In  s tudy ing  the incorpora t ion  of chlor ide in to  a 

phosphor ,  it is necessary  to d i s t ingu i sh  b e t w e e n  
chlor ide  on the  ex t e rna l  surfaces and  tha t  which  
becomes incorpora ted  into the  vo lume.  P a l u m b o  and  
L e v i n e  (10) have  shown tha t  w a sh i ng  zinc sulfide 
powder  wi th  w a t e r  un t i l  the  f i l t ra te  shows no chlo-  
r ide  does not  assure  tha t  the  surface  is f ree of 
chloride.  In  a typica l  example ,  a sample  of zinc 
sulfide powder  p rec ip i t a ted  in  the  presence  of chlo-  
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r ide  may  contain more  than 1% by weight  of 
chloride af ter  wate r  washing. The authors  (10) find, 
however ,  that  on leaching the w a t e r - w a s h e d  sample 
wi th  sulfate solution an apprec iab le  fraction, for 
instance 30%, of the chloride appears  in the leachate.  
I t  seems reasonable  to assume tha t  the sulfate ions 
displace chlor ide ions f rom the surface of zinc sul-  
fide powder ,  so tha t  the chloride remain ing  af ter  
d isp lacement  washing can be defined as volume 
chloride, i.e., that  which is re ta ined  on enclosed in-  
t e rna l  surfaces and in the host c rys ta l  lattice. Ac-  
cordingly,  the de te rmina t ion  of volume chloride is 
an exper imenta l  process dur ing which the sample 
approaches  asymptot ica l ly ,  af ter  successive leach-  
ings wi th  sulfate ion, a constant  amount  of re ta ined  
chlor ide which is cal led volume chloride.  The la t te r  
is, therefore,  defined expe r imen ta l ly  as the amount  
re ta ined  when the f i l t ra te  does not contain any de-  
tec table  chloride, and when the re ta ined  chloride is 
found constant  af ter  addi t ional  d isp lacement  wash-  
ings. 

Chlor ide  is de te rmined  by  the concentrat ion cell 
method of F u r m a n  and Low (11);  this technique 
may  also be employed in de te rmin ing  the concen- 
t ra t ion  of other halides. The analysis  is conducted 
by  measur ing  the emf be tween two s i lve r - s i lve r  
chloride electrodes (Fig. 1) which are  suspended in 
chloride solutions of different  concentrations.  One 
electrode is immersed  in a chloride solution of con- 
cent ra t ion  x and the other  in a solution of concen- 
t ra t ion  0.01 + x, where  x is the chlor ide  to be de-  
t e rmined  and the concentrat ions are in moles per  
l i ter.  Electrochemical  theory  leads to the  following 
equat ion at 25 ~ 

2(x  + 0.01) 
E = 0.0591 log [1] 

x + (x~+4Po/f~) 1/~ 

where  E is the emf, x is moles of chloride per  l i ter,  
Po is the solubi l i ty  product  of AgC1 in pure  H~O, and 
] is the  ac t iv i ty  coefficient. The value  of the ac- 
t iv i ty  coefficient is found expe r imen ta l ly  by using 
a solut ion with x = o and measur ing  the emf. A 
graph of Eq. [1] faci l i ta tes  the de te rmina t ion  of 
x. For  chloride analysis,  zinc sulfide is washed in 
deionized wate r  to remove the zinc sulfate and is 
then dissolved in hot di lute  ni t r ic  acid. The acid 
solution is digested unt i l  the hydrogen  sulfide is 

expel led;  the  sulfur  which forms is removed by 
filtration. The volume is ad jus ted  to 100 ml; two 
25-ml al iquots  are  taken,  to one 5 ml of wate r  are 
added, to the other  5 ml of 0.06M NaC1. The aliquots 
are  then placed into the arms of the concentrat ion 
cell and the emf is measured.  Banc ie -Gr i l lo t  and 
Gri l lot  (12) indicate  tha t  chloride is lost if hot 
4N HNO~ is employed in dissolving zinc sulfide; 
however,  in this  l abora tory  careful  checks wi th  
blanks containing known amounts  of added chlo- 
r ide  have shown no loss wi th in  the l imit  of chloride 
detection. 

The resul ts  obtained by  the concentrat ion cell 
technique have  been found to be reproducib le  and 
accurate.  As l i t t le  as 0.001% by weight  of chloride 
in 1 g of zinc sulfide can be determined;  the l imit  
of detect ion is 0.0005%. In many  cases grav imet r ic  
analyses  have been run on selected zinc sulfide sam-  
ples, wi th  resul ts  that  confirm the usefulness of the 
concentrat ion cell procedure.  

The zinc sulfide powders,  zinc chloride, and so- 
dium chlor ide  used in these exper iments  are  free 
of heavy meta ls  to the l imi t  of spectrographic  de- 
tectabi l i ty .  Some of the zinc sulfide powders  con- 
tain coprecipi ta ted chloride in amounts  specified 
below. The zinc sulfide descr ibed as ch lor ide- f ree  
contains 0.0015 ---- 0.0005% (Fig. 2) by  weight  of 
chloride. Dur ing phosphor p repara t ion  the samples 
are held in t r anspa ren t  quartz  boats and heated in 
t r ansparen t  quar tz  combustion tubes in an a tmos-  
phere  of hel ium. Conduc t iv i ty -grade  deionized 
wate r  is used for washing. The zinc sulfate used 
for leaching and the nitr ic acid for dissolution of 
zinc sulfide powder  contain no chloride to the l imit  
of detectabi l i ty .  

Results 
The amount  of added hal ide  has a marked  in-  

fluence on the luminescence in tens i ty  and spectral  
d is t r ibut ion  of the  emission. Accordingly,  it appears  
desirable  to s tudy quan t i t a t ive ly  the h is tory  of 
added chloride dur ing zinc sulfide phosphor  syn-  
theses. The mechanism by which chlor ide carr ies  
out its function of enhancing luminescence has not 
yet  been established.  Previous  invest igators  have 
examined only the finished product.  Our results  
show that  the  phosphor  passes dur ing  its p repara t ion  
through stages in which the amount  of incorpora ted  
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Fig. I .  Concentration cell with silver-silver ch lo r i de  elec~ 
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v o l u m e  c h l o r i d e  is s e v e r a l  o r d e r s  of m a g n i t u d e  
h i g h e r  t h a n  t h a t  in the  f inal  phosphor .  Da t a  wi l l  
be  p r e s e n t e d  on the  i n c o r p o r a t i o n  and  r e t e n t i o n  of o.s 
ch lo r ide  in t he  v o l u m e  of zinc sulf ide as found  d u r -  
ing  va r ious  s t eps  of p h o s p h o r  p r e p a r a t i o n  f rom zinc o.4 
sulf ide p o w d e r s  w i t h  p h y s i c a l l y  a d m i x e d  or  c o p r e -  
c ip i t a t ed  ch lo r ide  coac t iva to r .  

Exper imental  definition o] volume chloride.--  ~ 0.3 
C h l o r i d e - f r e e  zinc sul f ide  is m i x e d  w i t h  5% b y  ~" _ 
w e i g h t  of zinc ch lo r ide  in solu t ion .  To check  p o s -  ~ 02- 
s ib le  effects a t  r oom t e m p e r a t u r e ,  the  s l u r r y  is 
p l aced  in a v a c u u m  des i cca to r  a t  25~ u n t i l  i t  is 
c o m p l e t e l y  d ry .  The  d r i e d  m i x t u r e  is t hen  d i v i d e d  ~ o.,. 
in to  e igh t  2 -g  por t ions .  The  first  p o r t i o n  is l e ached  
once w i t h  35 m l  of 0.1M zinc su l fa te ,  a second  p o r -  
t ion is l e ached  twice  w i t h  success ive  35 ml  p o r t i o n s  
of solut ion,  and  the  r e m a i n i n g  po r t i ons  a r e  l e a c he d  
in t he  same  w a y  for  5, 10, 15, 20, 25, and  30 t imes ,  
r e spec t ive ly .  The  p o w d e r  was  s e p a r a t e d  f rom the  
l each  so lu t ion  b y  f i l t e r ing  t h r o u g h  f r i t t e d  g lass  f i l ters  
and  success ive  w a t e r  wash ings .  A f t e r  s epa ra t ion ,  
each  po r t i on  is d i s so lved  in  n i t r i c  ac id  and  the  ch lo -  
r ide  con ten t  is d e t e r m i n e d  as d e s c r i b e d  above .  The  
po r t i on  t ha t  had  been  l eached  on ly  once con ta ins  
0.39% b y  w e i g h t  of ch lor ide ,  and  a f t e r  t w e n t y  l e a c h -  
ings  the  r e t a i n e d  a m o u n t  dec reases  g r a d u a l l y  (Fig.  
2) to a cons t an t  v a l u e  of 0.0015% b y  w e i g h t  of 
ch lor ide .  S ince  th is  is t he  ch lo r ide  con ten t  of the  
c h l o r i d e - f r e e  zinc sulfide, i t  can  be  conc luded  t ha t  
none  of t he  a d d e d  ch lo r ide  b e c a m e  i n c o r p o r a t e d  into  
the  v o l u m e  on d r y i n g  a t  25~ 

The  same  s t u d y  is r e p e a t e d  on s amp le s  w h i c h  a r e  
p rocessed  in a q u a r t z  combus t i on  t ube  in one case 
for  16 h r  a t  l l 0 ~  and  in  a n o t h e r  case for  2 h r  
a t  600~ A f t e r  l each ing ,  t he  s amp le s  a r e  d i s so lved  
and  t h e i r  ch lo r ide  con ten t s  a r e  d e t e r m i n e d .  F i g u r e  
2 ind ica t e s  t he  n u m b e r  of t i m e s  each  s a m p l e  has  
been  l eached  and  the  r e s u l t i n g  a s y m p t o t i c a l l y  a t -  
t a i n e d  v o l u m e  chlor ide .  I t  is seen  tha t ,  in c o n t r a s t  
to the  r e s u l t  o b t a i n e d  b y  d r y i n g  at  r o o m  t e m p e r -  
a ture ,  ch lo r ide  is n o w  i n c o r p o r a t e d  into t he  v o l u m e  
of zinc sulf ide p o w d e r  d u r i n g  the  hea t  t r e a t m e n t .  

,Influence oS duration o~ heat t rea tmen t . - -The  
a m o u n t  of c h l o r i d e  i n c o r p o r a t e d  in to  t h e  v o l u m e  of 
zinc sulfide,  w h e n  zinc sulf ide w i t h  p h y s i c a l l y  a d -  
m i x e d  zinc ch lo r ide  is h e a t e d  at  600~ for  2 hr ,  is 
found  a b o v e  to be  0.28% b y  we igh t .  In  o r d e r  to 
d e t e r m i n e  h o w  the  a m o u n t  of i n c o r p o r a t e d  v o l u m e  
c h l o r i d e  d e p e n d s  on the  d u r a t i o n  of h e a t  t r e a t m e n t ,  
zinc sulf ide s amp le s  w i t h  5% b y  w e i g h t  of zinc 
ch lo r ide  a r e  h e a t e d  at  750~ for  1, 4, 10, 20, and  30 ,~ o.s- 
min,  and  for  1, 2, 3, 4, and  8 hr .  These  s a m p l e s  a r e  

z 

t r e a t e d  as a b o v e  to d e t e r m i n e  the  v o l u m e  chlor ide .  7,- o4- 
The  da ta ,  w h i c h  a r e  p r e s e n t e d  in Fig .  3, show t h a t  ~- 
ch lo r ide  i n c o r p o r a t i o n  p r o c e e d s  v e r y  r a p i d l y .  A ~ 0.3. 

p e a k  v a l u e  is a t t a i n e d  w i t h i n  t he  first  10 m i n  of -~ 
h e a t  t r e a t m e n t  a t  th is  t e m p e r a t u r e .  T h e r e a f t e r ,  ~ o.2 
ch lo r ide  beg in s  to  l e a v e  the  v o l u m e  as t h e  s a m p l e  
r e m a i n s  at  t e m p e r a t u r e .  I t  shou ld  be  no ted  t h a t  ~ o.~ 
t h e  a m o u n t  of  ch lo r ide  in t he  v o l u m e  of z inc  sulf ide 
a f t e r  p rocess ing  at  750~ for  2 h r  is s m a l l e r  t h a n  
tha t  i n c o r p o r a t e d  d u r i n g  p rocess ing  at  600~ for  
t h e  s ame  t ime .  This  r e s u l t  i nd i ca t e s  t h e  i m p o r t a n c e  
of the  f i r ing t e m p e r a t u r e ,  as d i scussed  in t he  n e x t  
par t .  
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ZnS WITH 5%ZnCI  ! AODED 
PROCESSED AT 7SOgC 

o TOTAL CHLORIDE 
�9 VOLUME CHLORIDE 

PROCESSING TIMEslN HRS, 

Fig. 3. Retention of total chloride and volume chloride as 
a funct ion of processing time at 750~ 

Influence of the temperature  of heat t r e a t m e n t . -  
I t  has  been  shown  above  t h a t  c h l o r i d e  is i n c o r p o -  
r a t e d  in to  t he  v o l u m e  of zinc sulf ide  w h e n  h e a t e d  
w i t h  5% zinc chlor ide .  I t  is q u a l i t a t i v e l y  c l ea r  f rom 
t h e  a b o v e  d a t a  t h a t  t h e  a m o u n t  of v o l u m e  c h l o r i d e  
i n c o r p o r a t e d  first  i nc reases  w i t h  t e m p e r a t u r e  and  
t h e n  dec reases  as t he  t e m p e r a t u r e  inc reases  f u r t h e r .  
The  p r e s e n t  s t u d y  is conce rned  w i t h  the  q u a n t i t a t i v e  
n a t u r e  of th is  t e m p e r a t u r e  dependence .  Zinc  sulf ide 
w i t h  5% zinc ch lo r ide  a d m i x e d  is h e a t e d  for  2 h r  
a t  v a r i o u s  t e m p e r a t u r e s  b e t w e e n  200 ~ and  l l 0 0 ~  
E x t e r n a l  su r face  ch lo r ide  is r e m o v e d  b y  the  zinc 
su l f a t e  l e ach ing  p rocedure ,  and  the  ch lo r ide  con ten t  
of t he  s a mp le s  is d e t e r m i n e d ;  d a t a  a r e  g iven  in 
Fig .  4. 

The  p e a k  v a l u e  for  the  i n c o r p o r a t i o n  of ch lo r ide  
in to  t he  v o l u m e  of zinc sulf ide occurs  n e a r  500~ 
The  c h l o r i d e  r e t e n t i o n  cu rve  r i ses  a b o u t  l i n e a r l y  to 
a m a x i m u m ,  a n d  fa l l s  off so t h a t  the  v o l u m e  c h l o -  
r i de  d imin i she s  to a b o u t  0.01% b y  w e i g h t  a t  800~ 
and  to a b o u t  0.003% at  l l 0 0 ~  

U s u a l l y  a ch lo r ide  o the r  t h a n  zinc ch lo r ide  is 
e m p l o y e d  in p h o s p h o r  syn thes i s ;  t h e r e f o r e  ch lo r ide  
r e t e n t i o n  has  b e e n  i n v e s t i g a t e d  w h e n  s o d i u m  c h l o -  
r ide  is a d d e d  as the  flux. The  zinc sulf ide s a m p l e s  
w i t h  sod ium ch lo r ide  a d m i x e d  a r e  p r e p a r e d  in t h e  
s a m e  w a y  as those  con ta in ing  zinc ch lor ide .  H o w -  
ever ,  t he  a m o u n t  of sod ium ch lo r ide  is c h a n g e d  to 

/ 0 ~  0 5 %  ZnCI2 

2do 4bo sbo sbo iooo 12oo 
PROCESSING TEMPERATURE,IN ~ 

Fig. 4. Retention of volume chloride as a funct ion of  proc- 
essing temperature for  ZnCI2 and NQCI addit ion; processing 
t ime is 2 hr. 
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2% b y  w e i g h t  to a p p r o a c h  a f lux c o n c e n t r a t i o n  of ten  
used  in  c o m m e r c i a l  p rac t i ce .  The  z inc  sulf ide p o w -  
de r s  w i t h  the  a d m i x e d  s o d i u m  c h l o r i d e  a r e  h e a t e d  
for  2 h r  in the  t e m p e r a t u r e  r a n g e  f r o m  200 ~ to 
l l 0 0 ~  The  h e a t - t r e a t e d  p o w d e r s  a r e  l e ached  w i t h  
zinc su l f a t e  and  t h e n  a n a l y z e d  for  v o l u m e  ch lo r ide  
as before .  The  da ta ,  w h i c h  a r e  p r e s e n t e d  in Fig.  4, 
show the  s ame  g e n e r a l  d e p e n d e n c e  of v o l u m e  ch lo -  
r ide  on p rocess ing  t e m p e r a t u r e  as o b s e r v e d  w i t h  
zinc chlor ide ,  w h i c h  has  a m u c h  l o w e r  m e l t i n g  po in t  
t h a n  sod ium chlor ide .  

Retent ion oS volume chloride in zinc sull~de con- 
taiaing coprecipitated chloride.--Chloride m a y  be 
a d d e d  to zinc sulf ide e i t he r  as a c h l o r i d e  sa l t  a f t e r  
zinc sulf ide p r e c i p i t a t i o n  f rom solut ion ,  as d e s c r i b e d  
above,  or  as c o p r e c i p i t a t e d  1 c h l o r i d e  f o r m e d  w h e n  
zinc sulf ide is p r e c i p i t a t e d  in the  p r e s e n c e  of a 
so lub le  ch lor ide .  In  t h e  l a t t e r  case,  a m o u n t s  of 
a b o u t  1% b y  w e i g h t  of ch lo r ide  become  i n c o r p o r a t e d  
into  t he  v o l u m e  of z inc  sulf ide d u r i n g  i ts  f o rma t ion .  

As  ano the r ,  c o m p l e m e n t a r y  p a r t  of s t u d y i n g  t h e  
h i s t o r y  of ch lo r ide  i n c o r p o r a t i o n  d u r i n g  p h o s p h o r  
p r e p a r a t i o n ,  i t  a p p e a r s  of i n t e r e s t  to obse rve  the  
r e t e n t i o n  of v o l u m e  ch lo r ide  w h e n  c o p r e c i p i t a t e d  
c h l o r i d e  is p r e s e n t  in t he  v o l u m e  of zinc sulf ide 
p o w d e r .  F o r  th is  purpose ,  zinc sulf ide is p r e p a r e d  
b y  pas s ing  h y d r o g e n  sulf ide t h r o u g h  a so lu t ion  of 
zinc ch lo r ide  acidif ied to pH 2.5 w i t h  h y d r o c h l o r i c  
acid.  The  zinc sulf ide p r e c i p i t a t e  is f i l t e red  and  
l e ached  w i t h  zinc su l f a t e  so lu t ion  u n t i l  i t  a t t a in s  a 
cons t an t  ch lo r ide  con ten t  a f t e r  s e v e r a l  success ive  
wash ings .  The  cons t ancy  of ch lo r ide  is d e t e r m i n e d  
b y  ana lys i s  of t he  zinc sulf ide s a m p l e  as we l l  as 
b y  the  absence  of ch lo r ide  in the  f i l t ra te .  The  z inc  
sulf ide p r e p a r e d  b y  th is  m e t h o d  con ta ins  0.82% b y  
w e i g h t  of ch lo r ide  w h i c h  is a l l  p r e s e n t  in t h e  
vo lume .  

S a m p l e s  of zinc sulf ide con ta in ing  c o p r e c i p i t a t e d  
ch lo r ide  a r e  p l aced  in q u a r t z  boa t s  and  h e a t e d  in a 
q u a r t z  combus t i on  t u b e  at  400~ for  1, 4, and  16 hr ,  
r e spec t i ve ly ,  in an  a t m o s p h e r e  of he l ium.  Each  
s p e c i m e n  is l eached  t w e n t y  t imes  w i t h  0.1M ZnSO~ 
a f t e r  h e a t i n g  and  t hen  is d i s so lved  to d e t e r m i n e  the  
ch lo r ide  content .  F i g u r e  5 p r e s e n t s  t he  da ta ;  a lmos t  
a l l  the  v o l u m e  ch lo r ide  r e m a i n s  in zinc sulf ide u n d e r  

1 The  t e r m  " c o p r e c i p i t a t e d "  is used  in  the  sense  as g i v e n  by  
I. M. K o l t h o f f  a n d  E. B. Sandel] ,  T e x t b o o k  of Q u a n t i t a t i v e  I n o r -  
gan ic  C h e m i s t r y ,  The  M a c M i l l a n  Co., Ne w York,  1948, pp. 110-112. 
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Fig. 5. Retention of coprecipitated volume chloride as a 
function of processing time and temperature. 

the  a b o v e  p rocess ing  condi t ions .  The  s a m e  e x p e r i -  
m e n t  is p e r f o r m e d  b y  m a i n t a i n i n g  the  z inc  sulf ide 
p o w d e r  w i t h  c o p r e c i p i t a t e d  ch lo r ide  for  va r ious  
pe r iods  of t i m e  a t  600 ~ 800 ~ and  1100~ as shown 
in Fig .  5. I t  is f o u n d  t ha t  t h e  a m o u n t  of r e t a i n e d  
v o l u m e  c h l o r i d e  dec reases  r a p i d l y  w i t h  i nc rea s ing  
p rocess ing  t e m p e r a t u r e .  The  a m o u n t s  of ch lo r ide  
r e m a i n i n g  i n c o r p o r a t e d  in  the  v o l u m e  a f t e r  hea t i ng  
for  4 h r  a t  600~ a re  c o m p a r a b l e  to t he  a m o u n t s  of 
v o l u m e  c h l o r i d e  i n c o r p o r a t e d  w h e n  the  ch lo r ide  is 
i n t r o d u c e d  in t he  fo rm of zinc ch lo r ide  or  sod ium 
ch lo r ide  b y  p h y s i c a l  a d m i x t u r e .  

Discussion 
As p a r t  of t he  p r e s e n t  i nves t iga t ion ,  i t  has  been  

found  t ha t  i t  is poss ib le  to def ine v o l u m e  ch lo r ide  
as ch lo r ide  no t  r e m o v e d  b y  success ive  leachings .  
One ob t a in s  r e p r o d u c i b l e  v a l u e s  of v o l u m e  ch lor ide ;  
these  v a l u e s  d e p e n d  on the  cond i t ions  to w h i c h  zinc 
sulf ide p o w d e r s  con ta in ing  e i t he r  p h y s i c a l l y  a d -  
m i x e d  or c o p r e c i p i t a t e d  ch lo r ide  have  been  sub -  
jec ted .  

F o l l o w i n g  the  e x p l a n a t i o n  of L e v e r e n z  (13) for  
p a r t i c l e  g r o w t h  of Zn..,SiO~, one can e x p l a i n  the  in -  
c o r p o r a t i o n  of ch lo r ide  in to  t he  v o l u m e  of zinc su l -  
fide as an  a t t e n d a n t  effect of p a r t i c l e  g rowth .  The  
a d m i x e d  c h l o r i d e  coats  t he  su r face  of the  zinc su l -  
fide g r a in s  w h i c h  g row t o g e t h e r  and  inc lude  ch lo -  
r ide  on con t iguous  surfaces .  Ch lo r ide  i n c l u d e d  in 
i n t e r g r a n u l a r  b o u n d a r i e s  canno t  be  r e m o v e d  b y  
l each ing  w i t h  su l f a t e  ions and  is, t he re fo re ,  v o l u m e  
ch lo r ide  as a b o v e  defined.  As  the  t e m p e r a t u r e  i n -  
c reases  (Fig .  4) to abou t  500~ the  n u m b e r  of i n -  
t e r g r a n u l a r  b o u n d a r i e s  also inc reases  so t h a t  a d d i -  
t iona l  ch lo r ide  becomes  i nc o rpo ra t e d .  W h e n  the  
p rocess ing  t e m p e r a t u r e  is i n c r e a s e d  a b o v e  500~ 
the  wa l l s  of t he  i n t e r g r a n u l a r  b o u n d a r i e s  m a y  s t a r t  
to s in te r  t o g e t h e r  so t ha t  ch lo r ide  is expe l l ed .  A t  
h igh  t e m p e r a t u r e s  m a n y  g r a i n  b o u n d a r i e s  d i s a ppea r ,  
and  p a r t i c l e  g r o w t h  t akes  p lace .  A p a r t  of the  
v o l u m e  c h l o r i d e  is t hen  d i sp l aced  to the  e x t e r n a l  
su r face  and  vola t i l i zes ,  wh i l e  some m a y  be  r e t a i n e d  
on i n t e r i o r  su r f aces  and  some m a y  become  incor -  
p o r a t e d  into  t h e  hos t  la t t ice .  

Sod ium c h l o r i d e  f lux shows e s sen t i a l l y  t he  same 
b e h a v i o r  as zinc ch lo r ide  w i t h  r e spec t  to ch lo r ide  
i n c o r p o r a t i o n  in to  zinc sulfide.  H o w e v e r ,  the  two 
f luxes d i f fer  c o n s i d e r a b l y  in  p h y s i c a l  p rope r t i e s ,  
such as v a p o r  p r e s s u r e  and  m e l t i n g  point .  The  s im-  
i l a r i t y  in b e h a v i o r  m a y  ind i ca t e  t h a t  ch lo r ide  i n -  
c o r p o r a t i o n  in to  the. v o l u m e  of zinc sulf ide  is 
e s s e n t i a l l y  a p r o p e r t y  of t he  hos t  m a t e r i a l  and  the  
ch lo r ide  ion, and  to a l esser  e x t e n t  a p r o p e r t y  of 
t he  f lux cat ion.  The  fact  t h a t  zinc c h l o r i d e  has  a 
l o w e r  m e l t i n g  p o i n t  t han  sod ium chlor ide ,  y e t  shows 
the  same  t e m p e r a t u r e  d e p e n d e n c e  of c h l o r i d e  in -  
co rpora t ion ,  t e n d s  to east  d o u b t  on a m e c h a n i s m  
of f lux ac t ion  t h a t  de pe nds  on the  ctissolving (3)  of 
zinc sulf ide b y  the  f luxing  agent .  This  r e s u l t  is in 
a g r e e m e n t  w i t h  Bube  (8) w h o  finds t h a t  t h e  a m o u n t  
of ch lo r ide  r e t a i n e d  is t h e  s ame  r e g a r d l e s s  of 
w h e t h e r  s o d i u m  ch lo r ide  or  h y d r o c h l o r i c  ac id  is p r e s -  
en t  d u r i n g  p r e p a r a t i o n  of a c o p p e r - a c t i v a t e d  zinc 
sulf ide phospho r .  The  c onc e n t r a t i on  of r e t a i n e d  ch lo -  
r i de  is a b o u t  t h e  same  w h e t h e r  i t  is p r e s e n t  o r ig i -  
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na l l y  as a coprecipi ta te  or is admixed  wi th  the 
sulfide before  firing. For  this reason  one is led to 
suspect  tha t  the ac tua l  mode of r e t en t i on  is the 
same in both  cases. 

As shown in  Fig. 4, the vo lume  chlor ide is a f unc -  
t ion  of f ir ing t e m p e r a t u r e  for a g iven  f ir ing t ime. 
The vo lume  chlor ide does not, however ,  by  itself, 
d e t e rmine  the  ob ta inab le  luminescence ;  m a x i m u m  
luminescence  is u sua l ly  ob ta ined  by  fir ing at t e m -  
pe ra tu res  wel l  above 500~ Therefore ,  if a n u -  
mer ica l  cor re la t ion  be tween  the a m o u n t  of incorpo-  
ra ted  chlor ide and  luminescence  is to be expected,  
one mus t  consider  the vo lume  chlor ide to be com- 
posed of at least  two kinds,  one of which  is effective 
in p romot ing  luminescence .  One hopes tha t  f u tu re  
explora t ions  wi l l  make  it possible to d i s t ingu ish  
be tween  the var ious  f ract ions  of vo lume  chloride,  
so tha t  q u a n t i t a t i v e  cor re la t ion  wi th  l uminescence  
can be es tabl ished.  A first goal (14) wi l l  be to 
di f ferent ia te  b e t w e e n  lat t ice chlor ide and  i n t e r n a l  
surface chloride.  
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Study of Ball Milling and the Determination 
of Lattice Chloride in Zinc Sulfide 

A. Kremheller, S. Faria, and A. K. Levine 

General Telephone & Electronics Laboratories Inc., Bayside, New York 

ABSTRACT 

Ball milling, followed by displacement washing, permits a dist inction to be 
made between lattice chloride and in ternal  surface chloride as parts of volume 
chloride. The surface area, which is determined by gas adsorption methods, 
increases rapidly in  the beginning  and then in a l inear  m a n n e r  as a funct ion 
of mil l ing time. The extent  of l inear i ty  between surface area and mil l ing t ime 
is considered to be a measure of crystall inity.  The data indicate that the maxi -  
mal  amount  of lattice chloride becomes incorporated at a processing tempera-  
ture near  700~ after a processing time of 2 hr. Zinc sulfide gradual ly  loses its 
abil i ty to luminesce under  ul t raviolet  (u.v.) i r radiat ion dur ing  mill ing;  the 
logarithm of the luminescence emission is about proport ional  to the newly 
formed surface. It  appears that  the luminescence centers consist of lattice 
regions of about 0.2 ~ in diameter,  as is indicated by the observed min imal  
size of luminescent  particles. The luminescence emission of mil led samples can 
be restored by reprocessing, although the degree of restorat ion is highly sensi- 
tive to impurit ies introduced dur ing  milling. 

L e n a r d  and  K l a t t  (1) were  p r o b a b l y  the  first to 
observe tha t  pho to luminescence  is cons ide rab ly  de-  
creased d u r i n g  the  des t ruct ion,  e.g., by  crushing ,  
of phosphor  part icles .  Wecker  (2) ,  F r e y  (3) ,  and  
Broser and  Reichard t  (4) among  others  have  con-  
f irmed this  observat ion .  M a n y  researchers  (5) have  
a t t emp ted  to corre la te  the decay of l uminescence  
i n t ens i t y  d u r i n g  phosphor  des t ruc t ion  w i th  the  p a r -  
ticle size, ex ten t  of des t ruct ion,  and  re la ted  p a r a -  

meters .  However ,  some conclusions  which  have  been  
a t t a ined  are  confounded  by  the  me thod  of par t ic le  
size de t e rmina t i on ,  as zinc sulfide par t ic les  u sua l l y  
agg lomera te  if they  are be low 1 ~ in  d iameter .  For  
ins tance,  F r e y  (3) concludes  f rom microscopic ob-  
se rva t ions  tha t  the  g ra in  size of zinc sulfide ap -  
proaches  a cons tan t  va l ue  of 4 ~ du r ing  ba l l  mi l l ing ,  
a l though  he observes  smal l  par t ic les  ( abou t  0.1 ~) 
w h e n  an  e lec t ron  microscope is used. Shor t  and  
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S t e w a r d  (6) a t t e m p t  a c o r r e l a t i o n  b e t w e e n  p h o t o -  
l u m i n e s c e n c e  i n t e n s i t y  a n d  c r y s t a l  s t r u c t u r e  changes  
d u r i n g  g r i n d i n g  of z i n c - c a d m i u m  sulfides.  T h e y  find 
t h a t  t he  r e s i d u a l  p h o t o l u m i n e s c e n c e  is an  e x p o n e n -  
t i a l  f unc t ion  of t he  r e t a i n e d  h e x a g o n a l  s t r u c t u r e  
f rac t ion .  Brose r  and  R e i c h a r d t  (4)  w e r e  p r o b a b l y  
the  first  to cons ide r  t he  su r face  i nc rea se  d u r i n g  ba l l  
m i l l i n g  of zinc sulf ide  phosphor s .  T h e y  d e t e r m i n e d  
t h e  su r f ace  change  and  d e g r e e  of d e s t r u c t i o n  of t h e  
p h o s p h o r  p a r t i c l e s  b y  an  op t i ca l  p r o c e d u r e  based  on 
ref lect ion.  

Resu l t s  on g r i n d i n g  of zinc sulf ide  a r e  on ly  i nc i -  
d e n t a l  to t he  p r e s e n t  i nves t iga t ion ,  w h i c h  is m a i n l y  
c o n c e r n e d  w i t h  a d i s t i n c t i o n  b e t w e e n  ch lo r ide  p r e s -  
en t  on i n t e r n a l  su r faces  a n d  w i t h i n  t he  la t t ice .  Z inc  
sulf ide  pa r t i c l e s  a r e  d e s t r o y e d  in o r d e r  to expose  
t h e  i n c o r p o r a t e d  v o l u m e  chlor ide .  The  va r i ous  f r a c -  
t ions  of ch lo r ide  h a v e  been  d i scussed  in a p r e v i o u s  
p u b l i c a t i o n  (7 ) ,  in  w h i c h  t h e  n e e d  for  d e t e r m i n i n g  
l a t t i c e  ch lo r ide  and  i ts  poss ib l e  i m p l i c a t i o n  on l u m -  
inescence  p r o p e r t i e s  of zinc sulf ide  also h a v e  been  
ind ica ted .  The  p r e s e n t  p a p e r  consis ts  e s sen t i a l l y  of 
t h e  c o n t i n u a t i o n  of p r e v i o u s  r e s e a r c h e s  look ing  into  
t h e  m e c h a n i s m  of f lux ac t ion  d u r i n g  zinc sulf ide 
p h o s p h o r  p r e p a r a t i o n .  The  p r e s e n t  i nc iden t a l  r e -  
su l t s  on ba l l  m i l l i n g  appea r ,  h o w e v e r ,  to be  of such  
g e n e r a l  i n t e r e s t  in cons ide r ing  the  m e c h a n i s m  of 
p h o t o l u m i n e s c e n c e  t h a t  t h e i r  inc lus ion  seems  d e s i r -  
able .  

Experimental 
The  zinc sulf ide p o w d e r ,  p rocess ing  p rocedure ,  and  

f lux ing  a g e n t  u sed  h a v e  been  specif ied in a p r e v i o u s  
p u b l i c a t i o n  (7)  w h i c h  a lso  e x p l a i n s  the  d e t e r m i n a -  
t ion  of sma l l  a m o u n t s  of ch lo r ide  b y  the  c o n c e n t r a -  
t ion  cel l  p rocedu re .  

The  ba l l  m i l l i ng  is p e r f o r m e d  in 4-oz  glass  bo t t l e s  
w i t h  sc rew caps;  0.5 in. d i a m e t e r  p r o c e l a i n  ba l l s  a r e  
e m p l o y e d  for  c ru sh ing  the  zinc sulf ide pa r t i c l es .  The  
speed  of t he  ba l l  mi l l ,  t he  n u m b e r  of bal ls ,  and  the  
s a m p l e  size a r e  k e p t  cons t an t  in a l l  e x p e r i m e n t s .  D r y  
m i l l i n g  is e m p l o y e d  to avo id  the  decompos i t i on  of 
z inc  sulf ide w h i c h  t a k e s  p lace ,  for  ins tance ,  in t he  
p r e s e n c e  of w a t e r .  I t  is found  t ha t  the  ch lo r ide  con-  
t a m i n a t i o n  i n t r o d u c e d  b y  m i l l i n g  for  300 h r  is b e -  
l ow  the  l imi t  of d e t e c t a b i l i t y ,  i.e., 0.0005% b y  
we igh t ,  b y  the  c o n c e n t r a t i o n  ce l l  p r o c e d u r e  (7 ) ;  
h o w e v e r ,  amoun t s  n e a r  10 p p m  each of copper ,  i ron,  
lead ,  and  s i l icon a re  de tec t ed .  These  i m p u r i t i e s  a f -  
fec t  t he  r e s t o r a t i o n  of l u m i n e s c e n c e  d u r i n g  r e t i r -  
ing  of ba l l  m i l l e d  samples ,  as wi l l  be  shown.  

A s impl i f ied  gas  a d s o r p t i o n  m e t h o d  (8)  was  e m -  
p l o y e d  for  d e t e r m i n i n g  the  n e w l y  f o r m e d  su r face  
a r e a  a f t e r  ba l l  mi l l ing .  The  s impl i f ied  p r o c e d u r e  r e -  
duces  t he  t ime  for  one su r f ace  a r e a  d e t e r m i n a t i o n  
b y  a f ac to r  of a b o u t  t en  w h e n  c o m p a r e d  w i t h  t he  
g e n e r a l  B r u n n a u e r - E m m e t t - T e l l e r  (B.E.T.)  me thod ,  
m a k e s  r o u t i n e  d e t e r m i n a t i o n s  feas ib le ,  and  p e r m i t s  
one  to ob t a in  a q u a n t i t a t i v e  m e a s u r e  of t he  e x t e n t  
of d e s t r u c t i o n  of p h o s p h o r  p a r t i c l e s  d u r i n g  ba l l  
mi l l ing .  Op t i ca l  and  e l e c t r o n  mic roscope  s tudies ,  as  
w e l l  as t he  g e n e r a l  B.E.T. gas  a d s o r p t i o n  me thod ,  
h a v e  been  e m p l o y e d  to conf i rm and  s u p p l e m e n t  r e -  
su l t s  o b t a i n e d  b y  the  s impl i f i ed  me thod .  

A s e m i - q u a n t i t a t i v e  m e a s u r e  of t he  blue ,  green ,  
and  r e d  l uminescence  i n t e n s i t y  w a s  o b t a i n e d  w i t h  a 

l a b o r a t o r y  p l a q u e  t e s t e r  (9)  in  wh ich  u.v. r a d i a -  
t ion  f rom two  g e r m i c i d a l  l a m p s  exc i tes  t he  p h o s p h o r  
to be tes ted .  The  emiss ion  f r o m  the  p h o s p h o r  is fil- 
t e red ,  and  the  emiss ion  w i t h i n  the  c o r r e spo nd ing  
s p e c t r a l  r a n g e  is m e a s u r e d  w i t h  a p h o t o m u l t i p l i e r  
tube ,  t hus  p e r m i t t i n g  a c o m p a r i s o n  of t he  l u m i n e s -  
cence emiss ion  f rom d i f f e ren t  p h o s p h o r  s a mp le s  to 
be  made .  W e  h a v e  f o u n d  th is  m e t h o d  to be  accura te ,  
and  the  r e su l t s  a re  r e p r o d u c i b l e  w i t h i n  • 2%.  

Results 
Ball Milling and Surface Area 

The  a v e r a g e  p a r t i c l e  d i a m e t e r  of zinc sulf ide d e -  
c reases  d u r i n g  mi l l ing ,  b u t  t h e  r a t e  of dec rea se  d i -  
min i shes  w i t h  mi l l i ng  t ime ,  as shown  in Fig .  1. In  
th is  f igure,  t h r e e  d i f fe ren t  i n i t i a l  p a r t i c l e  sizes a r e  
r e p r e s e n t e d ;  t h e  size in  m i c r o n s  is g iven  for  a v e r a g e  
e q u i v a l e n t  s p h e r i c a l  d i a m e t e r s .  If  one a s sumes  t ha t  
t h e  c r y s t a l l i t e s  a r e  pe r fec t ,  R i t t i n g e r ' s  l a w  (10) a p -  
pl ies .  This  l a w  s ta tes  t h a t  t h e  w o r k  c o n s u m e d  in 
p a r t i c l e - s i z e  r e d u c t i o n  is d i r e c t l y  p r o p o r t i o n a l  to 
t he  a r ea  of t he  n e w l y  f o r m e d  surface .  If  the  m a t e r i a l  
is ha rd ,  w h i c h  m e a n s  t h a t  t he  cohes ive  forces  a re  
la rge ,  m u c h  w o r k  is n e e d e d  to expose  a g iven  su r -  
face  area .  

The  d e t e r m i n a t i o n  of t he  p a r t i c l e  size is q u i t e  d i f -  
f icult  and  r e p r e s e n t s  on ly  an  a v e r a g e  v a l u e  t h a t  is 
con founded  b y  the  fac t  t h a t  t he  pa r t i c l e s  a r e  ac -  
t u a l l y  not  s p h e r i c a l  a n d  a r e  d i s t r i b u t e d  ove r  a 
v a r i e t y  of shapes  acco rd ing  to t h e i r  sizes (11) .  A n  
i m p r o v e d  sens i t ive  i n d e x  of t he  effect of m i l l i n g  is 
t h e r e f o r e  t he  inc rease  in  su r f a c e  a r e a  w i t h  mi l l i ng  
t ime.  F i g u r e  2 r e p r e s e n t s  th i s  r e l a t ionsh ip .  I t  is in -  
t e r e s t i ng  to obse rve  t ha t  t he  cu rves  consis t  of two  
d i s t inc t  reg ions .  D u r i n g  t h e  in i t i a l  m i l l i ng  pe r iod  
the  specific su r f ace  a r e a  inc reases  r a p i d l y ,  wh i l e  
t h e r e  exis t s  a l i n e a r  r e l a t i o n s h i p  w i th  e x t e n d e d  
mi l l i ng  t imes .  The  s lope  in  t he  l i nea r  p a r t  is v e r y  
n e a r l y  t he  s a m e  in a l l  five cases,  and  the  f r a c t u r e  
of pa r t i c l e s  is s t i l l  p r o c e e d i n g  a t  the  same  r a t e  a f t e r  
100 h r  of ba l l  mi l l ing .  The  i nc rea se  in specific su r -  
face  a r ea  is l a r g e r  for  s m a l l e r  pa r t i c l e s  t h a n  for  the  
l a r g e r  ones d u r i n g  t h e  i n i t i a l  p a r t  of mi l l ing .  

These  r e su l t s  a r e  r e a d i l y  a m e n a b l e  to an  i n t e r p r e -  
ta t ion .  The  d a t a  can b e  e x p l a i n e d  t e n t a t i v e l y  by  
a s s u m i n g  t h a t  d u r i n g  the  e a r l y  s tages  of m i l l i n g  the  
inc rease  in su r face  a r e a  is p r e d o m i n a n t l y  due  to t he  
b r e a k i n g  of p a r t i c l e  agg rega t e s ,  such as f r a c t u r e  
a long  g r a i n  b o u n d a r i e s  and  s im i l a r  imper fec t ions ,  
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whi le  in  the  la ter  stages of mi l l ing  it is the  f r ac tu re  
of s ingle  c rys ta l l i tes  t ha t  is dominan t .  This  e x p l a n a -  
t ion is also in  a g r e e m e n t  w i th  the sequence  of the  
curves  in  tha t  the la rge  par t ic les  can be expected to 
exhib i t  be t t e r  c ry s t a l l i n i t y  and  fewer  imper fec t ions  
t h a n  the smal l  ones. Genera l ly ,  it  m a y  wel l  be  
feasible  to compare  the  c rys t a l l i n i t y  and  degree  of 
per fec t ion  of c rys ta l l ine  ma te r i a l s  by  eva lua t i ng  
these re la t ionships ,  as g iven  in  Fig. 2. 

Distinction be tween Internal Surface Chloride 
and Lattice Chloride 

W h e n  the agg lomera tes  and  crys ta l l i tes  are  
b r o k e n  up, the  surface  a rea  of the powder  increases.  
A por t ion  of the v o l u m e  chlor ide becomes exposed, 
and  this  can be rep laced  by  d i sp lacement  wash ings  
wi th  zinc sul fa te  solut ion.  Most of the  chlor ide tha t  
becomes r emovab l e  is exposed in  the  ea r ly  stages of 
mi l l ing  w h e n  agg lomera tes  and  imper fec t ions  are 
b r o k e n  up. There  wi l l  also be some loss of la t t ice  
chloride du r ing  the  in i t i a l  stage of ba l l  mi l l ing ;  
however ,  this  a m o u n t  can be es t imated  readi ly .  If 
one assumes  tha t  the  la t t ice  chlor ide is u n i f o r m l y  
d i s t r ibu ted  t h roughou t  the  latt ice,  e.g., in  a 1-g 
sample,  ane  finds t ha t  about  1% of the vo lume  
chlor ide p re sen t  wi l l  be  exposed as la t t ice  chlor ide if 
the  increase  in specific surface  area  is 10 mVg. On 
the  o ther  hand,  if a por t ion  cons ide rab ly  la rger  t h a n  
1% of the  vo lume  chlor ide  becomes displaceable ,  
essen t ia l ly  i n t e r n a l  surface  chlor ide m u s t  be ex-  
posed. In  addit ion,  one m a y  expect  also f rom Fig. 
2 tha t  m a i n l y  i n t e r n a l  surface  chlor ide becomes ex-  
posed d u r i n g  the in i t i a l  stages of mi l l i ng  w h e n  ag-  
g lomera tes  b reak  up. 

In  a pract ica l  case, one would  expect  therefore  
tha t  a d i ag ram of the  v o l u m e  chlor ide as a func t ion  
of the increase  of specific surface area  ~s wi l l  i n i t i -  
a l ly  show an  a m o u n t  of chlor ide exposed per  n e w l y  
fo rmed  specific sur face  area,  which  is d e t e r m i n e d  
essen t ia l ly  by  i n t e r n a l  sur face  chlor ide  which be -  
comes displaceable;  one can see this  exemplif ied in  
Fig. 3. However ,  d u r i n g  subsequen t  mi l l i ng  essen-  
t i a l ly  la t t ice  chlor ide becomes exposed w h e n  the  
s ingle  crys ta l l i tes  f rac ture .  The  sample  r ep resen ted  
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Fig. 3. Dis t inct ion between chlor ide on in ternal  surfaces 
and wi th in  the latt ice. 

in  Fig. 3 was  processed for 2 hr  at 700~ af ter  5% 
by  weight  of zinc chloride as a flux had been  added. 
The vo lume  chlor ide is 0.127% by  weight ,  as i nd i -  
cated by  the  dashed hor izonta l  l ine.  Af te r  mi l l i ng  is 
s t a r t ed  one finds tha t  an  inc reas ing  a m o u n t  of ch lor -  
ide becomes exposed as the surface  area  is increased.  
Af te r  the  increase  in  specific surface  area  is abou t  
As--~ 10 m-~/g, the a m o u n t  of exposed chlor ide  be-  
comes a l i nea r  func t ion  of As. Since s ingle  c rys ta l -  
l i tes r a the r  t h a n  agg lomera tes  f r ac tu re  on f u r t he r  
mi l l ing ,  it appears  l ike ly  tha t  la t t ice  chlor ide is es-  
sen t i a l ly  exposed f rom here  on. The s t ra ight  pa r t  
of the  curve  can be ex tended  t o w a r d  the  o rd ina te  of 
Fig.  3, so tha t  an  ex t r apo la t i on  to ind ica te  the  
a m o u n t  of la t t ice  chlor ide p re sen t  becomes possible. 
It  is a ssumed  in  this  es t imate  tha t  the la t t ice  ch lor -  
ide is u n i f o r m l y  d i s t r ibu ted  w i t h i n  the  la t t ice  and  is 
exposed at a l i nea r  ra te  f rom the  s tar t  of mi l l ing .  In  
the  sample  shown in  Fig. 3, the  a m o u n t  of i n t e r n a l  
surface  chlor ide is found  to be about  0.04% by  
weight ,  so tha t  the incorpora ted  la t t ice  chloride 
a m o u n t s  to 0.09%. 

Other  samples  were  t r ea ted  in  the  same m a n n e r  in  
order  to d i s t ingu ish  b e t w e e n  la t t ice  chlor ide and  
i n t e r n a l  surface chlor ide as pa r t s  of vo lume  chloride.  
Resul ts  are g iven  in  Table  I. The  a m o u n t  of i n t e r n a l  
surface  chlor ide decreases as the  c rys t a l l i n i t y  is im-  
p roved  at  e leva ted  process ing t empera tu re s .  The  
la t t ice  chlor ide concen t r a t i on  appears  to have  a 
peak  n e a r  700~ a l though  one could h a r d l y  d raw  
definite conclus ions  because  the  d e t e r m i n a t i o n  of 
la t t ice  chlor ide is not  possible  in  a d i rect  m a n n e r  
af ter  sample  processing at  500~ In  this  case the  
slope does not  change  as in  Fig. 3, bu t  one ob ta ins  
the impress ion  tha t  i n t e r n a l  surface  chloride is ex-  
posed even  af ter  a bal l  m i l l i ng  t ime  of 350 hr. The 

Table I. Chloride retained in zinc sulfide processed with 
5% by weight of zinc chloride for 2 hr 

W t  % o f  c h l o r i d e  i n  
P r o c e s s i n g  I n t e r n a l  

t e m p ,  ~  V o l u m e  L a t t i c e  s u r f a c e s  

600 0.303 0.08 0.22 
700 0.13 0.09 0.04 
800 0.017 0.014 0.003 
900 0.0065 0.0055 0.001 

1000 0.0030 0.0025 0.0005 
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Fig. 4. Removal of coprecipitated volume chloride from pre- 
cipitated zinc sulfide after milling. 

b e h a v i o r  of th is  s a m p l e  is v e r y  s im i l a r  to t h a t  of 
zinc sulf ide con ta in ing  c o p r e c i p i t a t e d  ch lo r ide , '  as 
seen  in F ig .  4. 

The  c h l o r i d e  flux, w h i c h  is benef ic ia l  in p r e p a r i n g  
zinc sulf ide  phosphors ,  m a y  also be  p r e s e n t  in t he  
c o p r e c i p i t a t e d  form.  This  is c o m m o n  c o m m e r c i a l  
p rac t i ce ,  for  t he  s ame  q u a l i t y  of p h o s p h o r  is a t t a i n e d  
w i t h  a s m a l l e r  a m o u n t  of c o p r e c i p i t a t e d  ch lo r ide  as 
w i t h  a d m i x e d  flux. I t  t h e r e f o r e  a p p e a r s  v a l u a b l e  to  
k n o w  the  w a y  in w h i c h  c h l o r i d e  is d i s t r i b u t e d  in th is  
case. A zinc sulf ide p o w d e r  con t a in ing  0.80% by  
w e i g h t  of c o p r e c i p i t a t e d  ch lo r ide  was  c a r e f u l l y  
w a s h e d  w i t h  zinc su l f a t e  so lu t ion  un t i l  t h e  a m o u n t  
of v o l u m e  ch lo r ide  was  at  t he  cons t an t  v a l u e  of 
0.73%. P o r t i o n s  of th is  m a t e r i a l  w e r e  m i l l e d  for  
success ive  pe r i ods  a f t e r  w h i c h  the  su r f ace  inc rease  
and  the  a m o u n t s  of d i s p l a c e a b l e  ch lo r ide  w e r e  d e -  
t e r m i n e d .  F i g u r e  4 r e p r e s e n t s  t he  a m o u n t  of  e x -  
posed  v o l u m e  ch lo r ide  as a func t ion  of t he  inc rease  
in su r face  a r e a  d u r i n g  mi l l ing .  The  l a r g e s t  As cor -  
r e s p o n d s  to 350 h r  of mi l l ing ,  d u r i n g  w h i c h  t ime  
abou t  20% b y  w e i g h t  of t he  in i t i a l  v o l u m e  c h l o r i d e  
is r e n d e r e d  d i sp laceab le .  F r o m  the  n e a r l y  l i n e a r  
c h a r a c t e r  of t he  cu rve  one can  su rmi se  t h a t  a l l  t he  
c h l o r i d e  r e n d e r e d  d i s p l a c e a b l e  is of one  type .  I f  
th is  w e r e  u n i f o r m l y  d i s t r i b u t e d  l a t t i ce  ch lor ide ,  one 
shou ld  e x p e c t  a r e l a t i o n s h i p  b e t w e e n  AS and  ex pose d  
ch lo r ide  as s h o w n  b y  the  d a s h e d  l ine  in Fig .  4. W h e n  
this  is c o m p a r e d  w i t h  the  e x p e r i m e n t a l  r e su l t s  
p l o t t e d  in  t he  u p p e r  l ine,  i t  a p p e a r s  t h a t  t h e  c o p r e -  
c ip i t a t ed  c h l o r i d e  is not  u n i f o r m l y  d i s t r i b u t e d  
w i t h i n  t he  la t t i ce .  The  d a t a  can  be  t a k e n  to  m e a n  
t ha t  the  c h l o r i d e  l ies for  the  mos t  p a r t  on i n t e r n a l  
su r faces  of t i g h t l y  a g g l o m e r a t e d  p a r t i c l e s  of the  
p r e c i p i t a t e d  zinc sulf ide p o w d e r .  This  i n c i d e n t a l  r e -  
su l t  is of i m p o r t a n c e  to a n a l y t i c a l  chemis t s  who  a re  
conce rned  w i t h  the  m a n n e r  in w h i c h  c o p r e c i p i t a t e d  
ions  a r e  i n c o r p o r a t e d  into  a p r ec ip i t a t e .  

W h e n  the  s ame  zinc sulf ide p o w d e r  is p roces sed  
for  2 h r  a t  700~ one finds a b o u t  0.25% b y  w e i g h t  
of v o l u m e  c h l o r i d e  of w h i c h  a b o u t  one ha l f  is l a t -  
t ice  ch lor ide .  There fo re ,  t he  i n c o r p o r a t i o n  of v o l u m e  
c h l o r i d e  in to  t he  l a t t i ce  is v e r y  s im i l a r  in th i s  case 
to t ha t  o b s e r v e d  w i t h  zinc sulf ide con t a in ing  p h y s i -  
ca l ly  a d m i x e d  ch lo r ide  flux. 

Decay of Luminescence Intensity during Milling 
S e v e r a l  e x p e r i m e n t a l  s amp le s  of a l u m i n e s c e n t  

zinc sul f ide  p h o s p h o r  w e r e  m i l l e d  for  v a r i o u s  l eng th s  

1 " C o p r e c i p i t a t e d "  is u sed  in  t he  sense  as i n d i c a t e d  in  ref .  (7). 
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Fig. 5. Decay of photoluminescence intensity of zinc sul- 
fide phosphor during milling. 

of t ime ;  r e su l t s  a r e  p r e s e n t e d  in Fig .  5. The  b l u e  
and  g reen  p h o t o l u m i n e s c e n c e  emiss ion  d e c a y  s o m e -  
w h a t  f a s t e r  t h a n  the  r e d  componen t .  This  d i f fe ren t  
b e h a v i o r  of t he  r e d  p a r t  of the  emiss ion  a f t e r  ba l l  
m i l l i n g  was  also o b s e r v e d  b y  W e c k e r  (2) .  One f inds 
t ha t  t he  a b i l i t y  to l u m i n e s c e  is e s sen t i a l l y  d e s t r o y e d  
d u r i n g  the  first  10 h r  of m i l l i n g  w h e n  the  a g g l o m e r -  
a tes  a r e  b r o k e n  up  and  the  i n t e r n a l  su r faces  (cf. Fig .  
2) a r e  exposed .  

There fo re ,  i t  a p p e a r s  t ha t  t he  e x p o s u r e  of i n t e r n a l  
su r faces  m a y  be  i n t i m a t e l y  connec t ed  w i t h  t he  d e -  
cay  of l u m i n e s c e n c e  i n t e n s i t y  d u r i n g  the  m i l l i n g  
process .  This  c ons ide r a t i on  l ed  us  to p lo t  t he  l o g a r -  
i t h m  of  t he  l u m i n e s c e n c e  i n t e n s i t y  B as a func t ion  
of t h e  inc rease  of su r f ace  a r ea  As e xpose d  d u r i n g  t h e  
ba l l  mi l l ing .  The  r e s u l t i n g  Fig.  6 ind ica t e s  t h a t  t h e  
l u m i n e s c e n c e  dec rea se s  abou t  e x p o n e n t i a l l y  w i t h  
i nc rea s ing  su r f ace  area .  This  m e a n s  t ha t  the  d e -  
c rease  in l u m i n e s c e n c e  w i th  t he  c h a n g e  in AS is p r o -  
p o r t i o n a l  to the  i n s t a n t a n e o u s  ]uminesence  emiss ion,  
i.e., dB/d(As) = - -  aB. 

A n o t h e r  i n t e r e s t i n g  r e su l t  is t h a t  no p a r t i c l e s  
b e l o w  0.2 ~ w e r e  f o u n d  to be  p h o t o l u m i n e s c e n t  in  
t hese  v e r y  e x t e n s i v e  e x p e r i m e n t s .  I t  a p p e a r s  t h a t  a 
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Fig. 6. Logarithm of the photoluminescence intensity B 
as a function of the increase in surface area AS during milling. 
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Fig. 7. Restoration of photoluminescence intensity by re- 
firing after milling. 

m i n i m u m  cel l  s ize is r e q u i r e d  for  p h o t o l u m i n e s -  
cence;  th is  is in  a g r e e m e n t  w i t h  conclus ions  s t a t e d  
b y  o t h e r  a u t h o r s  (12 -15) .  

Restoration of Luminescence Emission aster Milling 
Some  e x p e r i m e n t s  h a v e  b e e n  conduc t ed  to e x p l o r e  

t he  r e s t o r a t i o n  of p h o t o l u m i n e s c e n c e  b y  h e a t  t r e a t -  
m e n t  of t he  m i l l e d  phosphor .  F i g u r e  7 p r e s e n t s  some 
d a t a  on r e c o v e r y  of p h o t o l u m i n e s c e n c e  b y  r e p r o c e s s -  
ing a t  v a r i o u s  t e m p e r a t u r e s .  The  e x t e n t  of r e s t o r a -  
t ion  is g iven  in p e r  cen t  of t he  g r e e n  l u m i n e s c e n c e  
emiss ion  be fo re  m i l l i n g  as a func t ion  of p rocess ing  
t ime,  and  the  t e m p e r a t u r e  as p a r a m e t e r .  I f  a s a m p l e  
t h a t  becomes  n o n l u m i n e s c e n t  d u r i n g  mi l l i ng  is h e l d  
at  800~ for  4 h r  t h e  o r ig ina l  l u m i n e s c e n c e  is n e a r l y  
r e s to red ,  w h i l e  on e x t e n d e d  f i r ing the  i n t e n s i t y  d e -  
c reases  aga in .  The  l u m i n e s c e n c e  r e c o v e r y  was  f o u n d  
to be  o p t i m u m  at  800~ The  r e s t o r e d  l u m i n e s c e n c e  
i n t e n s i t y  can be  f u r t h e r  i nc r ea sed  b y  a b o u t  20% if  
ch lo r ide  flux, such  as 2 % b y  w e i g h t  of zinc ch lor ide ,  
is a d m i x e d  or  if t he  s a m p l e  is q u e n c h e d  r a p i d l y  a f t e r  
re t i r ing .  

The  a v e r a g e  p a r t i c l e  size inc reases  d u r i n g  the  r e -  
f i r ing process ,  as can  b e  d e t e r m i n e d  r e a d i l y  b y  t h e  
gas a d s o r p t i o n  m e t h o d  or  b y  mic roscop ic  o b s e r v a -  
t ion  (11) .  The  p a r t i c l e  size a lso  increases ,  h o w e v e r ,  
in cases w h e r e  t he  r e s t o r a t i o n  of l u m i n e s c e n c e  e m i s -  
sion is c o u n t e r a c t e d  b y  o the r  processes ,  such as t h e  
d i f fus ion of " k i l l e r "  i m p u r i t i e s  i n t r o d u c e d  d u r i n g  
ba l l  mi l l i ng ;  t he  e x t e n t  of th is  c o n t a m i n a t i o n  is i n -  
d i ca t ed  above.  T h e  d e g r e e  of l u m i n e s c e n c e  r e c o v e r y  
and  e spec i a l l y  t he  m a x i m a  found  for  va r i ous  p r o c -  
ess ing t e m p e r a t u r e s  and  t imes  become  s e l f - e v i d e n t  
if i m p u r i t y  d i f fus ion  is a s sumed ,  as can  be  seen  f r o m  
Fig.  7. I t  a p p e a r s  l i k e l y  t h a t  t he  d e g r e e  of c o n t a m -  
ina t ion  w a s  s m a l l e r  in  ou r  s a m p l e s  t h a n  in  t hose  
used  b y  Brose r  and  R e i c h a r d t  (4) ,  s ince  t h e y  o b -  
t a in  m a x i m u m  r e s t o r a t i o n  w i t h  a 3 0 - m i n  h e a t  t r e a t -  
m e n t  a t  500~ 

Summary and Discussion 
A s t u d y  of t he  m e c h a n i s m  of f lux ac t ion  on the  

l u m i n e s c e n c e  b e h a v i o r  of zinc sulf ide has  l ed  to a 
m e t h o d  t h a t  p e r m i t s  one to d i s t i ngu i sh  b e t w e e n  i n -  
t e r n a l  su r f ace  a n d  l a t t i c e  ch lor ide .  P r e v i o u s  i n v e s -  
t i ga t ions  h a v e  l ed  to a m b i g u o u s  r e su l t s  because  d i f -  
f icul t ies  a rose  f rom t h e  p re sence  of occ luded  and  
i n t e r n a l  su r f ace  ch lor ide .  The  p r e s e n t  s t u d y  is b a s e d  
on the  d i s p l a c e m e n t  of ch lo r ide  ion b y  su l fa t e  ion, 

su r face  a r e a  d e t e r m i n a t i o n  b y  the  s impl i f ied  gas  
a d s o r p t i o n  me thod ,  and  the  use  of m i l l i n g  as a m e a n s  
of e x p o s i n g  l a t t i c e  c h l o r i d e  a n d  i n t e r n a l  su r f ace  
ch lor ide .  

I t  was  found  t ha t  the  i n t e r n a l  su r faces  a r e  e x -  
posed  m a i n l y  d u r i n g  the  i n i t i a l  s tages  of mi l l ing ,  so 
t h a t  i n t e r n a l  su r face  c h l o r i d e  becomes  e x p o s e d  p r e -  
f e r e n t i a l l y  a n d  can  be  r e m o v e d  b y  i o n - e x c h a n g e  
wash ings .  The  s lope  of t h e  c u r v e  of d i s p l a c e a b l e  
ch lo r ide  as a func t ion  of t h e  i nc rea se  in  specific s u r -  
face  a r e a  g r a d u a l l y  a p p r o a c h e s  a cons t an t  v a l u e  
w i t h  a d d i t i o n a l  mi l l ing ,  w h e n  e s s e n t i a l l y  l a t t i c e  
c h l o r i d e  is r e n d e r e d  d i sp l aceab l e .  S i m p l e  e x t r a p o l a -  
t ion  p e r m i t s  one to o b t a i n  a q u a n t i t a t i v e  e s t i m a t e  
of the  a m o u n t s  of l a t t i c e  ch lo r ide  and  i n t e r n a l  s u r -  
face  ch lor ide .  

The  i n s t a n t a n e o u s  l u m i n e s c e n c e  i n t e n s i t y  of 
m i l l e d  zinc sulf ide p h o s p h o r s  is f o u n d  to be  an  e x -  
p o n e n t i a l  f unc t ion  of the  i n c r e a s e  in specific su r f ace  
area .  The  dec rease  in l u m i n e s c e n c e  occurs  e s sen t i -  
a l l y  d u r i n g  the  e x p o s u r e  of i n t e r n a l  su r f ace  c h l o r -  
ide. W h e n  l u m i n e s c e n c e  emis s ion  is no l o n g e r  p e r -  
cept ib le ,  abou t  80% of t he  o r ig ina l  l a t t i c e  ch lo r ide  
is s t i l l  i n c o r p o r a t e d  w i t h i n  t he  p h o s p h o r  la t t ice .  I t  
m a y  t h e r e f o r e  be  conc luded  t h a t  the  p r e s e n c e  of 
l a t t i c e  ch lo r ide  a lone  is no t  sufficient  for  p h o t o l u m -  
inescence.  A poss ib le  c o r r e l a t i o n  m a y  ex i s t  b e t w e e n  
the  occu r r ence  of l u m i n e s c e n c e  and  the  r e q u i r e m e n t  
of a c e r t a i n  m i n i m u m  cel l  size, s ince  no p h o t o l u m i n -  
escent  pa r t i c l e s  have  been  o b s e r v e d  b e l o w  0.2 t~ in 
d i a m e t e r .  I t  a p p e a r s  poss ib l e  t h a t  t he  e x p o s u r e  of 
i n t e r n a l  su r faces  is a c c o m p a n i e d  b y  t h e  c r ea t i on  of  
t r a p p i n g  leve ls  t h a t  l e ad  to t he  o b s e r v e d  d e c r e a s e  
in l umine sc e nc e  w i t h  t he  i n c r e a s e  in specific su r f ace  
area .  
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Donor Concentration at the Surface of a Diffused 

N-type Layer on P-type Germanium 

R. Glang 1 and W. B. Easton ~ 

Diamond~ Ordnance Fuze Laboratories, Washington,  D. C. 

ABSTRACT 

Four  methods of evaluat ing the donor concentrat ion at the surface of a 
diffused N-type layer on P- type  germanium have been investigated. All  
methods assumed a complementary  error funct ion (erfc) dis t r ibut ion in the 
diffused layer. The methods required the use of exper imental  data for junc-  
tion depth and sheet resistivity, and of published data for diffusion coefficients 
of group V elements and electron mobilit ies in germanium. The methods were 
applied to calculate the donor concentrations at the surfaces of a number  of 
diffused samples. Under  diffusion conditions, which were expected to result  in 
an erfc impur i ty  distr ibution,  the actual concentrat ion profile in  the vicinity of 
the junct ion was shown to deviate from the erfc law. Due to this deviation, one 
of the methods of calculating the surface concentrat ion was ruled out. With the 
other three methods, calculated surface concentrations agreed wi th in  a factor 
of 2 or 3. The disagreement is main ly  caused by lack of precise information in 
respect to the electron mobili t ies in the diffused layer. Therefore, all the 
methods represent  approximations only. 

The  p r e p a r a t i o n  of diffused P N - j u n c t i o n s  has be-  
come a wide ly  used t e chn ique  in  the  f ab r i ca t ion  of 
semiconduc tor  devices (1, 2).  The e lect r ical  cha r -  
acterist ics  of these  devices depend  to a la rge  degree  
on the  p roper t i es  of the  diffused l ayer  (3) .  T h e r e -  
fore, a q u a n t i t a t i v e  knowledge  of these proper t ies  
is essent ia l  to the  design of devices as wel l  as to the  
experimental direction of the diffusion process. Some 
of these properties, for instance the junction depth 
and the sheet resistivity of the layer, are amenable 
to direct experimental determination. The concen- 
tration of the diffused impurity at the surface, how- 
ever, cannot be measured directly; it has to be de- 
rived from other measured parameters. This concen- 
tration is generally referred to as surface concentra- 
tion. There are several ways of determining the sur- 
face concentration (4), and the actual choice of the 
method will depend on the types of experimental 
data which are available. 

The following discussions concern a special case 
of the diffusion process, characterized by the diffu- 
sion of a donor element from a source of constant 
vapor pressure into P-type germanium of uniform 
acceptor concentration. The diffusion temperature is 
maintained constant during the entire experiment. 
Furthermore, it is assumed that the indiffusion is 
not complicated either by a rate-determining layer 
or by evaporation from the germanium surface. If 
Fick's second equation of diffusion is solved for 
these boundary conditions, the complementary error 

1 P r e s e n t  a d d r e s s :  I n t e r n a t i o n a l  Bus ines s  Mach ines  Corp. ,  K i n g s -  
ton ,  New York.  

2 P r e s e n t  add re s s :  Corne l l  U n i v e r s i t y ,  I thaca ,  Ne w York .  

func t i on  (erfc)  is ob ta ined  as the  genera l  type  of 
the  i m p u r i t y  d i s t r i bu t i on  (5) :  

N ( x )  = Noerfc ( x / 2 ~ / D t )  [1] 

w he r e  N ( x )  is the  concen t r a t i on  of donors  in  the  
g e r m a n i u m  at  a ce r t a in  distance,  x, f rom the su r -  
face; No is the  donor  concen t ra t ion  i mme d i a t e ly  at  
the  surface;  t is the  diffusion t ime;  and  D is the  
diffusion coefficient of the  donor  e l e me n t  in  ge r -  
m a n i u m .  

F igu re  1 shows the  concen t ra t ion  profile of the  
donors  and, in  addi t ion ,  the in i t i a l  acceptor  concen-  
t r a t i on  A, as func t ions  of x. At  a ce r ta in  depth w, 
where  these concen t ra t ions  are equa l  and  no excess 
charge  car r ie rs  are  avai lable ,  the P N - j u n c t i o n  is 
formed;  at this  dep th  

N ( w )  = A [2] 

N o 

N (X) 

t 
A 

0 I 
0 W ~ X  

Fig. 1. Concentrot ion of  donors N(x) and ini t io l  concentra- 
t ion of  acceptors A as a funct ion of  distance x f rom the sur- 
face of o diffused foyer. 
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De te rmina t ion  of the  Sur]ace Concentra t ion  

1. F r o m  the eric d i s t r i bu t ion . - -The  s i m p l e s t  t r e a t -  
m e n t  of t he  p r o b l e m  of t h e  su r f ace  c o n c e n t r a t i o n  is 
o b t a i n e d  b y  s u b s t i t u t i n g  Eq. [2]  in Eq. [1]  and  so lv -  
ing for  No: 

A 
No = [3]  

e r i c  ( w / 2~/ Dt ) 

Values  of the  d i f fus ion coefficients D for  g r o u p  V 
donor  e l e m e n t s  in g e r m a n i u m  h a v e  been  p u b l i s h e d  
f r e q u e n t l y  (6 -10 ) .  The  j u n c t i o n  d e p t h  w can  be  d e -  
t e r m i n e d  e x p e r i m e n t a l l y ,  for  i n s t ance  b y  the  t e c h -  
n iques  d e s c r i b e d  b y  Bond  and  Smi t s  (11) .  The  
in i t i a l  accep to r  c o n c e n t r a t i o n  A can  be  o b t a i n e d  
f r o m  H a l l  m e a s u r e m e n t s  on  the  P - t y p e  m a t e r i a l  
p r i o r  to diffusion.  U n f o r t u n a t e l y ,  th is  s i m p l e  m e t h o d  
was  f o u n d  to be c o m p l e t e l y  u n s a t i s f a c t o r y ,  as wi l l  
be  s h o w n  and  e x p l a i n e d  l a t e r  on. 
2. B y  di f ferent ial  e tching. - -No m a y  also be  e x p r e s s e d  
in  t e r m s  of c o n d u c t i v i t y  of t h e  su r f ace  l aye r .  F o u r -  
p o i n t - p r o b e  m e a s u r e m e n t s  (12, 13) on d i f fused  l a y -  
ers  can  be  e x p r e s s e d  in t e r m s  of t he  shee t  conduc -  
t i v i t y  ~, of the entire diffused layer. Since the carrier 
concentration in the layer varies with depth, the 
total sheet conductivity is the integral of the differ- 
ential 

d~, = e �9 ~ ( N , )  " n ( x )  �9 dx  [4]  

w h e r e  g(N~) is t h e  e l ec t ron  m o b i l i t y  at  a c e r -  
t a in  d i s t a n c e  x f r o m  the  su r f ace  and  is a func t ion  of 
t he  t o t a l  i m p u r i t y  c o n c e n t r a t i o n  N~ at  t h a t  dep th ;  e 
is t h e  e l e c t r o n  charge .  A s s u m i n g  t h a t  a l l  donors  a r e  
ion ized  and  t h a t  a f r ac t i on  of t h e m  equa l  to t he  
n u m b e r  of accep to rs  is not  a v a i l a b l e  for  t h e  c o n d u c -  
t ion  process ,  

n ( x )  = N ( x )  - -  A [5] 

To o b t a i n  t he  shee t  c o n d u c t i v i t y  of a l a y e r  of f ini te  
th ickness ,  Eq. [4]  is i n t e g r a t e d .  F o r  th is  purpose ,  t he  
l a y e r  w h i c h  is c loses t  to t h e  su r f ace  and  e x t e n d s  
into a d e p t h  •  sma l l  c o m p a r e d  to t he  t o t a l  j u n c -  
t ion  d e p t h  w,  wi l l  be  cons ide red .  W i t h i n  th is  sha l low 

l aye r ,  an  a v e r a g e  v a l u e  g can  be  used  to a p p r o x i -  
m a t e  the  mob i l i t y .  F u r t h e r m o r e ,  t he  e r r o r  func t ion  
is e x p a n d e d  into  a series,  of w h i c h  on ly  t he  first  

t e r m  has  to be  cons ide red  as long as x / 2 ~ / D t  is sma l l  
c o m p a r e d  to 1. Then  

N ( x )  ~ No 1 2x/D---t [6]  

W i t h  t hese  s impl i f ica t ions ,  t he  shee t  c o n d u c t i v i t y  of 
t he  first  su r f ace  l a y e r  of t h i ckness  •  fo l lows  f rom 
i n t e g r a t i o n  of Eq. [4] .  

•  = e "-~ INo- [ ~ c  2~/~Dt(Ax)'~-- ] - - A A x  I [7]  

E q u a t i o n  [7] ,  so lved  for  t he  su r f ace  concen t ra t ion ,  
y i e ld s  

A o -  8 

+ A •  
e ' ~  

N o  = [ 8 ]  
( ~ x )  ~ 

Ax 
2~/vDt  
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Frequently it will be tolerable to further simplify 
this expression by neglecting second order terms. 

The numerical solution of Eq. [8] requires know- 
ledge of the differential sheet conductivity A~,. Thls 
information is obtained by measuring the sheet con- 
ductivity of the diffused layer with a four-point- 
probe, then briefly etching the surface and taking 
another four-point-probe measurement on the new 
surface. The difference between the two sheet con- 
ductivities is A~8. The thickness Ax of the removed 
surface layer may be determined either by using a 
calibrated etch or by another junction depth meas- 
urement after the etch. Attempts to derive Ax from 
the difference in the weight of the unetched and 
etched sample did not give satisfactory results. The 
average mobility in Eq. [8] has to be estimated 
either on the basis of a Hall measurement (14, 15) 
on the diffused layer, or by comparing the average 
resistivity Ax/A~, of the removed layer with re- 
sistivities obtained from published mobility data 
(16-18) .  
3. F r o m  average mobi l i t y  approx ima t ions . - - I t  is also 
poss ib l e  to r e l a t e  t he  su r face  c o n c e n t r a t i o n  to t he  
t o t a l  shee t  c o n d u c t i v i t y  of t he  l aye r ,  if one suc-  
ceeds  in i n t e g r a t i n g  Eq. [4]  over  t h e  e n t i r e  j u n c t i o n  
depth ,  i.e., f r o m  zero to w. This  i n t e g r a t i o n  can  be  
done  a l g e b r a i c a l l y  b y  us ing  the  s i m p l i f y i n g  a p -  
p r o x i m a t i o n  of a cons t an t  a v e r a g e  m o b i l i t y  t h r o u g h -  
out  t h e  en t i r e  l aye r .  Obv ious ly ,  th is  a s s u m p t i o n  wi l l  
affect  r e su l t s  m o r e  se r ious ly  t h a n  i t  d id  in  t h e  f o r e -  
going  me thod ,  w h e r e  i t  was  a p p l i e d  for  a th in  s u b -  
l a y e r  only .  W i t h  th is  s impl i f ica t ion ,  t he  shee t  
c o n d u c t i v i t y  of the  d i f fused l a y e r  is r e p r e s e n t e d  b y  

w12~/~ 
or, = e~" [No 2~/Dt f e r i c  u du -- 

0 

er ic  (x/2x/Dt--) d ( x / 2 ~ / D t  --  ~ A dx]  [9]  
o 

The  first  i n t e g r a l  t e r m  can  be  t r a n s f o r m e d  a c c o r d -  
ing to 

erfc  u du  --  erfc  u dn  [10] 

o z 

N u m e r i c a l  va lue s  of t he  func t ion  f e r i c  u du h a v e  
z 

been  p u b l i s h e d  b y  K a y e  (19) ,  who  uses  t he  s y m b o l  
" i e r f c  z" for  th i s  f irs t  r e p e a t e d  i n t e g r a l  of the  com-  
p l e m e n t a r y  e r r o r  func t ion .  I n t r o d u c i n g  his  symbol ,  
w i t h  the  u n d e r s t a n d i n g  t h a t  

z : w / 2 ~ / D t  [11] 

and,  f u r t h e r m o r e ,  s u b s t i t u t i n g  the  m o r e  c o m m o n l y  
used  shee t  r e s i s t i v i t y  p, for  the  shee t  conduc t i v i t y ,  
w h e r e  

1 
p ,  = - -  [12] 

t h e  su r f ace  c o n c e n t r a t i o n  fo l lows  f r o m  Eq. [9]  

1 
_ - 4 - A  

w "p,'e'lx 
No : z - [13a]  

1 /~/~-- -  i e r fc  z 
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For  n u m e r i c a l  solut ion,  A, w, z, and  p, are  de-  
t e r m i n e d  as before.  The  p roduc t  

w �9 p. ---- p [14] 

r ep resen t s  the  average  res i s t iv i ty  of the  layer .  Since 
da ta  r e l a t ing  the e lec t ron  mob i l i t y  to the  donor  con-  
cen t r a t i on  are pub l i shed  for g e r m a n i u m  (16-18) 
one m a y  der ive  a g raph  g iv ing  ~ as a func t ion  of 
the  res is t iv i ty .  This g raph  m a y  be used to es t imate  
the  average  mob i l i t y  in  the  l ayer  f rom the  exper i -  
m e n t a l  va lue  of the  ave rage  res i s t iv i ty  as g iven  by  
Eq. [14].  

A more  e legan t  way  of i n t e r p r e t i n g  Eq. [13a] 
r equ i res  a Hal l  m e a s u r e m e n t  ins tead  of a res i s t iv i ty  
m e a s u r e m e n t  on the  diffused layer.  The Ha l l  me a s -  
u r e m e n t  yields  the  ave rage  excess ca r r i e r  concen-  
t r a t i on  d i rec t ly  in  the  fo l lowing  te rms:  

3v H . I  
n . . . .  [15] 

8 w" e . V ~  

where  H is the  m a g n i t u d e  of the magne t i c  field, I 
is the  c u r r e n t  t h rough  the  sample,  and  V~ is the  
m e a s u r e d  Hal l  voltage.  The  average  e lec t ron  con-  

cen t r a t i on  n is g iven  by:  
1 

n -- [16] 
w ' p , ' e ' ~  

and  w h e n  subs t i tu ted  in  Eq. [13a] leads to: 

n + A  
No = z �9 _ [13b] 

1/~/~r-- ierfc z 

F u r t h e r  s implif icat ions of Eq. [13a] or [13b] are 
possible,  since A in  most  prac t ica l  cases wi l l  be 

v e r y  smal l  compared  to n .  In  addi t ion,  the t e r m  
ierfc z converges  r ap id ly  to zero; for z = 1.6, for 

ins tance ,  the va lue  of ierfc z is on ly  1% of 1/~/~r, 
and  there fore  m a y  be neglected.  
4. F r o m  c o m p u t e r  a p p r o x i m a t i o n s . - - T h e  accuracy  of 
the  me thod  descr ibed in  the  foregoing p a r a g r a p h  
is l im i t ed  by  the  a s sumpt ion  of a cons tan t  average  
mob i l i t y  over  the en t i re  layer .  Bet te r  resul t s  are to be 
expected  if the va r i a t i on  of the  mob i l i t y  w i t h i n  the  
l ayer  is considered.  This  cons idera t ion  necess i ta tes  
the  use of a computer .  For  diffused layers  in  si l icon 
and  var ious  types  of i m p u r i t y  d is t r ibut ions ,  Back-  
enstoss (20) has computed  and  pub l i shed  curves  
which  re la te  the surface  concen t r a t i on  to the  a ve r -  

age l aye r  res i s t iv i ty  p = p , 'w .  For  g e r m a n i u m ,  how-  
ever,  s imi la r  da ta  have  no t  been  publ i shed .  In  the  
fo l lowing  discussion, the  i n d i v i d u a l  steps of the  
compu ta t i on  process, which  has been  appl ied  to ob-  
t a in  ana logous  curves,  are  ou t l ined  briefly. On ly  
diffused N- l aye r s  on P - t y p e  g e r m a n i u m  and  er fc-  
d i s t r ibu t ions  are considered.  

In  the  genera l  conduc t iv i ty  equa t ion  
w 

1 1 1 t "  
_-=- . . . . .  e �9 J / ~ ( N , )  [ N ( x )  --  A]  d z  [17] 
p p , 'w  w 

o 

N ( x )  is a ssumed  to be g iven  by  Eq. [1].  The  m o b i l -  
i ty  ~ (N, )  is t a k e n  f rom the  data  of Conwel l  (17).  
This  impl ies  the a s sumpt ion  tha t  the  to ta l  i m p u r i t y  
concen t r a t i on  a p p r o x i m a t e l y  equals  the  excess donor  

concen t ra t ion :  N ,  ~ N ( x )  - - A ,  which  is t r ue  on ly  
if N ( x )  is la rge  compared  to A. The  in tegra l  was  
eva lua t ed  by  S impson ' s  rule ,  us ing  an  IBM 704 com-  
puter .  The c ompu t a t i on  is g rea t ly  simplif ied by  t,he 
change  of var iab le ,  x = w u .  On subs t i tu t ing  the  
l a t t e r  and  Eq. [1] in  Eq. [17] 

_ -- e .  ~ (Noerfc z u - -  
P 

A) �9 [No e r f c (zu )  - - A ]  �9 du  [18] 

w he r e  z = w / 2 ~ / D t .  The va l ue  of z is d e t e r m i n e d  
by  a s suming  Eq. [1] as a first a pp r ox i ma t i on  for 
x = w, and  so lv ing  for z by  Newton ' s  i t e ra t ion  
method.  This p rocedure  defines an  effective diffusion 
coefficient D, wh ich  has the  a d v a n t a g e  of m a k i n g  
the  res i s t iv i ty  a f unc t i on  on ly  of the  in i t i a l  and  
surface  concent ra t ions .  I t  wi l l  be shown  la te r  on t ha t  
Eq. [1] does no t  give a t r u e  p ic tu re  of the  im-  
p u r i t y  d i s t r i bu t i on  in  the  reg ion  close to the  j u n c -  
t ion,  and  therefore  the effective diffusion coefficient 
wi l l  not  be a t r ue  value.  However ,  diffusion coeffi- 
c ients  of group V e lements  in  g e r m a n i u m ,  pub l i shed  
by  di f ferent  au thors  (6-10) ,  v a r y  w i t h i n  r a the r  wide  
l imits .  Therefore ,  for the  p r o b l e m  at  hand,  the ef-  
fect ive D - v a l u e  is ce r t a in ly  as good as one of the  
pub l i shed  values.  

The c o m p l e m e n t a r y  e r ror  func t ions  used in  the  
ca lcula t ions  were  eva lua ted  by  me a ns  of the R a n d  
a pp r ox i ma t i on  (21) of the  form:  

2 t "  
| e x p  ( - -v  ~) dv  = e r f c y =  ~/~r J 

Y 

[1 + aly -[- c~y ~ + asy ~ + a4y ~ -I- aoy ~] ~ 

A n  unsuccess fu l  a t t e mp t  was m a d e  to find a s imple  
a p p r o x i m a t i o n  for ~ (n )  or n ' ~ ( n ) .  The la t te r  was  
found  to be a p p r o x i m a t e l y  p ropor t iona l  to (log n ) ' ,  
bu t  the  a pp r ox i ma t i on  was no t  close enough  for 
computa t ion .  The va lues  of ~ ( n )  were  therefore  
t a k e n  f rom Conwel l ' s  g raph  (17) in  which  they  are 
p lo t ted  as a f unc t i on  of log n. The  mobi l i t ies  were  
found  du r ing  compu ta t i on  by  f o u r - p o i n t  L a g r a n g e  
in te rpola t ion .  The  va lues  of the  average  conduc t iv i ty  

of the  diffused layer ,  l /p ,  we re  computed  for v a r i -  
ous va lues  of A a nd  No. Resul t s  are  shown in  Fig. 2. 
The t r u n c a t i o n  a nd  round-of f  e r rors  in the ca lcu-  
la t ion  are negl ig ible .  Sources of possible errors  are  
therefore  the mob i l i t y  data  and  the  use of Eq. [1] 
to compute  z. 

Application of Methods and Discussion of Results 
N u m e r o u s  diffusion e x p e r i m e n t s  were  conducted  

in  accordance w i th  the  condi t ions  s ta ted in  the  i n -  
t roduct ion .  The source of the  di f fus ing i m p u r i t y  and  
the  wafers  to be t rea ted  were  kept  together  in  a 
covered quar tz  boat ,  which  was  located in  a v a c u u m  
tube  fu rnace  and  hea ted  to va r i ed  diffusion t e m -  
pera tures .  The diffusion t ube  con ta in ing  the  boat  
was m a n t l e d  by  a g raph i te  cy l inde r  to pick up RF  
e n e r g y  f rom an  induc t ion  coil. Hea t ing  and  cooling 
per iods  pr ior  to a nd  af ter  the  e x p e r i m e n t  were  in  
the  order  of on ly  10 rain. The  diffusing donor  i m -  
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Fig. 2. Surface concentration No vs. average resistivity p 
for several init ial acceptor concentrations A; computed for 
diffused N-type layers with an erfc distribution in germanium. 

p u r i t y  was  arsenic  ob ta ined  by  evapora t ion  f rom 
powdered  mas t e r  al loys con ta in ing  arsenic  in  ge r -  
m a n i u m .  

Numer i ca l  va lues  of the  diffusion coefficients were  
based on data  g iven  by  Smits  (6) ;  on ly  in  the  
compute r  app rox ima t ions  were  effective D - v a l u e s  
used. J u n c t i o n  depths  were  d e t e r m i n e d  by  angle  
l app ing  the  diffused sample,  deposi t ing  copper  to 
de l inea te  the  junc t ion ,  and  s u b s e q u e n t l y  m a k i n g  
in t e r f e rence  dep th  m e a s u r e m e n t s  (11).  The  average  
mobi l i t ies  needed  for solut ion by  methods  2 and  3 
were  es t imated  f rom the  average  res is t iv i ty ,  aga in  
us ing the  mob i l i t y  da ta  pub l i shed  b y  Conwell .  In  
one case, the mob i l i t y  was d e t e r m i n e d  e x p e r i m e n -  
ta l ly  by  Hal l  m e a s u r e m e n t  on the  diffused layer .  

E x p e r i m e n t a l  da ta  and  resul t s  of the  ca lcula t ions  
for 13 samples  diffused in  var ious  r u n s  are l is ted in 
Table  I. On  compar ing  the  surface  concen t r a t ions  
shown in  the  las t  four  co lumns  of the  table,  the  
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Fig. 3. Actual impurity distribution N(x) (circles, dashed 
line, and square) and ideal erfc distribution (solid line) vs. dis- 
tance x from the surface of a diffused N-type layer on P-type 
germanium. Arsenic indiffusion: 1 br at 800~ 

most  s t r ik ing  fact  is t ha t  all  va lues  ob ta ined  by  di -  
rect  eva lua t i on  of the  erfc equa t ion  (method  1) are 
u n r e a s o n a b l y  small .  I n  order  to inves t iga te  this 
p h e n o m e n o n  fu r the r ,  a few diffused layers  have  
been  ana lyzed  by  a me thod  which  has been  m e n -  
t ioned by  Smits  (4) .  I t  consists of e tching  a w a y  
the  diffused l aye r  in  smal l  steps and  t ak ing  fou r -  
p o i n t - p r o b e  conduc t iv i t y  m e a s u r e m e n t s  b e t w e e n  
steps. In  this  w a y  the  average  donor  concen t ra t ions  
for each i n d i v i d u a l  s u b l a y e r  can be eva lua ted .  In  
the  immed ia t e  ne ighborhood  of the  junc t ion ,  meas -  
u r e m e n t s  are no t  possible,  because  the  res i s tance  
of the r e m a i n i n g  a nd  e x t r e m e l y  t h in  l ayer  becomes 
v e r y  h igh and  un rep roduc ib l e .  

An  example  of such a l ayer  ana lys i s  is shown in  
Fig. 3. The circles ind ica te  concen t ra t ions  de r ived  
f rom me a su r e me n t s .  The  solid l ine  is an  erfc curve,  
ca lcula ted  to fit the  e x p e r i m e n t a l  poin ts  most  closely. 

Table I. Parameters of germanium diffused with arsenic 

D i f f u s i o n  
S a m p l e  N o .  t i m e ,  r a i n  t e m p ,  ~  

A(a), w(b), ps(v)) 
1 0 1 5 / c c m  10 -4 c m  o h m / s q  1 

S u r f a c e  c o n c e n t r a t i o n  No 
1 0 1 7 / c c m  

C a l c u l a t e d  b y  methods  
2 3 

H5-48-34 60 800 
H5-61-36 360 700 
V21-30-46 60 800 
PI-47 60 750 
PI-48 40 750 
PI-49 40 750 
PI-50 40 750 
PI-51 242 800 
PI-52 241 800 

SMI-53 30 750 
SMI-54 61 800 
SMI-55 37 800 
SMI-56 45 800 

3 7.5 11.3 0.6 
3 5.6 17.6 1.2 
2 5.8 29.3 0.2 
5 2.6 120 0.2 
5 1.5 154 0.1 
5 1.5 169 0.1 
5 1.5 210 0.1 

10 10.6 22.9 0.6 
10 10.4 30.9 0.6 

1.5 2.0 115 0.1 
1.5 6.6 65 0.2 
1.5 3.8 90 0.1 
1.5 3.8 116 0.1 

36 17 
20 15 

- -  4.4 
- -  1 . 7  

- -  2.1 

2.7 
3.3 
5.8 C~ 

54 
36 
12 
3.5 
5.6 

1.8 4.8 
1.4 3.4 
2.6 4.7 
1.8 3.0 
4.0(~) 
2.6 7.0 
1.3 2.6 
1.5 3.7 
1.0 2.5 

(a) I n i t i a l  a c c e p t o r  c o n c e n t r a t i o n .  
(b) D e p t h  a t  w h i c h  A = d o n o r  c o n c e n t r a t i o n  N ( w ) .  
(~) S h e e t  r e s i s t i v i t y .  
(d) D e r i v e d  f r o m  H a l l  m e a s u r e m e n t s .  
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The small square indicates the depth where the 
junction was determined to be located, using the 
angle lapping technique. From this figure, it can 
be seen that the true impurity distribution in the 
vicinity of the junction deviates strongly from the 
erfc curve; the true distribution in this vicinity is 
indicated by a dashed line. This deviation is larger 
than a possible error in the junction depth de- 
termination. 

Other samples which have been investigated in 
the same way gave similar results. In the numerical 
evaluation of Eq. [3], too small a value of w will 
give an erfc value which is too high and, therefore 
decrease No. This effect has been observed in all 
cases and, therefore, it must be concluded that for 
diffusion conditions, as explained previously, the 
resulting impurity distribution follows the erfc 
curve in the major part of the layer, but deviates 
strongly in the neighborhood of the junction. Since 
the determination of the surface concentration by 
method 1 depends strongly on the validity of the 
erfc law exactly at the junction, this method is not 
suitable for a reasonable estimate of No. 

The mechanism which causes this deviation of the 
impurity distribution is not fully understood. On a 
few samples, which had been used for a layer analy- 
sis, the acceptor concentration A was determined by 
Hall measurement after the diffused layer had been 
etched off completely. It was found that A was 
larger than it had been prior to diffusion, in one ex- 
treme case by a factor of two. This may be an in- 
dication of simultaneous indiffusion of copper during 
the diffusion process. It is well known that copper 
is a rapidly diffusing acceptor impurity in ger- 
manium, and the complete exclusion of traces of 
copper from the surface of the sample during the 
cleaning operations is extremely difficult (22). Cop- 
per atoms in the order of 1016/ccm in the layer may 
at least  pa r t i a l l y  account  for the observed  dev ia t ion  
in the d i s t r i bu t i on  of excess donors.  Near  the  surface  
the c o n t a m i n a t i o n  wi th  copper is neg l ig ib ly  smal l  
compared  to tha t  wi th  arsenic.  In  g rea te r  depths,  
however ,  the  arsenic  concen t ra t ion  decreases and  
e v e n t u a l l y  becomes even  smal le r  t h a n  the copper  
concent ra t ion .  This happens  close to the  junc t ion ,  
and  tha t  is the  region  where  the devia t ions  appear .  

The fact tha t  the  i m p u r i t y  d i s t r ibu t ion  does no t  
exact ly  fol low the  erfc l aw raises the  ques t ion  of 
how this dev ia t ion  affects the  o ther  methods  of cal-  
culat ion.  There  is obv ious ly  no inf luence on the  d i f -  
fe ren t ia l  e tching  me thod  because  all m e a s u r e m e n t s  
invo lve  on ly  the  region  nea res t  to the surface of the  
diffused layer .  The accuracy  of this  me thod  t h e r e -  
fore depends  en t i r e ly  on the  accuracies of the est i -  
ma te  of the  mob i l i t y  and  the  th ickness  of the  e tched-  
off layer.  Resul ts  are n e a r l y  i n d e p e n d e n t  of the  
va lue  of the  diffusion coefficient, s ince in Eq. [8],  D 
occurs in  a second order  t e r m  only.  This dev ia t ion  
ce r t a in ly  inf luences  the resu l t s  of methods  3 and  4 
in some degree.  However ,  these methods  invo lve  i n -  
t eg ra t ion  over  all  donors  in the diffused layer .  The  
smal l  reg ion  n e a r  the  junc t ion ,  where  the  dev ia t ion  
f rom the  erfc law becomes  not iceable ,  does not  con-  
t r i bu t e  a subs t an t i a l  f rac t ion  of the  tota l  in tegra l .  
Therefore ,  the effect of this  dev ia t ion  wi l l  be minor .  

The accuracy of methods 2, 3, and 4 is limited 
mainly by the lack of precise information about the 
electron mobility in various parts of the diffused 
layer. The mobility data of Conwell, used for most 
of the calculations, refer to samples of homogeneous 
doping with no concentration gradient and as little 
compensated impurities as possible. Therefore, these 
values may not hold well for the diffused layers. 
For example, the electron mobilities for concentra- 
tions between i0 I~ and 5.1017/ccm should range from 
3000 to 1500 cm'~/v sec, according to Conwell. The 
average Hall mobility, however, has been measured 
on a sample of corresponding concentrations and was 
found to be only 930 cm2/v sec. Because of the mo- 
bility values used for most of the calculations, re- 
sults may be in error by a factor in the order of two. 
On the other hand, it may very well be that the ex- 
perimental mobility value is too low, because the 
Hall measurements were made on N-type layers 
adjoining P-type bulk material, and the measured 
voltage depends on the effectiveness of the junction 
as an insulator between different regions. If a small 
leakage current passes through the junction, the 
Hall voltage will be affected by the presence of holes 
in the P-type region. 

The rather crude assumption of a constant mo- 
bility throughout the entire layer is reflected in 
the last two columns of Table I. All data obtained ac- 
cording to method 3 are smaller than those of 
method 4 by a factor of about 2.5, whereas the 
values of the differential etching method are some- 
where in between. 

On comparing the surface concentrations of dif- 
ferent samples calculated by the same methods, 
minor differences will be noted. These differences 
are due to the fact that master alloys with slightly 
varying amounts of arsenic, in the order of 1019/ccm, 
have been used as sources of the diffusant. The first 
two samples listed in Table I, i.e., those bearing the 
designation "HS--", were diffused in the presence of 
a master alloy which was richer in arsenic than the 
other sources by a factor of about i0. 

Summary and Conclusions 
Four  methods  have  been  inves t iga ted  in order  to 

ob ta in  data  of the  surface concen t ra t ions  in  diffused 
layers.  These methods  are not  equa l ly  su i table  for 
the purpose.  The  first me thod  involves  a j u n c t i o n  
depth  m e a s u r e m e n t  and  the  a s sumpt ion  of an erfc 
d i s t r ibu t ion  e x t e nd i ng  t h r o u g h o u t  the en t i re  l ayer  
and  into the j u n c t i o n  region.  I t  leads to n u m e r i c a l  
resul t s  which  disagree by  more  t h a n  one order  of 
m a g n i t u d e  w i th  res i s t iv i ty  and  Hal l  m e a s u r e m e n t s  
and  wi th  all  ca lcu la t ions  based on these m e a s u r e -  
ments .  The comple te  e x p e r i m e n t a l  analys is  of d i f -  
fused layers ,  by  d e t e r m i n i n g  sheet  conduct iv i t ies  
and  excess e lec t ron  concen t ra t ions  of i nd iv idua l  p a r -  
t ia l  layers,  indica tes  tha t  the  d i s t r i bu t ion  of donors  
in  the ne ighborhood  of the  j u n c t i o n  deviates  f rom 
the erfc d i s t r ibu t ion .  Therefore ,  the erfc equa t ion  
fails to give t rue  va lues  of the  surface  concent ra t ion .  

The r e m a i n i n g  three  me thods  re ly  on the fact tha t  
the  conduc t iv i ty  of the  diffused l ayer  is r e la ted  to 
the  n u m b e r  of excess e lec t rons  in  the  N - t y p e  region.  
The f rac t ion of the  conduc t iv i ty  which  is due  to 
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carr iers  in  the  dev ia t ing  pa r t  of the  d i s t r i bu t i on  
curve  is e i ther  not  invo lved  (me thod  2), or is neg l i -  
g ib ly  smal l  compared  to the  tota l  q u a n t i t y  (me thods  
3 and  4).  Therefore ,  these methods  are no t  sens i t ive  
to devia t ions  of the donor  d i s t r i bu t ion  in  the  reg ion  
of the junc t ion .  The i r  accuracy  depends,  ra ther ,  on 
how closely the  t rue  re l a t ion  b e t w e e n  excess elec-  
t ron concen t r a t i on  and  conduc t iv i ty  of the  l ayer  
can be approx imated .  These methods  a l low fa i r ly  
accura te  ca lcula t ions  of the  surface  concen t ra t ion .  
The ma jo r  l imi t a t i on  of me thod  3 is t ha t  it employs  
the concept  of a cons tan t  mobi l i ty .  However ,  the  
re la t ion  b e t w e e n  e lec t ron  concen t r a t i on  and  con-  
duc t iv i ty  r equ i res  knowledge  of e lec t ron  mobi l i t ies  
in the diffused layer,  and  these are a m e n a b l e  to e x -  
p e r i m e n t a l  d e t e r m i n a t i o n  on ly  to a l imi t ed  extent .  
Therefore ,  in  the  p reced ing  calcula t ions ,  the  elec- 
t ron  mobi l i t ies  had to be es t imated  by  compar i son  
wi th  da ta  r e fe r r ed  to g e r m a n i u m  of s imi la r  bu t  no t  
exac t ly  the  same impur i t i e s  as in  the  diffused l a y -  
ers. Consequen t ly ,  these th ree  methods  can give 
on ly  an es t imate  of the  surface concen t ra t ion .  Con-  
s ider ing the  u n c e r t a i n t y  in  the  mob i l i t y  da ta  as the  
m a i n  source of error,  the surface concen t r a t ions  ob-  
ta ined  by  e i ther  me thod  2 or 4 should  no t  dev ia te  
f rom the  t rue  va lue  by  a factor  l a rger  t h a n  2. 

Manuscript  received Jan. 12, 1960. 

Any discussion of this paper  wilt appear in a Discus- 
sion Section to be published in the June  1961 JOUR- 
NAL. 
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A Study of the Thorium-Tungsten-Boron System 
Douglas T. Pitman and Dilip K. Das 

Spencer Laboratory, Raytheon Company, Burlington, Massachusetts 

ABSTRACT 

A phase diagram for the Th-W-B system has been determined by x - ray  
diffraction of samples fired to a brightness temperature  of 1800~ and furnace-  
cooled. A ternary  compound was found with a probable composition of ThWB,. 
This compound is monoclinic with lattice parameters:  a = 12.25, b = 3.75, 
c = 6.14A, and /~ = 104.1 ~ The stabili ty of the thor ium and tungsten  borides 
and their  reaction with ThO.~ were also investigated. 

The hexabor ides  of the  a lka l ine  ea r th  and  r a r e  
ear th  me ta l s  and  t h o r i u m  wi th  the  genera l  f o r mu l a  
MB~ have  been  inves t iga ted  by  Laf fe r ty  (1) .  He 
found  tha t  these  borides  had  ce r ta in  des i rab le  p rop -  
ert ies tha t  migh t  m a k e  t h e m  good t he rmion i c  e mi t -  
t ing  mater ia l s .  The hexabor ides  were  found  to be 
uns t ab l e  in  the  presence  of r e f r ac to ry  me ta l s  such 
as Mo and  W, and  ce r ta in  p recau t ions  had  to be used 
to p r e v e n t  the i r  decomposi t ion.  Howeve r  no w o r k  
has been  repor ted  on the  T h - W - B  t e r n a r y  sys tem 
and the s t ab i l i ty  of the  t u n g s t e n  bor ides  and  t h o r i u m  
borides in  the  presence  of t h o r i u m  or boron.  This 
i n fo rma t ion  wou ld  be of impor t ance  for the  design 
and  concept ion  of h i g h - t e m p e r a t u r e  cathodes and  
the i n t e r p r e t a t i o n  of the emiss ion mechan i sms .  The 
phase d i a g r a m  of W - B  has been  repor ted  b y  Kies -  
sl ing (2) and  Brewer ,  et al. (3) .  I t  has four  i n t e r -  

med ia te  phases:  W~B~, W~B, a nd  a h igh-  and  low-  
t e m p e r a t u r e  form of WB. The  T h - B  sys tem has been  
repor ted  in  the  l i t e r a t u r e  by  var ious  au thors  (3-6)  
and  has two i n t e r m e d i a t e  phases:  ThB4 a nd  ThB~. 
Th  and  W do not  fo rm a n y  compounds  or solid so lu-  
t ion  and  the i r  eutect ic  composi t ion  is about  8 a tomic 
per  cent  ( a / o )  t u n g s t e n  wi th  a me l t i ng  po in t  of 
1475~ (7) .  Also of in te res t  is the  role of ThO~ as 
an  i m p u r i t y  in  the  t h o r i u m  and  its effect on the  
phases  p re sen t  in  the  t e r n a r y  d iagram.  

Experimental 
The t e r n a r y  composi t ions  were  synthes ized  by  

reac t ive  s in t e r ing  of pressed powder  compacts.  The  
boron  ob ta ined  f rom U. S. Borax Research Corpora -  
t ion  had a m a x i m u m  i m p u r i t y  of Iess t h a n  0.4%. 
Wes t inghouse  t h o r i u m  had a m a x i m u m  i m p u r i t y  



764 JOURNAL OF THE ELECTROCHEMICAL SOCIETY September 1960 

Table I. Spectrographic analysis of B, Th, W, and ThB4 Table II. Phase analysis of Th-W-B system 

o/o  B T h  W ThB~ 

A1 0.3-0.03 0.001-0.0001 0.3-0.03 
B 0.003-0.0003 
Ba 0.001-0.0001 
Ca 0.3-0.03 0.01-0.001 
Cr 0.001-0.000I 0.001-0.0001 
Cu 0.0I-0.001 
Fe 0.03-0.003 
G a  

K 
Mg 
Mn 
Na 
Ni 
Pb 
Si 
Sr 
Ti 
Zn 

0.001-0.0001 0.001-0.0001 
0.003 -0.0003 

0.01-0.001 0.01-0.001 0.001-0.0001 
0.01-0.001 0.1-0.01 0.1-0.01 

0.003-0.003 
0.01-0.001 

0.01-0.001 0.3-0.03 0.01-0.001 0.003-0.0003 
0.1-0.01 0.03-0.003 0.03-0.003 0.003-0.0003 

0.001-0.0001 
0.003-0.0003 

0.01-0.001 0.001-0.0001 
0.3-0.03 1.00-0.10 0.01-0.001 0.03-0.003 

0.001-0.0001 
0.003 -0.0003 0.003 -0.0003 

0.001-0.0001 

conten t  of less t h a n  2.2 %. X - r a y  diffract ion analys is  
showed tha t  there  was  abou t  1.0% thor ia  in  the  
thor ium.  The t u n g s t e n  was  ob ta ined  f rom Fans t ee l  
Meta l lu rg ica l  Corpora t ion  w i th  a p u r i t y  be t t e r  t h a n  
99.8%. The par t ic le  size of these ma te r i a l s  was less 
t h a n  100 mesh.  Spec t rograph ic  ana lyses  of the s t a r t -  
ing mate r i a l s  B, Th, and  W are g iven  in  Table  I. 

T e n - g r a m  samples  we re  weighed  out  and  t h o r -  
oughly  spa tu la ted .  F ive  g rams  was  t h e n  pressed a t  
10,000 psi to fo rm a compact  wi th  a V4 in. d i a m e t e r  
and  a th ickness  of abou t  ;/z in. These compacts  were  
v a c u u m - f i r e d  to a b r igh tnes s  t e m p e r a t u r e  of 1800~ 
for 1/2 hr  and  fu rnace  cooled at  a p ressure  of 10-'-10 -5 
m m  Hg. The sample  t e m p e r a t u r e  dropped f rom 
1800 ~ to 700~ in  abou t  90 sec af ter  the  heat  was  
t u r n e d  off. 

The smal l  f u rnace  in  which  the compacts  were  
fired was placed ins ide  a v a c u u m  bel l  jar .  The hea te r  
was a 1 in. d i ame te r  by  ll/z in. long hel ix  of six 
t u rn s  made  f rom 0.080 in. t u n g s t e n  wire.  Three  
m o l y b d e n u m  heat  shields were  m o u n t e d  a round  the  
hea te r  coil. A v i ewing  por t  was cut into the shields 
to a l low the t e m p e r a t u r e  of the sample  to be me a s -  
ured wi th  an  opt ical  py romete r .  The sample  res ted 
on a ThO~ disk of a special  des ign  to give a m i n i m u m  
contact  area  b e t w e e n  the  compact  and  the  disk. The 
disk was placed on a m o l y b d e n u m  pedes ta l  tha t  
b rough t  the sample  up  to the  midd le  of the  hea te r  
coil d i rec t ly  in  l ine  w i t h  the  v i ewing  port  in  the  
m o l y b d e n u m  r ad i a t i on  shields. This e x p e r i m e n t a l  
a r r a n g e m e n t  avoided c o n t a m i n a t i o n  of the  sample  
and  the  loss of boron  by  diffusion into the  conta iner .  
T e m p e r a t u r e s  we re  m e a s u r e d  w i th  a L&N optical  
pyromete r ,  and  all  t e m p e r a t u r e s  repor ted  in  the  
body  of the  paper  are  b r igh tnes s  t empera tu res .  As 
m a n y  as th ree  compacts  could be fired s i m u l t a n e -  
ously  w i thou t  phys ica l  contact  b e t w e e n  the  i n d i v i d -  
ua l  specimens.  

X - r a y  d i f f rac tometer  t races  or D e b y e - S c h e r r e r  
powder  photographs  were  made  of all  the  fired s am-  
ples in  order  to i den t i fy  the  c rys ta l l ine  phases. The  
powder  photographs  were  t a k e n  wi th  a 114.59 m m  
rad ius  camera .  F i l t e r ed  copper  Ka  r ad ia t ion  was 
used for all  x - r a y  work.  Severa l  samples  were  e x -  
a m i n e d  in  the  d i f f rac tometer  us ing  a h igh t e m p e r -  

Hea t  t r e a t m e n t  
Br  

C rys t a l l i ne  p h a s e s  
S a m -  C o m p o s i t i o n ( m o l e  %) T e m p ,  T i m e ,  p r e s e n t  as iden t i f i ed  

p le  i n t e n d e d  ~ ra in  by  x - r a y  diff.* 
No. T h  W B 

1 7.9 61.4 30.7 1800 30 W~B, Th, W 
2 25.0 50.0 25.0 1800 30 W~B, Th, W 
3 49.5 32.9 1 7 . 6  1800 30 Th, W~B, W 
4 50.0 25.0 25.0 1800 30 Th, W~B 
5 50.0 20.0 30.0 1800 30 Th, W~B 
6 50.0 14.4 35.6 1800 30 Th, W~B 
7 35.0 1 0 . 0  55.0 1800 30 ThWB,, Th, ThB, 
8 20.0 30.0 50.0 1800 30 W~B, ThWB,, Th 
9 20.0 20.0 60.0 1800 30 ThWB,, W~B 

10 12.5 25.0 62.5 1800 30 WB, ThWB,, ThB, 
11 15.1 23.9 61.0 1800 30 ThWB,, WB 
12 16.6 1 6 . 7  66.7 1800 30 ThB,, ThWB,, WB 
13 18.0 18.5 63.5 2100 30 ThWB4, WB 
14 22.5 15.0 62.5 2100 30 ThWB, 
15 23.5 1 2 . 5  64.0 1800 30 ThWB,, ThB~ 
16 21.0 10.5 68.5 1800 30 ThWB,, ThB, 
17 17.3 1 3 . 8  68.9 1800 30 ThB4, ThWB,, WB 
18 21.0 13.0 66.0 1800 30 ThWB,, ThB,, WB 
19 25.0 3.0 7 2 . 0  1800 30 ThB,, ThWB, 
20 18.7 6.0 7 5 . 3  1800 30 ThB~, ThWB~, WB 
21 12.7 1 1 . 1  76.2 1600 30 W~B~, ThB, 
22 13.6 4.7 81.7 1600 30 ThB~, ThB,, W~B~ 
23 12.0 20.2 67.8 2100 30 ThB,, WB 

* Al l  t h e  s a m p l e s  h a v e  ThO~ p r e s e n t  i n  a n  a m o u n t  of n o t  more  
t h a n  3%. 

a tu re  camera  (8) capable  of r each ing  2000~ in  a 
vacuum of 10 -~ to 10 -6 m m  Hg. 

Results and Discussion 

The phase e q u i l i b r i u m  da ta  used to d e t e r m i n e  the  
T h - W - B  t e r n a r y  d i a g r a m  are  g iven  in  Tab le  II. 
This  table  l ists the composi t ion  in  atomic per  cent, 
the firing t e m p e r a t u r e  and  t ime,  and  the  c rys ta l l ine  
phases as ident if ied by  x - r a y  diffraction.  

F igure  1 is the  proposed t e r n a r y  d i ag ram as de-  
t e r m i n e d  by  this  expe r imen t .  

t 
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Fig. 1. Phase diagram of the system Th-W-B based on 
samples fired at 1800~ and furnace cooled. 
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It  is k n o w n  f rom the  b i n a r y  phase  d iagrams  tha t  
the  homogene i ty  ranges  of WB and  W2B~ are 48-51 
a /o  and  66.6-68.0 a / o  B, respect ively ,  whi le  the  
homogene i ty  ranges  of the o ther  exis t ing  phases  are 
too n a r r o w  to be measured .  The a s sumpt ion  was 
made  tha t  all  the compounds  and  e lements  in  the  
b i n a r y  sys tems could be r ep re sen t ed  as points  on 
the  t e r n a r y  phase  d iagram.  

The in i t i a l  samples  were  chosen in  order  t ha t  
the i r  composi t ion wou ld  fal l  on the  in tersec t ions  of 
l ines d r a w n  in the  t e r n a r y  field for all  possible 
combina t ions  of phase  co-exis tence.  This reduced  
the n u m b e r  of fired samples  needed  to es tabl ish  the  
phase d iagram.  The  ana lys i s  of these  s trategic s am-  
ples showed which  two phases  could or could no t  
co-exist ,  thus  d e t e r m i n i n g  the  locat ions and  contents  
of every  t h r ee -phase  field, b a r r i n g  the  exis tence of 
t e r n a r y  compounds  in these regions.  

A t e r n a r y  compound  was  found  which  could be 
r ep resen ted  by  the  f o r m u l a  ThWB,. A n u m b e r  of 
samples  were  r equ i r ed  to ascer ta in  its composit ion.  
This phase was  found  to co-exis t  w i th  W~B, WB, 
ThB,, or Th. Since the la t t ice  cons tan ts  did no t  v a r y  
w i th  composi t ion the  homogene i t y  r ange  is be l ieved 
to be ve ry  nar row.  

Tt~e t e r n a r y  phase  has the  a p p r o x i m a t e  composi -  
t ion  ThWB,  based on the  fo l lowing  evidence.  The 
sample,  50 m / o  ThB, and  50 m / o  W, was  fired in  
the  usua l  m a n n e r .  Weigh t  loss d u r i n g  the  firing was  
found  to be 2 w/o .  The  composi t ion  of the  e v a p o r a n t  
was found  to be Th and  B. X - r a y  diffract ion and  
meta l lograph ic  e x a m i n a t i o n  of this  sample  showed 
it to be p r i m a r i l y  the  t e r n a r y  phase  w i th  a combined  
tota l  of less t h a n  2 w / o  ThO~ and  WB. Also us ing  
the molecu la r  fo rmula ,  T h W B ,  and  ca lcu la t ing  the  
theore t ica l  dens i ty  on the  basis  of two molecules  
per  u n i t  cell, (c rys ta l  s t ruc tu re  s tudies  are de-  
scr ibed in  the n e x t  p a r a g r a p h ) ,  good ag reem e n t  is 
ob ta ined  be tween  the  ca lcula ted  and  measu red  
densi ty .  For  the  reasons  above the  most  p robab le  
composi t ion  is ThWB~. 

Smal l  crystals  of the  t e r n a r y  phase  could be ob-  
t a ined  on the surface of samples  which  were  in  the  
v ic in i ty  of ThWB~ in  the  phase  d i ag ram by  f ir ing 
t h e m  to 2100~ Precess ion  photographs  were  made  
us ing  a smal l  c rys ta l  0.05 m m  by  0.15 m m  (Mo K~, 

= 0.7107 A) .  These photographs  showed ThWB,  
to be monocl in ic  wi th  a ---- 12.25 A, b = 3.75 A, 
c ~ 6.14 A and  fl = 104.1 ~ . The  p robab le  space 
groups  are P~, P~j~, or Pm.  The x - r a y  densi ty ,  as-  
suming  two molecules  per  u n i t  cell, is 5.6 g cm -~ 
whi le  the measu red  dens i ty  is 5.8 g cm -~. The  
pycnomet r i c  va lue  of the  dens i ty  is h igh because  of 
the  presence  of a smal l  a m o u n t  of WB. The me l t i ng  
point  of this phase  is 2175 ~ • 25~ which  is lower  
t h a n  the me l t i ng  poin ts  of the  s u r r o u n d i n g  borides:  
ThB~, W~B, and  WB. 

The diffract ion da ta  and  the  ca lcu la ted  hk l  va lues  
for monocl in ic  ThWB,  are p r e sen t ed  for compar i son  
a long wi th  those of ThO~ and  ThB~ in  Table  III. I t  
was also found  tha t  o ther  r e f rac to ry  meta l s  such 
as Mo or Re reac t  w i th  ThB~ to fo rm t e r n a r y  com-  
pounds  which  are i somorphous  w i th  ThWB,. 

In  the  presence  of W, ThB, is u n s t a b l e  wi th  the  
resu l t  tha t  W~B is a lways  the  first p roduc t  fo rmed  

Table Ill. X-ray diffraction data for ThWB4, ThB~, and Th02 

ThWB4 ThB~ ThO2* 

h k l  I / Io  d h k l  I / Io  d h k l  I / Io  d 

200 3 5.92 110 4 5.159 
001 61 4.091 

010 41 3.748 200 53 3.636 
210 77 3.252 IIi 
iii 7 3.200 

400 I00 2.963 201 61 2.718 200 
211 5 2.655 211 i00 2.546 

310 14 2.301 

401_ 7 30 2.423 221 32 2.177 
J 4O2 

411 81 2.324 002 19 2.046 

511 7 32 2.033 311 21 2.008 220 
J 601 112 4 1.905 

103 ~ 9 1.880 321 7 1.809 
402 J 
020 20 1 .873  202 19 1.783 
601 12 1 .753 410 40 1.765 

212 32 1.731 
113 3 1.682 330 12 1.714 311 
612 7 1.676 411 35 1 .619 222 
603 9 1.612 222 7 1.601 
321 18 1 .587  331 19 1.581 

711 ~ 24 1.582 312 5 1.528 
421 J 
801 22 1 .532  430 2 1.455 
800 3 1 .483  322 4 1.436 
703 12 1 .480  510 3 1.428 400 
711 20 1 .422  431 7 1.371 

511 7 1.347 
412 32 1.337 
332 16 1.314 311 

100 3.234 

35 2.800 

58 1.980 

64 1.689 
11 1.616 

8 1.400 

26 1.284 

* Da ta  f r o m  S w a n s o n  a n d  Ta tge ,  N a t i o n a l  B u r e a u  of S t a n d a r d s  
C i r cu l a r  539. 

along with free Th. This reaction was examined by 
means of the high-temperature camera mounted on 
the Geiger counter diffractometer. It was found that 
in a 50 m/o W and 50 m/o ThB4 sample, W~B first 
appeared at a temperature of II00~ with a de- 
crease in the intensity of ThB, and W lines. As the 
temperature was raised the amount of W,~B con- 
tinued to increase until at 1600~ the W~B began 
to decrease with the formation of ThWB~. Holding 
the sample at this temperature for 1 hr showed the 
components to be ThWB, with a small amount of 
W~B. As the temperature was further increased to 
about 1800~ WB started to appear and ThWB, de- 
creased slightly in intensity indicating that both 
B and Th were evaporating off from the surface. 

The following reactions and stability tests were 
made at elevated temperatures in a vacuum of i0 -~- 
10 .5 mm Hg. The reaction products studied were 
those which could be identified by x-ray diffraction, 
i.e., crystalline materials. No attempt was made to 
determine the gaseous products of such reactions. 

Boron reacted with ThO~ to form ThB~ at a tem- 
perature of less than 1600~ When the temperature 
was raised to 2100~ ThB~ disappeared and was 
replaced by ThB,, with two moles of boron reacting 

with excess ThO~. 
Firing ThB, in contact with ThO~ at 2300~ re- 

sulted in no reaction, reduction, or solid solution, 



766 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  S e p t e m b e r  1960 

con t r a ry  to the  pos tu la t ions  by  Brewer ,  et al. (3) .  
The phase ThX~, which was repor ted  by  B r e w e r  to 
be a solid so lu t ion  be tween  ThO~ and  ThB~, was  no t  
found  in  a n y  of the  samples  e x a m i n e d  d u r i n g  this  
inves t iga t ion ,  and  it is qu i te  p robab le  tha t  this  phase 
involves  some e l emen t  other  t h a n  B. 

ThB~ fired to 1600~ in  v a c u u m  showed no  de -  
composit ion.  The  a p p a r e n t  i n s t ab i l i t y  t ha t  Brewer  
proposes for ThB~ m a y  be p a r t l y  due to diffusion of 
boron  into the m o l y b d e n u m  bor ide  cruc ib le  tha t  
he used. 

WB fired in  contact  wi th  ThO~ to 2100~ showed 
no a p p a r e n t  r educ t ion  of the ThO~. X - r a y  e x a m i n a -  
t ion revea led  WB, W~B, and  ThO~ to be p re sen t  in  
the sample.  

X - r a y  e x a m i n a t i o n  of m i x t u r e s  of W~B and  ThO~ 
fired to 1800~ showed only  W.oB and  ThO~. 

ThWB~ was found  to be ine r t  to ThO~ at a t e m -  
p e r a t u r e  of 2100~ 

D u r i n g  this  inves t iga t ion  pure  ThB~ and  ThB~ 
were  p repared .  The  p r epa ra t i on  of ThB~ by  fir ing 
powder  compacts  of the e l ements  was found  to be 
m a i n l y  a p r o b l e m  of ob t a in ing  equ i l ib r ium.  This 
was achieved by  r eg r ind ing  and  re t i r ing  the sample.  
In  the case of ThB~, boron  was  lost w h e n  the  reac t ion  
became s t rong ly  exo thermic  at 1050~176 To 
compensa te  for the loss of boron  in  the r e s u l t a n t  
ThB~-ThB~ mix tu re ,  a ca lcu la ted  a m o u n t  of B was 
added to conver t  al l  the  samples  to ThB~ on 
re t i r ing  at  1800~ The ca lcula t ions  were  based on 
a ca l ib ra t ion  curve  ob ta ined  wi th  the x - r a y  di f -  
f r ac tomete r  f rom k n o w n  m i x t u r e s  of the  two com- 
pounds.  The impur i t i e s  of the synthes ized  ThB, 

and  ThB6 were  those of the e l e me n t a l  s t a r t ing  m a -  
ter ia ls  a l though  s u b s t a n t i a l l y  reduced  by  the vac -  
u u m  firing. The a m o u n t  of ThO.~ which  was the  m a i n  
i m p u r i t y  in  the Th  has been  prac t ica l ly  e l iminated .  
The spect rographic  ana lys i s  of the  ThB~ is inc luded  
in  Table  I for compar ison.  
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Theory of Faradaic Distortion 
K. B. Oldham 

King's College, University of Durham, Newcastle upon Tyne, England 

ABSTRACT 

The passage of a pure a.c. across an electrode gives rise to a cell potential  
containing sinusoidal components of frequencies which are mult iples of the 
fundamental .  The first harmonic is predominant  and expressions are here de- 
rived for its ampli tude and phase angle. The magni tude  of the effect is similar 
to that of faradaic rectification, but  its measurement  may offer advantages 
over the lat ter  in the determinat ion of the kinetic parameters  of some elec- 
trode reactions. The effect of the double layer is considered, and an apparatus 
is described which enables faradaic admittance, rectification, and distortion to 
be measured simultaneously.  

Two effects of the passage of an  a l t e r n a t i n g  cur -  
r en t  across an  electrode have  been  employed  to 
d e t e r m i n e  the rates  of the  two electrode react ions  
and  the i r  dependence  on potent ia l .  The first of these 
effects, fa rada ic  admi t t ance  (1) ,  is u sua l l y  explo i ted  
by  p lac ing  the  celF in one a r m  of an a-c  br idge :  the  

1 T h e  d e s i g n  of t h e  ce l l  is s u c h  t h a t  one  e l e c t r o d e  r e m a i n s  de-  
polarized,  O n e  m e t h o d  of a c h i e v i n g  th i s  r e s u l t  is to e m p l o y  t w o  
e l e c t r o d e s  s i m i l a r  i n  a l l  r e s p e c t s  e x c e p t  a r e a ,  of  w h i c h  one  e l e c -  
t r o d e  has  i n c o m p a r a b l y  m o r e  t h a n  t h e  o the r .  T h e  e q u i l i b r i u m  
p o t e n t i a l  of  s u c h  a ce l l  is, of  cou r se ,  ze ro  a n d  t h e r e f o r e  if  t h e  
p a s s a g e  of a c u r r e n t  t h r o u g h  t h e  ce l l  c ause s  a c h a n g e  v in  t h e  
p o t e n h a ]  of  t h e  s m a l l e r  e l e c t r o d e ,  t h e  c e l l  p o t e n t i a l  is  d i r e c t l y  e q u a l  
to v p l u s  a n  o h m i c  p o t e n t i a l  Vo c a u s e d  by  t h e  p a s s a g e  of  t h e  c u r -  
r e n t  t h r o u g h  t h e  r e s i s t a n c e  R~ of t h e  c e l l  so lu t i on .  T h e  p o t e n t i a l  
ac ross  a ce l l  h a v i n g  c h e m i c a l l y  d i s s i m i l a r  e l e c t r o d e s  is, h o w e v e r ,  
e q u a l  to t h e  s u m  of t h r e e  t e r m s ,  (v + Vo + Ve) ,  Ve b e i n g  t h e  
e q u i l i b r i u m  p o t e n t i a l  of  t h e  p o l a r i z a b l e  e l e c t r o d e  v e r s u s  t h e  r e f e r -  
e n c e  ( d e p o l a r i z e d )  e l e c t r o d e .  

kinet ic  pa r ame te r s  are calcula ted f rom the m a g n i -  
tudes  of the res i s tance  and  capaci tance  which  m u s t  
be inser ted  into a ba l a nc i ng  a r m  to achieve a n u l l  
s ignal  across the b r idge  (2, 3). The  second effect, 
fa radaic  rect i f icat ion (4) ,  is assessed by  m e a s u r i n g  
the change  in  d-c  po ten t i a l  which  the  a l t e r na t i ng  
c u r r e n t  produces,  e i ther  d i rec t ly  (5, 4) or by  sup-  
p ly ing  the cell w i th  an  i n t e r m i t t e n t  h i g h - f r e q u e n c y  
signal,  the r e s u l t a n t  s q u a r e - w a v e  po ten t i a l  be ing  
nul l i f ied by  appl ica t ion  of an  i n t e r m i t t e n t  c u r r e n t  

(6, 7). A th i rd  effect is now  descr ibed:  this  too m a y  
be employed  for the  d e t e r m i n a t i o n  of the k ine t ic  
pa r ame te r s  of the  e lect rode react ion.  
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APPL IED RESULTANT 
FARADA 1C IN TERFAC I AL 
CURRENT POTENTIAL 

RECTI F I- DISTORTION 

C A T I O N A D M I T T A N C E  

Fig .  1. W o v e  f o r m s  o f  t h e  a p p l i e d  f a r a d a i c  c u r r e n t  (a p u r e  

sine wave) and the resultant interfacial potential. The latter 
contains three major components having the wave forms 
shown in the three lower diagrams. 

If the  i n s t a n t a n e o u s  anodic  m a g n i t u d e  of the  
faradaic  componen t  of the appl ied  a l t e r n a t i n g  cu r -  
r en t  is I cos ~t, its effect is to change  the electrode 
po ten t i a l  f rom its e q u i l i b r i u m  va lue  E~ to (v + E~). 
I t  wi l l  be  shown in  the  Mathemat ica l  Derivat ion be-  
low tha t  v has the  form 

v = * I ' + V c o s ( ~ t §  + 

V~ cos (2~t §  § (much  smal le r  t e rms)  [1] 

and  the u n k n o w n s  ~I,, V, t?, V~, and  8~ in  this  equa t ion  
wi l l  be eva lua t ed  there.  The uppe r  two d iagrams  in  
Fig. 1 show typ ica l  plots of the quan t i t i e s  I cos ~t 
and  v agains t  t ime;  the  th ree  lower  d iagrams  cor-  
r espond  to the  th ree  l ead ing  t e rms  on the r ight  h a n d  
side of Eq. [1] in to  which  v can be resolved.  The  
d-c  po ten t i a l  ~I,, which  has been  t e rmed  the  r edoxo-  
k ine t ic  po ten t i a l  (8) ,  arises f rom faradaic  rect if ica-  
t ion.  The ra t io  V / I  is t e rmed  the  faradaic  i m p e d -  
ance  of the  e lect rode and  since ~ t u r n s  out  to t ake  
values  b e t w e e n  0 and  --W4, this  impedance  is best  
r ep resen ted  by  a p u r e  res is tance  in series w i th  a 
W a r b u r g  impedance  (1) .  The th i rd  t e r m  on the r igh t  
h a n d  side of [1] arises in  the same way  as ~:  f rom 
the  n o n l i n e a r i t y  of e lectrode reac t ion  ra te  w i th  po-  
tent ia l ,  and  it  is suggested tha t  the  effect g iv ing  
r ise to this h a r m o n i c  con ten t  in v be t e rmed  " f a r a d -  
aic d is tor t ion."  The p r i m a r y  object  of the  p re sen t  
c o m m u n i c a t i o n  is the  de r iva t ion  of an  express ion  for 
V~, the amp l i t ude  of the  faradaic  dis tort ion.  

Electrode Reaction 
Estab l i shed  express ions  for the  cathodic a nd  

anodic  cu r ren t s  associated wi th  the  electrode reac -  
t ion  

Ox § ne- ~ Rd 
are  

--> 

i = nAFkao exp { - - a n F E / R T }  [2] 
and  

~.= n A F k a J  exp {(1 - - , ) n F E / R T }  [3] 

where  ao and  ao' are  the act ivi t ies  of Ox and  Rd at 
the  electrode surface.  E is the  po ten t i a l  of the  elec-  
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t rode vs. the s t anda rd  O x / R d  electrode and  k is a 
s t anda rd  ra te  cons tan t  (9) ,  be ing  equal  to the ac-  
tua l  ra tes  of both fo rward  (cathodic)  and  reverse  
react ions  at a s t anda rd  O x / R d  electrode in  equ i -  
l ib r ium.  The t e rm  ~ denotes  the t r ans fe r  coefficient 
of the fo rward  react ion.  ~ 

If e q u i l i b r i u m  is es tab l i shed  at the electrode,  the  
surface  act ivi t ies  wil l  be equa l  to a and  a', the  b u l k  
act ivi t ies  of" Ox and  Rd; moreover ,  the fo rward  and  
reverse  cu r ren t s  are t hen  equa l  to each other  and  to 
the q u a n t i t y  t e rmed  the e q u i l i b r i u m  exchange  cur -  
r en t  L. Therefore ,  ' 

a exp { - - ~ n F E J R T }  = I J n A F k  = 

a" exp ((1 - -  a ) n F E J R T }  [4] 

For  m a n y  purposes  I~ is a more  conven i en t  k ine t ic  
p a r a m e t e r  t han  k, bu t  it m u s t  be apprec ia ted  tha t  
the  e q u i l i b r i u m  exchange  c u r r e n t  ( un l i ke  the  s t a n d -  
ard ra te  cons tan t  k) is i tself  a func t ion  of the ac- 
t ivi t ies  of Ox and  Rd and,  to a lesser ex tent ,  is also 
de pe nde n t  on the  concen t ra t ions  of other  cons t i t -  
uen t s  of the  solut ion.  

In  the nex t  th ree  sections, cases are considered in  
which  Rd is a pu re  phase of i n v a r i a n t  act ivi ty.  The re -  
act ion Cu~++ 2 e - ~ - C u  occur r ing  at a copper elec-  
t rode  wou ld  be an example :  in  such s i tua t ions  it  is 
usua l  to set the i n v a r i a n t  ac t iv i ty  equa l  to un i ty .  

The b u l k  ac t iv i ty  a of Ox m a y  be set equa l  to 
]C, where  C is the  concen t r a t i on  (mole  cm -~) of Ox 
in the b u l k  of the cell so lu t ion  ~ and  f is its ac t iv i ty  
coefficient? In  such cases equa t ion  [4] shows tha t  
the re la t ionsh ip  be t w e e n  I~ and  C is I ~ = n A F k  ( fC)  1-". 

The section Soluble Reduc tan t  Case, below, deals 
wi th  the  more  genera l  case in  which  the ac t iv i ty  of 
Rd is no t  constant .  Example s  of such react ions  i n -  
c lude Fe ~§ + e- ~ Fe ~+ and  Cd ~+ + 2e- ~ Cd (Hg) .  For  
such cases Eq. [4] gives I~ = n A F k ( f ' C ' ) ~ ( f C )  ~=~, 
where  C' is the  bu lk  concen t r a t i on  and  ]' the  ac t iv i ty  
coefficient s of Rd. 

Mathematical Derivation 

Let it be supposed tha t  at  t ime  t = 0 the c i rcui t  is 
made  and  tha t  for t ) 0  the  faradaic  cell c u r r e n t  
is g iven  by  

i = I cos ~t + ( t r ans i en t s  i m p o r t a n t  on ly  at smal l  t)  

[5] 

If r r ep resen t s  the  d imens ion  n o r m a l  to the electrode 

2 E q u a t i o n s  [2] and  [3] m a y  be a p p l i e d  d i r ec t l y  on ly  to  e lec t rode  
r eac t ions  w h i c h  t ake  p lace  in  a s ing le  step.  Neve r the l e s s ,  these  
equa t ions  o f t en  a p p l y  in  cases w h e r e  the  r eac t ion  m e c h a n i s m  is 
complex ,  a l t h o u g h  the  t e r m s  k a n d  a no l o n g e r  h a v e  t h e  s i m p l e  
s igni f icances  a sc r ibed  to t h e m  in  t he  text .  A p p r o x i m a t e  exp res s ions  
fo r  the  a p p a r e n t  k a n d  c~ t e r m s  m a y  be deduced  by  c o n s t r u c t i n g  
the  m e c h a n i s m ' s  e q u i v a l e n t  r e a c t i o n  pa i r  (10). 

a Note  t h a t  Eq. [4] also e m b o d i e s  the  N e r n s t  e q u a t i o n  fo r  the  
sys tem.  

4 The  p r e s e n t  t h e o r y  is l i m i t e d  to cases in  w h i c h  t h e  cel l  so lu -  
t ion  is of h i g h  ionic  s t r eng th .  F u r t h e r m o r e ,  i f  Ox is an  ion,  C m u s t  
be  m u c h  less t h a n  the  ionic  s t r e n g t h .  These  r e s t r i c t i ons  are  n e e d e d  
to ensu re  t h a t  t r a n s p o r t  of Ox  sha l l  be b y  d i f fus ion  a n d  no t  b y  
m i g r a t i o n .  A h i g h  c o n c e n t r a t i o n  of s u p p o r t i n g  e l ec t ro ly t e  is  a lso 
u s e f u l  in  r e d u c i n g  Rs a n d  in  k e e p i n g  the  doub le  l aye r  capac i ty  
cons tan t .  

5 T h e  a c t i v i t y  coeff icient  of Ox  (and  also t h a t  of R d  in  cases 
w h e r e  the  l a t t e r  d i s so lves  in  t he  cel l  so lu t ion)  w i l l  be  e f fec t ive ly  
cons t an t  in  a so lu t i on  of h i g h  ion ic  s t rength ,~  e v e n  t h o u g h  the  con-  
c e n t r a t i o n  of  Ox is sub j ec t  to  loca l  v a r i a t i o n .  Moreover ,  i f  a ser ies  
of e x p e r i m e n t s  is c o n d u c t e d  in  w h i c h  the  b u l k  c o n c e n t r a t i o n  C of 
Ox is va r i ed ,  i t  w o u l d  be n a t u r a l  to m a i n t a i n  the  ionic  s t r e n g t h  
c o n s t a n t  t h r o u g h o u t  t he  ser ies :  t h u s  $ w o u l d  be c o n s t a n t  f r o m  one 
e x p e r i m e n t  to  the  n e x t  as w e l l  as w i t h i n  any  one e x p e r i m e n t .  
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surface,  ~ C (r, t)  wi l l  s ignify  the concen t r a t i on  of Ox 
at a d is tance  r at t ime  t. I t  wi l l  be assumed  tha t  the  
surface concen t r a t i on  can be r ep resen ted  by  the  
Four i e r  series 

C(0, t) = X m cos j~t + X Xj sin jcot [6] 
J:o 3=1 

where  the /~'s and  k's are  u n d e t e r m i n e d  coefficients. 
Fick 's  second law of diffusion, 8 C ( r , t ) / S t  

DS"C (r, t ) / S r  ~ mus t  apply  to the  system, ~ D be ing  the  
diffusion coefficient of Ox. Solu t ion  of this equa t ion  
u n d e r  the  b o u n d a r y  condi t ion  [6] and  the  in i t i a l  
condi t ion  C ( r, O) = C = C ( ~ ,  t)  is'  

C(r ,  t) = C + ~o erfc [ r / 2 ( D t )  ~z~] 

+ ( 2 / # / 0  X f i  {~j cos ( j ~ t - -  j~r~/4DpO 
J : l  r/2(D t) 1/2 

+ k~ sin ( j~o t -  j~r~/4Dp ~) } exp (--p~) dp 

On di f fe ren t ia t ion  (13),  this gives 

aC(r, Q/Or  = --( ,rDt)  -~/~ exp (--r~/4Dt) X t~J 
j=0 

+ (2/#/~) X f (j~or/2Dp ~) . e x p  (--p~) 
J : l  r /2(D$)  ]/2 

dp {~ sin (jcot--jcor~ cos (jcot--jcor~/4Dp ~) }" 

which m a y  be eva lua ted  for r = 0, t > 0, since the  
in teg ra l  t hen  has a zero lower  l imitP The express ion  
thus  ob ta ined  for the surface concen t ra t ion  g r ad i en t  
is 

8C(0, Q/Or = -- ( vDt )  -1/~ X #~ 
J:0 

- -  X (jco/2D) ~/~ {(/~ + Xj) cos jcot -- ( ~  -- Xj) sin jcot) 
j=l 

F r o m  Fick ' s  first l aw of diffusion, an  express ion  
may  now be der ived  re la t ing  the concen t r a t i on  
g rad ien t  at the electrode surface to the flux of Ox 
and  hence  to the anodic  fa rada ic  c u r r e n t  in  the  fo rm 
i ~ - - n A F D  8C(O,t) /Or.  Compar i son  of this  e qua -  
t ion  wi th  [5] shows tha t  ~ ~ 0 ~ k~ for j = 0, j ~ 2 
and  tha t  m = ~,1 = I / n A F ( 2 D o )  ~/~, whence  [6] be -  
comes 

C(0,  t) = C(1 + Q sin ot  + Q cos o~t) [7] 

where  Q ~ I /nAFC(2D~o) ~/'~. Clearly,  since C(0, t)  
cannot  be nega t ive ,  Q ~ 2-~/~; however ,  it  wi l l  be 
conven i en t  to place a more  severe res t r i c t ion  on Q, 
viz. Q ~ 0.1. 

o T h e  e l e c t r o d e  n e e d  no t  be  p l a n a r  p r o v i d e d  i ts  r a d i u s  of c u r v a -  
t u r e  is e v e r y w h e r e  l a r g e  c o m p a r e d  w i t h  t h e  " d i f f u s i o n  l a y e r  t h i c k -  
n e s s "  (11).  T h i s  l a t t e r  q u a n t i t y  m a y  be  t a k e n  as  t h e  v a l u e  of r 
a t  w h i c h  t h e  a m p l i t u d e  of  t h e  c o n c e n t r a t i o n  o s c i l l a t i o n s  h a s  f a l l e n  
to 1% of i t s  s u r f a c e  v a l u e .  N o w ,  t h e  c o n c e n t r a t i o n  a m p l i t u d e  c a n  
be  s h o w n  (2-4) to  be  p r o p o r t i o n a l  to e x p [ - - r  (w/2D)1/2] ,  a n d  t a k i n g  
D = 1 0 ~  cme sec -1, 0)/27r ~ 10 eps,  w e  see  t h a t  t h e  d i f f u s i o n  l a y e r  
c a n n o t  e x c e e d  2.5 • 10 -a cm in  t h i c k n e s s .  A l o w e r  l i m i t  to t h e  
r a d i u s  of c u r v a t u r e  m i g h t  t h u s  be  se t  a t  0.1 r am.  

7 T h e  a n a l o g o u s  p r o b l e m  in  h e a t  c o n d u c t i o n  is c o n s i d e r e d  by 
C a r s l a w  a n d  J a e g e r  (12) .  

s R e j e c t i n g  s m a l l  v a l u e s  of t,  t h e  l i m i t  m a y  be  t a k e n  to a p p r o a c h  
ze ro  b e f o r e  t h e  i n t e g r a n d .  T h e  i n t e g r a t i o n  is t h e n  c a r r i e d  o u t  w i t h  
t h e  a i d  of t r a n s f o r m a t i o n s  a k i n  to t h o s e  d i s c u s s e d  b y  C a r s l a w  a n d  
J a e g e r  (14) .  
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The c u r r e n t  I cos cot mus t  be equa l  to the differ-  
<._ _> 

ence ( i - - i )  ob ta ined  by  sub t r ac t ing  Eq. [2] f rom 
[3]. Therefore ,  s ince a' is equal  to u n i t y  and  f is 
constant ,  ~ 
I cos ~ot = n A F k  exp { (1 --  ~) nF (E~ + v ) / R T }  

- -  nAFka[C(O,  t ) / C ]  exp {-- anF(E~ + v ) / R T }  

This equa t ion  m a y  be simplified by  subs t i t u t i ng  for 
C(0, t) f rom Eq. [7] and  for E~ and  k f rom [4]. The 
resu l t  is 

I cos cot = Ie exp { (1 - -  ~ ) n F v / R T }  

- - L ( 1  + Q sin cot + Q cos cot) exp { - - a n F v / R T }  [8] 

I t  wi l l  be c o n v e n i e n t  to define a n e w  p a r a m e t e r  y 
by y = I /LQ.  This  n e w  p a r a m e t e r  is d imens ionless  
and  can take  va lues  b e t w e e n  0 and  + o~; it is a 
measu re  of the ab i l i ty  of the e lect rode reac t ion  to 
keep pace wi th  the  a l t e r n a t i n g  e lect rode potent ia l .  
At  low y va lues  the  electrode is able  to follow the  
po ten t ia l  var ia t ion ,  whereas  at h igh va lues  of y this  
is not  possible and  C(O,t) assumes an  almost  con-  
s tan t  va lue ;  the changeover  be t w e e n  these two ex-  
t remes  occurs in the v i c in i ty  of y = 1. 

P rov ided  tha t  n F v / R T  << 1, i.e., if the  total  m a g -  
n i t u d e  of the p e r t u r b a t i o n  v ne ve r  exceeds a few 
mil l ivol ts ,  a s impl i f ica t ion of the exact  Eq. [8] m a y  
be achieved by  m a k i n g  series expans ions  of the two 
exponen t i a l  t e rms  and  re jec t ing  all b u t  the first few 
m e m b e r s  of these series. However ,  s ince both  fa -  
radaic  d is tor t ion  and  faradaic  rect i f icat ion are sec- 
ond order  effects, the  r e t en t ion  of on ly  two terms,  
viz. 

exp { - - a n F v / R T }  ~ 1 -- a n F v / R T  [9a]  

exp {(1 - - a ) n F v / R T }  ~ 1 + (1 - - a ) n F v / R T  [9b]  

is i nadequa t e  to give a re l iable  express ion  for v. 
Nevertheless ,  as a first approx imat ion ,  it is i n s t ruc -  
t ive to inser t  the  app rox ima t ions  [9] into Eq. [8].  
This  approach  yie lds  ~ 

n F v / R T  ~ [ ( y  + 1)Q cos cot + 

Q sin ~ot] (1 + aQ sin ~t + aQ cos or)-1 

[ ( y +  1 ) Q c o s c o t +  

Q sin cot] (1 - aQ sin cot - aQ cos cot) 

( y + l ) Q  c o s o t  + Q sin o~t-- 1 /2a(y+2)Q ~ 

-~/2ayQ ~ cos 2o~t - 1/2a ( y + 2 ) Q ~  sin 2~0t [10] 

Recal l ing  tha t  Q -~ 0.1 and  tha t  0 < a < 1, inspect ion  
of Eq. [10] wi l l  show tha t  the rms va lues  of the two 
te rms  ( y + l ) Q  cos ~t and  Q sin cot a lways  account  
for more  t h a n  87% of the rms va l ue  of n F v / R T .  
Therefore ,  a p p r o x i m a t i o n  [9a] can be vas t ly  i m -  
proved  by  add ing  a t h i rd  t e rm  in  wh ich  n F v / R T  is 
replaced by  the two most  i m p o r t a n t  t e rms  in  [10],  
i.e., 

exp { - - a n F v / R T }  = 1 - - a n F v / R T  + 

1/2a~[ ( y + l ) Q  cos ~ot + Q sin o~t] ~ 

9 I t  w i l l  be  n o t e d  t h a t  t h e  i n c l u s i o n  of a d d i t i o n a l  t e r m s  i n  t h e  
b i n o m i a l  e x p a n s i o n  of (1 + a Q  s in  wt + a Q  cos w t ) - I  w o u l d  h a v e  
i n t r o d u c e d  a d d i t i o n a l  h a r m o n i c s  ( t e r m s  in  s in  3~t ,  cos 4wt, e tc . )  of  
v e r y  s m a l l  a m p l i t u d e ,  b u t  w o u l d  no t  h a v e  a f f e c t e d  t h e  m a g n i t u d e  
of a n y  of t h e  f ive  f ina l  t e r m s  i n  [10] by  m o r e  t h a n  1%. 



Vol .  107, No.  9 

A s imi la r  i m p r o v e m e n t  m a y  be m a d e  to [9b] a nd  if 
these a m e n d e d  equa t ions  are t h e n  inse r ted  into ex -  
press ion  [8],  the  fo l lowing  resu l t  can be ob ta ined  

n F v / R T  = ( y + l ) Q  cos cot + Q sin o~t 

-1/a [ ( I + y + Y 2 y ~ ) - - ~ ( y + y  ~) ]Q~ 

+ ~/z [a ( y + y ~ ) -  ( y +  1/2y~) ]Q~ cos 2~t 

- Y 2  ( l + y - a y ) Q  ~ sin 2~t + t e rms  in  Q" 

This  express ion  for v is r ead i ly  t r a n s f o r m e d  into 
[1] and  the  five u n k n o w n s  in  the  l a t t e r  equa t ion  
are thus  found  to be 

= - -  (RTQ~/4nF)  ( y + z + y z + 2 )  

V = ( R T Q / n F )  ( y ~ + 2 y + 2 )  ~/~ 

0 ---- --  arccot  ( l + y )  

V~ = (RTQ~-/4nF) (y~+2y+2)~/~(z~+2z+2)' /~ 

y + z + y z  
0~ ---- -- arccot 

y + z + 2  

where  z = (1 - -  2e)y .  

The express ions  g iven  above for V and  0 have  
been  der ived  p rev ious ly  (4) .  The  equa t ion  for �9 is 
in  ag reemen t  wi th  tha t  g iven  by  Barker ,  Fai rc lo th ,  
and  G a r d n e r  (6) ,  bu t  differs f rom an  express ion  de-  
r ived  ear l ie r  by  the  p resen t  au tho r  (4) ,  which  was  
in  er ror  (15).  For  fast  e lectrode react ions  y ap -  
proaches  zero and  therefore  zz = - - R T Q ~ / 2 n F =  
--  nFV~/4RT.  This  las t  r e la t ionsh ip  has been  expe r i -  
m e n t a l l y  verif ied for the  Hg~+ + 2 e - ~  2Hg reac-  
t ion  (4).  

M a g n i t u d e  of the Distortion 

It  is conven i en t  to express  V~ in  t e rms  of the  
amp l i t ude  V of the  f u n d a m e n t a l  in te r rac ia l  p o t e n -  
tial.  In  this fo rm the  ampl i t ude  of the  first h a r m o n i c  
po ten t i a l  ( the  fa rada ic  d is tor t ion)  is g iven  by  

nFV~ ( z2 + 2 z - k  2 ) ~j~ 
V~ -- 4R------T- y~ + 2y -k 2 [ l l ]  

This  equa t ion  predic ts  tha t  if V =  10 mv,  T = 3 0 0 ~  
and  n = 2, t h e n  the  m a g n i t u d e  of V o wi l l  lie be -  
t w e e n  0 and  2 mv,  depend ing  on the  m a g n i t u d e s  of 
the  pa rame te r s  k, a, C, Y, D, and  ~. 

4RT 

t-O 

0 . 5  

0 

I I I 
0.00 

0 . I  I I 0  ~J----~ 

Fig. 2. Dependence of faradaic distortion on the parameter 
y (proportional to the square root of frequency) for values of 
the transfer coefficient ~ = 0.00, 0.25, 0.50, 0.75, 1.00. 
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For  a g iven  sys tem at cons tan t  t empe ra tu r e ,  Eq. 
[ 11 ] shows tha t  V~ depends  on V and  ~ only,  v a r y i n g  
d i rec t ly  as V 2 bu t  showing  a compl ica ted  dependence  
on f requency .  F igu re  2 shows how the  ra t io  V2/V ~ 
varies  w i th  y for va r ious  va lues  of a. Since y is 
p ropor t iona l  to the squa r e - r oo t  of oJ, a change  in  y 
f rom 0.1 to 10 corresponds  to a t e n - t h o u s a n d f o l d  i n -  
crease in  f requency .  The  shape of the  curves  in  Fig. 
2 is seen to be ve ry  d e p e n d e n t  on a, especia l ly  w h e n  
the la t te r  is g rea te r  t h a n  0.5. If the  t r ans f e r  co- 
efficient exceeds 0.64, the  curves  exh ib i t  m i n i m a  at 
charac ter i s t ic  va lues  of y. I t  wi l l  be a p p a r e n t  tha t  
Ie and  a m a y  read i ly  be d e t e r m i n e d  if a cu rve  of the 
type  shown  in  Fig. 2 is const ructed.  A n  appa ra tu s  
which  enab les  V2 to be m e a s u r e d  as a f unc t i on  of 
at cons tan t  V is descr ibed below. 

The faradaic distortion method of determining the 
kinetic parameters of an electrode reaction shares 
with faradaie rectification the advantage over the 
classical a-c method (faradaie admittance) that a 
knowledge of the double-layer capacity is not needed; 
uncertainties associated with the double-layer often 
lead to difficulties when a-c studies are made at 
electrodes other than mercury (3, 16). Faradaic 
distortion offers two advantages over faradaic 
rectification in the determination of ~ and le. First, 
as a comparison of Fig. 2 and 3 shows, curves of V2 
against frequency are far more characteristic of 
than the corresponding plots of ~I,. Second, whereas 
several effects can be envisaged which might cause 
spurious d-c potentials to exist across the cell, 
thereby interfering in the measurement of ~, only 
one effect TM other than faradaic distortion is likely 
to introduce alternating potentials of frequency ~/~. 
On the other hand, faradaic rectification does not 
suffer from the severe limitations which are the sub- 
ject of the next section. 

The close parallelism between faradaic distortion 
and faradaic rectification is illustrated by a eom- 
parison of the values acquired by V~ and �9 in the 
limiting cases y << 1 and y >> i. In the former case 
V.~= n F V V 4 R T = - - ~ I ,  whi le  in  the  la t ter ,  ~I,= 
(2~ -- 1) n F V V 4 R T  = +-- V~. 

l~ I f  t he  d o u b l e - l a y e r  capac i ty  is  p o t e n t i a l  d e p e n d e n t ,  t h e n  t h e  
passage  of  an  a.c. across  t he  e l ec t rode  w i l l  i n t r o d u c e  h a r m o n i c  s 
quenc i e s  in  t he  i n t e r r ac i a l  p o t e n t i a l .  The  f i rs t  h a r m o n i c  is  t h e  m o s t  
se r ious  and  i ts  a m p l i t u d e  is (Va/4c) (Oc/OE). Thi s  effect  is  u n l i k e l y  
to i n t e r f e r e  i n  t he  d e t e r m i n a t i o n  of f a r a d a i c  d i s t o r t i o n  e x c e p t  i n  
the  v i c i n i t y  of the  e l e c t r o c a p i l l a r y  m a x i m u m ,  w h e r e  t he  doub l e -  
l aye r  capac i ty  does change  a p p r e c i a b l y  w i t h  p o t e n t i a l  (17). 

*1  I i 

4RT -,-? \'0, }y _ 

- 

~ 

- I ~ i I 0.00 _ 

O.I I IO ~ 

Fig. 3. Dependence of faradaic rectification on the param- 
eter y for values of the transfer coefficient a = 0.00, 0.25, 
0.50, 0.75, 1.00. 
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Effect of the Double Layer 
As ye t  the  fact  has been  ignored  that ,  in add i t ion  

to the  f a rada ic  path,  an a l t e r n a t i v e  route,  the  c h a r g -  
ing and d i scha rg ing  of the  e lec t r i ca l  double  layer ,  is 
accessible  to a.c. crossing the  e l e c t r o d e / s o l u t i o n  in -  
te r face .  Usua l ly  this  n o n f a r a d a i c  pa th  is cons idered  
as a p u r e  capaci ty ,  ~ p ropo r t i ona l  to e lec t rode  a rea  
bu t  o the rwi se  cons tan t  (19) ;  its capac i tance  wi l l  be 

e q u a t e d  to cA. 
The  p roduc t ion  by  fa rada ic  d i s to r t ion  of an a l t e r -  

na t i ng  po ten t i a l  of f r e q u e n c y  ~ /~  across the  e lec -  
t r ode  in t e r f ace  wi l l  cause a c u r r e n t  of the  same 
f r e q u e n c y  to f low across the  doub le  l aye r  capaci ty .  
H o w e v e r ,  this h a r m o n i c  c u r r e n t  mus t  be shun ted  
back  v ia  the  f a rada ic  path,  as i l l u s t r a t ed  in Fig. 4, 
s ince no h a r m o n i c  f r equenc ie s  are  p resen t  in the  
c u r r e n t  f lowing in t he  e x t e r n a l  c i rcui t .  The  p r e sence  
of th is  h a r m o n i c  c o m p o n e n t  in the  fa rada ic  c u r r e n t  
canno t  be i gno red  unless  the  non fa r ada i c  i m p e d a n c e  
is m u c h  g r ea t e r  t h a n  the  f a rada ic  impedance ;  if this  
is not  t he  case, the  a p p r o p r i a t e  cor rec t ion  t e r m s  
m u s t  be inse r t ed  into  Eq. [5] and the  en t i re  d e r i v a -  
t ion  of V~ repea ted .  The  resu l t  is 

nFV2 ( z~+2z+2 ) ~8 x 
V~_= 4RT " y~+2y+2 [ ( y+2  1/~)~+ (x+2-~/~)~]~/~ 

[i2] 

w h e r e  x = n2F~DV~C/RTc (2~) v~. Also, 

( y+  2 -~/~) ( y+  z+ 2 ) - - ( x  + 2 -~/~) ( y + z  + yz)  
~_~ = arecot  

( x + 2  -v~) ( y + z + 2 )  + ( y + 2  -~j~) ( y + z + y z )  

The term x is a measure of the ratio of the non- 
faradaic impedance to the faradaic. 1"~ Therefore, for 
a sufficiently large x value [12] reduces to Eq. [Ii]. 
However, as x becomes small V.~ decreases and this 
may be interpreted as the shorting out of the farad- 
aic distortion by the decreasing double layer im- 

pedance. 

11However, Bockris and Conway (18) regard the nonfaradaic 
p a t h  as e q u i v a l e n t  to  a condense r  w i t h  a r e l a x i n g  d ie lec t r ic .  I n  
t h e i r  t e rms ,  t he  p r e s e n t  t r e a t m e n t  is  on ly  v a l i d  a t  f r e q u e n c i e s  l ow  
e n o u g h  t h a t  1/w is l a r g e  c o m p a r e d  w i t h  t h e  r e l a x a t i o n  t i m e  of t he  
d ie lec t r ic .  

I n  fac t ,  2x is the  ra t io  of t he  r eac t ances  of t he  two  pa ths .  

i t 
I COS ~t + 2AcV2w eln(2~t+e2) ] I 

t l  ~o~-,~o~o ~ 14" 

ItL ib '1 I+ AcV~ slnNt+@) + 2acV2w sin(2~t§ / 

ALTERNATING pGTF~IAL DIPF~tENOE ..~ = V cos(~te@) + V 2 cos(2~Jt+@ 2) 

Fig. 4. Distribution of currents between the faradaic end 
and nonfaradoic paths. The resistor shown represents the solu- 
tion resistance R,. 

Inspec t ion  of Fig.  2 shows tha t  y ~ 10 covers  the  
reg ion  mos t  use fu l  for  the  d e t e r m i n a t i o n  of k ine t ic  
p a r a m e t e r s  by f a rada ic  dis tor t ion.  In this  reg ion  the  
final f r ac t ion  in [12] exceeds  0.95 if x--~ 35. Tak ing  
the  fo l l owing  r e p r e s e n t a t i v e  va lues :  T = 2 9 8 ~  
c = 39 /~fd. cm --~ (20) ,  n = 2, and D = 10 -8 cm ~ sec-~; 
this r e s t r i c t ion  becomes  C/~ 1/~- 4 x 10 _8 mole  sec v~ 
cm -8. On the  o ther  hand,  the  final f r ac t ion  in [12] 
is less t h a n  0.1 if x~--0.11 wh ich  impl i e s  C/o~ ~ / ~  
1.2 X 10 -l~ mole  sec 1/~ cm -8. The  p rac t i ca l  conse-  
quences  of these  l imi t a t i ons  are  shown below.  

C (mole cm-D : 10 -~ 10 -8 10 -~ 10 ̀8 10 -8 10-' 

Double layer  effect 
can be ignored 
and Eq. [11] is 
obeyed for f re -  
quencies less than . . . . . . .  1.0 100 10 1.0 

cps cps kc / s  Mc/s  

Double layer  ca- 
pacity effectively 
shorts out all fa-  
radaic distortion 
if the f requency 
is in excess of 10 1.0 100 10 . . . . . . . .  

cps kc / s  kc/s  Mc/s  

T h r e e  conclus ions  can be  d r a w n  immed ia t e ly .  
First ,  f a rada ic  d i s to r t ion  wi l l  not  i n t e r f e r e  in con-  
v e n t i o n a l  a d m i t t a n c e  m e a s u r e m e n t s  p rov ided  low 
enough  concen t ra t ions  ( abou t  10 -6 M) a re  employed :  
h ighe r  concen t r a t ions  can  be t o l e r a t e d  p rov ided  a 
low f r e q u e n c y  l imi t  is set at a va lue  g r e a t e r  than  10 
cps. TM Second,  s ince the  double  l aye r  shor t ing  effect 
becomes  v e r y  p r o n o u n c e d  at low concent ra t ions ,  the  
ana ly t i ca l  app l ica t ions  of f a rada ic  rect i f ica t ion 
(7, 21) a r e  u n l i k e l y  to be  pa ra l l e l ed  by  s imi la r  de -  
v e l o p m e n t s  of f a rada ic  dis tor t ion.  Third ,  if fa rada ic  
d i s to r t ion  is to be e m p l o y e d  q u a n t i t a t i v e l y  (to 
m e a s u r e  k or (~, for  e x a m p l e ) ,  the  concen t ra t ion  
r ange  ava i l ab l e  wi l l  be seen to be s e v e r e l y  l imi ted .  
An  a u d i o - f r e q u e n c y  b r idge  has a r ange  of about  10 
cps to 10 k c / s  and the  t ab le  shows t h a t  ful l  use 
can be m a d e  of this r a n g e  only for  concen t ra t ions  
g r ea t e r  t h a n  10 -~ mole  cm -s. An  uppe r  concen t ra t ion  
l imi t  ( abou t  0.1 M, i.e., C = 10 4) is set  by  the  r e -  
q u i r e m e n t  tha t  the  Ox concen t r a t ion  shal l  be m u c h  
less t han  the  suppor t ing  e l ec t ro ly t e?  T a k i n g  all  fac-  
tors into cons ide ra t ion  it wou ld  appea r  t ha t  the  f a -  
radaic  d is tor t ion  m e t h o d  is a usefu l  one for  d e t e r -  
min ing  k ine t i c  p a r a m e t e r s  ove r  a thousandfo ld  
r ange  of r eac t ion  rates ,  su i tab le  e x c h a n g e  cu r r en t  
densi t ies  r ang ing  f r o m  about  20 ma  cm -2 to 20 amp 
cm -~. A l t h o u g h  this  r a n g e  is r a the r  na r row ,  it does 
encompass  some i m p o r t a n t  e l ec t rode  reac t ions :  thus  
the Cu ~+ + 2e- ~ Cu r eac t i on  is r e p o r t e d  to h a v e  
L / A  ~ 2 amp cm -2 at  C = 10 -~ mole  cm -s in an ac id i -  
fied KNO~ solut ion (22).  

Soluble Reductant Case 
Cases in wh ich  Rd  is not  a p u r e  phase  bu t  is a 

species so luble  in the  cel l  solut ion (or  in the  e lec -  
t rode  in the  case of a m a l g a m  e lec t rodes )  can be 
t r e a t ed  in a m a n n e r  w h i c h  exac t ly  pa ra l l e l s  the  
m e t h o d  desc r ibed  above  u n d e r  Mathematica~ Deft-  

is I n  any  case, s ince Ve is p r o p o r t i o n a l  to  V~, a l o w e r  p e r c e n t a g e  
of d i s t o r t i o n  can a l w a y s  be  r ea l i z ed  b y  decreasing the  s igna l  across  
t he  cell. 
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vation.  S i n c e  no  n e w  p r i n c i p l e s  a r e  i n v o l v e d  i t  w i l l  
suff ice  to p r e s e n t  t h e  r e s u l t s ;  t h e s e  a r e  

= - - ( R T / 4 n F )  (Q~-Q'~) ( Y + Z q - Y Z q - 2 )  

V -- ( R T / n F )  ( Q T Q ' )  ( Y ~ + 2 Y + 2 )  ~ 

0 - -  - a r c c o t  ( I + Y )  

V~ = ( R T / 4 n F )  (Q2 Q,~) ( y~4_2Y§  

Y-F Z-F Y Z 
/~ ~ - -  a r c c o t  

Y-FZq-2  

w h e r e  Q' = I / n A F C ' ( 2 D % )  ~/~, Y = I / I~(Q4-Q' ) ,  a n d  
Z : ( 1 - 2 ~ ) Y ( Q - ~ Q ' ) / ( Q - Q ' ) .  E a c h  of  t h e s e  e q u a -  
t i ons  r e d u c e s  to t h e  c o r r e s p o n d i n g  e q u a t i o n  a l r e a d y  
g i v e n  a b o v e  as Q' t e n d s  to zero .  T h e  a b o v e  e x p r e s -  
s ion  fo r  �9 d i f f e r s  f r o m  t h a t  o b t a i n e d  p r e v i o u s l y  b y  
t h e  p r e s e n t  a u t h o r  (4)  b u t  is in  a g r e e m e n t  w i t h  
e q u a t i o n s  d e r i v e d  b y  B a r k e r  (7) a n d  ( f o r  t h e  s p e -  
c i a l  ca se  C : C', D : D') b y  Doss  a n d  A g a r w a l  
(23, 5) .  T h e  e q u a t i o n s  fo r  V a n d  ~ a r e  w e l l  e s t a b -  
l i s h e d  (2, 3) .  T h e  e x p r e s s i o n  fo r  t h e  a m p l i t u d e  of  
f a r a d a i c  d i s t o r t i o n  c a n  be  cas t  i n to  a p a r t i c u l a r l y  
s i m p l e  f o r m  w h e n  CD ~/~ : C' (D')~/~: 

n F Y  ~ ( 1 - -2~ )  Y (1 - -2~)  VI  
-4- V 2 ~ _ _  

4 R T  ( Y ~ - 2 Y q - 2 )  ~j~ 4I~ 

M o r e o v e r ,  ~.~ t h e n  e q u a l s  #, s h o w i n g  t h a t  t h e  f u n d a -  
m e n t a l  i n t e r f a c i a l  p o t e n t i a l  is p e r f e c t l y  in p h a s e  
w i t h  i ts  f i rs t  h a r m o n i c .  

A g a i n ,  t h e  d o u b l e  l a y e r  a f fec t s  V~ a n d  ~.  T h e  
e q u a t i o n  a n a l o g o u s  to  [12]  is 

n F V  ~ X 

Y ~ + 2 Y + 2  [ (Y+2-~/~) ~+ ( X +  2-~/~)'~] ~z~ 

a n d  

a r c c o t  
( Y + 2  -~/~) ( Y + Z - t - 2 ) -  ( X + 2  -~/~) ( Y + Z + Y Z )  

( X + 2  -~'~) ( Y + Z + 2 )  + ( Y + 2  -~/~) ( Y + Z + Y Z )  

w h e r e  X ~ n F I / R T A c  (2~) (Q + Q').  

Fig. 5. Circuit for measuring all three faradaic effects. 
Suitable component values are G: 10 c /s-10 kc/s, 100 v; 
R~: 0-100k~]; C1:1 ~fd; R2: 5 kD,; Rs: 5 kD~; A: 10000 X; 
R4: 0-100D,; C~: 0-5 ~fd; M: 10 mv f.s.d.; Rs: 0-10D,; P: to 
read to 10 ~v; L: 10 H. 

THEORY OF FARADAIC DISTORTION 771 

Measurement 

The circuit shown in Fig. 5 permits the amplitude 
V2 of faradaic distortion to be measured without the 
use of filter networks or tuned amplifiers. Faradaic 
rectification may also be measured with this ap- 
paratus and, provided that the double layer capacity 
is known, the faradaic admittance can be determined 
as well. Rough measurements with a circuit of this 
type have confirmed the predicted parallelism be- 
tween faradaic rectification and distortion. 

The pure sinusoidal potential produced by G, a 
generator of variable frequency and high voltage 
output, is fed through the high resistance RI to pro- 
duce a pure a.c. of frequency ~/27r. Since R2 and R~ 
are equal resistors, if R4 and C2 are adjusted 14 so that 
the impedance of the R~-C~-R~ arm is identical in 
both phase angle and magnitude to the impedance 
of the cell, no signal of frequency ~o/2~r will appear 
across the amplifier A and cathode ray oscilloscope 
OSC. However, a signal of the harmonic frequency 
~/v remains and if the resistance of R~ is much 
greater than the cell impedance, the whole of the 
distortion voltage V~ will be developed across the 
A-OSC arm. V~ can be calculated from the height 
of the oscilloscope trace if the gain of A and the 
sensitivity of OSC are known. 

A series of measurements of V~ at a constant 
known value of V, the fundamental alternating in- 
terracial potential, but varying frequency can be 
made by adjusting R~ to equal the solution resist- 
ance Re. With the bridge balanced the a-c millivolt- 
meter M then measures V directly and RI can be 
repeatedly adjusted to give any predetermined M 
reading. 

The potentiometer P enables ~ to be measured, 
V~ being subtracted if necessary. 1 The choke L re- 
stricts the passage of a.c. through P and d.c. is pre- 
vented from flowing through the cell by P being 
balanced and by the presence of the condensers C~ 
and C~. 

Symbols 

A a rea  of the  e lec t rode ,  cm 2 
C,C' b u l k  concen t r a t ions  of Ox  and Rd, mo le  cm -~ 
C(r,t)  c o n c e n t r a t i o n  of Ox  at a d i s tance  r f r o m  the  

e l ec t rode  sur face  at t i m e  t, m o l e  cm -8 
D,D" diffusion coefficients  of Ox  and Rd, cm ~ sec -~ 
E po ten t i a l  of the  e l ec t rode  vs. s t a n d a r d  O x / R d  

e lec t rode ,  v 
E~ e q u i l i b r i u m  (nul l )  v a l u e  of E, v 
F the  f a raday ,  9.65 • 10 ~ cou lomb  e q u i v a l e n t  -~ 
I a m p l i t u d e  of app l i ed  f a rada ic  a.c., a m p  
L e q u i l i b r i u m  e x c h a n g e  cur ren t ,  a m p  
Ox  an  e l e c t r o r e d u c i b l e  species 
Q,Q' dimens ion less  p a r a m e t e r s  def ined in sect ions  

on Mathematical Deviation and  Soluble Re-  
ductant Case 

R gas constant ,  8.32 j ou l e  mole  -~ deg -~ 
Rd  an e l ec t roSx id izab le  species f o r m e d  by  r e -  

duc t i on  of Ox  
R, res i s tance  of the  cel l  solut ion,  o h m  
T abso lu te  t e m p e r a t u r e ,  ~  
V a m p l i t u d e  of tha t  c o m p o n e n t  of t he  i n t e r -  

fac ia l  po ten t i a l  h a v i n g  the  f u n d a m e n t a l  f r e -  
q u e n c y  (r v 

V~ a m p l i t u d e  of t ha t  c o m p o n e n t  of the  i n t e r -  

1~ Under certain conditions a parallel arrangement of R4 and Ce 
may be more convenient. 
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facial potential  having the harmonic  f re -  
quency (~o/~), v 

Ve equi l ibr ium cell potential,  v 
Vo potent ial  generated by the passage of cur-  

rent  through R,, v 
X,Y ,Z  dimensionless parameters  defined in section 

Soluble Reductant  Case. 
a,a' bulk activities of Ox and Rd, t rea ted as di- 

mensionless 
ao,aJ surface activities of Ox and Rd, dimension-  

less 
c double layer  capacity per unit  area, farad 

c m  - 2  

e- an electron 
f,f' act ivi ty  coefficients of Ox and Rd, l i ter  mole -I 
~ - - - >  

i, i anodic and cathodic currents  resul t ing from 
the faradaic reaction at the electrode sur-  
face, amp 

j a running  index 
k standard rate  constant, mole cm -~ sec -1 
n number  of faradays needed to reduce one 

mole of Ox, equivalent  mole -1 
p an integrat ion var iable  
r normal  distance from the electrode surface, 

cm 
t time, sec 
v total interfacial  potential,  v 
x,y ,z  dimensionless parameters  defined in sections 

Mathematical  Deviation and EI[ect oS the 
Double Layer  

a t ransfer  coefficient of the cathodic react ion 
0 phase angle by which the fundamenta l  com- 

ponent of the interfacial  potential  leads the 
faradaic current  

02 phase angle by which the harmonic com- 
ponent of the interfacial  potential  leads the 
faradaic current  

k,~ surface concentrat ion amplitudes,  defined by 
Eq. [6], mole cm -8 

~I- potential  due to faradaic rectification, some- 
times te rmed the redoxokinet ic  potential,  v 

co angular  f requency of the applied current,  
see -I 

Manuscript  received Oct. 12, 1959. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1961 JOURNAL. 
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In the  pape r  by  M. P. Korve r ,  R. S. Johnson ,  and for  F i g u r e s  1 and 2 on pp. 588 and  589 w e r e  r e -  

N. C. Cahoon,  " S t u d y  of the  R e c u p e r a t i o n  Reac t ion  versed .  The  capt ions  for  the  f igures are  correct ,  

in t he  Lec lanch~  Dry  Cel l ,"  w h i c h  a p p e a r e d  on h o w e v e r .  
pp. 587-591 of t he  J u l y  JOURNAL, the  l ine  d r a w i n g s  
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ABSTRACT 

The extent  of surface oxidation of a smooth p la t inum electrode and the 
electrode capacitance were measured for various conditions of anodization. The 
electrolytic formation of the surface p la t inum oxide is shown to be a highly 
irreversible reaction. A mechanism which involves a hydroxyl  radical in te r -  
mediate of the oxygen evolution reaction is proposed for the surface oxide 
formation reaction. This mechanism is supported by the shapes of the anodic 
and cathodic charging curves on p la t inum and the interrelat ionships of the 
electrode potential,  the electrode capacitance, and the extent  of surface oxi- 
dation. From these same interrelat ionships it was also concluded that  the 
steady-state evolution of oxygen occurs on a surface which has at least one 
atom of oxygen per surface p la t inum atom and that  the ra te -de te rmin ing  
step in the oxygen evolution reaction is the electrolytic discharge of oxygen-  
containing radicals which are adsorbed on the electrode surface. The surface 
oxide is reduced at potentials several hundred  millivolts cathodic to the poten= 
tial required to form the oxide. The reduct ion of the surface oxide is shown 
to be a first order reaction. The rate of the reduction increases with increas-  
ingly cathodic electrode potential.  

It  has been  wel l  subs t an t i a t ed  tha t  a surface  oxi-  
da t ion  occurs on a p l a t i n u m  electrode which  is 
f unc t i on ing  as an anode  in  wa t e r  solut ions  (1-17) .  
The surface  oxide thus  formed on p l a t i n u m  has the 
u n u s u a l  ab i l i ty  to t r ans f e r  charge f rom the  me ta l  
to a r eac t an t  in  the so lu t ion  wi thou t  an  apprec iab le  
increase  in  the th ickness  of the  film. The  film is 
e lec t ron conduc t ing  r a the r  t h a n  ion conduct ing ,  and  
therefore  does not  grow beyond  one or two atomic 
layers.  The  presence  of the  surface oxide a l ters  the  
behav io r  of p l a t i n u m  indica tor  electrodes to such 
an  ex t en t  tha t  a lmost  all  inves t iga tors  us ing  such 
electrodes have  had to adopt  a s t anda rd  anodic  or 
cathodic p r e t r e a t m e n t  in  order  to ob ta in  r ep ro -  
ducible  resul ts .  The fo rma t ion  of the sur face  oxide 
layer  has been  shown to affect cons ide rab ly  the 
resul ts  ob ta ined  wi th  p l a t i n u m  ind ica tor  electrodes 
in  po t en t i ome t ry  (14),  c h r o n o p o t e n t i o m e t r y  (1) ,  
po l a rog raphy  (10),  and  kinet ics  d e t e r m i n a t i o n s  
(18).  A knowledge  of the  chemical  n a t u r e  of the  
surface oxide as wel l  as the  m e c h a n i s m  of its for-  
ma t ion  is a p re requ i s i t e  to the  u n d e r s t a n d i n g  of the  
behav io r  of p l a t i n u m  indica tor  electrodes.  

His tor ical ly ,  th ree  e x p e r i m e n t a l  approaches  have  
been  t a k e n  in  an  effort to a r r ive  at a conclus ion 
r ega rd ing  the  composi t ion of the  surface oxide on 
p l a t i num.  These are cathodic s t r ipp ing  (3-5, 7-9, 
15, 17,), chemical  a t t ack  (2) ,  and  p o t e n t i o m e t r y  
10-12, 16). In  the first case, the n u m b e r  of coulombs 
of e lec t r ic i ty  r equ i r ed  to comple te ly  reduce  the  su r -  
face oxide is de te rmined .  If the exact  e lect rode area  
and  the n u m b e r  of p l a t i n u m  atoms per  square  cen t i -  
me te r  are  known,  and  if it is a ssumed  tha t  the  oxide 
is a monomolecu l a r  film, the ox ida t ion  state  of the  
oxidized p l a t i n u m  surface can be calculated.  Be-  
cause of the  assumpt ions  r equ i r ed  for such ca lcu la -  

t ions, the  resul t s  are ind ica t ive  bu t  not  conclusive.  
In  the  case of the  chemical  a t t ack  the  oxide film is 
dissolved and  the  solut ion ana lyzed  spectroscopical ly  
for p l a t i n u m ( I I )  and  p l a t i n u m ( I V ) .  Here  one mus t  
be ce r ta in  tha t  d u r i n g  the  chemica l  a t tack  the  ox-  
ida t ion  state  of the  p l a t i n u m  has no t  been  changed.  
F ina l ly ,  the po ten t ia l s  of the  p l a t eaus  in  the  anodic  
and  cathodic cha rg ing  curves  have  been  equa ted  to 
the  t h e r m o d y n a m i c  s t anda rd  po ten t ia l s  of P t - P t O  
or Pt-PtO~ to demons t r a t e  the  ex is tence  of these  
species on the  electrode surface.  G i ne r  (8) has dis-  
counted  all  such compar isons  by  po in t ing  out  the  
phys ica l  and  chemica l  differences b e t w e e n  a m o n o -  
molecu la r  l ayer  of P tO on p l a t i n u m  and  c rys ta l l ine  
p l a t i n u m ( I I )  oxide [and  s imi l a r ly  p l a t i n u m ( I V )  
oxide] .  Such a m o n o l a y e r  m a y  be r ega rded  as i den -  
t ical  to a chemisorbed  oxygen  a tom layer.  F u r t h e r -  
more,  it wi l l  be  shown here  tha t  the  reac t ion  of the  
fo rma t ion  of the  surface oxide is so i r r evers ib le  tha t  
it is i ncapab le  of d e t e r m i n i n g  the  po ten t i a l  of the  
p l a t i n u m  electrode even  u n d e r  condi t ions  of no 
electrode cur ren t .  

Cathodic and Anodic Charging Curves 
I t  is w o r t h w h i l e  at  this  po in t  to m a k e  a cr i t ical  

eva lua t i on  of the  i n t e r p r e t a t i o n  of the  shapes of the  
cathodic and  anodic  charg ing  curves  on p l a t i n u m .  
Typica l  charg ing  curves  for oxygen  and  hyd rogen  
free solut ions  are shown in Fig. 1. Po ten t i a l s  in  this  
f igure and  t h r o u g h o u t  the paper  are re fe r red  to the  
n o r m a l  h y d r o g e n  electrode. A cons tan t  anodic  cu r -  
r en t  is passed whi le  the po ten t i a l  of the  electrode is 
fol lowed as a func t ion  of t ime  (or cou lombs) .  The 
po ten t i a l  rises s lowly ( region  Ha)  u n t i l  al l  the  h y -  
d rogen  adsorbed  on the  e lect rode has been  oxidized. 
The po ten t i a l  t h e n  rises r ap id ly  t h rough  reg ion  Ca 

773 



774 JOURNAL OF THE ELECTROCHEMICAL SOCIETY September 1960 

1.50 

1.25 

..; 1,0r 

vl 0.7-~ 
> 

o.s( 

0 . 5  

OL 

ANODIC COULOMBS 
( CIUALITATIVs 

r 

CATHODIC COULOMBS 
(QUALITATIVE)  

Fig. 1. Anodic and cathodic charging curves 

w h e r e  t he  on ly  process  is t he  c h a r g i n g  of t he  e lec -  
t r i c a l  d o u b l e  l ayer .  A t  a b o u t  0.9 v an  anod ic  process  
beg ins  a n d  the  p o t e n t i a l  inc reases  m o r e  g r a d u a l l y  
t h r o u g h  reg ions  Oal and  Oa~. E v e n t u a l l y  t he  o x y g e n  
e v o l u t i o n  p o t e n t i a l  is r eached ,  caus ing  a l eve l ing  off 
of t he  p o t e n t i a l  ( r eg ion  Oa3). If  the  c u r r e n t  is r e -  
v e r s e d  and  the  e l ec t rode  t hus  anod ized  is n o w  m a d e  
t h e  ca thode ,  t he  ca thod ic  cha rge  cu rve  of Fig .  1 is 
obse rved .  The  p o t e n t i a l  d rops  v e r y  r a p i d l y  to abou t  
0.7 v w h e r e  t h e r e  is a p l a t e a u  ( r eg ion  Oc) due  to the  
r e d u c t i o n  of the  s u b s t a n c e  f o r m e d  d u r i n g  reg ions  
Oal and  Oa2 of t he  anod iza t ion .  W h e n  a l l  of t he  o x -  
ida t ion  p r o d u c t  has  b e e n  r educed ,  t h e  p o t e n t i a l  
d rops  r a p i d l y  aga in  t h r o u g h  reg ion  Cc and  t hen  
en t e r s  t h e  h y d r o g e n  evo lu t i on  r eg ion  He. 

The  shapes  of the  ca thod ic  and  anod ic  c h a r g i n g  
curves  on p l a t i n u m  w e r e  one of t he  first  i nd ica t ions  
of a su r f ace  o x i d a t i o n  (5)  and  t h e y  h a v e  been  of 
i n t e r e s t  to m a n y  i n v e s t i g a t o r s  s u b s e q u e n t l y  (3, 4, 
6-9, 11, 15-17) .  A c o m p a r i s o n  of the  anodic  and  
ca thod ic  c h a r g i n g  cu rves  shows  t h a t  t h e y  a r e  no t  
the  s ame  shape.  I f  t he  d i f fe rence  in t h e i r  shapes  
w e r e  t he  effect of p o l a r i z a t i o n  due  to a s low r e a c -  
t ion,  the  cu rves  w o u l d  become  m o r e  s i m i l a r  as the  
c u r r e n t  d e n s i t y  is dec reased .  H o w e v e r ,  v e r y  low 
c u r r e n t  d e n s i t y  s tud ies  (15-17)  have  s h o w n  tha t  
t he  h y s t e r e s i s  is no t  d e c r e a s e d  s ign i f i can t ly  w i t h  
d e c r e a s i n g  c u r r e n t  dens i ty .  Such  an  in t r i n s i c  h y s -  
t e r e s i s  sugges t s  a r e a c t i o n  w h i c h  is so i r r e v e r s i b l e  
t h a t  t h e  o x i d a t i o n  and  r e d u c t i o n  occur  b y  d i f fe ren t  
mechan i sms .  

A c o m p a r i s o n  of t he  c h a r g i n g  cu rves  also shows 
tha t  the  r eg ion  Oa~-Oa.~ is a l w a y s  l a r g e r  t han  the  
r eg ion  Oc i nd i ca t i ng  t h a t  m o r e  e l ec t r i c i t y  is used  to 
fo rm the  ox ide  t h a n  is r e q u i r e d  to r e m o v e  it. V e t t e r  
and  B e r n d t  (15) who  f o u n d  a r a t i o  of anodic  to 
ca thod ic  cou lombs  of n e a r l y  two  p o s t u l a t e d  the  o x -  
ida t ion  of w a t e r  to t he  ox ide  d u r i n g  the  anod iza t i on  
and  the  r e d u c t i o n  of the  ox ide  to h y d r o g e n  p e r o x i d e  
d u r i n g  the  ca thod iza t ion .  H o w e v e r ,  no chemica l  
ev idence  for  the  p r e s e n c e  of h y d r o g e n  p e r o x i d e  has  
been  r e p o r t e d .  O the r  i n v e s t i g a t o r s  us ing  s l i gh t ly  
d i f fe ren t  cond i t ions  h a v e  not  o b s e r v e d  a r a t i o  of 
anodic  to ca thod ic  cou lombs  of two.  F u r t h e r m o r e ,  
i t  is u n l i k e l y  t ha t  t he  o x i d a t i o n  of w a t e r  to 
ox ide  w o u l d  occur  a t  a h i g h e r  p o t e n t i a l  t h a n  the  
r e d u c t i o n  of t he  ox ide  to pe rox ide .  A n o t h e r  e x p l a n a -  
t ion  l ies  in  t he  p o s s i b i l i t y  of a m i x e d  anod ic  process  
w h e r e  a r e a c t i o n  ( such  as  the  evo lu t i on  of o x y g e n )  

occu r r ing  s i m u l t a n e o u s l y  w i t h  t he  ox ide  f o r m a t i o n  
r e a c t i o n  consumes  some of t h e  e lec t r i c i ty .  

The  fo l l owing  m e c h a n i s m  for  t he  e l ec t ro ly t i c  f o r -  
m a t i o n  and  d i s so lu t ion  of the  su r f ace  ox ide  on p l a t -  
i n u m  gives  a s a t i s f a c t o r y  e x p l a n a t i o n  of t he  shapes  
of the  anod ic  and  ca thod ic  c h a r g i n g  curves .  W h e n  
a cons t an t  anod ic  c u r r e n t  is a p p l i e d  to the  p l a t i n u m  
e lec t rode ,  a n y  h y d r o g e n  p r e s e n t  a t  t he  e l ec t rode  
su r face  w i l l  be  oxid ized .  W h e n  the  h y d r o g e n  has  
been  e x h a u s t e d  the  first  s tep  in  the  o x i d a t i o n  of 
t he  w a t e r  occurs .  T h e  o x i d a t i o n  p r o d u c t  ( w h i c h  is 
an  i n t e r m e d i a t e  in t he  o x y g e n  evo lu t ion  r eac t ion )  
m a y  r eac t  w i t h  t h e  su r f ace  p l a t i n u m  a toms  to f o r m  
a su r face  oxide ,  or  i t  m a y  r eac t  to evo lve  oxygen .  
In  th is  w a y  the  u n o x i d i z e d  p o r t i o n  of t he  e l ec t rode  
su r face  on w h i c h  the  o x i d a t i o n  of w a t e r  can  occur  
mos t  r e a d i l y  dec reases ,  caus ing  an  inc rease  in t he  
p o t e n t i a l  due  to i n c r e a s e d  p o l a r i z a t i o n  ( r eg ion  Oa l ) .  
W h e n  the  e n t i r e  su r f ace  of t he  p l a t i n u m  has  r e a c t e d  
w i t h  the  o x y g e n  evo lu t i on  i n t e r m e d i a t e ,  the  o x i d a -  
t i on  of w a t e r  m u s t  t a k e  p l ace  on  t h e  ox id i zed  p l a t -  
i n u m  surface .  The  p re sence  of t he  ox ide  p a r t i a l l y  
coun t e r ac t s  t he  pos i t i ve  cha rge  of the  p l a t i n u m  thus  
caus ing  the  o x i d a t i o n  of w a t e r  to occur  at  a h i g h e r  
e l ec t rode  p o t e n t i a l  ( r eg ion  Oa~). G i n e r  and  L a n g e  
(19) o b s e r v e d  a s u b s t a n t i a l  i nc rea se  in  the  w o r k  
func t ion  and  a c o r r e s p o n d i n g  dec rease  in t he  vo l t a  
p o t e n t i a l  of p l a t i n u m  w h e n  the  su r f ace  was  oxid ized ,  
showing  t h a t  t he  o x y g e n  i m p a r t s  a n e g a t i v e  cha rge  
to the  sur face .  W h e n  sufficient  i n t e r m e d i a t e  has  
been  f o r m e d  on the  su r face  of the  ox id i zed  p l a t i n u m ,  
t h e  i n t e r m e d i a t e  w i l l  be  f u r t h e r  ox id i zed  to o x y g e n  
a n d  the  s t e a d y - s t a t e  o x y g e n  evo lu t i on  r eg ion  of 
t he  cha rg ing  c u r v e  is r e a c h e d  ( r e g ion  Oa~). A t  
h i g h e r  c u r r e n t  dens i t i e s  the  b r e a k  b e t w e e n  reg ions  
Oal and  Oa2 is no t  o b s e r v e d  b e c a u s e  the  i nc r ea sed  
p o l a r i z a t i o n  o v e r v o l t a g e  causes  t he  e l ec t rode  p o -  
t e n t i a l  to b e c o m e  sufficient to ox id ize  t he  w a t e r  on 
po r t i ons  of t he  ox ide  l a y e r  be fo re  t he  en t i r e  p l a t -  
i n u m  su r face  has  become  oxid ized .  

W h e n  the  c u r r e n t  is r e v e r s e d  m a k i n g  the  ox id i zed  
e l ec t rode  the  ca thode ,  t he  p o t e n t i a l  fo l lows  the  r e -  
duc t ion  of t he  su r f a c e  ox ide  and  then ,  w h e n  the  o x -  
ide  is e x h a u s t e d ,  t he  p o t e n t i a l  d rops  to t he  h y d r o -  
gen  evo lu t ion  po t en t i a l .  

Experimental 
The cell.--Perchloric acid  e l e c t r o l y t e s  of d i f -  

f e r e n t  c o n c e n t r a t i o n s  we re  used  exc lus ive ly .  P e r -  
ch lor ic  ac id  w a s  chosen  because  i t  was  no t  e x -  
pec t ed  to inf luence  the  su r face  r eac t ions  on p l a t i n u m  
e i t he r  b y  d i r ec t  c h e m i c a l  i n t e r f e r e n c e  or  b y  a d s o r p -  
t ion.  If  the  ac id  c onc e n t r a t i on  was  h igh  enough,  the  
so lu t ion  was  e f fec t ive ly  buffered .  Unless  o the rwi se  
s ta ted ,  t he  so lu t ion  was  c o n t i n u o u s l y  s w e p t  w i t h  a 
s t r e a m  of pur i f i ed  n i t r o g e n  in o r d e r  to keep  the  
so lu t ion  f ree  f r o m  d i s so lved  o x y g e n  and  hyd rogen .  
The  p r e s e n c e  of o x y g e n  is u n d e s i r a b l e  be c a use  i t  a f -  
fec ts  the  o p e n - c i r c u i t  p o t e n t i a l  of an  ox id i zed  e lec -  
t rode ,  and  i t  ac ts  as  a d e p o l a r i z e r  w h e n  t r e a t i n g  the  
e l ec t rode  ca thod ica l ly .  H y d r o g e n  reac t s  c h e m i c a l l y  
w i t h  the  o x y g e n  on the  p l a t i n u m  e l ec t rode  su r face  
and  acts  as a d e p o l a r i z e r  for  anod ic  e l ec t rode  t r e a t -  

men t .  
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The cell a r r a n g e m e n t  is shown  in  Fig. 2. The cell 
i tself  was a fil ter f u n n e l  of 50 -ml  capacity,  p rov ided  
wi th  a m e d i u m  porosi ty  glass fri t .  The ind ica tor  
e lect rode was a 36 x 2.5 m m  piece of 3 mi l  p l a t i n u m  
foil we lded  to a 30-ga p l a t i n u m  wi re  sealed in  a 
soft glass tube.  W i t h i n  the soft glass tube,  the p l a t -  
i n u m  wi re  was s i lve r - so ldered  to a No. 20 ga copper 
wi re  connec ted  to a b a n a n a  jack.  

The p l a t i n u m  foil e lectrode was  cut  f rom a 50- 
cm ~ piece of p rev ious ly  u n u s e d  p l a t i n u m  foil. The 
sur face  roughness  of this  foil was  d e t e r m i n e d  in  the  
l a b o r a t o r y  of Professor  N o r m a n  H a c k e r m a n  at  the  
U n i v e r s i t y  of Texas  by  the  gas adsorp t ion  me thod  
(20).  Professor  H a c k e r m a n  has per fec ted  an appa -  
ra tus  to work  wi th  smal l  areas  m a k i n g  this de te r -  
m i n a t i o n  economica l ly  prac t ica l  on p l a t i num.  The 
resul t s  ob ta ined  in  his l abo ra to ry  on the  p l a t i n u m  
foil indica te  a roughness  factor  of 1.12 w i t h i n  10% 
accuracy.  The t rue  ind ica tor  e lect rode area  was  2.0 
cm 2 since bo th  sides of the  foil we re  exposed. The 
coun te r  electrode was a p l a t i n u m  gauze cy l inder  
p laced  concen t r i ca l ly  a r o u n d  the  ind ica tor  electrode.  
The  calomel  electrode was  connec ted  to the  cell 
t h r o u g h  an  e labora te  salt  b r idge  which  was de-  
s igned to p r e v e n t  any  s ignif icant  diffusion of chloride 
ions f rom the  calomel  c o m p a r t m e n t  into the me a s -  
u r e m e n t  cell d u r i n g  the  course of an  expe r imen t .  
The  cell a rm  of the  salt  b r idge  t e r m i n a t e d  in  a l ug -  
g in  cap i l l a ry  which  was p laced  up  agains t  the  i n -  
d icator  electrode.  The o ther  a r m  of the  salt  b r idge  
had  a d r a w n - o u t  t ip which  was  i m m e r s e d  in  a com-  
p a r t m e n t  of 1N HC10,. This  c o m p a r t m e n t  served to 
connec t  the a rm  of the salt  b r idge  to the  fr i t  on the  
side of the  calomel  c o m p a r t m e n t  as wel l  as to r e -  
duce  the concen t ra t ion  g r a d i e n t  of chloride ions 
b e t w e e n  the  calomel  and  the  sal t  br idge.  The n i t r o -  
gen  which  was  b u b b l e d  t h r o u g h  the  cell e lec t ro-  
ly te  was  passed first t h rough  a hea ted  co lumn  of 
of c o p p e r - o n - e a r t h  and  then  t h rough  a co lumn  of 
ac t iva ted  charcoal  packed  wi th  glass wool. The cop- 
p e r - o n - e a r t h  was  p r epa red  in  this  l a b o r a t o r y  by  
M. S. Chao according to the  me thod  of Meyer  and  
Ronge  (21).  

The equipment--Figure 3 shows a block d i a g r a m 
of the  e q u i p m e n t  used in  this  inves t iga t ion .  A com- 
p le te  descr ip t ion  of each piece of e q u i p m e n t  and  its 
opera t ion  is ava i l ab le  (22).  The cons tan t  c u r r e n t  
source  was  used to ob ta in  cons t an t  c u r r e n t  anodic  
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Fig. 3. Complete instrumentotion 

or cathodic charging curves. The vol tage fo l l ower  
a l lowed the electrode potent ia l  to be fo l lowed ac- 
cura te ly  on a recorder or oscilloscope w i t h o u t  d raw-  
ing more than 10 -1~ amp f rom the ind icator  electrode. 
When the potent iostat  was turned on, the vol tage 
appl ied to the counter electrode was such that  the 
potent ia l  at po in t  A (Fig. 3) was equal to that  of 
the ind icator  electrode. Thus the potent ia l  between 
[he reference electrode and the ind icator  electrode 
was precisely equal and opposite to the potent ia l  of 
the reference potent ia l  source. The cur ren t  requi red 
to ma in ta in  th is electrode potent ia l  was measured 
by measur ing the potent ia l  across Rm and the t ime 
in tegra l  of the cur rent  was obtained at the output  
of the integrator.  A system of relays was arranged 
so tha t  when a key was pressed, a signal wou ld  
t r igger  the oscilloscope sweep and shor t l y  there-  
af ter  the reference potent ia l  wou ld  change by  a 
preset va lue of l0  my. Using a Tek t ron i x  Model  502 
Dual  Beam Oscilloscope, i t  was possible to observe 
the number  of coulombs necessary to effect this po- 
ten t ia l  change (at the in tegra l  ou tpu t )  as we l l  as 
the shape of the cu r ren t - t ime  curve. The potent io-  
stat  was  capable  of r i s ing  to an  ou tpu t  of 50 m a  in  
as l i t t le  as 50 t, sec. 

Surface Oxide Determination by Cathodic Stripping 

C h r o n o p o t e n t i o m e t r y  was  used to d e t e r m i n e  the  
ex ten t  of surface  ox ida t ion  of the p l a t i n u m  indica tor  
electrode.  The  ind ica tor  electrode was g rounded  and  
the s a t u r a t e d  calomel  re fe rence  e lect rode was con-  
nec ted  to e i ther  the oscilloscope or the  recorder .  The 
cons tan t  c u r r e n t  source, which  was  connec ted  be -  
t w e e n  the  coun te r  electrode and  ground,  was  t u r n e d  
on and  the  po ten t i a l  of the  ind ica tor  e lectrode was  
recorded  as a func t ion  of t ime. The shape of the  
curve  was  tha t  of the  cathodic ch ronopo ten t i og ram 
shown in  Fig. 1. The  a m o u n t  of charge  per  u n i t  area,  
Q/A, of oxide on the  p l a t i n u m  surface  was  ca lcu-  
la ted  b y  m u l t i p l y i n g  the  c u r r e n t  dens i ty  by  the  
t ime  r e q u i r e d  to reach the  midd le  of reg ion  Cc. A 
c u r r e n t  dens i ty  of 15 ~ a / c m  ~ was  used. This c u r r e n t  
dens i ty  was  chosen because  it  was at least  one h u n -  
dred  t imes  the  c u r r e n t  w i t h d r a w n  by  the  po ten t i a l  
m e a s u r i n g  circuit .  I t  is ve ry  l ike ly  tha t  c u r r e n t  
densi t ies  in  the  region  of 100 t , a /cm ~ wou ld  cause 
the  a p p a r e n t  a m o u n t  of surface ox ida t ion  to be 
decreased due  to p r e m a t u r e  po la r i za t ion  to the  h y -  
d rogen  evo lu t ion  potent ia l .  However ,  no difference 
in  the q u a n t i t y  of surface ox ida t ion  m e a s u r e d  was  
observed  b e t w e e n  d e t e r m i n a t i o n s  us ing  cathodic 
c u r r e n t  densi t ies  of 15 and  30 ya. The  cathodic c u r -  
r en t  was  t u r n e d  off as soon as the  e lec t rode  po t en -  
t ia l  r eached  the  po ten t i a l  of the inf lect ion po in t  of 
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the  reg ion  Cc. This p rocedure  avoided  the  evo lu t ion  
of hydrogen .  The  d ischarge  of h y d r o g e n  on the  p l a t -  
i n u m  was observed to have  an  effect on subsequen t  
anodizat ions .  

If the  surface ox ida t ion  is t hough t  of as a com-  
p o u n d  or m i x t u r e  of compounds  obey ing  the law 
of smal l  whole  n u m b e r e d  rat ios  of a tomic cons t i tu -  
ents,  it  is des i rab le  to be able  to conver t  mi l l i -  
coulombs  per  square  cen t ime te r  to a toms of oxygen  
per  surface  a tom of p l a t i n u m .  To m a k e  this  con-  
ve rs ion  it  is necessa ry  to k n o w  the  n u m b e r  of su r -  
face a toms of p l a t i n u m  per  square  cen t imeter .  Us ing  
the  la t t ice  cons tan ts  in  Wyckoff  (23) for c rys ta l l ine  
p l a t i n u m  one calculates  1.3 x 101~ a t o m s / c m  2 for the  
100 p l ane  and  1.5 x 10 TM a t o m s / c m  2 for the  closest 
packed  111 plane.  If one takes  the  t w o - t h i r d s  power  
of the  n u m b e r  of p l a t i n u m  a toms pe r  cubic cen t i -  
me t e r  as ca lcu la ted  f rom the  dens i ty  of p l a t i num,  
1.5 x 10 TM a t o m s / c m  ~ is obta ined.  The  p r e d o m i n a n t  
c rys ta l  face on a po lyc rys t a l l i ne  surface  wou ld  be 
the  111. Using 1.5 x 10 ~" a t o m s / c m  ~ it  was  ca lcula ted  
t ha t  abou t  0.5 m i l l i c o u l o m b s / c m  ~ are  r equ i r ed  to 
p rov ide  each surface  p l a t i n u m  wi th  an  oxygen  atom. 
A n  accuracy  of 10% is al l  t ha t  should  be c la imed 
for this  n u m b e r .  

Potentiostatic Formation of Surface Oxide 

Two methods  are  ava i l ab le  for cont ro l l ing  the 
anodic  t r e a t m e n t  g iven  to the  electrode:  name ly ,  
e lect rolys is  at  cons tan t  anodic  c u r r e n t  and  e lec t ro-  
lysis  a t  cons tan t  anodic  po ten t ia l .  Both methods  
were  t r ied  in  this  s tudy.  I t  was  found  tha t  the  
cons t an t  po ten t ia l  anodiza t ion  y ie lded  a more  re -  
p roduc ib le  q u a n t i t y  of surface  ox ida t ion  as de t e r -  
m i n e d  by  cathodic ch ronopo ten t iomet ry .  If the  
q u a n t i t y  of oxide on the electrode surface  is a f u n c -  
t ion  of the  anodiza t ion  potent ia l ,  the  be t t e r  r ep ro -  
duc ib i l i t y  of the  cons tan t  po ten t i a l  is reasonable .  
The  po ten t i a l  of the  e lect rode fol lows the  shape  of 
the  anodic  ch ronopo ten t iogram,  as shown in  Fig. 1, 
d u r i n g  cons tan t  c u r r e n t  anodiza t ion .  The s t eady-  
s ta te  po ten t ia l  of the  e lect rode ( reg ion  Oa3) is 
reached  slowly, and  there fore  on ly  at long t imes 
are  the  two anodiza t ion  methods  equ iva len t .  A n -  
o ther  cons idera t ion  is the  shape of the  s t eady-s t a t e  
anodic  c u r r e n t - v o l t a g e  curve.  In  the  region  of i n -  
te res t  which  is nega t ive  to the  rap id  evolu t ion  of 
oxygen,  the  c u r r e n t  increases  s lowly  wi th  inc reas -  
ing potent ia l .  I t  would  be difficult t hen  to ob ta in  a 
r ep roduc ib le  s t eady- s t a t e  po ten t i a l  ( and  thus  a r e -  
p roduc ib le  surface ox ida t ion)  by  app ly ing  a con-  
s t an t  cur ren t .  

Cons t an t  po ten t i a l  anod iza t ion  was  used t h r o u g h -  
out  this  work.  Wi th  the ind ica tor  e lect rode grounded ,  
the  calomel  re fe rence  electrode was  connected  to the  
i n p u t  of the vol tage  fol lower.  The  re fe rence  p o t e n -  
t ia l  source was  connec ted  b e t w e e n  the  ou tpu t  of the  
vol tage fo l lower  and  the i n p u t  of the  potent ios ta t .  
The  po ten t i a l  was  es tabl i shed w i t h i n  mi l l i seconds  
af ter  t u r n i n g  on the  potent ios ta t .  

Effect of Varying the Time o~ Anodization 
The q u a n t i t y  of oxide on the  sur face  of the  elec-  

t rode  was  m e a s u r e d  as a func t ion  of the  t ime  of 
anodiza t ion  at a g iven  potent ia l .  The  purpose  of 
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Fig. 4. Var ia t ion of amount of surface oxide with t ime of 
anodizat ion at constant potent ial .  

this  e x p e r i m e n t  was to d e t e r m i n e  how long it takes 
the  surface  coverage to come to a cons t an t  va lue  at 
a g iven  appl ied  potent ia l .  Before each anodizat ion,  
the  e lec t rode  had  b e e n  f reed  of oxide b y  the p r e -  
vious  ch ronopo ten t iomet r i c  d e t e r m i n a t i o n  and  then  
a l lowed to dr i f t  u n t i l  the  open -c i r cu i t  po ten t ia l  
reached  a s teady value.  This  po ten t i a l  was  be tween  
0.8 a nd  0.85 v. The cathodic cons tan t  c u r r e n t  was  
swi tched on i m m e d i a t e l y  af ter  the  po ten t ios ta t  was 
t u r n e d  off. The  q u a n t i t y  of oxide per  square  cen t i -  
m e t e r  vs. the  t ime  of anodiza t ion  was  d e t e r m i n e d  
for five po ten t i a l  values.  Resul ts  are shown  in  Fig. 4. 
Each of the  curves  shown ac tua l ly  has  a point  on 
the  or ig in  of the graph,  bu t  the in i t i a l  r ise is too 
steep to be shown. The  po ten t ios ta t  could pass 1 
mi l l i cou lomb  in  20 msec, a t ime  v e r y  short  com- 
pa red  to 1 sec, the shor tes t  t ime  i n t e r v a l  plotted.  

The  a m o u n t  of oxide on the surface  increased 
qui te  r a p i d l y  du r ing  the  first 15 sec of anodiza t ion  
at each potent ia l .  The subsequen t  increase  in su r -  
face oxide was  gradual .  A p p a r e n t l y  some slow proc-  
ess was  caus ing  a slow increase  in  the  oxidat ion.  
Since s t eady- s t a t e  coverage  was not  reached  wi th in  
a r easonab le  t ime of anodizat ion,  an  anodiza t ion  
t ime  of 30 or 60 sec was  chosen for subsequen t  ex -  
pe r imen t s .  A n  anodiza t ion  of 30 sec y ie lded  a cov-  
erage  which  was at  leas t  90% of tha t  for a 2-ra in  
anodiza t ion .  

Post-Anodizatio~ Behavior of Electrode 

W h e n  the  po ten t ios ta t  was t u r n e d  off af ter  an 
anodiza t ion ,  the electrode did no t  r e m a i n  at the 
anod iza t ion  potent ia l .  The  e lect rode po ten t ia l  
d ropped  s u d d e n l y  at first a n d ' t h e n  decreased s lowly 
to abou t  0.85-0.95 v. The  t ime r e q u i r e d  to reach a 
s t eady- s t a t e  open-c i r cu i t  po ten t i a l  increased  wi th  
inc reas ing  po ten t ia l  of anodizat ion.  For  an  anodiza-  
t ion  at 0.95 v, s teady state  was reached  in  about  
10 rain. For  anodiza t ions  at 1.3-1.7 v, over  an hour  
was  r e q u i r e d  to reach s teady state.  Despi te  the 
la rge  drop in  po ten t ia l  d u r i n g  an  hour ,  the  a m o u n t  
of surface  oxide decreased by  only  abou t  0.2 mi l l i -  
c o u l o m b s / c m  2. A p p r o x i m a t e l y  the  same a m o u n t  of 
oxide was  lost du r ing  an  hour  regard less  of the  
anod iza t ion  potent ia l .  The  range  s tud ied  was  f rom 
1.15 to 1.75 v. In  this  case the e lect rode was an -  
odized for 3 m i n  at each potent ia l .  

E x p e r i m e n t s  were  also pe r fo rmed  r e l a t ing  the de-  
cay of the  open-c i r cu i t  po ten t i a l  a nd  the  surface 
coverage  for shor ter  t imes.  The e lect rode was a n -  
odized for 30 sec at 1.25 v, 1.45 v, or 1.65 v. Af te r  
the  po ten t ios ta t  had been  t u r n e d  off, the  open-c i r cu i t  
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po ten t i a l  was  fol lowed for an  a m o u n t  of t ime  t~. At  
t ime  t~ the cons tan t  cathodic c u r r e n t  was appl ied  
and  the  q u a n t i t y  of oxide was  de te rmined .  Thus  the  
open-c i r cu i t  po ten t i a l  and  the  surface coverage were  
d e t e r m i n e d  for va r ious  va lues  of t~ up  to 15 m i n  for 
all  the th ree  anodiza t ion  potent ia ls .  The po ten t i a l  
fell  off r ap id ly  d u r i n g  the first m i n u t e  of drif t .  The  
drop in  po ten t i a l  was 0.2 v for the  1.25-v anodiza -  
t ion, 0.3 v for the 1.45-v anodizat ion,  and  0.35 v for 
the  1.65-v anodizat ion.  A decrease  in  surface  charge  
was not  no t iceab le  for the first m inu te .  At  the  end  
of five min,  0.015 mi l l i cou lombs  had  been  lost; a f ter  
15 rain, 0.045 mi l l i cou lombs  were  lost. The abso lu te  
va lue  of the oxide loss was the  same for all  th ree  
anodiza t ion  potent ia ls .  If the  surface  coverage de-  
cay is l inear  at 0.045 mi l l i coulombs/cm~/15  rain, at 
the end of an  hour,  the a m o u n t  lost would  be 0.18 
mi l l i cou lombs /cmL This va lue  is in  r easonab le  
a g r e e m e n t  w i th  the  resu l t  cited for a 1 -hr  d r i f t ing  
t ime.  I t  was  t hus  d e m o n s t r a t e d  tha t  an  e lect rode 
m a y  be left  at open circui t  a f ter  the  anodiza t ion  for 
t imes up to 1 ra in  w i thou t  apprec iab ly  affecting the  
a m o u n t  of surface oxide. 

The lack of cor re la t ion  b e t w e e n  oxide loss and  
po ten t i a l  decay th rows  cons ide rab le  doubt  on the  
no t ion  tha t  the  pos t - anod iza t ion  open-c i r cu i t  po-  
t en t i a l  is a func t ion  of the type  or q u a n t i t y  of ox-  
ide on the electrode surface.  I t  has been  c la imed 
tha t  the  po ten t ia l  decay is caused by  the  decompo-  
s i t ion of an  u n s t a b l e  surface oxide whose p resence  
affects the open -c i r cu i t  po ten t i a l  (16).  If this  were  
the  reason for the  po ten t i a l  decay, the ra te  of loss 
of the surface oxide wou ld  decrease  as the q u a n t i t y  
of u n s t a b l e  oxide decreases. F u r t h e r m o r e ,  it  seems 
u n l i k e l y  tha t  the  a m o u n t  of u n s t a b l e  oxide on the  
p l a t i n u m  would  be i n d e p e n d e n t  of the  po ten t i a l  of 
anodiza t ion  or the  q u a n t i t y  of to ta l  oxide on the  
electrode surface.  

I n  the  m e c h a n i s m  of the  oxide fo rma t ion  sug-  
gested in  the  discussion of the charg ing  curves  
above,  the  po ten t i a l  of the  electrode d u r i n g  anod iza -  
t ion  is cont ro l led  by  the  oxygen  evo lu t ion  process 
and  not  by  a redox couple  es tab l i shed  b e t w e e n  the  
p l a t i n u m  and  the  oxide layer .  The  anodic  po ten t ia l ,  
then,  would  be d e p e n d e n t  on the  par t i a l  p ressure  
of oxygen.  In  solut ions  swept  free of oxygen,  w h e n  
the  anodiza t ion  is stopped, the  electrode po t en t i a l  
wi l l  drop r ap id ly  as the  oxygen  diffuses away  f rom 
the  electrode surface.  E v e n t u a l l y  the  oxygen  pa r t i a l  
p ressure  becomes so smal l  tha t  the  o x y g e n - w a t e r  
couple can no longer  es tabl ish  an  electrode potent ia l .  
I t  is e x p e r i m e n t a l l y  observed tha t  the  open -c i r cu i t  
po ten t i a l  of a p l a t i n u m  electrode,  oxidized or r e -  
duced, e v e n t u a l l y  dr i f ts  to abou t  0.8 v. This  p o t e n -  
t ia l  is es tabl i shed by  a ve ry  slow exchange  since it 
is i m m e d i a t e l y  polar ized  severa l  t en ths  of a vol t  by  
an  appl ied  c u r r e n t  dens i ty  of a h a l f - m i c r o a m p e r e  
per  square  cen t imeter .  This  exp l ana t i on  of the  po-  
t en t i a l  decay is suppor ted  by  an  e x p e r i m e n t  r epor ted  
by  Gine r  (8) who no ted  tha t  the  open -c i r cu i t  po-  
t en t i a l  of a pa r t i a l l y  oxidized p l a t i n u m  electrode is 
increased  abou t  200 m v  w h e n  the  so lu t ion  is s a t u -  
ra ted  wi th  oxygen.  The ex ten t  of electrode ox ida -  

t ion  was no t  increased  by  the  presence  of the  ox-  
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Fig. 5. Variation of amount of surface oxide with potential 
and direction of potential change. 

ygen  gas, which  shows tha t  the ox ida t ion  process 
r equ i res  the  passage of an  electr ical  cu r ren t .  

The slow d i sappea rance  of oxide f rom the  elec- 
t rode  surface  wi l l  be shown la te r  to be  due to the  
diffusion of the  oxygen  atoms f rom the  electrode 
sur face  to the in te r io r  of the  p l a t i n u m  along g ra in  
boundar ies .  Such  a diffusion satisfies the  observed  
condi t ions  of be ing  a po ten t i a l  i n d e p e n d e n t  process, 
of be ing  a process i n d e p e n d e n t  of the  ex ten t  of 
surface ox ida t ion  (once a s ignif icant  por t ion  of the 
first ox ida t ion  p roduc t  has fo rmed) ,  and  of be ing  
a v e r y  slow process. 

E~ect of the Anodizatio~ Potential 

The electrode was anodized for 30 sec, a l lowed 
to r e m a i n  at open circui t  for 30 sec, a nd  then  the 
q u a n t i t y  of surface oxide was d e t e r m i n e d  ch rono-  
po ten t iomet r i ca l ly .  The  n u m b e r  of mi l l i cou lombs  of 
oxygen  per  square  cen t ime te r  as a func t ion  of the  
po ten t i a l  of anodiza t ion  is shown as pa r t  of Fig. 5. 
The  q u a n t i t y  of oxide increases  w i t h  inc reas ing  po-  
t en t i a l  of anodizat ion.  Be t w e e n  abou t  1.2 v and  1.75 
v the  a m o u n t  of surface  oxide increases  l i n e a r l y  wi th  
potent ia l .  

The  hys teres is  curves  of Fig. 5 resu l t  f rom the  
fo l lowing  expe r imen t .  The  electrode was  anodized  
for 30 sec and  then  the  electrode po ten t i a l  was r e -  
duced to a lower  va lue  for 30 sec. The  electrode was  
left  at open c i rcui t  for 30 sec and  then  the q u a n -  
t i ty  of oxide was  de te rmined .  It  was  found  tha t  the  
q u a n t i t y  of oxide wh ich  was  p resen t  at the  first a n -  
odizat ion po ten t i a l  r e m a i n e d  w h e n  the  po ten t i a l  was  
decreased except  at po ten t ia l s  be low 0.95 v w h e r e  
the  surface  oxide began  to be removed.  To d e t e r m i n e  
w h e t h e r  or no t  this  hys teres is  m i gh t  be  caused by  
a slow e q u i l i b r i u m  a r educed  electrode was pu t  at 
1.05 v for 1 hr  w i t hou t  ob t a in ing  an  increase  in  
surface  oxide over  tha t  shown in  Fig. 5. The  elec-  
t rode was also p reanod ized  at  1.45 v for 1.5 ra in  
a nd  t h e n  pu t  a t  1.05 v for 1 hr. The q u a n t i t y  of oxide 
was dn ly  0.135 mi l l i cou lombs  less t h a n  t ha t  shown 
in  Fig. 5 for the  same p r e t r e a t m e n t  wi th  a 30-sec 
anod iza t ion  at 1.05 v. The loss of sur face  oxide at a 
reduced  po ten t i a l  was  less t h a n  t ha t  of an  oxidized 
e lect rode lef t  at  open c i rcui t  for the  same period.  

This  hys teres is  subs tan t i a t e s  severa l  i n t e re s t ing  
conclus ions  reached  ear l ie r  on o ther  bases. (A)  The 
e lect rode po ten t i a l  is no t  d e t e r m i n e d  by  the  degree  
of surface  oxidat ion.  (B) To reduce  a subs tance  on 
an  electrode,  e lec t rons  m u s t  be  supp l ied  to the  e lec-  
t rode  e i ther  f rom an  oxida t ion  occur r ing  on the  
same electrode or f rom an  e x t e r n a l  c u r r e n t  source. 
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Fig. 6. Anodic current density as funct ion of t ime 

W h e n  the  surface  oxide is no t  r educed  at  open c i r -  
cuit, it m a y  be due  to the lack of an  e lec t ron  source. 
W h e n  the  surface  oxide is no t  r educed  w h e n  the  
po ten t ios ta t  is st i l l  connected,  it  is proof tha t  the  
oxide is not  reduced  at the  po ten t i a l  applied.  (C) 
Since two steps are  no t  observed  in  the  oxide r e -  
m o v a l  curves,  tha t  ox ida t ion  in  excess of one ox-  
ygen  per  p l a t i n u m  is reduced  at  the  same po ten t i a l  
and  thus  p r o b a b l y  by  the  same m e c h a n i s m  as the  
lower  oxide. 

Anodic  Current  as a Funct ion  oS Anodiza t ion  T ime  

W h e n  a cons tan t  anodic  po t en t i a l  was  appl ied  to 
the  unox id ized  electrode,  the c u r r e n t  was ve ry  la rge  
bu t  r ap id ly  decayed to a smal l  value .  A plot  of the  
c u r r e n t  as a f unc t i on  of the t ime  of anodiza t ion  is 
shown in  Fig. 6 for four  po ten t ia l s  of anodizat ion.  
Note tha t  the c u r r e n t  for the  anodiza t ions  at 1.25, 
1.35, and  1.45 v are a lmost  iden t ica l  a f ter  the first 
60 sec of anodizat ion.  The  c u r r e n t  for the  anodiza -  
t ion  at 1.55 v is m u c h  h igher  t h a n  t ha t  for the  o ther  
po ten t ia l s  at al l  t imes.  A p p a r e n t l y  the  process which  
r equ i r e s  c u r r e n t  a t  the  longer  t imes  of anodiza t ion  
is i n d e p e n d e n t  of potent ia l .  The  anodic  c u r r e n t  at 
3 rain for anodiza t ions  f rom 1.25 to 1.45 v was also 
i n d e p e n d e n t  of the  ra te  of s t i r r ing  in  the cell as 
p rov ided  by  the  n i t r o g e n  bubb l ing .  

We suggest  tha t  an  exp l ana t i on  for this  behav io r  
m a y  be the diffusion of oxygen  atoms into the  p l a t -  
i num.  Evidence  of the  p e n e t r a t i o n  of p l a t i n u m  by  
oxygen  has been  p resen ted  in  the  l i t e r a t u r e  (9, 24). 
The diffusion of a surface oxygen  a tom into  the  
electrode in te r io r  would  leave a vacancy  on the  
e lect rode surface  which  requ i res  c u r r e n t  to become 
refilled. The ra te  of diffusion wou ld  decrease w i th  
inc reas ing  t ime of anodizat ion,  as was  observed.  The  
ra te  of diffusion wou ld  be i n d e p e n d e n t  of po ten t i a l  
as long as the sur face  is s a tu ra t ed  wi th  oxygen  
atoms. The  g rea t ly  increased  c u r r e n t  at 1.55 v is 
due to the  evo lu t ion  of oxygen.  The solut ion of 
F ick ' s  laws for the  b o u n d a r y  condi t ion  of cons tan t  

surface  concen t r a t i on  is i -~ nFC ~ ~/D/~t .  A surface  
concen t r a t i on  of one oxygen  per  p l a t i n u m  corre-  
sponds to a concen t r a t i on  C ~ of 0.11 m o l e s / c m  g. For  
an  observed  i equa l  to 0.8 ~ a / c m  2 at  t ~ 180 sec, 
D is equa l  to 10 -18 cmVsec. This  es t imate  m u s t  be  

r ega rded  as v e r y  c rude  because  a l i nea r  diffusion 

model  is a s sumed  for w h a t  is p r o b a b l y  a g ra in  
b o u n d a r y  diffusion. 

A va lue  for the  diffusion coefficient of oxygen  in  
p l a t i n u m  has not  been  repor ted  prev ious ly .  The 
ac t iva t ion  ene rgy  E for se l f -d i f fus ion  in  the  p l a t -  
i n u m  la t t i ce  has been  d e t e r m i n e d  as 68.2 k c a l / g -  
a tom (25).  The  diffusion coefficient D is ob ta ined  
f rom the  r e l a t ion  D = Do exp ( - E / R T )  where  Do is 
a cons tan t  wh ich  can be es t imated  as 1. Thus  the 
se l f -d i f fus ion coefficient of p l a t i n u m  at  room t e m -  
pe ra tu r e  has a va lue  of abou t  10 -'~ cm2/sec. The ac-  
t iva t ion  e n e r g y  of se l f -d i f fus ion a long g ra in  b o u n d -  
ar ies  in  s i lver  (which  has the  same c rys ta l  s t ruc tu re  
as P t )  is abou t  0.45 t imes  the  ac t iva t ion  ene rgy  of 
lat t ice diffusion (25).  The  se l f -di f fus ion of P t  a long 
g ra in  b o u n d a r i e s  can thus  be es t imated  to be w i th in  
severa l  orders  of m a g n i t u d e  of 10 -~ cmVsec. Con-  
s ider ing  the  sma l l e r  size of an  oxygen  a tom than  a 
p l a t i n u m  a tom the  unce r t a in t i e s  in  the  es t imat ion  
made  above,  a nd  the  effect of chemical  bond  fo rma-  
tion, the observed  va lue  of 10 -18 cmVsec for the  g ra in  
b o u n d a r y  diffusion of oxygen  in  p l a t i n u m  at room 
t e m p e r a t u r e  is a r easonab le  one. The  theore t ica l  
c u r r e n t  due  to the  r e p l a c e me n t  of diffused oxygen  
atoms for D ---- 10 -12 cmg/sec is p lo t ted  on Fig.  6. 

The g r a i n  b o u n d a r y  diffusion of oxygen  atoms is 
p re fe r red  by  the  authors  over  the  loss of surface ox-  
ygen  in to  the  solut ion for the  fo l lowing reasons:  
(A)  The loss of surface ox ida t ion  by  combina t ion  of 
bonded  (chemisorbed)  oxygen  atoms requ i res  the  
r u p t u r e  of p l a t i n u m - o x y g e n  bonds,  a process no t  
l ike ly  to be i n d e p e n d e n t  of the  electrode poten t ia l  
or of the  ex t en t  of surface ox ida t ion  in  excess of 
one oxygen  per  surface p l a t i n u m  atom. (B) Recent  
pho tomic rograph ic  evidence  (26) indica tes  p re fe r -  
en t ia l  a t t ack  of g ra in  bounda r i e s  upon  severe  anodic 
t r e a t m e n t  of p l a t i num.  

Pho tograph ic  records were  made  of oscilloscopic 
m e a s u r e m e n t s  of the electrode c u r r e n t  du r ing  the 
first 0.1 sec of anodiza t ion  at  cons tan t  potent ia l .  
The po ten t i a l  was es tab l i shed  on the  electrode 
w i th in  2 msec. The area u n d e r  the  c u r r e n t - t i m e  
curve,  expressed  as coulombs,  was  a lways  la rger  
t h a n  the a m o u n t  of surface oxide d e t e r m i n e d  chron-  
opo ten t iomet r i ca l ly  af ter  a 30-sec anodiza t ion  at 
tha t  same poten t ia l .  Anod iza t ion  po ten t i a l s  f rom 0.95 
to 1.75 v were  studied.  In  some cases the  c u r r e n t -  
t ime  in t eg ra l  was  equ iva l en t  to as m u c h  as twice 
the  q u a n t i t y  of oxide found  on the surface  af ter  a 
30-sec anodiza t ion .  The ra t io  would  be even  grea ter  
if the quan t i t i e s  of surface oxide for a 1-sec ano-  
dizat ion (Fig. 4) were  used. 

The fact tha t  cons iderab ly  more  c u r r e n t  was  used 
for an  anod iza t ion  t h a n  could be accounted  for by  
the a m o u n t  of oxide formed subs t an t i a t ed  the  no t ion  
tha t  ano the r  process occurs whi le  the  oxide l ayer  
is be ing  formed.  At  po ten t ia l s  of 1.45 v and  lower, 
the  anod iza t ion  c u r r e n t  at long t imes  can all be 
accounted  for by  the  diffusion of oxygen  along the  
p l a t i n u m  g ra in  boundar ies .  Therefore ,  the  reac t ion  
tha t  occurs d u r i n g  the fo rma t ion  of the  surface  oxide 
is i nh ib i t ed  by  the fo rma t ion  of the  oxide. If the 
c o n c u r r e n t  process is the  evo lu t ion  of oxygen,  the 
overvol tage  of oxygen  evo lu t ion  on p l a t i n u m  is thus  
expla ined .  
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The po ten t ios ta t  was t u r n e d  on to app ly  a cons tan t  
po ten t i a l  to the  ind ica tor  electrode.  The c u r r e n t - i n -  
t eg ra to r  was connected,  and  the  step po ten t i a l  was  
set at 10 my.  The ou tpu t  vol tage  of the  c u r r e n t -  
i n t eg ra to r  was  m e a s u r e d  on the  oscilloscope. Using 
the  second b e a m  of the  oscilloscope, the  electrode 
c u r r e n t  was also observed.  The  in i t i a t i on  of the  
po ten t ia l  step t r iggered  the  oscilloscope sweep. No 
c u r r e n t  other  t h a n  the  double  l ayer  charg ing  cu r -  
r e n t  was observed  over  the  en t i re  po ten t i a l  r ange  
except  at  h igh anodic  and  cathodic po ten t ia l s  where  
oxygen  and  hyd rogen  evo lu t ion  occur, respect ively .  
The step po ten t i a l  was appl ied  in  bo th  d i rec t ions  
wi th  the same results .  

Cu r r en t s  lower  t h a n  1 t~a could no t  be observed 
wi th  the  e q u i p m e n t  employed  because  of the  noise 
level  of the po ten t ios ta t  and  the vol tage  fol lower.  
For  a reac t ion  which  is as i r r eve r s ib l e  as Fig. 5 
shows the  oxide fo rma t ion  to be, the  ra te  of the  
reac t ion  wou ld  be expected to be too slow for the 
reac t ion  c u r r e n t  to be observed wi th  this  equ ipmen t .  
Thus  the  k ine t i c  pa r ame te r s  of the oxide fo rma t ion  
reac t ion  are  no t  ob ta inab le  wi th  the  po ten t i a l  step 
appa ra tus  used here.  On ly  the  double  l ayer  cha rg -  
ing c u r r e n t  wi l l  be i n t eg ra t ed  by  the  c u r r e n t - i n t e -  
gra tor  w h e n  the  in t eg ra t ion  is pe r fo rmed  over  ve ry  
short  t imes  (10 -3 sec).  

The double  l ayer  capaci ty  was  m e a s u r e d  by  the  
method  descr ibed  above.  The c u r r e n t  i n t eg ra to r  was  
ca l ib ra ted  for  this  purpose  us ing  a decade of la rge  
s t anda rd  capacitors.  The  double  l ayer  capaci ty  was 
shown to be a func t ion  of potent ia l ,  w i th  a d is t inc t  
hysteres is  behav io r  depend ing  on the  d i rec t ion  of 
po ten t i a l  change.  The re la t ionsh ip  is shown in  Fig. 
7. The m i n i m u m  capaci ty  of the  electrode was  abou t  
20 t d / c m  ~. The  capaci ty  rose as the  po ten t i a l  i n -  
creased u n t i l  a va lue  of about  60 /~f was  reached at  
about  1.25 v. The  capaci ty  va r i ed  b e t w e e n  60 and  
55 td for po ten t ia l s  above 1.25 v. The  capaci ty  r e -  
m a i n e d  h igh  as the  po ten t i a l  was decreased un t i l  
the  po ten t i a l  had  reached  a va lue  of abou t  0.95 v. 
The capaci ty  t hen  r ap id ly  r e t u r n e d  to the  m i n i m u m  
value.  The s imi l a r i t y  b e t w e e n  the  capac i ty -po t en t i a l  
cu rve  (Fig. 7) and  the  surface  ox ide -po ten t i a l  
curves  (Fig.  5) is obvious.  I t  is ev iden t  tha t  the 
presence  of the  surface charge causes the  double  
l ayer  capaci ty  to increase  up  to th ree  t imes  its 
n o r m a l  value .  

It  has been  pos tu la ted  by  Llopis  and  Colum (27),  
who also observed this  capaci ty  hysteresis ,  t ha t  the 
reason for the  increase  of the  e lect rode capaci ty  of a 
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of surface oxide. 

p l a t i n u m  elect rode at  the b e g i n n i n g  of surface  ox-  
ide f o r ma t i on  is due to the  p resence  of dipoles such 
as P t . . .  O at  the  electrode so lu t ion  in terface .  The  
nega t i ve  end  of the  dipole m a y  be adsorbed  oxygen  
or some other  i n t e r m e d i a t e  in  the  oxygen  evo lu t ion  
react ion.  The  capaci ty  across this  dipole  wou ld  be 
of such a m a g n i t u d e  tha t  the r e l a t ive  effect of the  
ionic double  l ayer  in  the  so lu t ion  w ou l d  be small .  
F u r t h e r m o r e ,  a la rge  port ion,  if no t  all, of the  po-  
t en t i a l  g r ad i en t  b e t w e e n  the e lect rode and  the  solu-  
t ion  would  be developed across the  dipole at  the  
electrode surface.  

Dependence of Double Layer  Capacity 
on Sur]ace Oxidation 

Elec t rode  capacit ies  were  aga in  m e a s u r e d  for the  
va r ious  condi t ions  of anodiza t ions  a nd  p r e a nod i za -  
t ion  s tud ied  in  the  sect ion above.  Af t e r  each capaci ty  
was measured ,  the  c u r r e n t - i n t e g r a t o r  was d iscon-  
nec ted  as qu ick ly  as possible, the  po ten t ios ta t  was  
t u r n e d  off, and  the  a m o u n t  of charge  on the  elec-  
t rode  surface  was  d e t e r m i n e d  c h r o n o p o t e n t i o m e t -  
r ical ly.  F i g u r e  8 shows the resu l t s  of this  expe r i -  
ment .  The doub le  l ayer  capaci ty  was  found  to be 
a l i nea r  f unc t i on  of the a m o u n t  of surface  oxide 
u n t i l  a capaci ty  va lue  of 55-60 td was  reached.  The  
double  l ayer  capaci ty  t hen  r e m a i n e d  constant ,  i nde -  
p e n d e n t  of the  a m o u n t  of surface oxide. The l ine  
d r a w n  on Fig. 8 was d e t e r m i n e d  by  an  ana lys i s  by  
the me thod  of least  squares.  

On the  basis  of the  e xp l a na t i on  advanced  above 
for the  increase  in  the  e lect rode capac i ty  as a r e -  
sul t  of the  e lec t rode  oxida t ion  it  is possible  to ac-  
count  for the  capaci ty  vs. surface charge  cu rve  (Fig. 
8). For  an  unox id ized  electrode in  1N perchlor ic  
acid at abou t  0.8 v, the  double  l ayer  capaci ty  is 
about  20 t d / c m  2. H igh ly  polar  groups,  which  migh t  
be  r ep re sen t ed  as P t+ . . .O  - (27) ,  P t§  or 
Pt+...OH~ § m a y  exist  at  the  m e t a l - s o l u t i o n  i n t e r -  
face of the  "oxidized"  me ta l  surface.  These  dipoles 
replace  the  w a t e r  molecules  and  ions which  form 
the  e lect r ical  double  l ayer  at the  reduced  electrode 
surface.  To account  for the  e x p e r i m e n t a l l y  observed 
increase  in  e lect rode capaci ty  f rom 20 to 60 ~ f / cm 2, 
a th reefo ld  increase  in  capaci ty  due  to the  presence  
of the  h igh ly  po la r  groups  is requ i red .  For  a p a r -  
t i a l ly  covered surface,  the to ta l  e lect rode capaci ty  
m a y  be t hough t  of as m a n y  capaci tors  in  pa ra l l e l  
(sites of h y d r o x y l  adsorp t ion  and  dipole fo rma t ion )  
and  some of low va lue  (a double  l ayer  fo rmed  of 
ions and  w a t e r  molecu les ) .  The electrode capaci ty  
is thus  a l i nea r  f unc t i on  of the  f rac t ion  of the  s u r -  
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face which  is covered by  the dipoles as demons t r a t ed  
by  Fig. 8. 

It can be fu r t he r  pos tu la ted  tha t  the  dipole at the  
e lect rode surface is p r i m a r i l y  P t . . . O ,  tha t  is, tha t  
the electric field across the dipole is l a rge ly  across 
the  p lanes  of the  P t  + and  O- atoms, respect ively,  and  
is i n d e p e n d e n t  of the  state of p ro tona t ion  or hy -  
d r a t i on  of the O- atom. If  the  surface  ox ida t ion  con-  
t inues  and  the P t+ . . .O-  dipole becomes a Pt++...O = 
dipole, the  capaci ty  wi l l  no t  change.  The p e r m i t -  
t iv i ty  of the dipole has a l i nea r  dependence  on the  
rat io of the  dipole m o m e n t  to the  electric field 
s t rength .  W h e n  the  P t+ . . .O-  dipole  becomes a 
Pt++...O= dipole, the  dipole m o m e n t  is doubled,  bu t  
so is the  electric field s t r eng th  across the dipole. 
If the  p e r m i t t i v i t y  r ema ins  unchanged ,  the capaci ty  
wi l l  also r e m a i n  unchanged .  This  exp l ana t i on  of the  
electrode capaci ty  accounts  for the  l i nea r i t y  of ca-  
pac i ty  w i th  surface ox ida t ion  u n t i l  a surface charge 
of 0.25 mi l l i cou]ombs  ( e q u i v a l e n t  of one e lec t ron  
per  surface  p l a t i n u m )  has been  reached  as wel l  as 
the  cons t an t  e lectrode capaci ty  observed  for h igher  
sur face  charge. 

The pos tu la t ion  of the  fo rma t ion  of the polar  
group as an  e x p l a n a t i o n  for the capaci ty  increase  
is p r e f e r r ed  over  exp lana t ions  i nvo lv ing  the  u sua l  
ionic double  layer.  One reason  for this  p re fe rence  
is tha t  the  capaci ty  is a func t ion  of e lectrode oxida-  
t ion  (Fig. 8), bu t  i n d e p e n d e n t  of po ten t i a l  since 
points  on Fig. 8 were  t aken  f rom both  the oxide 
fo rma t ion  and  d isso lu t ion  curves.  There  is an  elec-  
t rode  po ten t ia l  difference of about  200 mv  b e t w e e n  
e q u i v a l e n t  ox ida t ion  states on the oxide fo rma t ion  
and  d issolu t ion  curves.  The ionic double  layer  ca-  
pac i ty  is k n o w n  to v a r y  w i th  po ten t i a l  and  the re -  
fore canno t  apprec iab ly  affect the electrode capaci ty  
which  is m e a s u r e d  for the  oxidized surface.  The  
ionic double  l ayer  capaci ty  also var ies  wi th  ionic 
s t r eng th  but ,  as it wi l l  be shown  later ,  the  electrode 
capaci ty  of an oxidized e lect rode is i n d e p e n d e n t  of 

ionic s t rength .  
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Rate of Surface Oxide Dissolution 

The fact tha t  the double  l ayer  capaci ty  is a 
l inear  f unc t i on  of the surface  coverage  was used 
to a d v a n t a g e  to de t e rmine  the  ra te  of sur face  oxide 
dissolut ion.  The  electrode was  pu t  at 1.25 v un t i l  
the double  l aye r  capaci ty  came to a s t eady-s t a t e  
va lue  ( r e q u i r i n g  about  1 m i n ) .  The  electrode po-  
t en t i a l  was t hen  shif ted s u d d e n l y  to 0.85 v and  the 
double  l ayer  capaci ty  was fol lowed as a func t ion  of 
t ime. The capaci ty  j u m p e d  to a va lue  h igher  t h a n  
tha t  m e a s u r e d  at  1.25 v and  then  d ropped  off and  
e v e n t u a l l y  reached  a s t eady- s t a t e  va lue .  W h e n  the 
s t eady- s t a t e  va l ue  of capaci ty  was sub t rac t ed  f rom 
all of the  m e a s u r e d  capaci ty  va lues  and  the  loga-  
r i t hm of the  difference was  p lo t ted  aga ins t  t ime  
(Fig. 9), a s t ra igh t  l ine resul ted.  The  same exper i -  
m e n t  was  repea ted  us ing  a r e mova l  po ten t ia l  of 
0.75 v. A n o t h e r  s t ra ight  l ine  of s teeper  slope r e -  
sulted.  The  conclus ions  to be  d r a w n  f rom these ex -  
pe r i me n t s  are  tha t  the d issolu t ion  reac t ion  is a first 
order  react ion,  and  tha t  the  ra te  of d issolu t ion  i n -  
creases w i th  increas ing  cathodic electrode potent ia l .  
The "ha l f - l i f e "  of the oxide is 1 m i n  at  an  electrode 
po ten t ia l  of 0.85 v and  2/3 of a m i n u t e  at  0.75 v. 

Effects of Acidity and Ionic Strength 

Perchlor ic  acid of 0.01M concen t r a t i on  was  used 
in the cell a nd  salt  b r idge  for some measu remen t s .  
The  surface  oxide was m e a s u r e d  as a func t ion  of 
po ten t ia l  a nd  the d issolu t ion  po ten t i a l  curve  for 
anodiza t ion  at 1.25 v was made.  The  resul t s  were  
ident ica l  to those shown in  Fig. 5 except  tha t  the  
po ten t ia l  axis  was shif ted 0.12 v in  the increas ing  
posi t ive direct ion.  In  other  words,  an  anodiza t ion  
of 1.25 v in  0.01M HC10~ corresponds  to an a n -  
odizat ion of 1.37 v in  1M HC10~. 

The double  l aye r  capaci ty  m e a s u r e m e n t  at the 
lower  e lec t ro ly te  concen t ra t ion  was r a t h e r  difficult 
to make.  The  increased so lu t ion  res i s tance  caused 
the po ten t ios ta t  to respond s lowly due  to the po-  
t en t i a l  drop in  the solut ion b e t w e e n  the  electrode 
and  the l ugg in  capi l lary .  For  this  reason  the  ca- 
pac i ty  could be measu red  on ly  roughly .  If the  ex -  
p e r i m e n t a l  e r ro r  is t aken  to be 10%, the  capac i ty-  
po ten t ia l  cu rve  is the same as tha t  for 1M HC10~ 
(Fig. 7) except  for the same po ten t i a l  shif t  which  
was no ted  above  for the surface  oxide. The  capac i ty-  
charge r e l a t ionsh ip  observed in  1M HC104 solut ions 
was also reproduced  w i t h i n  10% for 0.01M HC10~ 
solutions.  

The i n d e p e n d e n c e  of the e lect rode capaci ty  over 
a h u n d r e d f o l d  change  in  ionic s t r eng th  is ano ther  
ind ica t ion  tha t  the electrode capaci ty  is no t  de te r -  
m i ne d  by  the  ionic double  layer .  The e lect rode ca-  
pac i ty  m u s t  t hen  arise f rom the  h igh ly  po la r  n a t u r e  
of the adsorbed  surface layer .  

Conclusions 
On the basis of the observed anodic behavior of 

the platinum electrode, a mechanism for the surface 
oxidation and oxygen evolution reactions can be 
proposed. The first step is the formation of an ox- 
ygen evolution intermediate which is adsorbed on 
the electrode surface. The choice of an intermediate 
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is l imi t ed  because  on ly  one e lec t ron  is used in  its 
f o rma t ion  f rom water .  Possible  i n t e rmed ia t e s  are 
�9 OH, "O-, "OH/. The h y d r o x y l  radica l  has been  
chosen to r ep resen t  the  i n t e r m e d i a t e  in  the  reac t ion  
equat ions .  

P t  + H~O,~P t . . .OH + H + + e- [1] 

The  P t . . . O H  thus  fo rmed  1 can f u r t h e r  react  in 
e i ther  of two ways.  Firs t ,  an  oxygen  evo lu t ion  re -  
act ion m a y  be w r i t t e n  which  removes  the surface 
hydroxy l ,  p r e s u m a b l y  th rough  the i n t e r m e d i a t e  for-  
m a t i o n  of surface  "0OH, fo rming  a ba re  p l a t i n u m  
site: 

P t . . .OH + H._,O ~ P t . . . O O H  + 2H § + 2e- 

P t . . . O O H  ~ P t  ~- O.~ ~- H + ~ e- [2a] 

Second, the  surface h y d r o x y l  m a y  be conver ted  to 
a surface  oxygen  a tom which  is f i rmly  he ld  

P t . . . O H  ~ PtO + H § ~- e- [2b] 

Bare  p l a t i n u m  sites p roduced  by  react ions  [2a] are 
reoxidized by  reac t ion  [1],  so tha t  e v e n t u a l l y  all  
the  surface  is covered wi th  f i rmly  held  Pro .  S u b -  
s equen t l y  oxygen  evo lu t ion  mus t  occur on the PtO 
surface,  as has been  also pos tu la ted  by  Llopis (27).  
Once again,  surface h y d r o x y l  fo rma t ion  m a y  be 
postula ted,  w i th  compet i t ive  reac t ions  to form ox-  
ygen  molecules ,  or to f u r t h e r  oxidize the  surface.  

A n  i m p o r t a n t  cons idera t ion  here  is the  f inding of 
Rosen tha l  and  Veselovski i  (13) by  isotope exper i -  
men t s  tha t  oxides fo rmed  at lower  po ten t ia l s  (0.8- 
1.2 v)  do not  appear  in  oxygen  gas s u b s e q u e n t l y  
evolved f rom the  surface.  Oxides fo rmed  at  h igher  
po ten t ia l s  were  found  to m a k e  a pa r t i a l  con t r ibu t ion  
to oxygen  molecules  fo rmed  at  the  surface.  This 
f inding suggests tha t  the first oxygen  a tom per  su r -  
face p l a t i n u m  atom is held  more  f i rmly  t h a n  addi -  
t iona l  oxygen  atoms. Moreover ,  the  oxygen  evo lu-  
t ion  reac t ion  cannot  invo lve  combina t i on  of oxygen  
atoms if one of the  a toms is of the  f i rmly  held  type,  
and  the  p resen t  f inding of the  s tab i l i ty  of even  the 
h igher  surface ox ida t ion  at open -c i r cu i t  forces the  
re jec t ion  of an  a t o m - c o m b i n a t i o n  m e c h a n i s m  for 
oxygen  evolut ion .  

A s imi la r  reac t ion  sequence  as pos tu la ted  above 
for a ba re  p l a t i n u m  surface  m a y  be w r i t t e n  for 
oxygen  evo lu t ion  at a PtO surface,  in  which  the  PtO 
bonds  are not  d is rupted:  

PtO -P H~O -> P t~  ~ e- -~ H § [3a]  

P t ~  ~ H20 -> P t~  -t- 2e- ~ 2H § [3b]  

P t~  ~ P tO -t- H § ~- e- ~- O_~ [3c] 

Accord ing  to the above m e c h a n i s m  the  ox ida t ion  
of the  p l a t i n u m  surface occurs on ly  w h e n  oxygen  is 
be ing  evolved concur ren t ly .  F r o m  the  p r inc ip le  of 
microscopic r eve r s ib i l i t y  it fol lows tha t  the f o r m a -  
t ion  of the  oxide is ene rge t i ca l ly  possible  at po t en -  
t ials  less posi t ive t h a n  the  po ten t i a l  of oxygen  evo-  
lu t ion,  bu t  it appears  tha t  the  oxide is not  fo rmed  

1 R e a c t i o n  [1] has  been  p o s t u l a t e d  b y  Bockr i s  a n d  H u q  (28) as 
b e i n g  t he  r a t e - c o n t r o l l i n g  process.  
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at an  apprec iab le  ra te  except  in  the  presence  of the 
oxygen  evo lu t ion  in te rmedia tes .  In  order  to dissolve 
the  surface oxide, however ,  it  wou ld  be necessary  
to pu t  the  electrode at a po ten t i a l  for which  the 
oxide is uns tab le .  At  such a potent ia l ,  the  i n s t a n t a -  
neous  ra te  of oxide dissolut ion would  be p ropor -  
t iona l  to the  i n s t a n t a n e o u s  q u a n t i t y  of oxide on the  
surface.  A first order  r educ t ion  of the  surface oxide 
was  conf i rmed expe r imen ta l ly .  The hys teres is  of the 
po ten t i a l  vs. surface  ox ida t ion  curve  is d i rect  ev i -  
dence tha t  oxide fo rmed  at po ten t ia l s  of 1.2-1.7 v is 
reduced on ly  at po ten t ia l s  of abou t  0.95 v and  below. 
The  s t anda rd  po ten t i a l  of the surface  oxide f o r m a -  
t ion  on p l a t i n u m  would  be closer to the r educ t ion  
po ten t i a l  t h a n  to the ox ida t ion  potent ia l ,  t ha t  is, 
about  0.8-0.9 v. 

Manuscript  received Feb. 1, 1960. 

Any discussion of this paper will  appear in a Discus- 
sion ~ection to be published in the June  1961 JOUR- 
NAL. 
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Technical Notes @ 
Electrode Assembly for Electrochemical Measurements 

Milton Stern 1 and A. C. Makrides 

Metals Research Laboratories, Union Carbide Metals Company, 

Division o] Union Carbide Corporation, Niagara Falls, New York 

The isola t ion  of e lect r ical  contacts  f rom the  test  
solut ion is a common p r o b l e m  in e lec t rochemical  
measu remen t s .  It  m a y  be c i r c u m v e n t e d  in  some 
cases by  us ing  leads of the  same ma te r i a l  as the elec- 
trode. Such an  a r r a n g e m e n t ,  however ,  produces  an  
i l l -def ined  c u r r e n t  dens i ty  d i s t r i bu t i on  and  in t ro -  
duces an  ex t r aneous  v a p o r - m e t a l - s o l u t i o n  interface.  

Elec t r ica l  connect ions  are masked  f r e q u e n t l y  
wi th  tape, wax,  or t he rmose t t i ng  plastics.  All  these 
subs tances  c o n t a m i n a t e  the  solut ion to some degree.  
Wax  is p r o b a b l y  least  objec t ionable .  In  corrosive 
solutions,  however ,  it of ten causes p re fe ren t i a l  a t -  
tack  n e x t  to the masked  surface.  C o n t a m i n a t i o n  of 
solut ion can be avoided wi th  wi re  electrodes sealed 
in  glass. The  method  is l imi ted  to t u n g s t e n  and  
p l a t i n u m  since on ly  these meta l s  give leakproof  
seals. These  difficulties m a y  be e l imina t ed  wi th  a 
d e m o u n t a b l e  electrode a s sembly  in which  on ly  glass 
and  a f luor ina ted  plast ic (Tef lon) ,  besides the elec- 
trode, are exposed to solut ion.  The assembly  has 
been  used wi th  cons iderab le  success for several  
years  in  these Laborator ies .  

A d i ag ram of the a s sembly  is shown in Fig. 1. 
The e lect rode is tapped,  th readed ,  and  a t tached  to 
a s ta inless  steel rod t h r o u g h  a Teflon washe r  m a -  
ch ined  to a n a r r o w  edge at  the  end  nex t  to the 
electrode.  The rod is isolated f rom solut ion wi th  a 
h e a v y - w a l l  glass t ube  g r o u n d  at the  lower  end at  
an  angle  of a p p r o x i m a t e l y  60 ~ . The assembly  is 
m a d e  leakproof  by  t i gh t en ing  a n u t  at the top of 
the steel rod. Sufficient p ressure  is exer ted  to pro-  
duce l i q u i d - t i g h t  seals at  bo th  the glass-Tef lon and  
Tef lon-e lec t rode  junc t ions .  A th in  Teflon washer  is 
used b e t w e e n  the r e t a in ing  n u t  and  the  tube  to 
avoid c rack ing  the glass. 

A n  a s sembly  wi l l  r e m a i n  leakproof  for several  
weeks  and  has been  used in  boi l ing  acid solutions.  
A l though  Teflon washers  can  be used more  t h a n  
once, t hey  a re  deformed to a ce r t a in  ex t en t  af ter  
each r u n  and  have  to be replaced  af ter  a few runs .  
The i r  l i fe  can be ex tended  by  r e m a c h i n i n g  the  lower  
edge. 

The  glass t ube  is a t t ached  eccen t r ica l ly  to a 
g round  glass jo in t  which  is inser ted,  aga in  eccent r i -  
cally, in  a second g round  glass jo in t  on the  cell 
(see in se r t  in  Fig. 1). The dis tance  b e t w e e n  elec-  

1 P r e s e n t  a d d r e s s :  S p e e d w a y  L a b o r a t o r i e s ,  L i n d e  Co.,  I n d i a n a p o l i s ,  
I n d i a n a .  

METAL ROD �9 ~ _  
METAL WASHER ~ ~ RETAINING NUT 
,EFLo.., oJ 

IEFLON - -  

ELECTROOE k J  [ ]  

Fig. | .  Electrode assembly 

t rode  and  a Lug i n  cap i l l a ry  p robe  can  thus  be easi ly 
ad jus ted  w i th in  r a t h e r  wide  l imits .  Mercu ry  or 
w a t e r - s e a l e d  jo in ts  a re  used to avoid  c o n t a m i n a t i o n  
f rom lubr ican t .  

A n u m b e r  of modif icat ions of the  basic des ign 
h a v e  b e e n  employed.  For  example ,  in  expe r imen t s  
wi th  a ro ta t ing  electrode,  a cy l indr i ca l  sample  was  
secured  to the  steel rod in  the  u sua l  w a y  and  re -  
cessed and  th readed  at the lower  end.  A V-shaped  
Teflon section, which  rode in  a glass cup fused to 
the  bo t tom of the  cell, was a t t ached  at  this end. The 
Teflon bea r ing  mi n i mi z e d  eccentr ic  mot ion  of the  
e lec t rode  and  isolated the  bo t tom surface  of the  
cy l i nde r  f rom solut ion.  At the  top of the  assembly,  
an  i nve r t ed  steel cup ro ta t ing  in a pool of m e r c u r y  
sealed the sys tem f rom the a tmosphe re  whi le  p ro -  
v id ing  electr ical  contac t  to the electrode.  

The  basic a s sembly  descr ibed above  can be used 
w i th  a n y  meta l  or semiconduc tor  e lect rode which  
can be a t tached secure ly  to a me t a l  rod. I t  can be 
used in  p rac t ica l ly  e ve r y  common  test  so lut ion since 
on ly  glass and  Teflon come in  contac t  w i th  solut ion.  
F u r t h e r m o r e ,  it can be  c leaned in  a n y  of the  usua l  
ways,  for example ,  wi th  a s a t u r a t e d  c h r o m i c - s u l -  
fur ic  acid solut ion (c lean ing  so lu t ion ) .  

Manuscript  received May 9, 1960. 

A n y  discussion of this paper will  appear in a Discus- 
sion Section to be published in  the June  1961 JOUR- 
NAL. 
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Identification of the Diffusing Species in Uranium Oxidation 
J. G. Schnizlein, J. D. Woods, 1 J. D. Bingle, and R. C. Vogel 

Chemical Engineering Division, Argonne National Laboratory, Lemont, Illinois 

As p a r t  of an  e x t e n s i v e  s t u d y  of t he  k ine t i c s  of 
u r a n i u m  ox ida t ion ,  e x p e r i m e n t s  h a v e  been  des igned  
to e s t ab l i sh  w h e t h e r  u r a n i u m  or  o x y g e n  diffuses  
t h r o u g h  the  o x i d e  f i lm d u r i n g  the  o x i d a t i o n  r e a c t i o n  
a t  200~ in 200 m m  oxygen .  Two  d i s t i n c t l y  d i f fe ren t  
t y p e s  of m a r k e r  e x p e r i m e n t s  h a v e  been  used  to 
d e m o n s t r a t e  t he  s a m e  conclus ion.  

In  t he  first  me thod ,  m e t a l l o g r a p h i c  e x a m i n a t i o n  
was  used  to e s t ab l i sh  w h e t h e r  an  i n e r t  m a r k e r  
w o u l d  b e c o m e  b u r i e d  in t he  ox ide  and  w h e t h e r  or  
not  two  i m p i n g i n g  o x i d e  f i lms w o u l d  fuse  toge the r .  
O t h e r  i n v e s t i g a t o r s  (1 -4 )  h a v e  shown  t h a t  in  cases 
of m e t a l  ion d i f fus ion d u r i n g  ox ida t ion ,  as w i t h  
coppe r  (1) ,  an  i ne r t  m a r k e r  w i l l  b e c o m e  b u r i e d  in 
t he  oxide .  S i m i l a r l y ,  two  ox ide  su r faces  g r o w i n g  
aga ins t  one a n o t h e r  wi l l  fuse  in to  a con t inuous  ox ide  
l a y e r  (2) .  T h e  l a c k  of  b u r i a l  of a w i r e  or  l a ck  of  
fus ion  of t he  i m p i n g i n g  ox ides  is g e n e r a l l y  accep t ed  
as i nd i ca t i on  of t h e  absence  of m e t a l - i o n  diffusion.  

The  second  m e t h o d  used  i n v o l v e d  an  a l p h a - c o u n t -  
ing  t e c h n i q u e  to loca te  a m a r k e r  of e n r i c h e d  u r a -  
n ium.  A l t h o u g h  t h e  use  of i n e r t  m a r k e r s  in  m e t a l  
ox ida t i on  s tud ies  is common,  t he  use  of a r a d i o a c -  
t i ve  i so tope  of t he  m e t a l  as a m a r k e r  is a r e c e n t  
(5) ,  e x t r e m e l y  u se fu l  i nnova t ion .  The  m e t a l  i so tope  
m a r k e r  is no t  i n e r t  b u t  becomes  a p a r t  of t he  o x -  
ida t ion  process ,  t h e r e b y  avo id ing  t h e  d a n g e r  of a l -  
t e r i n g  t h e  r e a c t i o n  u n d e r  e x a m i n a t i o n .  In  these  e x -  
p e r i m e n t s  an  e n r i c h e d  u r a n i u m  f i lm was  s p u t t e r e d  
onto t he  su r f ace  of n o r m a l  u r a n i u m .  The  h i g h e r  p e r -  
c en t age  of u r a n i u m - 2 3 4  and  -235 g ives  t he  m a r k e r  
c o n s i d e r a b l y  m o r e  a l p h a  a c t i v i t y  t h a n  n o r m a l  u r a -  
n ium.  A f t e r  o x i d a t i o n  t h e  ac t ive  m a r k e r  can  be lo -  
ca ted  b y  d i r ec t  coun t ing  of t h e  surface .  The  loca t ion  
of t h e  m a r k e r  ind ica t e s  w h e t h e r  u r a n i u m  or  o x y g e n  
is t h e  d i f fus ing  species.  

Experimental 
The  u r a n i u m  spec imens  w e r e  cubes  1 c m  on an  

edge  p r e p a r e d  b y  the  M e t a l l u r g y  Div i s ion  of A r g o n n e  
N a t i o n a l  L a b o r a t o r y  f r o m  h i g h - g r a d e  b i scu i t  me ta l .  
The  m e t a l  con t a ined  a p p r o x i m a t e l y  250 p p m  to t a l  
a n a l y z e d  impur i t i e s .  The  cubes  w e r e  f l - q u e n c h e d  
to a s su re  u n i f o r m  g r a i n  s t r u c t u r e  and  r a n d o m  or i -  
en ta t ion .  T h e  o x i d a t i o n  of t h e  s amp le s  was  con -  
d u c t e d  at  cons t an t  t e m p e r a t u r e  and  cons t an t  p r e s -  
su re  in an  a p p a r a t u s  in w h i c h  the  c o n s u m p t i o n  of 
o x y g e n  was  m e a s u r e d  v o l u m e t r i c a l l y .  

Metallographicalty determined marker . - -Two u r a -  
n i u m  cubes  w e r e  p o l i s h e d  t h r o u g h  1-/~ d i a m o n d  
pas t e  and  w i r e d  t o g e t h e r  w i t h  640-~ d i a m e t e r  (22-  
gauge)  Incone l  w i r e  w i t h  a 25-# ( 1 - m i l )  p l a t i n u m  
w i r e  s e p a r a t i n g  the  cubes  n e a r  one edge.  Thus,  a 
V - s h a p e d  space  was  l e f t  b e t w e e n  t h e  cubes  r a n g i n g  
in w i d t h  f rom zero to a p p r o x i m a t e l y  30 /~. 

1 S p e c i a l  Sc ien t i f i c  E m p l o y e e  i n  1957 f r o m  D r a k e  U n i v e r s i t y .  

Fig. 1. Open V-shaped space between oxidized uranium 
cubes. A, 25 ~ diameter platinum wire (out of focus); B, V- 
shaped space still unfilled with oxide; C, notch on edge of 
oxidized cube. 

The  s a m p l e  was  t h e n  ox id i zed  at  200~ in 200 m m  
o x y g e n  u n t i l  t he  o x y g e n  c o n s u m e d  was  e q u i v a l e n t  
to 5150 /~g/cm ~. The  s t u d y  of t he  k ine t i c s  of  o x i d a -  
t ion  ( w h i c h  w i l l  be  p u b l i s h e d  at  a l a t e r  d a t e )  i n -  
d i ca te s  t h a t  u r a n i u m  d i o x i d e  is p r o d u c e d  u n d e r  these  
cond i t ions  a n d  t h a t  an  e s s e n t i a l l y  l i n e a r  o x i d a t i o n  
r a t e  is a c h i e v e d  a f t e r  a br ie f ,  m u c h  l o w e r  i n i t i a l  
ra te .  A f t e r  cool ing in v a c u u m ,  mic roscop ic  e x a m -  
ina t ion  (Fig .  1) s h o w e d  t h a t  t h e  V - s h a p e d  space  
b e t w e e n  the  cubes  was  s t i l l  no t  c losed  b y  oxide .  
The  25-/~ p l a t i n u m  w i r e  ( A )  can  be  seen,  out  of 
focus,  in t he  co rne r  oppos i t e  t he  open  edge  ( B ) .  The  
i n t e r e s t i n g  no tch  (C)  in t h e  ox ide  at  t h e  edge  of 
t h e  cube  shou ld  b e  no ted .  This  is an  i n d i c a t i o n  of  
t he  absence  of u r a n i u m  di f fus ion  in t he  o x i d a t i o n  
m e c h a n i s m  (6, 7) .  O t h e r  r e l a t e d  u r a n i u m  o x i d a t i o n  
e x p e r i m e n t s  h a v e  shown  even  m o r e  c l e a r l y  t h a n  
Fig.  1 t h a t  t he  r a i s ed  su r faces  of t he  ox ide  a r e  a p -  
p r o x i m a t e l y  of the  s ame  d imens ions  as those  of t h e  
o r i g i n a l  sample ,  w i t h  no tches  c l e a r l y  e v i d e n t  a t  
each  edge.  

A n  a d d i t i o n a l  o x i d a t i o n  of 12,500 ~ g / c m  ~, to a 
t o t a l  of 17,650 ~ g / c m  ~, was  c o m p l e t e d  to close t he  
gap.  E x a m i n a t i o n  of t h e  edge  of the  ox ide  con tac t  
was  not  s a t i s f a c t o r y  because  of tho  no tch  d e v e l o p e d  
on each  cube  edge.  To ob t a in  a c ro s s - s ec t i on  v i e w  
t h e  s a m p l e  was  m o u n t e d  in "Sco tchcas t , "  a l o w -  
t e m p e r a t u r e  t h e r m o s e t t i n g  p las t ic .  A f t e r  po l i sh ing  
t h r o u g h  600 g r i t  s i l icon c a r b i d e  pape r ,  the  sec t ion  
was  e x a m i n e d .  

A v i e w  of t h e  cross  sec t ion  showing  t h e  p l a t i n u m  
w i r e  ( A )  s e p a r a t i n g  the  two  cubes  and  loca t i ng  the  
o r i g i n a l  m e t a l  su r faces  is p r e s e n t e d  in Fig .  2. I t  is 
obv ious  t h a t  t he  two  ox ides  h a v e  no t  fused,  in fact ,  
t h e  ox ide  l a y e r s  (C and  D) f r o m  t h e  first  and  second  
ox ida t i ons  a r e  d i s t i n c t l y  s epa ra t e .  The  t h i cknes s  of 
t he se  o x i d e  l a y e r s  is a p p r o x i m a t e l y  p r o p o r t i o n a l  to 
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Fig. 2. Cross section of impinging oxide from two uranium 
cubes. A, cross section platinum wire; C, oxide produced in 
first oxidation; D, oxide produced in second oxidation. 

Fig. 3. Cross section of Inconel binding wire on oxidized 
uranium cube. A, originally 640 /~ diameter Inconel wire; B, 
hump in uranium surface where partial protection is afforded 
by wire; C, oxide produced in first oxidation; D, oxide pro- 
duced in second oxidation. 

the  ex t en t  of each oxidat ion.  Two other  in t e res t ing  
obse rva t ions  are: (a)  the  me ta l  surfaces are  now  
para l l e l  ins tead  of fo rming  the V- shape  of the or ig-  
ina l  assembly,  and  (b)  the  25-/~ d i ame te r  p l a t i n u m  
wi re  (A) has been  f la t tened into an  oval  cross sec- 
t ion  a p p r o x i m a t e l y  17 x 38/~. Both of these  obse rva -  
t ions  demons t r a t e  the t r e m e n d o u s  p ressure  of the  
oxide fi lm as the  gap was  closed. 

F i g u r e  3 i l lus t ra tes  the  lack of b u r i a l  of the  640-/~ 
d i ame te r  Incone l  b ind ing  wire  (A) .  I t  appears  tha t  
the  u r a n i u m  was  pa r t i a l l y  protec ted  d u r i n g  the  ox-  
ida t ion  so tha t  a h u m p  (B) is observed in  the su r -  
face. The oxide produced  d u r i n g  the  first ox ida t ion  
(5,150 /~g/cm ~) becomes d imin i sh ing ly  t h in  u n d e r  
the  wi re  (C) ,  whereas  tha t  p roduced  d u r i n g  the  sec- 
ond ox ida t ion  (D) (12,500 t~g/cm ~) is cont inuous .  
The re  is no t e n d e n c y  of the  oxide to grow up  a round  
the  wire.  

Radioact ive m a r k e r . - - F o r  the  e x p e r i m e n t s  u t i l i z -  
ing the  m a r k e r  of enr iched  u r a n i u m ,  two approaches  
were  used.  In  the  first, the  act ive  m a r k e r  was in i t i a l ly  
on the  ex te r ior  of the  cube. Af te r  ox ida t ion  the ac- 
t i v i ty  should  e i ther  r e m a i n  on the surface  or be dis-  
t r i b u t e d  th rough  the  oxide, depend ing  on w h e t h e r  
oxygen  or u r a n i u m  was the  diffusing species. In  the  

second, the  spu t t e red  film of enr iched  u r a n i u m  was 
covered w i th  a film of n o r m a l  u r a n i u m .  In  this  case, 
if oxygen  were  diffusing,  the  ac t iv i ty  wou ld  r e m a i n  
bu r i ed  as a t h i n  band ,  whereas  if u r a n i u m  diffused, 
the ac t iv i ty  w ou l d  be d i s t r ibu ted  t h r o u g h o u t  the 
oxide. 

The n o r m a l  u r a n i u m  cubes were  pol ished th rough  
1-/~ d i a m o n d  pas te  and  then  electropolished.  The 
spu t t e r ing  of the  enr iched  u r a n i u m  m a r k e r  onto 
the cubes was  accompl ished in  a v a c u u m  b e l l - j a r  
w i th  a glow d ischarge  in  25-/~ a rgon  p res su re  us ing 
30 to 50 ma  at  2.2-2.6 kv. A l t h o u g h  the re  was  not  
a n y  w a y  of m e a s u r i n g  the  ac tua l  th ickness  of the  
spu t t e red  films, p rev ious  e xpe r i me n t s  wou ld  ind i -  
cate that ,  u n d e r  the  condi t ions  used, the  films of 
enr iched  u r a n i u m  were  a p p r o x i m a t e l y  1 /~ thick. 
In  the second approach  this  1-t~ film of enr iched  
u r a n i u m  was covered wi th  severa l  microns  of n o r -  
ma l  u r a n i u m .  

The samples  were  oxidized at  200~ in 200 m m  
oxygen.  The oxida t ion  was con t inued  to app rox -  
ima te ly  1000/~g/cm ~, or a th ickness  of 8/~, a s suming  
ideal  dens i ty  and  u n i f o r m  oxidat ion.  

The oxidized samples  were  h a n d  pol ished on 2/0 
e me r y  paper  and  one face of the  cube was counted  
wi th  an  a l p h a - b e t a - g a m m a  p ropor t iona l  coun te r  
af ter  successive pol ishing strokes.  A l though  this 
pol ishing t e c hn i que  was on ly  s emiquan t i t a t i ve ,  ex-  
per ience  ind ica ted  tha t  a p p r o x i m a t e l y  four  strokes 
r emoved  1 t~ of oxide. The shape  of the curve  ob-  
t a ined  by  p lo t t ing  counts  per  m i n u t e  vs. n u m b e r  of 
s t rokes (Fig. 4) c lear ly  indica tes  the  locat ion of 
the m a r k e r  in  each case. 

Discussion of Results 
Each of two types  of m a r k e r  e xpe r i me n t s  d e m -  

ons t ra te  conc lus ive ly  tha t  oxygen,  r a the r  t h a n  u r a -  
n ium,  diffuses t h r ough  the oxide layer  d u r i n g  the 
course of ox ida t ion  at 200~ in  200 m m  oxygen.  

In  the  me ta l l og raph ica l l y  d e t e r m i n e d  m a r k e r  ex-  
pe r imen t ,  a l l  of the  observa t ions  ind ica te  an absence 
of u r a n i u m  diffusion t h r ough  the  oxide. The  most  
n o t e w o r t h y  of these observa t ions  are: (a) the  lack 
of t e n d e n c y  for the  oxide to grow up a r o u n d  the  
Inconel  b i n d i n g  wire ;  (b)  the  lack of fus ion  of the 
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ox ides  l a y e r s  i m p i n g i n g  on each  o the r ;  and  (c)  t he  
no tch  in t he  ox ide  w h i c h  occurs  a t  an  edge  of t h e  
cube.  

Bo th  a p p r o a c h e s  to t he  r a d i o a c t i v e  m a r k e r  e x -  
p e r i m e n t  also d e m o n s t r a t e  t ha t  o x y g e n  is t he  d i f -  
fus ing  species  s ince u r a n i u m  di f fus ion  w o u l d  have  
caused  the  ac t ive  m a r k e r  to be  d i s t r i b u t e d  t h r o u g h -  
ou t  t h e  e x t e r i o r  oxide .  In  the  f irst  case, t he  i n i t i a l l y  
e x t e r i o r  en r i ched  u r a n i u m  m a r k e r  r e m a i n e d  on the  
ou t s ide  su r f ace  and  was  r e a d i l y  p o l i s h e d  off. In  t he  
second  case, t he  cove red  e n r i c h e d  m a r k e r  r e m a i n e d  
cove red  and  in a n a r r o w  band .  The  u n i f o r m  inc rease  
of a c t i v i t y  as t he  s a m p l e  was  p o l i s h e d  w o u l d  be  
e x p e c t e d  as the  a l p h a - a b s o r b i n g  o x i d e  was  r e m o v e d  
f rom the  e n r i c h e d  m a r k e r .  
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In  a p r e v i o u s  p a p e r  (1) ,  i t  was  s h o w n  b y  r a d i o -  
t r a c e r  t e chn iques  t h a t  the  o rgan ic  a d d i t i o n  agent ,  
s o d i u m  a l l y l  su l fona te ,  w h i c h  i m p a r t s  l eve l i ng  c h a r -  
ac t e r i s t i c s  to a b r i g h t  n i cke l  p l a t i n g  solut ion ,  is p r e f -  
e r e n t i a l l y  a d s o r b e d  onto the  p e a k s  of an  i r r e g u l a r  
sur face .  This  was  cons ide red  to be  ve r i f i ca t ion  of a 
p a r t  of l eve l i ng  t h e o r y  w h i c h  a s sumes  t h a t  the  l e v e l -  
ing  p rocess  is i n i t i a t e d  b y  th i s  p r e f e r e n t i a l  a d s o r p t i o n  
on  peaks .  

The  ca thodes ,  wh ich  w e r e  m a c h i n e d  to ex h ib i t  a 
s u r f ace  of a l t e r n a t e  p e a k s  and  va l l eys ,  h a d  r a t h e r  
l a r g e  p e a k - t o - p e a k  s e p a r a t i o n s  (0.16 cm)  and  p e a k -  
t o - v a l l e y  he igh t s  (0.077 cm) .  Because  of ques t ions  
w h i c h  h a v e  been  r a i s ed  abou t  m a k i n g  i n t e r p r e t a t i o n s  
b a s e d  on ca thodes  of these  d imens ions ,  i t  s e e m e d  i m -  
p o r t a n t  to d e t e r m i n e  e x p e r i m e n t a l l y  t he  l imi t  to 
w h i c h  th is  concept  of p r e f e r e n t i a l  a d s o r p t i o n  could  
be  ex t ended .  Thus,  a ser ies  of m a c h i n e d  ca thodes  of 
d e c r e a s i n g  sur face  roughness  has  been  p r e p a r e d  and  
p l a t e d  in so lu t ions  con ta in ing  t h e  a d d i t i o n  agen t  
t a g g e d  w i t h  S-35.  W i t h i n  t he  l imi t s  of t he  t echn iques  
a v a i l a b l e ,  t he  r e su l t s  show t h a t  t he  concep t  of p r e f -  
e r e n t i a l  a d s o r p t i o n  m a y  be  e x t e n d e d  to i nc lude  those  
su r f aces  w h i c h  m o r e  n e a r l y  a p p r o a c h  a mic ropro f i l e  
d imens ion .  

To e s t ab l i sh  f u r t h e r  the  r e l i a b i l i t y  of the  r e su l t s  
b e i n g  r e p o r t e d ,  i t  was  cons ide red  d e s i r a b l e  to show 
t h a t  t he  r a d i o a c t i v i t y  o b s e r v e d  in t he  depos i t s  comes  
f r o m  the  p u r e  S-35 i so tope  on ly  a n d  no t  f rom some 
o t h e r  r a d i o a c t i v e  i m p u r i t y .  Also,  i t  s e e m e d  n e c e s s a r y  
to show, b y  an e x c h a n g e  s tudy ,  t h a t  t he  o b s e r v e d  
a c t i v i t y  comes  d i r e c t l y  f rom t h e  s u l f o n a t e  p a r t  of 
t he  t a g g e d  a d d i t i o n  agen t  and  no t  i n d i r e c t l y  b y  w a y  
of an  e x c h a n g e  w i t h  the  su l f a t e  ions  p r e s e n t  in the  
p l a t i n g  ba th .  The  r e su l t s  of the  i n v e s t i g a t i o n  d e m o n -  
s t r a t e  t ha t  t he  o b s e r v e d  a c t i v i t y  is due  to t he  p r e s -  
ence  of p u r e  S-35 and  t ha t  i t  comes  d i r e c t l y  f r o m  
the  su l fona t e  group.  

Experimental and Results 
Radiochemical puri ty  of sodium allyl sul fonate . - -  

S e v e r a l  s a m p l e s  of s o d i u m  a l l y l  su l fona t e  t a g g e d  
w i th  S-35 w e r e  p r e p a r e d  (1)  and  the  c h e m i c a l  
p u r i t y  ver i f i ed  b y  i n f r a r e d  ana lys i s .  

To a s s u r e  t h a t  t h e r e  was  no c o m p l i c a t i n g  r a d i o -  
c h e m i c a l  i m p u r i t y  p r e s e n t  in t he  compound ,  decay  
m e a s u r e m e n t s  w e r e  c a r r i e d  ou t  ove r  a p e r i o d  of a p -  
p r o x i m a t e l y  e igh t  months .  The  a g r e e m e n t  of the  e x -  
p e r i m e n t a l l y  o b t a i n e d  h a l f - l i f e  v a l u e  of 87.4 days  
w i t h  t he  accep t ed  p u b l i s h e d  v a l u e  of 87 d a y s  i n d i -  
ca ted  tha t ,  w i t h i n  the  l imi t s  of coun t ing  s ta t i s t ics ,  
t h e r e  w a s  no a p p r e c i a b l e  r a d i o a c t i v e  i m p u r i t y  
p resen t .  

As  f u r t h e r  ev idence  of t he  p re sence  of p u r e  S-35,  
a d e t e r m i n a t i o n  of the  e n e r g y  v a l u e  of t he  i so tope  
was  o b t a i n e d  us ing  the  s t a n d a r d  t e c h n i q u e  of t he  
a b s o r p t i o n  curve .  The  a v e r a g e  h a l f - t h i c k n e s s  c o r r e -  
sponde d  to an  e n e r g y  of 0.172 Mev  as c a l c u l a t e d  
f rom t h e  p u b l i s h e d  r a n g e  e n e r g y  v a l u e  (2 ) .  This  
e n e r g y  agrees ,  w i t h i n  e x p e r i m e n t a l  e r ro r ,  w i t h  the  
l i t e r a t u r e  v a l u e  of 0.167 Mev.  

Plating ce lL- -Some  t r o u b l e  w i t h  s t i r r i n g  pa t t e rn s ,  
edge  effects,  and  a d d i t i o n  agen t  d e p l e t i o n  h a d  been  
e x p e r i e n c e d  w i t h  the  80 ml  cel l  used  p r e v i o u s l y  (1) .  
A n e w  r o u n d  cell ,  13.97 cm in d i a m e t e r  b y  8.89 cm 
high,  a n d  ho ld ing  a l i t e r  of p l a t i n g  so lu t ion ,  w a s  
c o n s t r u c t e d  f r o m  Luci te .  To a c c o m m o d a t e  t he  a n o d e  
and  ca thode ,  s lots  2.54 cm wide  b y  0.32 cm deep  w e r e  
cut  v e r t i c a l l y  in to  oppos i t e  s ides  ef t he  cell .  W h e n  
used  w i t h  a p r o p e l l e r  s t i r r e r  r o t a t i n g  a t  100 rpm,  
edge  effects  a n d  s t i r r i n g  p a t t e r n s  have  b e e n  v i r t u a l l y  
e l i m i n a t e d ,  and  m a n y  p l a t i n g  runs  can  b e  m a d e  b e -  
fo re  a d d i t i o n  a g e n t  d e p l e t i o n  becomes  ser ious .  

Further  work  on grooved cathodes.- -The su r f ace  
f e a t u r e s  of r e p r e s e n t a t i v e  m a c h i n e d  ca thodes ,  as 
w e l l  as t h e  P r e c i s i o n  R e f e r e n c e  S p e c i m e n s  of  S u r f a c e  
Roughness  (3 ) ,  a re  r e c o r d e d  in  T a b l e  I. The  su l f a -  



Cathode  

350-~in. a v e r a g e  roughness .  

b 125-~in. a v e r a g e  roughness .  
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Table I. Cathode data 

M a c h i n e d  ca thodes  
P e a k - t o - p e a k  P e a k - t o - v a l l e y  l ~ u m b e r  of  

sepa ra t ion ,  he igh t ,  p e a k s / c m  
cm cm of w i d t h  

A 0.058 0.028 17 
B 0.086 0.043 12 i 

Prec i s ion  r e f e r e n c e - s p e c i m e n s  of  su r face  r o u g h n e s s  a~ 
SR(350) ~ 0.039 0.0041 26 
SR(125) b 0.0096 0.0011 102 

Table II. Plating, counting, and autoradiographic data 

J 

D,STANC~ fROM MAR~,~ P,P ,~ ,  

Fig. I b. Densitometer trace of the autoradiogram shown in 
Fig. 1 a. 

Expo-  
Fo i l  Coun t s ,  su re  

Fo i l  t h i c k -  c p m / c m  a t ime ,  
No. C a t h o d e  ness,  em Top  a B o t t o m  b h r  D e t a i l  

87 A 0.0049 3885 3197 25 Good 
81 B 0.0052 4732 5137 25 Excellent  
85 SR (350) 0.0054 4170 3416 93 Excellent  
86 SR (125) 0.0054 4914 4870 93 No detail 

B a t h  compos i t i on  a n d  p l a t i n g  c o n d i t i o n s :  n i c k e l  su l fa te ,  300 g / l ;  
n i c k e l  ch lor ide ,  30 g / l ;  bor ic  acid,  30 g / l ;  p r o p r i e t a r y  w e t t i n g  agent ,  
5 ml/1;  s o d i u m  a l ly ]  s u l f o n a t e  ( tota l )  2 g / l ;  N - a l i y l  q u i n a i d i n i u m  
b r o m i d e ,  4 r a g / l ;  pH of  3.{); t e m p e r a t u r e ,  60~ m i l d  a g i t a t i o n ;  
c u r r e n t  dens i ty ,  7 a m p / d m ~ ;  a c t i v i t y  i n  ba th ,  1.1 X 106 c p m / m l  of  
so lu t ion .  
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Nickel 

Lead 

Lead 

a Su r f ace  of fo i l  n e x t  to s o l u t i o n  d u r i n g  p l a t i n g .  

b Su r f ace  of fo i l  n e x t  to g r o o v e d  ca thode  d u r i n g  p l a t i ng .  

mate  n i cke l -p l a t ed  brass  cathodes of k n o w n  r o u g h -  
ness  were  cleaned,  pass ivated,  and  then  p la ted  in  the  
rad ioac t ive  p la t ing  bath.  The p la te  was r emoved  as 
a foil which  was t ho rough ly  r insed,  dried,  a nd  re -  
t a ined  for e x a m i n a t i o n  of r ad ioac t iv i ty  (1) .  A s u m -  
m a r y  of the  p la t ing  condi t ions  and  the  coun t ing  and  
au to rad iograph ic  data  is g iven  in Tab le  II. Al l  
au to r ad iog raphy  was  done w i th  Eas tman  K oda k  
Au to rad iog raph ic  A film. F i g u r e  1 is the au to rad io -  
g r a m  and  dens i tomete r  t race  for foil n u m b e r  85 
wh ich  was  chosen as r e p r e s e n t a t i v e  of the  resul t s  
obta ined .  I t  is a p p a r e n t  f rom this  au to r ad iog ra m tha t  

, • •  Nickel 

Fig. 2. Sketch of slitted lead foil counting arrangement. 
The heavy line on the accented peak locates the slit. 

the degree  of surface roughness  does no t  affect the  
resul t s  w i t h i n  the l imi t s  of r e so lu t ion  of the film. 
Due to this  l imi ta t ion ,  however ,  it  has not  been  
possible  to ob ta in  a sa t is factory  a u t o r a d i o g r a m  f rom 
the 125-~in. specimen.  

F i g u r e  2 shows a s tyl ized sketch of the  s l i t - coun t -  
ing a r r a n g e m e n t  which  has been  used to s u p p l e m e n t  
a u t o r a d i o g r a p h y  (1) .  Match ing  s l i t ted  lead foils 
we re  p r epa red  for the  m a c h i n e d  cathodes  l is ted in  
Tab le  I. Data  f rom the  coun t ing  profiles of por t ions  
of the  foils, as shown in  Tab le  III, also ind ica te  p re f -  
e r en t i a l  adsorp t ion  on the  peaks.  I t  was  no t  possible 

Table III. Lead slit counting data 

Cathode A Bottom 
Top Obverse Obverse 

P e a k  Recess of p e a k  of recess  

Fig. ]o. Autoradiogram of the bottom of foil number 85 
with 26 peaks/cm of width. 

301 240 219 200 
316 279 257 254 
305 281 347 323 
291 232 278 301 
294 293 395 326 
286 270 359 308 
425 327 383 315 

Cathode  B 

692 664 720 685 
642 514 628 555 
570 568 652 502 
535 524 679 517 
521 494 569 576 
487 484 637 534 
549 493 553 528 
499 484 536 527 
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Table IV. S-35 tagged sulfate plating and counting data 

A c t i v i t y ,  C o u n t s  pe r  
F o i l  c p m / m l  C o u n t s  m i n u t e / c m 2  
No. of soln.  Topa Bottonab Topa Bo t tom b  

93 7.5 X 105 58 69 6 7 
94 7.5 X l0 b 52 56 6 6 
95 1.5 X l0 B 86 97 9 10 
96 1.5 X l0 B 89 86 9 9 
97 3.0 X 106 165 181 18 19 
98 3.0 X l0 s 144 152 15 16 
99 6.0 X l0 s 238 280 25 30 

100 6.0 X 108 240 260 25 28 

a Sur face  of fo i l  n e x t  to  so lu t i on  d u r i n g  p l a t i ng .  

b Sur face  of fo i l  n e x t  to  ca thode  d u r i n g  p l a t i ng .  

to p r epa re  s l i t ted lead foils for e x a m i n a t i o n  of the  
Prec is ion  Reference  Spec imens  of Sur face  Rough-  
ness. 

Sulfate ion exchange.--Using S-35 tagged su l fa te  
(as H~SOJ, 1 in2 steel  sh im stock samples  we re  
p la ted  u n d e r  condi t ions  iden t ica l  to those used w i th  
the S-35 tagged sodium al ly l  sul fonate .  The r ad io -  
act ive  H~SO4, wi th  a specific ac t iv i ty  of 50 m c / m l ,  
was  added in  inc reas ing  amoun t s  to the  b r igh t  n icke l  
p l a t i ng  bath.  The s t a r t ing  concen t r a t i on  of 7.5 x l0  B 
c p m / m l  of p l a t ing  so lu t ion  r ep re sen t ed  an  ac t iv i ty  
which  was  close to tha t  used for the S-35 tagged 
sod ium al ly l  su l fona te  exper imen t s .  A s u m m a r y  of 
the  resul t s  is g iven  in  Tab le  IV. At  an  ac t iv i ty  level  
of 1.5 x 10 s cpm of the  tagged su l fa te  per  mi l l i l i t e r  
of p l a t i ng  solution,  a p p r o x i m a t e l y  9 c p m / c m  ~ of su l -  
fa te  p ickup  is observed.  This is compared  w i th  the  
5000 c p m / c m  ~ p ickup  f rom the  tagged sod ium al ly l  
su l fona te  at the  same level  of act ivi ty .  It  appears  
f rom the  smal l  a m o u n t  of su l fa te  ac t iv i ty  recovered  

tha t  the  exchange  react ion,  if it occurs at all, m u s t  
be qu i te  negl ig ible ,  and  tha t  the source of ac t iv i ty  
found  in  the  deposits  comes d i rec t ly  f rom the  su l -  
fona te  a nd  not  by  exchange  f rom the  sul fa te  ions. 
The v e r y  low r e m a i n i n g  ac t iv i ty  due to su l fa te  m a y  
resu l t  f rom a s l ight  gene ra l  surface  adsorp t ion  of 
sul fa te  ion. 

Discussion 
The concept  of the  p r e f e r en t i a l  adsorp t ion  of ad-  

d i t ion  agents  on the  peaks  of i r r egu la r  surfaces 
which  is verif ied e x p e r i m e n t a l l y  in  this  work  is 
add i t i ona l  suppor t  for  resu l t s  p rev ious ly  r epor t ed  
(1) .  I t  seems l ike ly  tha t  this  adsorp t ion  produces  
at least  in  pa r t  the  po la r iza t ion  effects, not iced  by  
other  inves t iga tors ,  which  m a y  lead to the l eve l ing  
p h e n o m e n o n .  

E x p e r i m e n t a l  work  in  this  l abo ra to ry  has shown 
tha t  l eve l ing  occurs on surfaces which  have  an  ave r -  
age surface  roughness  of 125, 50 and  20 ~in. If l eve l -  
ing t heo ry  is correct,  t h e n  i t  seems reasonab le  to 
a s sume  tha t  p r e f e r en t i a l  adsorp t ion  also occurs on 
the  peaks  of these  surfaces which  possess a more  
n e a r l y  microprof i le  d imens ion .  I t  appears  tha t  on ly  
e x p e r i m e n t a l  difficulties have  p r e v e n t e d  ver i f icat ion 
of this assumpt ion .  

Manuscript  received March 16, 1960. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1961 JOUR- 
NAL. 
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Electrocherniluminescence at a Silicon Anode in 
Contact with an Electrolyte 

Allen Gee 

Semiconductor Division, Texas Instruments Inc., Dallas, Texas 

I n  the  s tudy  of s ta in  films on s ing l e - c rys t a l  silicon, 
emiss ion  of l ight  has been  observed  d u r i n g  the  a n -  
odic ox ida t ion  of the film. This  film can be fo rmed  
f rom the subs t ra te  e i ther  e lec t rochemica l ly  w h e n  
HF  is the  e lec t ro ly te  by  the me thod  of T u r n e r  (1) 
or chemica l ly  by  the  me thod  of Arche r  (2) .  This  
no te  deals p r inc ipa l l y  wi th  the  chemica l ly  fo rmed  
film des igna ted  as Type  I amorphous  si l icon b y  A r -  
cher  because  luminescence  is more  easi ly  observed.  

Experimental 
A slice of 5 ohm-cm,  boron-doped ,  p - t y p e  si l icon 

h a v i n g  1.2 cm ~ of its 111 face exposed is sealed w i t h  
wax  to the bo t tom of a p o l y e t h y l e n e  cell. Two ohmic 
contacts  to the si l icon are made  on the u n d e r  side. 
Af te r  the  cell is filled wi th  electrolyte ,  a p l a t i n u m  
elect rode and  a s a tu ra t ed  calomel  e lectrode are  i n -  
ser ted f rom the top. A cons tan t  c u r r e n t  source is 
connec ted  b e t w e e n  one ohmic contact  and  the  p l a t -  

i n u m  electrode.  The vol tage  b e t w e e n  the  o ther  
ohmic contact  and  the  calomel  e lect rode is fed to 
a recorder .  

Before fo rming  the  film, the chemica l ly  pol ished 
surface of the  si l icon is t r ea ted  for a few seconds 
wi th  a slow etch (10 vo lumes  70% HNO3 to 1 vo l -  
ume  49% H F )  and  then  tho rough ly  r insed  wi th  
water .  The  film is g rown  by  t r e a t m e n t  w i th  a 49% 
HF solu t ion  con t a in ing  about  0.1% HNO3 un t i l  a 
blue interference color is visible. 

Results 
With  a lmost  a ny  n e u t r a l  or acid e lectrolyte ,  the  

vol tage  of the f i lm-covered  sil icon e lect rode at  con-  
s tan t  anodic  c u r r e n t  increases  wi th  t ime  in  the  m a n -  
ne r  shown  in  Fig. 1. The p l a t e a u  b e t w e e n  0.5 and  1 
v r ep resen t s  a reg ion  w he r e  r e a dy  ox ida t ion  occurs. 
Visible  l ight  is emi t t ed  in  the  last  ha l f  to the las t  
fou r th  of this  region,  a nd  pass iva t ion ,  ind ica ted  b y  
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Fig. 1. Vo l tage of  5 ohm-cm p-type sil icon anode coated 
with Type I film in 1M H~SO~. Current density, 1.6 ma/cm 2 
af te r  t ime zero. Period of  luminescence shown on curve. 

the sharp vol tage  rise, a lways  sets in  as soon as the  
l uminescence  disappears .  On the  same scale, a f i lm- 
free sil icon electrode gives a n e a r  ver t ica l  trace.  

The  faint ,  reddish  glow u s u a l l y  s tar ts  at a s ingle  
point ,  expands  to cover the en t i re  surface,  and  t h e n  
cont rac ts  to a po in t  away  f rom the  area  whe r e  it  
s tar ted.  On some occasions, va r ious  areas  of the  su r -  
face glow successively.  The  luminescence  is r e spon-  
sive to short  pulses  of cur ren t ,  and  the  p a t t e r n  of 
glow is no t  changed  by  cu r r en t  i n t e r rup t ions .  Color 
of the  emi t t ed  l ight  has not  been  found  to v a r y  
pe rcep t ib ly  and  is not  a func t ion  of the electrolyte .  
In  subdued  l ight ing,  a r a the r  b r igh t  flash is seen 
w h e n  the c u r r e n t  dens i ty  is 10 m a / c m t  In  nea r  
darkness ,  a p ro longed  glow is de tec tab le  at  0.2 
m a / c m  ". 

A t t e m p t s  to ob ta in  q u a n t i t a t i v e  data  to corre la te  
w i th  such p a r a m e t e r s  as the  th ickness  of the  fi lm 
(2) have  been  d isappoin t ing .  For  m a n y  m e a s u r e -  
ments ,  the  en t i re  p l a t eau  of Fig. 1 corresponds  to 
the passage of 30-100 m i l l i c o u l o m b / c m  ~. W i t h i n  
such wide  l imits ,  the  exact  p rocedure  for fo rming  
the  film is not  crit ical .  

Luminescence  occurs in a n y  ind i f fe ren t  e lec t ro ly te  
such as 1M solut ions  of KC1, LiC1, H_oSO4, HNO,, and  
acetic acid. Basic solut ions (such as 1M NH~OH), 
as wel l  as 1M KF,  or 20% NH,HF_~ dissolve the  film 
so tha t  the  f i lm-f ree  charac ter is t ics  are obta ined.  
W h e n  the e lec t ro ly te  is HF, no luminescence  or pas -  
s iva t ion  occurs, bu t  l ight  is emi t t ed  w h e n  the elec- 
t ro ly te  is 0.5M K F  in  acetic acid buffer.  

T r e a t m e n t  of the film wi th  most  oxidiz ing agents  
(d i lu t e  solut ions  of d ichromate ,  p e r m a n g a n a t e ,  cop- 
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per salts;  30% H~O~, 70% HNO3, Br~ vapor )  decreases 
the  a m o u n t  of oxidizable  ma te r i a l s  as m e a s u r e d  a n -  
odical ly  and  reduces  or e l imina tes  the  luminescence .  
N e u t r a l  or acid pe r su l fa te  and  r educ ing  agents  in 
gene ra l  have  l i t t le  effect. A l lowing  the  fi lm to d ry  
in  room air  for 16 hr  does not  a l te r  its propert ies .  

The emiss ion  of l ight  accompanies  anodic  oxida-  
t ion a nd  is no t  the resu l t  of local hea t ing .  By m a k -  
ing contac t  to the film wi th  m e r c u r y  ins tead  of an  
electrolyte ,  c u r r e n t  can be passed t h r o u g h  the film 
wi thou t  evidence  of glow. Passage of 25 ma/cm" 
th rough  the film in e i ther  d i rec t ion  for severa l  m i n -  
utes  does no t  produce  a ny  signif icant  change  in the 
s u b s e q u e n t  anodic behavior .  

The o r ig ina l  b lue  film becomes scarcely  vis ible  
af ter  anodic  t r ea tmen t .  A fresh amorphous  silicon 
film can be g rown  w i t h o u t  e tching off the  anodized 
film. W h e n  formed in  this  m a n n e r ,  n o r m a l  anodic 
behav io r  is observed except  tha t  the  in t e r fe rence  
colors are now only  s l ight ly  affected. Un l ike  the  
or ig ina l  film, the anodized film seems not  to dissolve 
in  d i lu te  bases wi th  evo lu t ion  of gas even  though 
the re  is a s l ight  change  in  appearance .  

Passage of cathodic cu r r en t s  un t i l  h y d r o g e n  evo-  
lu t ion  is v is ib le  has l i t t le  effect on the  or ig ina l  film 
and  does no t  reduce  the  anodized film. A p - t y p e  
semiconduc to r  electrode is k n o w n  (1, 3) to offer 
lower  res i s tance  to c u r r e n t  flow in  the  anode  di rec-  
tion. App l i ca t ion  of 60 cycle power  ins tead  of d.c. to 
the si l icon electrode produces  the same luminescence  
effect for a comparab le  level  of rectified cur ren t .  

The amorphous  si l icon film formed  anodica l ly  in  
49% HF s imply  by  shor t ing  the si l icon to a p l a t -  
i n u m  elect rode exhibi ts  d i f ferent  and  more  errat ic  
propert ies .  Luminescence  has been  detected on ly  
at c u r r e n t  densi t ies  g rea te r  t h a n  5 ma/cm"  and  
somet imes  not  at all. 

Luminescence  has not  been  observed  on f i lm-cov-  
ered n - t y p e  silicon. S ince  only  a few samples  of 
si l icon have  been examined ,  no defini te  s t a t emen t  
r e l a t ing  the  p h e n o m e n o n  to the  n a t u r e  of the s u b -  
s t ra te  can ye t  be made.  F u r t h e r  efforts a re  directed 
toward  locat ing the reg ion  w i t h i n  the film f rom 
which  l ight  is emi t ted  and  toward  e luc ida t ing  the  
m e c h a n i s m s  involved.  

Manuscript  received April  29, 1960. 

Any  discussion of this paper  will appear in a Discus- 
sion Section to be published in the June  1961 JOUR- 
NAL. 
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A PNP High-Frequency Silicon Transistor 
W. A. Little 

T e x a s  I n s t r u m e n t s  Inc., Dallas, Texas  

N P N  h i g h - f r e q u e n c y  s i l icon t r a n s i s t o r s  w e r e  
d e s c r i b e d  o r i g i n a l l y  b y  T a n e n b a u m  and  T h o m a s  (1 ) ,  
and  m o r e  r e c e n t l y  a swi t ch ing  t r a n s i s t o r  was  d e -  
sc r ibed  b y  Aschne r ,  et  al. (2) .  The  need  for  c o m -  
p l e m e n t a r y - t y p e  sw i t ch ing  t r a n s i s t o r s  has  l ed  to 
the  d e v e l o p m e n t  of a P N P  si l icon d o u b l e - d i f f u s e d  
t r a n s i s t o r  w h i c h  is d e s c r i b e d  in th is  pape r .  The  es -  
sen t i a l  f e a t u r e s  of th is  t r a n s i s t o r  a r e  s h o w n  in Fig .  
1. S o l i d - s t a t e  d i f fus ion t echn iques  a r e  used  to ob -  
t a in  t he  h igh  d e g r e e  of con t ro l  r e q u i r e d  for  h i g h -  
f r e q u e n c y  devices .  O x i d e  m a s k i n g  t echn iques  a r e  
used  to p r o v i d e  exposed  e m i t t e r  and  base  a r e a s  a t  
t he  su r f ace  and  to con t ro l  t h e  e m i t t e r  g e o m e t r y .  Con-  
tac t  of t h e  e x p o s e d  r eg ions  is o b t a i n e d  b y  e v a p o -  
r a t e d  m e t a l  s t r ipes .  E l e c t r i c a l  c h a r a c t e r i s t i c s  of  
t r a n s i s t o r s  p r e p a r e d  in th is  m a n n e r  a r e  desc r ibed .  

Fabrication 
Trans i s t o r s  a r e  f a b r i c a t e d  b y  s t a r t i n g  w i t h  1-3 

o h m - c m  p - t y p e  s i l icon w a f e r s  t h a t  h a v e  been  l a p p e d  
and  o p t i c a l l y  po l i shed  flat to p r o v i d e  a u n i f o r m  s u r -  
face. A n  n - t y p e  l a y e r  w i t h  a su r face  c o n c e n t r a t i o n  
of b e t w e e n  10 ~ and  10 ~S a t o m s / c m  S is d i f fused  in to  
t he  p a r e n t  p - t y p e  m a t e r i a l  to a d e p t h  of 4-5 t~. This  
is a c c o m p l i s h e d  b y  an  o p e n - t u b e  d i f fus ion p rocess  
s imi l a r  to t he  one  d e s c r i b e d  b y  F r o s c h  and  D e r i c k  
(3) .  Red  p h o s p h o r u s  is u sed  as a d i f fusan t  to o b t a i n  
these  v a l u e s  of su r f ace  concen t ra t ion .  

This  base  l a y e r  di f fus ion a c t u a l l y  is done  in two  
s teps  as is shown  s c h e m a t i c a l l y  in t he  d i a g r a m  of 
Fig.  2, w h i c h  is a d a p t e d  f rom Fig.  2 of Aschne r ,  et  al. 
(2) .  F i r s t ,  a t h in  c o n c e n t r a t e d  n - l a y e r  is depos i t ed  
on the  s i l icon  wafe r .  In  t he  second  step,  t he  source  
of p h o s p h o r u s  is r e m o v e d  f rom t h e  combus t ion  t u b e  
and  w e t  o x y g e n  is used  to g r o w  an  ox ide  l a y e r  
5000-8000A th ick .  D u r i n g  th is  t ime,  t h e  n - l a y e r  is 
d i f fused into  t he  w a f e r  to t he  d e s i r e d  dep th .  

The  p u r p o s e  of t he  ox ide  l a y e r  is to p r o v i d e  a 
m a s k  aga in s t  the  s u b s e q u e n t  e m i t t e r  d i f fus ion on 
po r t ions  of the  e x p o s e d  su r f ace  w h e r e  d i r ec t  c o n -  
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Fig. 2. Detail of diffusion end oxide masking techniques 

t ac t  to t he  base  r eg ion  is r e q u i r e d .  In  o r d e r  to p r o -  
duce  the  se lec t ive  m a s k  to accompl i sh  this ,  a p h o t o -  
g r a p h i c  process  is used  to r e m o v e  the  ox ide  se lec-  
t ive ly .  This  is t he  same  t y p e  of p rocess  t h a t  is used  
to fo rm the  e t ched  w i r i n g  of p r i n t e d  c i r cu i t  boards .  
A p h o t o s e n s i t i v e  l iquid ,  t e r m e d  the  res is t ,  is a p -  
p l i ed  to the  su r face  of t he  ox id i zed  s i l icon wafe r .  
Upon  d ry ing ,  th is  l i qu id  f o r m s  a t h in  p h o t o s e n s i t i v e  
coa t ing  w h i c h  a d h e r e s  s t r o n g l y  to t he  ox ide  coa t ing  
of t he  wafe r .  The  r e s i s t  coa t ing  m a y  t h e n  be  e x p o s e d  
us ing  u l t r a v i o l e t  l igh t  and  con tac t  p r i n t i n g ,  t h r o u g h  
an  o r d i n a r y  fi lm n e g a t i v e  w h i c h  con ta ins  the  d e -  
s i red  p a t t e r n .  The  res i s t  is t h e n  d e v e l o p e d  in t r i -  
ch lo roe thy l ene .  The  p o r t i o n s  of t he  res i s t  t h a t  w e r e  
p r o t e c t e d  b y  the  o p a q u e  reg ions  of t he  f i lm n e g a t i v e  

_ Gold Emitter ~ and B a s e  C o n t a c t s  

.,"--I ~}-'r--I " ~ _Emitter Layer 
~, 2 .5#  / ~ J " ~ -  ~ (Boron) 

1 1" Base Layer r  Pho, horous 

I / 
150 I _ < J Collector 

] P J Region 
I J I (Boron Doped 

STRUCTURE OF THE PNP 
T R A N S I S T O R  

Fig. 1. Geometry of PNP transistor 

Fig. 3. Photomicrograph of on oxide masked double-dif-  
fused wafer, The junctions have been exposed by bevel lapping 
and polishing at an angle of about 5 ~ end staining the p 
regions. 
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and,  hence,  were  not  exposed to the u l t r av io l e t  
l ight,  a re  washed  away  by  the  developer .  The  resist  
p a t t e r n  thus  forms a pro tec t ive  coat ing over  the ox-  
ide which  l imi ts  the a t tack  of etches to those regions  
no t  covered by  the  resist .  If the sample  is p laced in 
a weak  etch, the  oxide in  these regions  wi l l  be r e -  
moved  comple te ly  down to the  si l icon subs t ra te .  
Then  the  developed resist  can be r emoved  easi ly 
w i th  an  organic  solvent ,  l e av ing  the des i red oxide 
diffusion mask.  I n  add i t ion  to p roduc ing  e x t r e m e l y  
sharp,  we l l -de f ined  pa t t e rn s  the  photo resist  process 
al lows a qu ick  and  s imple  me thod  of chang ing  de-  
vice geomet ry  mere ly  by  chang ing  the  film nega t i ve  
pa t t e rn .  In  the  eva lua t i on  un i t s  fabr ica ted  to date, 
a s imple  ba r  p a t t e r n  has been  used, u l t i m a t e l y  l ead-  
ing to a wafe r  h a v i n g  a l t e rna t e  base and  emi t t e r  r e -  
gions exposed.  

Af te r  the  wafe r  has been  p repa red  wi th  the  ox-  
ide mask  of su i tab le  geometry ,  a diffused p - t y p e  
l ayer  2 /~ to 3 ~ deep wi th  a surface concen t r a t i on  
of a p p r o x i m a t e l y  10 ~ a t o m s / c m  ' is super imposed  on 
the n - l a y e r .  This  is accompl ished by  means  of an  
open tube  diffusion process in  which  the  source of 
d i f fusant  (bor ic  acid) was  placed in  the  f u r n a c e  be -  
side the  si l icon wafers.  

To i l lus t ra te  the  degree  of control  ob ta ined  in 
this  process, a pho tomic rog raph  is shown in  Fig.  3. 
This was m a d e  by  l app ing  and  pol ishing the  wafers  
at an  angle  of five degrees to the  surface  and  s t a in -  
ing the emi t t e r  and  collector w i th  a hydrof luor ic -  
n i t r i c  acid etch (4) to de l inea te  the  j u n c t i o n s  clearly.  
In  Fig. 3 it can be seen t ha t  the  collector and  emi t -  
ter  j unc t ions  are qui te  p lanar .  Also, any  imper fec -  
t ions are  m u c h  less t h a n  the l ayer  thicknesses.  This 
pho tograph  shows the a l t e r n a t e l y  exposed emi t t e r  
and  base regions  produced  by  oxide masking .  I n -  
t e r fe rence  microscopy (5) t echn iques  were  used in 
m e a s u r i n g  the  th ickness  of the  t h in  diffused layers.  

The  n e x t  step is the  me t a l  evapora t ion  of emi t t e r  
and  base s tr ipes t h rough  a mask.  In  order  to secure 
proper  p l acemen t  of the me ta l  stripes,  the evapo ra -  
t ion  mask  mus t  be indexed  wi th  respect  to the  ne ga -  
t ive  mask  used in  p r epa r ing  the wafers  for emi t t e r  
diffusion. Close control  of the v a c u u m  deposi t ion is 
necessa ry  to secure p l acemen t  of the  str ipes on the 
des i red a rea  abou t  0.5-1 mi l  f rom the  l ine  m a r k i n g  
the b o u n d a r y  be tween  base and  emit ter .  

Af te r  a l loy ing  the gold emi t t e r  and  base str ipes 
in an  r.f. hea te r  at abou t  750~176 the  squares  
are r eady  for mesa  mask ing  and  etching.  The re -  
m a i n d e r  of the fabr ica t ion  process fol lows s t anda rd  
procedures  for dicing of squares  into i n d i v i d u a l  
uni t s ,  b o n d i n g  the  collector  to the header ,  bond i ng  
leads to the  base and  emi t t e r  stripes,  and  encapsu -  
la t ing  the  uni ts .  F igure  4 is a pho tomic rograph  of 
a comple ted  device showing  emi t t e r  and  base str ipes 
and  the bonded  leads. 

Electrical Characteristics 
Elec t r ica l  charac ter is t ics  of a PNP  si l icon h igh-  

f r equency  t r ans i s to r  p r e p a r e d  by  the  t echn iques  
descr ibed above are p resen ted  here.  D u r i n g  fabr i ca -  
t ion  of e x p e r i m e n t a l  devices, base wid ths  were  de-  
l i be ra t e ly  va r i ed  f rom abou t  1 to 2 ~. The  charac -  
ter is t ics  descr ibed below are for an  i n t e r m e d i a t e  

Fig. 4. Photomicrograph of completed unit showing the gold 
stripes and bonded leads. 

base wid th  of 1-1/2 /~. In  such a device, typica l  col- 
l ec to r -base  b r e a k d o w n  vol tage was of the order  of 
35 v, whi le  the e m i t t e r - b a s e  b r e a k d o w n  vol tage  was  
9 v. At a typica l  d -c  bias condi t ion  of 10 ma  emi t t e r  
cu r ren t ,  w i th  co l lec tor -base  vol tage  Vc~ = 6 v, the  
d-c  fo rward  c u r r e n t  t r ans fe r  ra t io  h~.~ was 35, and  
the d-c  fo rward  vol tage  drop V ~  was of the  order  
of 0.8 v. 

H i g h - f r e q u e n c y  character is t ics  of a typica l  de-  
vice are i l l u s t r a t ed  by  Fig. 5. The c o m m o n - e m i t t e r  
c u r r e n t  t r ans fe r  ra t io  h~e, shown as a func t ion  of 
f requency ,  decreases  inverse ly  w i th  inc reas ing  f re -  
quency  to a va lue  of 1 at a f r equency  (~T) of 200 inc. 
C o m m o n - e m i t t e r  i n p u t  res is tance Ro(h~e), also 
shown in Fig. 5, decreases wi th  increas ing  f re -  
q u e n c y  and  appears  to approach a l imi t ing  va lue  
of the  order  of 45 ohms at high f requencies .  Hence,  
this  va lue  can be t a k e n  as essen t ia l ly  equa l  to the  
h i g h - f r e q u e n c y  base  res is tance  of the  un i t .  Collector 
t r ans i t i on  capaci tance  at a reverse  bias of 6 v is 
a pp r ox i ma t e l y  3 pf, whereas  the emi t t e r  t r ans i t i on  
capaci tance  ( at  r everse  bias of 3 v)  is somewhat  
l a rge r - -3 .8  pf. This  reflects the fact that ,  even  though 
the e m i t t e r - b a s e  area  is less t h a n  the  col lec tor-base  
area, the e m i t t e r - b a s e  j unc t i on  g rad ien t  is cons ider -  
ab ly  s teeper  t h a n  tha t  at the col lec tor -base  junc t ion .  

lOC 
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Fig. 5. The current transfer ratio and input resistance vs. 
frequency for a typical unit. 
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Chlorine-Caustic 

Production and Sales 

Chlor ine  and  caustic soda p roduc t ion  in  the  U. S. 
was a t  an  a l l - t i m e  high in  1959. Wi th  abou t  4,285,000 
ton  p roduc t ion  of chlorine,  the  increase  above 1958 
was  n e a r l y  19%. U. S. capaci ty  as repor ted  by The 
Chlo r ine  Ins t i t u t e  was  nea r  14,100 TPD at the  end  
of the year,  which  means  the  i n d u s t r y  opera ted  at 
83% of capaci ty  in  1959. A p p a r e n t  per  capi ta  con-  
s u m p t i o n  was 48.2 lb, an  a l l - t i m e  h igh  and  double  
tha t  of 1949. 

Af te r  a subs t an t i a l  ch lor ine  p roduc t i on  increase  in  
1959, it is felt  by  m a n y  tha t  prospects  for fu tu re  
g rowth  are good. Recent  publ ic ized  es t imates  of 
g rowth  indica te  f rom 7 to 8.5% per  yea r  g rowth  
f rom 1960 to 1970. Ano the r  source es t imates  an  i n -  
crease of 70% in ch lor ine  and  50% in caustic soda 
d u r i n g  the t e n - y e a r  period. 

C a n a d i a n  chlor ine  p roduc t ion  in  1959 was about  
287,000 tons as compared  to 268,000 in  1958. Ind ica -  
t ions  are tha t  about  305,000 tons  wi l l  be p roduced  
in  1960. 

Caust ic  soda p roduc t ion  in  the U. S. increased  17 % 
above 1958, for a to ta l  of abou t  4,675,000 tons in  
1959. The a p p a r e n t  per  capi ta  c o n s u m p t i o n  was  50.0 
lb, an  a l l - t i m e  high, which  was  n e a r l y  twice tha t  
of 27.3 in 1949. L ime  soda caust ic  p roduc t ion  da ta  
are no t  avai lable ,  bu t  it is e s t ima ted  such p roduc t ion  
was some 300,000 to 325,000 tons for the year .  

E v e n  though  caustic is be ing  conver t ed  to soda 
ash on a r e l a t ive ly  smal l  scale, soda ash con t inues  
to be conver ted  to l ime  soda caustic.  Some sources 
be l ieve  tha t  caustic was more  in  excess d u r i n g  1959 
t h a n  in  the p rev ious  year.  

Table I. U.S. sources of chlorine 

1959 ( p r e l i m i n a r y )  1958 

Tons  % Tons  % 

Ch equiv, of NaOH 3,997,200 93.3 3,319,042 92.1 
C12 equiv, of KOH 58,900 1.4 48,736 1.3 
Ch equiv, of Na 172,500 4.0 169,857 4.7 
CL equiv. (others) * 56,400 1.3 66,903 1.9 

C12total gas produced 4,285,000 100.0 3,604,538 100.0 

* B y  di f ference .  

A bou t  75% of the capaci ty  of ch lor ine  in  1959 was 
in  d i a p h r a g m  cells, 19% was in  m e r c u r y  cells, 5% 
in sod ium cells, and  less t h a n  1% in none lec t ro ly t i c  
processes. T w o - t h i r d s  of the capaci ty  added in  1959 
was in  d i a p h r a g m  cells and  o n e - t h i r d  in  m e r c u r y  
cells. 

Es t ima ted  sources of ch lor ine  compar ing  1959 
wi th  1958 appear  in  Tab le  I. 

New Plants and Expansions 

U. S. ch lor ine  capaci ty  increases  a m o u n t e d  to 
about  760 TPD in  1959 as compared  to 640 TPD in  
1958, a nd  are  be l i eved  to be as shown on p. 792. 

D i a m o n d  Alka l i  comple ted  mode rn i za t i on  of faci l i -  
ties at Pa inesv i l le ,  Ohio, us ing  D i a mond  d i a p h r a g m  
cells to replace  T u c k e r - W i n d e c k e r  cells, whi le  
F r o n t i e r  Chemica l  at  Wichi ta ,  Kans. ,  comple ted  
m o d e r n i z a t i o n  us ing  Hooker  S-3B cells. Chlor ine  
p roduc ing  p lan t s  of Gul f  at Por t  Ar thu r ,  Texas, and  
West  V i rg in i a  Pu lp  & P a pe r  at Luke,  Md., were  shut  
down in  J a n u a r y  1959. 

Inc reased  faci l i t ies  for 1960 and  1961 are be l ieved 
to be as shown  on p. 792. 
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1959 Increase 

September  1960 

C o m p a n y  Si te  T y p e  Cel ls  Q u a n t i t y ,  

Diamond Alka l i  Co. 
Jefferson Chemical  Co. 
Stauffer  Chemical  Co. 
Weye rhaeuse r  T imber  Co. 
Wyando t t e  Chemicals  Corp. 

TPD 

Deer Park, Texas DeNora Mercury Cells 200 
Por t  Neches, Texas Hooker  S-3B Cells 150 
Niagara  Fai ls ,  N . Y .  Hooker  S-3M Cells 30 
Longview, Wash. DeNora Mercury  Cells 80 
Geismar,  La. Diamond Diaphragm Cells 300 

1960-61 Increase 

C o m p a n y  S i t e  T y p e  Cel ls  Q u a n t i t y  

Dow Chemical  Co. 
Food Machinery  & Chemical  

Corp. 
Hooker  Chemical  Corp. 
K o l k e r  Chemical  Corp. 
Olin Mathieson Chemical  Corp. 
Olin Mathieson Chemical  Corp. 
Pennsa l t  Chemicals  Corp. 
Stauffer  Chemical  Co. 

Plaquemine,  La. - -  Expansion 
S. Charleston,  W. Va. Hooker  S-3B Modernizat ion and modest  

expansion 
Niagara  Falls,  N .Y.  Uhde Mercury  100 TPD 
Newark ,  N . J .  Hooker  S 50 TPD 
McIntosh, Ala.  Mathieson (E-11) Mercury  125 TPD 
Niagara  Falls,  N .Y. Mathieson (E-11) Mercury  About  50% increase  
Wyandot te ,  Mich. Gibbs Modernizat ion 
Henderson,  Nev. Hooker  S 45 TPD 

A n  e s t i m a t e  of ch lo r ine  c a p a c i t y  b y  compan ie s  a p -  
p e a r e d  in t he  Chemical & Engineering News, D e c e m -  
b e r  14, 1959, p. 38. 

The  C a n a d i a n  c a p a c i t y  a t  t he  end  of 1959 is e s t i -  
m a t e d  b y  The  Ch lo r ine  I n s t i t u t e  of abou t  950 TPD. 
W e s t e r n  Chemica l s  Ltd. ,  D u v e r n a y ,  Al ta . ,  b r o u g h t  a 
20 TPD d i a p h r a g m  cel l  e x p a n s i o n  on l ine  in 1959. 
C o n s o l i d a t e d  M i n i n g  & S m e l t i n g  Co. has  a n n o u n c e d  
p l a n s  for  cons t ruc t i on  of a $2.6 mi l l i on  c h l o r i n e -  
a l k a l i  p l a n t  a t  Tra i l ,  B. C. C a n a d i a n  Indus t r i e s  Ltd .  
has  a n n o u n c e d  conve r s ion  of a n u m b e r  of m e r c u r y  
cel ls  f r o m  N a O H  to KOH.  P e n n s a l t  is a p p a r e n t l y  
f i rming  up  its p l ans  for  a p l a n t  in the  Vancouve r ,  
B.C., area .  

Markets and End-Use Patterns 

T h e r e  does not  a p p e a r  to h a v e  been  a m a j o r  change  
in t he  e n d - u s e  p a t t e r n s  for  c h l o r i n e  and  caust ic  d u r -  
ing  1959. The  use of ch lo r ine  d i o x i d e  for  b l each ing  
in the  pu lp  and  p a p e r  i n d u s t r y  is ga in ing  in i m -  
p o r t a n c e  and  is affect ing ch lo r ine  usage.  

T h e  p r e s e n t  use  of ch lo r ine  in t he  e x t r a c t i o n  of 
t i t a n i u m ,  z i rcon ium,  ha fn ium,  c o l u m b i u m ,  and  t a n t -  
a l u m  sugges t s  the  need  for  se r ious  cons ide ra t i on  of 
i ts  use  in the  r e c o v e r y  of o t h e r  me ta l s .  D u P o n t  is 
us ing  t i t a n i u m  t e t r a c h l o r i d e  for  the  p r o d u c t i o n  of 
t i t a n i u m  d iox ide  at  i ts  N e w  Johnsonv i l l e ,  Tenn. ,  
p l an t .  The  g e n e r a l  i n t e r e s t  in th i s  use  for  t i t a n i u m  
t e t r a c h l o r i d e  could  l e ad  to a s u b s t a n t i a l  use  of 
c h l o r i n e  in the  fu tu re .  

Table II. Chlorine--caustic soda end-use pattern* 

C h l o r i n e  C a u s t m  s o d a  

% 
Chemicals  80.7 
Pu lp  & paper  15.9 
Sani ta t ion  3.2 
Others  0.2 

% 
Chemicals  32.4 
Rayon,  film 14.9 
Pulp  & pape r  11.4 
Soap, c leaners  6.0 
Pe t ro l eum refining 5.4 
Text i les  5.4 
Net expor ts  5.3 
Others  19.2 

Total  100.0 Total  100.0 

* C o u r t e s y  of  D i a m o n d  A l k a l i  Co. 

The  e n d - u s e  p a t t e r n  of caus t ic  r e m a i n s  qu i t e  
d ivers i f i ed .  The  a l k a l i  i n d u s t r y  is w a t c h i n g  t h e  
n y l o n - r a y o n  b a t t l e  for  s u p r e m a c y  in t he  t i r e  in -  
dus t ry .  R a y o n  r e m a i n s  the  l a rge s t  s ingle  use of 
caus t ic  soda. The  f u r t h e r  a p p l i c a t i o n  of caust ic  in 
the  p u l p  and  p a p e r  i n d u s t r y  looks  p romis ing .  

T a b l e  II  g ives  a r e c e n t  e s t i m a t e d  e n d - u s e  p a t t e r n  
for  c h l o r i n e  and  caus t ic  soda  in 1959. 

Technical Developments 

W i t h  r ecen t  p r i ce  r e duc t i ons  in p o w e r  rec t i f ica-  
t ion  un i t s  of s i l icon and  g e r m a n i u m ,  t he  t r e n d  t o w a r d  
this  t y p e  of un i t  w i l l  cont inue ,  e s p e c i a l l y  w h e r e  cel l  
a m p e r a g e s  a r e  h igh  and  c i rcu i t  v o l t a g e s  a r e  low. 

The  i n t e r e s t  of i n d u s t r y  in  p l a t i n u m - t i t a n i u m  
anodes  for  d i a p h r a g m  and  m e r c u r y  cel ls  cont inues .  
A r t i c l e s  of i n t e r e s t  a p p e a r e d  in Chemical Week, 
D e c e m b e r  12, 1959, p. 67, and  Chemical Week, 
D e c e m b e r  26, 1959, p. 50. The  p a t e n t  s i t ua t ion  is 
not  y e t  c lear .  Tes t  i n s t a l l a t i ons  ex i s t  b u t  i t  is d o u b t -  
fu l  if a n y  ch lo r ine  p r o d u c e r  in the  U. S., Canada ,  or  
E n g l a n d  has  m a d e  a dec is ion  at  p r e s e n t  for  a l a r g e -  
scale  ins t a l l a t ion .  

F o r  t he  first  t ime  in t he  U. S., l i qu id  ch lo r ine  is 
be ing  t r a n s p o r t e d  f r o m  a p r o d u c e r  to a consumer  in 
a t a n k  t r u c k  (see Chemical Week, M a r c h  19, 1960, 
p. 31) .  B a r g e  s h i p m e n t s  of c h l o r i n e  to l a r g e  con-  
s u m e r s  on the  Gu l f  and  A t l a n t i c  shores ,  as we l l  as 
on i n l a n d  w a t e r w a y s ,  con t inue  to inc rease .  

The  Ch lo r ine  Ins t i tu te ,  Inc., con t inues  a most  a g -  
g r e s s ive  p r o g r a m  for  t he  safe h a n d l i n g  of ch lo r ine  
in t r a n s p o r t a t i o n  and  in  p r o d u c i n g  and  consuming  
p lan t s .  

M o n s a n t o  Chemica l  Co. con t inues  to offer the  
D e N o r a  cel l  for  r e c o v e r y  of ch lo r ine  f r o m  h y d r o -  
ch lor ic  acid.  A l t h o u g h  c o n s i d e r a b l e  i n t e r e s t  has  been  
shown,  i t  is d o u b t f u l  if a l a r g e - s c a l e  i n s t a l l a t i o n  has  
been  i n i t i a t e d  at  p re sen t .  

A m o n g  a r t i c l e s  of i n t e r e s t  a p p e a r i n g  recen t ly ,  
w h i c h  h a v e  no t  o t h e r w i s e  been  ci ted,  w e r e :  " C h l o r -  
ine  O u t p u t  Hi ts  N e w  High ,"  Chemical & Engi- 
neering News, Dec. 14, 1959, p. 38; "Conf idence  
K e y s  Ch lo r ine  M a k e r s  Out look , "  Chemical Week, 
M a r c h  7, 1959, p. 113; " C h e m i c a l  F o r e c a s t - - 1 9 6 4 , "  
C h e m i c a l  M a r k e t  R e s e a r c h  Assoc i a t i on  Report--Oil, 
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Paint & Drug Reporter, Sept. 28, 1959, pp. 44 and 47; 
"Alkalis and Chlorine Indus t ry- -Out look  for 1960 
and Review of 1959," U. S. Dept. of Commerce, 
BDSA, Chemical & Rubber Div., ER-59-86; "Cell 
Users Get New Fuel for Old Debate," Chemical 
Week, March 5, 1960, p. 95; "Graphitized Anodes in 
the Electrolysis of Aqueous Chloride Solutions," 
V. V. Stender and O. S. Ksenzhek, J. Applied Chem., 
USSR, 32 (1), 111 (1959); ~ "Influence of Electro- 
lyte Composition on the Distribution of Current In-  
side a Graphite Anode and on Its Internal  Wear," 
B. M. Bulygin, J. Applied Chem., USSR, 32 (1), 122 
(1959) .' 

Among U. S. patents of interest which issued re- 
cently are: 2,868,711, electrolytic cell; 2,870,074, 
electrolysis of alkali metal chloride brine; 2,872,291, 
process and apparatus for the decomposition of alkali 
metal amalgams; 2,872,403, electrolytic cell; 2,884,- 
310, production of alkali metal hydroxides by ion 
exchange; 2,887,448, fused salt cell; 2,898,284, 
mercury  cathode chlorine cell; 2,919,238, fused salt 
electrolytic cells. 

Soda Ash 
The U. S. production of soda ash increased about 

13% from 1958 to 5,611,600 tons in 1959, thus re-  
versing the downward trend since 1956. The only 
year  of higher production was in 1956. The apparent  
per capita consumption was 61.6 lb for 1959, which 
was equal to the average of the years 1949 to 1959 
inclusive. It is evident the per capita consumption 
of soda ash has not changed since the early 1940's. 
The U. S. industry operated at about 80% capacity 
in 1959; 12.7 % of the production was "natural  soda" 
and 87.3% was "synthetic." 

Diamond Alkali is engaged in a modernization 
program of its soda ash producing facilities at 
Painesville, Ohio. Dow Chemical Co. continues to 
operate its plant at Freeport, Texas, converting 
electrolytic caustic to soda ash. Dow is reported to 
be studying the possibility of increasing its capacity 
to produce soda ash. Considerable interest in the 
trona deposits in Wyoming has been indicated by 
several producers and potential producers of soda 
ash. Food Machinery & Chemical Corp. continues to 
expand in soda ash in Wyoming, and capacity is now 
in the 550,000 ton per year range. 

Miscellaneous Chemicals 
Potassium hydroxide.---Production of KOH (88- 

92%) increased about 21%, from 76,870 tons in 1958 
to 92,869 tons in 1959. The trend toward high-pur i ty  
KOH from mercury  cells continues. 

Chlorates.--The American Potash and Chemical 
Corp. began an expansion of its sodium chlorate 
facilities at Aberdeen, Miss., which will increase 
capacity to 25,000 tons per year. Hooker Chemical 
Corp. placed an additional circuit on line at its 
Columbus, Miss., plant, bringing capacity there to 
over 24,000 tons per year. Pennsalt  Chemicals Corp. 
announced plans to expand its Portland, Oreg., 
sodium chlorate plant by 25%. The formation of 
the Penn-Olin Chemical Corp. was announced with 
the intent to construct a 25,000 ton per year sodium 
chlorate plant at Calvert, Ky. The new plant  of 

1 Re fe rence  pages  of t he  E n g l i s h  t r a n s l a t i o n .  

Standard Chemical Ltd. at Beauharnois, Que., was 
placed in operation during late 1959. A review of 
markets for chlorates and perchlorates during 1958 
and 1959 was published in Chemical and Rubber, 
August  1959. 

Sodium chlorate production in 1959 was 87,665 
tons, which was an increase of about 30% above the 
67,249 ton production in 1958. Production has more 
than doubled since 1954. 

Perchlorates. - -Cont inued  interest in solid-fueled 
missiles and the use of ammonium perchlorate as 
an oxidizer led to the announcement of plans by 
Pennsalt  Chemicals Corp. to expand its plant at 
Portland, Oreg., by several thousand tons per year. 
During 1960, the Navy declared the ammonium 
perchlorate plant at Henderson, Nev., which is op- 
erated by the American Potash and Chemical Corp., 
as surplus to its needs, and arrangements  are being 
made for disposal. 

Miscellaneous Metals 
Aluminum.--The production of a luminum in this 

country continues to grow. The pr imary  production 
in 1959 of 1,953,000 tons set a new record; it was 
25% above 1958 and 16% above 1956, the previous 
peak year for aluminum. Canada showed a decrease 
of 46,000 tons, or 7% less than 1958 production, 
during the past year. 

At the end of 1959, total domestic capacity 
amounted to 2.4 million tons. New production facili- 
ties in 1959 included: (a) Ormet Corp. started its 
fifth and last pot line at its 180,000 ton per year 
plant at Clarington, Ohio; (b) Kaiser Aluminum & 
Chemical Corp. installed two new lines to complete 
its 145,000 ton per year  plant at Ravenswood, W. Va.; 
and (c) Reynolds Metals Co. completed three lines 
at its new plant at Massena, N. Y., each having a 
capacity of 33,000 tons per year. 

New aluminum prices established in December 
are 26r per lb for pig and 28.1r per lb for ingot. 

Magnesium.--Consumption of pr imary  magnesium 
reached about 44,000 tons in 1959, an increase of 
some 25% over 1958. While pr imary production of 
magnesium has been increasing steadily since 1958, 
the production rate of some 3,000 tons per month at 
the end of the year is still less than the consumption 
rate, although this production rate will be increased 
during 1960. 

Alabama Metallurgical Corp., a new producer, be- 
gan production of magnesium by the ferrosilicon 
reduction of dolomite last fall. This year, it should 
reach its anticipated capacity of 6 to 7,000 tons per 
year. The company is jointly owned by Calumet & 
Hecla and Brooks & Perkins. 

The brightest possibility for significant expansion 
of the nonmili tary use of magnesium lies in its use in 
the engines of the l ightweight automobiles. Expecta-  
tions are that total consumption of pr imary mag-  
nesium will reach 45-50,000 tons in 1960, but the 
automotive die-casting outlet may cause an increase 
above this figure. 

Sodium.--The production of sodium reached 112,- 
019 tons in 1959, only slightly more than the 1958 
output and still much less than the 133,000 tons 
made in 1957. It is evident that  with the production 
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c a p a c i t y  at  a b o u t  200,000 tons  p e r  yea r ,  the  sod ium 
i n d u s t r y  faces  for  some t ime  to come the  p r o b l e m  
of id l e  p l a n t  capac i ty .  

Titanium.--During the  first  ha l f  of 1959, p r o d u c -  
t ion  and  c o n s u m p t i o n  of t i t a n i u m  sponge  w e r e  at  
r a t e s  s l i gh t ly  g r e a t e r  t h a n  the  1958 a v e r a g e  a n n u a l  
ra te .  In  the  second  ha l f  of 1959, the  s tee l  s t r i ke  cut  
t he  c o n s u m p t i o n  of t i t a n i u m  sponge,  and  the  p r o -  
duc t ion  r a t e  d r o p p e d  accord ing ly .  I m p o r t s  of t i t a n -  
i um sponge  w e r e  abou t  t h r e e  q u a r t e r s  of the  1958 
ra te .  In  sp i te  of t he  h a n d i c a p  of t he  s tee l  s t r ike ,  p r o -  
duc t i on  of m i l l  p r o d u c t s  inc reased .  A c c o r d i n g  to 
BDSA,  in t he  n e a r  f u t u r e  c o n s u m p t i o n  of t i t a n i u m  
mi l l  p r o d u c t s  w i l l  be  r e d u c e d  b e c a u s e  of the  c a n -  
ce l l a t i on  of some defense  a i r c r a f t  p r o g r a m s  w h i c h  
w o u l d  have  c o n s u m e d  s u b s t a n t i a l  quan t i t i e s  of mi l l  
p roduc t s .  The  g r o w i n g  use of t i t a n i u m  in c o n s t r u c -  
t ion  of c iv i l i an  a i r c r a f t ,  in miss i les ,  and  in t he  
c h e m i c a l  p rocess  i ndus t r i e s  wi l l  on ly  p a r t l y  c o m p e n -  
sa te  for  th is  loss. There fo re ,  c o n s u m p t i o n  and  p r o -  
duc t i on  of t i t a n i u m  mi l l  p r o d u c t s  in 1960 m a y  be 
l o w e r  t h a n  in 1959. G r o w t h  in these  uses and  in 
o t h e r  c iv i l i an  a p p l i c a t i o n s  is conf iden t ly  e x p e c t e d  
in  the  fu tu re .  Recen t ly ,  ICI  m e n t i o n e d  g r o w t h  in 
the  use  of t i t a n i u m  in su rg i ca l  imp lan t s ,  and  sug-  
ges ts  the  use  of t i t a n i u m  in n u c l e a r  app l i c a t i ons  b e -  
cause  of the  r a p i d  d i s s ipa t ion  of r a d i o a c t i v i t y  w h i c h  
is f o r m e d  w h e n  t i t a n i u m  is exposed  to i n t ense  
r ad i a t i on .  The  d e v e l o p m e n t  of n e w  t i t a n i u m  a l loys  
w i t h  i m p r o v e d  qua l i t i e s  con t inues  at  a h igh  ra te .  

A n  a r t i c l e  of i n t e r e s t  a p p e a r s  in Chemical Engi- 
neering, Feb .  22, 1960, p. 66 

The  B u r e a u  of Mines  and  the  Bus iness  and  De-  
fense  Se rv ices  A d m i n i s t r a t i o n  r e p o r t  the  fo l lowing  
f igures :  

M i l l  
S p o n g e  P r o d u c t s  

P r o d u c t i o n  I m p o r t s  C o n s u m p t i o n  S h i p m e n t s  
tons  tons  tons  tons  

1955 7,398 567 4,145 (est.) 1,898 
1956 14,595 2,048 10,936 5,166 
1957 17,249 3,532 8,221 5,658 
1958 4,585 2,072 4,147 2,594 
1959" 3,898 1,563 3,953 3,211 

* B a s e d  on e s t i m a t e ,  10 m o n t h s .  

Zirconium.--The t h r e e  compan ies ,  C a r b o r u n d u m  
Meta l s  Co., M a l l o r y - S h a r o n  Meta l s  Corp.,  and  Co-  
l u m b i a - N a t i o n a l  Corp. ,  con t inue  to s u p p l y  z i r c o n i u m  
sponge  to the  A t o m i c  E n e r g y  Commiss ion  u n d e r  
cont rac t .  C o l u m b i a - N a t i o n a l  t e m p o r a r i l y  d i scon -  
t i n u e d  ope ra t i ons  in December ,  1959, because  of a 
sponge  q u a l i t y  p r o b l e m  w i t h  t he  AEC.  The  p r o d u c -  
t ion  of these  t h r e e  p r o d u c e r s  r e m a i n s  a l i t t l e  a b o v e  
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2,200,000 lb p e r  year ,  and  no f u t u r e  e x p a n s i o n  of 
sponge  p r o d u c i n g  fac i l i t i es  is p l a n n e d  at  t he  p r e sen t  
t ime.  

Manganese.--The c o n s u m p t i o n  of m a n g a n e s e  
m e t a l  d e r i v e d  b y  the  e l e c t ro ly t i c  p rocess  a m o u n t e d  
to 12,732 tons  in 1959. This  q u a n t i t y  w o u l d  have  
been  g r e a t e r  bu t  for  t he  long s tee l  s t r i k e  wh ich  
b e g a n  in Ju ly .  A t  t ha t  t ime ,  the  c o n s u m p t i o n  had  
r e a c h e d  a b o u t  9,000 tons. Over  80% of th i s  m e t a l  
is used  in t he  p r e p a r a t i o n  of s tee l  ingots,  chiefly of 
the  s t a in less  v a r i e t y .  

Lithium.--The dras t i c  c u t b a c k  in t he  p r e p a r a t i o n  
of bo ron  h i g h - e n e r g y  fue ls  caused  the  cessa t ion  in 
the  p r o d u c t i o n  of l i t h ium,  as i n t e r m e d i a t e  in the  
process ,  a t  t he  Ol in  M a t h i e s o n  C h e m i c a l  Corp.  p l a n t  
a t  Mode l  City,  N. Y. This  p l a n t  had  sufficient  capac i ty  
to be a m a j o r  p r o d u c e r  of l i t h i u m  b y  the  e l ec t ro lys i s  
of fused  l i t h i u m  ch lo r ide  a d m i x e d  w i t h  po t a s s ium 
ch lo r ide  in Downs  t y p e  cells.  

Beryllium.--Pure b e r y l l i u m  m e t a l  is m a d e  in the  
Un i t ed  S t a t e s  by  the  r e d u c t i o n  of b e r y l l i u m  f luoride 
w i th  m a g n e s i u m .  Both  p roduce r s ,  B r u s h  B e r y l l i u m  
Co. and  B e r y l l i u m  Corp. ,  r e p o r t e d  h i g h e r  p rodu c t i on  
of the  m e t a l  in 1959 over  1958. I t  is e s t i m a t e d  t ha t  
p r o d u c t i o n  r e a c h e d  abou t  150,000 lb in 1959, com-  
p a r e d  w i t h  50,000 lb in 1958, and  i t  is e x p e c t e d  t ha t  
the  f igure  wi l l  a p p r o a c h  300,000 lb in 1960 (Chem- 
ical Week, Feb .  20, 1960). Chief  ou t l e t s  for  b e r y l -  
l i um a r e  in n u c l e a r  and  space  app l i ca t ions .  

Chromium.--The e lec t ro lys i s  of a m m o n i u m  
c h r o m i u m  su l fa t e  so lu t ion  con t inues  to be  the  p r e -  
m i e r  source  of the  h ighes t  p u r i t y  c h r o m i u m  meta l .  
P r o d u c t i o n  in 1959 p r o b a b l y  r e a c h e d  a b o u t  2,000 
tons,  t he  r e p o r t e d  c a p a c i t y  of t he  Un ion  Ca rb ide  
Meta l s  Co. 's Mar i e t t a ,  Ohio p lan t .  

Tantalum and columbium.--Tantalum p rodu c t i on  
was  e s t i m a t e d  to be  w e l l  over  300,000 lb in 
1959, a s izab le  inc rease  ove r  the  1958 figure.  Most  
of the  m e t a l  is o b t a i n e d  e i t he r  b y  the  e l ec t ro lys i s  
of fused  p o t a s s i u m  f luo t an t a l a t e  or b y  sod ium r e -  
duc t ion  of th is  and  o the r  t a n t a l u m  compounds .  Most  
of the  m e t a l  is consumed  in e lec t ron ic  app l i ca t ions ,  
chief ly as capac i tors .  The  p r o d u c t i o n  a n d  use of co-  
l u m b i u m ,  f o u n d  in a l l  t a n t a l u m  ores, a r e  s t i l l  smal l ,  
p r o b a b l y  a r o u n d  60,000 lb in 1959. 

P r i ce s  for  t a n t a l u m  w e r e  cut  t o w a r d  the  end of 
the  year .  Capac i t o r  g r a d e  p o w d e r  d r o p p e d  to $49.80 
pe r  lb f r o m  $58.60, and  shee t  t a n t a l u m  is p r i ced  at  
$59.16 p e r  lb. 

Manuscr ip t  received May 31, 1960. This paper  was 
p repared  for de l ivery  before the Chicago Meeting, May 
1-5, 1960. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Sect ion to be publ ished in the June  1961 JOUR- 
NAL. 
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ABSTRACT 

In diffusion-limited scaling reactions the rate constant is proportional to the 
quantity DCo, where D and Co are the diffusion coefficient and the solubility 
of the defect whose motion through the growing scale is essential to continued 
reaction. In order to separate D and Co, recourse is usually made to an inde- 
pendent measurement of one or the other, which is a difficult and frequently 
unreliable procedure. A new technique is proposed which permits the accurate 
and simultaneous determination of D and Co from reaction rates alone. The 
method is based on the controlled interruption of a scaling reaction and 
possesses a rigorous internal check. It is applicable in principle to any such 
reaction, and the necessary mathematical formulation is presented in a con- 
venient analytical form. Conventional experimental techniques can be used 
when Co ~ I0 ~7 cm -~. The treatment is illustrated for the oxidation of InSb. 

In d i f fus ion - l imi t ed  scal ing react ions ,  of wh ich  
the ox ida t ion  of me ta l s  p rov ides  the  mos t  f ami l i a r  
examples ,  d i rec t  contac t  of the  reac tan t s  is p r e -  
v e n t e d  by the  f o r m a t i o n  of a p ro t ec t i ve  scale at the  
reac t ion  in ter face .  Once  such a scale is fo rmed ,  
con t inued  reac t ion  is m a d e  possible  by the  mot ion  
of a tomic  defects  t h r o u g h  it. Thus,  in the  ox ida t ion  
of a m e t a l  sur face  

yM -~ - ~  O_~ : M~O~ [ 1 ] 

the  f o r m a t i o n  of a nonporous  film of M~Oo on the  
surface  p r e v e n t s  d i rec t  access of the  o x y g e n  to the  
u n d e r l y i n g  meta l ,  bu t  the  diffusion of m e t a l  or 
oxygen  defects,  i n t e r s t i t i a l  a toms or la t t ice  v a c a n -  
cies, cha rged  or uncha rged ,  t h r o u g h  the  film lets  
the  r eac t ion  proceed.  One  such defec t  p r e d o m i n a t e s  
in a g iven  oxide,  and the  ra te  at w h i c h  the  fi lm 
cont inues  to g r o w  is g iven  by  (1, 2) 

d X / d t =  k X  -1 k = l ~ D ( C o - - C 1 )  [2] 

w h e r e  Co is the  e q u i l i b r i u m  concen t r a t ion  of the  
defec t  at the  in t e r f ace  w h e r e  it or iginates ,  and C1 
is the  e q u i l i b r i u m  concen t r a t i on  at the  in t e r f ace  
w h e r e  the  reac t ion  is comple ted .  D is the  diffusion 
coefficient of the  defec t  and is assumed to be i nde -  
penden t  of concen t ra t ion .  X is the  fi lm thickness ,  
and n is the  inc rease  in the  v o l u m e  of the  fi lm 
w h i c h  occurs  w h e n  one  de fec t  comple tes  its r e a c -  
t ion2 E q u a t i o n  [2] assumes  tha t  s p a c e - c h a r g e  
effects at  the  bounda r i e s  of t he  ox ide  can  be n e g -  
lected.  This  is a l w a y s  the  case for  u n c h a r g e d  d e -  
fects, and holds for  cha rged  defects  w h e n  X ~ 
(K kT/8ve~Co) '/~ w h e r e  K is the  d ie lec t r ic  cons tan t  of 
the  oxide  (usua l ly  ~ 10), e is the  e lec t ron ic  charge,  
and the  o ther  symbols  h a v e  the i r  usua l  meanings .  

1The work reported in this  p a p e r  was performed at Lincoln 
Laboratory, a center for research operated by Massachusetts Insti- 
tute of Technology with the joint s u p p o r t  of the U. S. Army, Navy, 
and Air Force. 

e Present address: Materials Research Division, TYCO Incorpo- 
rated, Waltham, Mass.  

s If, for instance, the defect is a metal atom, f~ is 1/y times the  
volume of an M~Oz molecule. 

Upon  in t eg ra t i on  Eq. [2] g ives  the  f ami l i a r  p a r a -  
bolic  g r o w t h  l aw  

X ~ :  2kt  [3] 

It  appl ies  in p r inc ip l e  to a l l  reac t ions  w h i c h  are  
con t ro l l ed  by the  diffusion of defects  t h r o u g h  a 
scale w h i c h  deposi ts  at  the  i n t e r f ace  b e t w e e n  the  
reac tan ts .  The  r eac t an t s  m a y  be  solids, l iquids,  or 
gases, and the  scale m a y  be solid or  l iquid,  bu t  
solid scales at gas-sol id ,  gas - l iqu id ,  l iqu id-so l id ,  or 
l i q u i d - l i q u i d  in te r faces  a re  mos t  f r e q u e n t l y  en -  
counte red .  

Since  Co is g e n e r a l l y  m u c h  l a rge r  t h a n  C1, and 
is usua l ly  known,  m e a s u r e m e n t s  of the  parabo l ic  
ra te  cons tan t  k g ive  the  p roduc t  DCo di rec t ly .  By  
itself,  h o w e v e r ,  this q u a n t i t y  is of l i t t le  t heo re t i ca l  
va lue .  In o rde r  to s epa ra t e  D and  Co, w h i c h  h a v e  
f u n d a m e n t a l  significance,  i n d e p e n d e n t  m e a s u r e -  
men t s  of D or Co are  r equ i r ed .  These  m e a s u r e m e n t s  
are  not  only  v e r y  difficult  to m a k e  bu t  a re  i nconc lu -  
s ive  unless  d i f ferences  in s ample  s t r u c t u r e  and 
p u r i t y  are  d e m o n s t r a b l y  negl ig ib le .  

I t  is the  purpose  of this a r t i c le  to discuss a s imple  
e x p e r i m e n t a l  m e t h o d  for  s i m u l t a n e o u s l y  d e t e r m i n -  
ing the  quan t i t i e s  D and Co. The  m e t h o d  uses r e a c -  
t ion r a t e  m e a s u r e m e n t s  on ly  and is app l icab le  in 
p r inc ip l e  to any  scal ing r eac t ion  desc r ibed  by  Eq. 
[2].  

Theory of Interrupted Kinetics of Diffusion- 
Controlled Scale Formation 

We shal l  cons ider  the  gene ra l i z ed  reac t ion  

a A ~ - b B : S  [4] 

w h e r e  the  p roduc t  S fo rms  a flat, nonporous  scale 
w h i c h  separa tes  t he  r e s e rvo i r s  con ta in ing  A and B. 
It  is a s sumed  tha t  a defec t  en te r s  the  A / S  in t e r f ace  
(x  : 0) and diffuses to the  S / B  in t e r f ace  (x  : X)  
w h e r e  it comple tes  the  r eac t ion  w i t h  B caus ing  an 
increase,  n, in the  v o l u m e  of the  scale. S ince  the  

795 
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(o) INTERSTITIAL A ATOMS OR B ATOM VACANCIES 

C ~  ' 

x=O x=X 

where  t is m e a s u r e d  f rom the r eadmiss ion  of B to 
the  system. The  equa t i on  is r ead i ly  solved by  s t and -  
ard  t echn iques  (3) g iv ing  

( C o - - C J x  2 ~ C ~ c o s m r - - C o  
C ( x )  C o - -  �9 - } - _ _  

X r ~ ~1, 

- -  A T s T B - -  

(b) INTERSTITIAL B ATOMS OR A ATOM VACANCIES 

I 
CO ~C(x) DURING INTERRUPTION I 
x=O x=X 

Fig. 1. Concentration of defects in a scale (S) interposed be- 
tween A and B during the reaction aA -f- bB =S.  In each case 
it is assumed that the supply of B can be interrupted while that 
of A is held constant. 

diffusion of the  defect  controls  the  o v e r - a l l  rate,  
the  reac t ion  at  each surface  goes to equ i l i b r ium.  
The e q u i l i b r i u m  concen t r a t i on  of the  defect  at x = 
0 is Co whi le  t ha t  at x = X is C~ (Fig. l a ) .  At  i n t e r -  
media te  posi t ions  in  the  scale the  concen t r a t i on  is 
C ( x ) ;  if the  diffusion coefficient of the  defects  is 
i n d e p e n d e n t  of C ( x ) ,  the l a t t e r  is a l i nea r  func t ion  
of x as shown  in  Fig. la .  

Assume  tha t  the  film has reached a thickness ,  X, 
and  tha t  its ra te  of g rowth  is g iven  by  Eq. [2]. Let 
the  concen t r a t i on  of B in  its reservoi r  be reduced  
to a concen t r a t i on  which  puts  reac t ion  [4] at equ i -  
l ib r ium.  ( In  a me ta l  ox ida t ion  this  wou ld  corre-  
spond to r educ ing  the  oxygen  pressure  to the  dis-  
sociat ion p ressure  of the  oxide.)  The  defects 
con t inue  to en t e r  the  film at  x = 0 b u t  are no 
longer  r emoved  at x = X. The i r  concen t r a t i on  ap-  
proaches  Co t h r o u g h o u t  the  film, and  the  reac t ion  
stops (Fig. l a ) .  

If the concen t r a t i on  of B is now s u d d e n l y  ra ised 
to its va lue  p r io r  to the  i n t e r rup t ion ,  the  flow of 
defects is r e s u m e d  and  the or ig ina l  concen t r a t i on  
d i s t r i bu t i on  is re -es tab l i shed .  If CoX is la rge  enough,  
the  r e s to ra t ion  of the  concen t r a t i on  g r ad i en t  should 
resolve i tself  as a r e l a t ive ly  fast  in i t i a l  u p t a k e  of B 
fol lowed by  a g r adua l  r e t u r n  to the  ra te  observed 
pr ior  to the  i n t e r rup t ion .  

Mathemat ica l ly ,  the  ra te  af ter  the  i n t e r r u p t i o n  
can be t r ea ted  as follows. In  addi t ion  to r e q u i r i n g  
tha t  D is i n d e p e n d e n t  of C ( x )  and  tha t  the  surface 
is flat, i t  is a s sumed  tha t  X > >  11 Co (so the  in -  
crease of X d u r i n g  this phase of reac t ion  is neg l ig i -  
b le ) ,  and  tha t  defects can be created or des t royed  
on ly  at x = 0 and  x = X. T h e n  at a g iven  t e m p e r a -  
ture,  

O C ( x )  02C (x)  
- -  - - D - -  [ 5 ]  

Ot Ox ~ 

wi th  the  b o u n d a r y  condi t ions  tha t  

C ( x )  = Co for all  x w h e n  t = 0 

C ( x )  = Co at x = O 

and  ~ w h e n  t > 0 [ 6 ] 
C ( x )  = C~ at x =  X 

n=x  4Co ~ 1 
s in e ..... ~, + - -  ~-~ s i n ( 2 m  + 1) 

X Ir 0 2 m +  1 

X 

= - -  e-~'(,~+~> ~ [7] 
X 

w he r e  D' = D ~ " / X  ~. 

By t ak ing  the  de r iva t ive  of C ( x )  wi th  respect  to 
x, e v a l u a t i n g  it at x = X, and  i n t e g r a t i ng  f rom t ---- 
0 to t = t, one ob ta ins  an  express ion  for A, the  
n u m b e r  of defects crossing u n i t  a rea  at x = X in  
t ime  t. 

t 

A = D d t  -- 
Ox ~:x X 

2X ~ [ C ~ - - C o ( - - 1 ) " ]  [ ~ ]  
,IT 2 1 

4CoX 
[e ..... '~, -- 1] -t- =------5--- ( 2 m + l ) ~  

[8] 

For  most  prac t ica l  purposes  C1 > >  Co and  Eq. [8] 
reduces  to 

~A _ 2 ( - - 1 ) " - - 4  
XCo 1 n ~ o ( 2 m +  1) ~ 

- - D ' t + 2  ~ ( - - 1 ) "  
1 n , 

e_n2D , t 

c~ 

L9j + 4 e_(em+)2D,t r ] 
o (2m + 1) 2 

Equa t i on  [9] has been  solved n u m e r i c a l l y  w i th  
the resul ts  g iven  in  Tab le  I. The equa t ion  has two 
s imple  l imi t ing  forms. At the b e g i n n i n g  of the r e -  

act ion 

• = B t  J/~ ( t  < < X V D )  [10] 

where  

B = 1.12 Dr"C0 [10a] 

La te r  in  the  reac t ion  

A =  Q + R t  ( t  > X ~ / 2 D )  [11] 

w he r e  

Q = XCo/3  [ l l a ]  
and  

R = D C o / X  [ l l b ]  

Therefore ,  whi le  di rect  ra te  m e a s u r e m e n t s  can at  
best  give the p roduc t  D C o / X  (Eq. [2] or [ l l b ] )  the  
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Table I. Numerical solution for the diffusion equation of 
interrupted kinetics, Eq. [9] 

D I F F U S I O N - L I M I T E D  S C A L I N G  R E A C T I O N S  797 

__ _ _  - -  -~ . . . .  e - n 2 D ~ 2 t / ~ 2  

X C o  7r 2 n ~  ~r 2 ( 2 m  + I) ~ X~ 7r 2 n2 
1 0 1 

~o 

4 ~ 1 _ (2m+l}2Dv25/I ~ 

7r 2 ( 2 m + l ) g  
0 

D ~ X  2 ( D t / X  z )  112 ~ k / X C o  

0.02026 0.1422 0.159 
0.03040 0.1744- 0.195 
0.04053 0.2011 0.226 
0.05066 0.2250 0.253 
0.06079 0.2466 0.276 
0.07092 0.2664 0.299 
0.08115 0.2845 0.320 
0.09118 0.3020 0.339 
0.1013 0.3183 0.357 
0.1114 0.3338 0.375 
0.1216 0.3485 0.392 
0.1317 0.3629 0.408 
0.1418 0.3765 0.423 
0.1621 0.4026 0.453 
0.1824 0.4272 0.480 
0.2026 0.4501 0.507 
0.2229 0.4720 0.532 
0.2432 0.4930 0.556 
0.2837 0.5325 0.603 
0.3242 0.5694 0.647 
0.3647 0.6038 0.691 
0.4053 0.6366 0.733 
0.5066 0.7117 0.837 
0.6079 0.7795 0.939 
0.7092 0.8422 1.041 
0.8105 0.9002 1.142 
0.9118 0.9549 1.243 
1.0132 1.0065 1.344 

i n t e r r u p t e d  r a t e  m e a s u r e m e n t s  give add i t iona l  ex -  
press ions  for D1/2Co (Eq. [10a] )  and  XCo (Eq. 
[ l l a ] ) .  A separa t ion  of D and  Co is thus  effected; 
in  t e rms  of the  p a r a m e t e r s  in  Eq. [10] and  [11] 
one ob ta ins  

0.8 B 2 
Co -- [12] 

X R 

Co = 3 Q / X  [13] 

(Rx/" E141 D = 1.25 \ B / 

I t  is c lear  f rom Eq. [12] and  [13] tha t  the  p a r e n t  
Eq. [9] is ove rde te rmined ,  since th ree  i n d e p e n d -  
en t ly  m e a s u r a b l e  e x p e r i m e n t a l  quant i t i es ,  B, Q, 
and  R, m u s t  be q u a n t i t a t i v e l y  descr ibed  wi th  on ly  
two ad ju s t ab l e  pa ramete r s ,  D/X" and  XCo. The e n -  
t i re  fo rma l i sm thus  possesses the  r a r e  and  w o n -  
drous  qua l i t y  of a r igorous  i n t e r n a l  check. 

Exper imenta l  Procedure 

The use of i n t e r r u p t i o n  k ine t ics  depends  on the  
feas ib i l i ty  (i) of r educ ing  the  concen t r a t i on  of B 
to its e q u i l i b r i u m  value,  and  (ii) of m e a s u r i n g  the  
a r r i va l  of defects  at  the  S / B  interface .  Both  are 
qu i te  easi ly  accomplished.  

( i)  The  supp ly  of B to the  B rese rvo i r  can s im-  
p ly  be cut  off. The  reac t ion  t h e n  au toma t i ca l l y  p ro -  
ceeds to equ i l i b r ium,  the  scale ac t ing  as a s ink  for 
the  r e s idua l  B. If  the rese rvo i r  is large,  it  m a y  be  

evacua ted  or f lushed wi th  ine r t  gas or l iqu id  (de -  
pe nd i ng  on the sys tem)  and  t h e n  closed off. The  
scale t hen  acts as a source of B (by  pa r t i a l  decom-  
posi t ion)  and  the  concen t r a t i on  aga in  ad jus t s  to the  
e q u i l i b r i u m  value.  I n  most  cases the  l a t t e r  is smal l  
enough  so tha t  the  r e q u i r e d  decomposi t ion  is neg l i -  
gible. 

(ii) W h e n  a defect  reaches  the ou te r  in te r face  i t  
i m m e d i a t e l y  reacts  wi th  a s to ichiometr ic  n u m b e r  of 
B atoms. The two k inds  of a tomic defects which  can  
or ig ina te  at x = 0 are  in t e r s t i t i a l  A atoms or B 
a tom vacancies .  W h e n  the  fo rmer  reach x = X they  

b 
wi l l  combine  w i th  - -  a toms (cf. Eq. [4 ] )  whi le  the  

a 

l a t t e r  wi l l  combine  w i th  one B atom. In  e i ther  case 
the dep le t ion  of B a toms f rom the f resh ly  filled B 
rese rvo i r  gives a d i rec t  me a su r e  of the  a r r i va l  of 
defects at x = X. 4B, the  to ta l  dep le t ion  of B a toms 
f rom the  B rese rvo i r  a f ter  t ime, t, t hus  gives a 
direct  me a su r e  of 4, the  q u a n t i t y  in  Eq. [ 9 ] - [ 1 1 ] .  
It  should  be no ted  tha t  one m a y  d e t e r m i n e  4 by  
m e a s u r i n g  the  increase  in  X, b u t  this  wi l l  gene ra l l y  
be ve ry  difficult. 

The  ques t ion  n a t u r a l l y  arises as to w h a t  p ro -  
cedure  should  be used to me a su r e  4 if the  defects 
o r ig ina te  at the  S / B  surface,  but ,  as before,  the B 
concen t r a t i on  is the  on ly  q u a n t i t y  which  can  be 
var ied  and  measured .  The  defects which  can arise 
at  the  S / B  in te r face  are B in t e r s t i t i a l  a toms or A 
a tom vacancies .  The i r  concen t r a t i on  d i s t r i bu t ion  
before and  af ter  the  i n t e r r u p t i o n  of the  supp ly  of 
B is compared  in  Fig. 1 w i th  the  case w h e r e  the  de-  
fects o r ig ina te  at  the  A / S  interface.  The  obvious  
difference lies in  the  r e l a t ive  m a g n i t u d e s  of Co a n d  
C 1 .  

It  t u r n s  out, however ,  tha t  Eq. [9] is comple te ly  
s y m m e t r i c a l  and,  w i th  su i tab le  changes  in  sign, 
descr ibes  each of the  four  cases equa l ly  well .  P r o -  
cedures  (i)  a nd  (ii) are  thus  appl icab le  regard less  
of the  defect  type,  and  the m e a s u r e m e n t  of 4B aga in  
gives a di rect  m e a s u r e  of 4. In  order  to m a k e  the  
t r e a t m e n t  en t i r e ly  genera l  we shal l  redef ine Co in  
Eq. [ 9 ] - [ 1 3 ]  to m e a n  the  e q u i l i b r i u m  concen t r a t i on  
of the  mobi le  defect  at  the  in te r face  w h e r e  it  or ig i -  
na tes  w h e n  the  reac t ion  is p roceed ing  no rma l ly .  
This  m a y  or m a y  no t  cor respond  to the  concen t r a -  
t ion  d u r i n g  the  i n t e r r up t i on .  

Since 4B is the  q u a n t i t y  which  is ac tua l ly  meas -  
ured,  it  is c o n v e n i e n t  to use it  direct ly .  If 4B is sub -  
s t i tu ted  for 4 in  Eq. [9],  [10],  and  [11],  then ,  i n -  
s tead of ob t a i n i ng  Co f rom Eq. [12] a nd  [13], one 
ob ta ins  Co B whose re l a t ion  to Co is s u m m a r i z e d  in  
Tab le  II. The  va lue  of D is e n t i r e l y  i n d e p e n d e n t  of 
the  u n i t s  of A. 

Use of Eq. [ 9 ] - [ 1 4 ]  
The  most  c o n v e n i e n t  w a y  to use  Eq. [ 9 ] - [ 1 4 ]  wi l l  

be i l l u s t r a t ed  w i th  r ecen t  da ta  ob ta ined  on the oxi-  
da t ion  of the  i n t e rme ta l l i c  compound  I n S b  where  a 
th in  p ro tec t ive  scale of In,O, is fo rmed  (4) .  A 
m o n o c r y s t a l l i n e  spec imen  expos ing  4.0 cm ~ of flat 
surfaces  was  oxidized at  342~ and  0.3 m m  oxygen  
u n t i l  t he  to ta l  oxygen  u p t a k e  was  5.76 x l f f  7 a toms 
cm-". The  sample  enc losure  was  evacua ted  and  
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Table II. Relation between Co and Co s in the reaction aA -~- bB 
= S  
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Defects originating at A / S  interface 

a 
1. Interst i t ial  A atoms Co = --Co ~ 

t~  

2. B atom vacancies Co ~ C# ~ 

Defects originating at S /B  interface 

3. Interst i t ial  B atoms Co = C0 ~ 
a 

4. A atom vacancies Co = - - C o  B 
b 

c losed off for  15 h r  w i t h o u t  chang ing  the  t e m p e r a -  
ture .  O x y g e n  was  then  r e a d m i t t e d  and the  u p t a k e  
m e a s u r e d  by fo l lowing  the  smal l  p res su re  change  
at cons tan t  v o l u m e  w i t h  a t h e r m i s t o r  m a n o m e t e r .  
The  resul t s  a re  p lo t t ed  vs. t 1:~ and t in Fig. 2a and 
2b. 

As expec ted  Fig. 2a is l i nea r  at sma l l  t imes,  wh i l e  
Fig. 2b becomes  l inear  at the  longer  t imes,  and the  
ra te  approaches  the  va lue  obse rved  j u s t  pr ior  to the  
in t e r rup t ion .  The  i n t e r cep t  of Fig.  2a is not  zero. 
T h e  v a l u e  of the  in te rcep t ,  des igna ted  Z, can be  
t r e a t e d  as an add i t ive  cons tan t  for  wh ich  a co r r ec -  
t ion mus t  be m a d e  in any  express ion  con ta in ing  A~. 

Y 

MINUTES 

J 

2 0 0  300 

2 ~  

'o 
x 

N 

I 0  

~Zo~ 

lo0 

'o 
N x 

E 

~O - - - - -  

z 

CZ~L- ~L , , -- 
0 4 12 16 

Fig. 2a (top), Fig. 2b (bottom). Interrupted oxidation of InSb. 
The uptake of oxygen was measured after a 15-hr interruption 
of the reaction at 342~ po~ ~ 0.3 ram, and X ~1 .24  x 
10 -5 cm. The time is measured from readmission of oxygen. 
The solid curves represent the solution of Eq. [9 ] ,  modified by 
the inclusion of the addit ive constant, Z (see text). 

F r o m  Fig.  2a and 2b one finds B, the  slope of Fig. 
2a to be  8.60 x 101~ o x y g e n  a toms cm -~ min-l:~; R, 
the slope o.f Fig. 2b to be  4.92 x 1015 o x y g e n  a toms 
cm -~ rain 1, and Q, the  i n t e r cep t  of Fig.  2b minus  Z, 
to be 4.04 x 1015 o x y g e n  a toms cm -~. F r o m  Eq. [14] 
one obta ins  D / X  ~ ~ 4.09 x 10 -5 min-L F r o m  Eq. [13] 
one obta ins  X C o  ~ ~ 1.212 x 10 '6 o x y g e n  a toms  cm -1. 
F r o m  Eq. [12] one obta ins  X C o  B =  1.202 x 10 TM o x y -  
gen a toms  cm -1. The  close a g r e e m e n t  of the  two  
i n d e p e n d e n t  va lues  of X C o  s prov ides  the  most  i m -  
po r t an t  conf i rmat ion  of the  diffusion mechan i sm,  
and p resages  an exce l l en t  o v e r - a l l  desc r ip t ion  of 

the  da ta  by  Eq. [9].  
Subs t i t u t i ng  the  v a l u e  of D / X  ~- and  the  ave rage  

va lue  of X C o  ~ into the  co lumn  head ings  of Table  I, 
one obta ins  va lues  of h ,  vs. t and  t 1:- for  the  en t i re  
r ange  of t. A d d i n g  Z to these  va lues  of As, p lo t t ing  
the  resul ts ,  and d r a w i n g  a smooth  c u r v e  t h r ough  
the  points,  g ives  the  sol id cu rves  in Fig.  2a and 2b. 
The  app l i cab i l i ty  of Eq. [9] is c l ea r ly  ver i f ied  in 

this case. 

Values  of D / X  ~ and X C o  ~ are  thus  ob t a ined  w i t h -  
out  r e f e r e n c e  to the  c h e m i s t r y  or the  th ickness  of 
the  scale. K n o w i n g  X, one can obta in  D di rec t ly .  In  
o rde r  to d e t e r m i n e  Co, howeve r ,  one  m u s t  k n o w  
bo th  X and  the  iden t i ty  of the  defect .  The  quan t i t y  
X m a y  be d e t e r m i n e d  i ndependen t ly ,  or by  using 
the  to ta l  o x y g e n  u p t a k e  combined  w i t h  the  stoi-  
c h i o m e t r y  of the  scale and its m o l e c u l a r  vo lume.  
For  In.:O5 the  up t ake  of 5.8 x 10 ~ o x y g e n  a toms cm -2 
cor responds  accord ing ly  to ca.  1.24 x 10 -5 cm?  

For  reasons  which  are  desc r ibed  e l s e w h e r e  (4) it 
is be l i eved  tha t  the mobi l e  defects  a re  in te rs t i t i a l  
In  +5 cat ions  ar is ing at the  InSb/In_~O~ in te r face .  Thus  

2 
Co ---- - -  CoL One obtains,  accord ing ly  5 D ~ 1.04 x 

3 

10 -1' cm'-' sec ~, C,# -- 1.22 x 10 ~1 o x y g e n  a toms cm -5, 

Co ~ 8.1 x 10 '~ In  ~ ions cm -'~. 

Practical Considerations 

(i)  The  l eng th  of t ime  for  wh ich  the  r eac t ion  is 
i n t e r r u p t e d  mus t  exceed  X~ ' /D  if  t he  e q u i l i b r i u m  
concen t r a t i on  is to be a t t a ined  t h r o u g h o u t  the  film. 

(it) T h e  q u a n t i t y  Q~ ~ X C b S / 3  m u s t  be  con-  
s ide rab ly  l a r g e r  than  the  sens i t iv i ty  l imi t  of the  
ana ly t i ca l  t echn ique .  F o r  gaseous reac t ions  the  
sens i t iv i ty  of m i c r o g r a v i m e t r i c  me thods  is usua l ly  
about  10 TM atoms,  wh i l e  s t andard  l o w - p r e s s u r e  

m a n o m e t r i c  t echn iques  ( t h e r m i s t o r  or P i r a n i  gauge)  
p e r m i t  m e a s u r e m e n t s  of 101' atoms.  For  p rac t i ca l  
f i lm th icknesses  ( <  10 ~) and sur face  areas  ( <  10 
cm~), Co ~ m u s t  exceed  ca.  101~ cm -~. The  use of l a rger  
areas,  t h i cke r  films, or v e r y  l o w - p r e s s u r e  t ech-  
n iques ,  a l t hough  less conven ien t ,  w o u l d  e x t e n d  the  
p rac t i ca l  l imi t  of Co s to subs t an t i a l ly  l o w e r  values .  
For  p rac t i ca l  reasons  it is also ev iden t  t h a t  D C o S t , , .  

mus t  be sma l l e r  t han  X C o S / 3  w h e r e  t=,~ is the  
m i n i m u m  t ime  before  w h i c h  a m e a s u r e m e n t  can be 
m a d e  a f te r  the  r eadmis s ion  of B to t he  system. 

(ii i)  W h e n  X C o ~ / 3  is less t han  10 TM a toms  cm -~, 

4 T h e  g e o m e t r i c  s u r f a c e  a r e a  t o  w h i c h  t h e  d a t a  i s  n o r m a l i z e d  i s  a 
f a c t o r ,  F ,  ( " r o u g h n e s s  f a c t o r " )  l e s s  t h a n  t h e  t r u e  a r e a .  I f  F ~ 1.3 
a s  ]s  b e l i e v e d  t o  b e  t h e  c a s e  f o r  c h e m i c a l l y  p o l i s h e d  I n S b ,  t h e  
c o r r e c t e d  v a l u e s  o f  X ,  D ,  Co s , a n d  Co a r e  9 .5  • 10 -~ c m ,  6 .15  • 
10-1~ c m 2  sec -1 ,  1 .57  • 10 m c m  -s ,  a n d  1 .05  • 10 ~1 c m  -3, r e s p e c t i v e l y .  
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one m a y  encoun t e r  spur ious  effects due  to chemi -  
sorption.  Since chemisorp t ion  u sua l l y  proceeds 
much  more  r ap id ly  t han  the  diffusion reac t ion  de-  
scr ibed by  Eq. [9],  it wi l l  con t r i bu t e  an  addi t ive  
cons tan t  to AB in  a m a n n e r  ana logous  to tha t  ob-  
served in  Fig. 2a? 

5 I n  t h e  case  of  I n S b  t h e  e f fec t  is n o t  t h o u g h t  to be  a s s o c i a t e d  
w i t h  s i m p l e  c h e m l s o r p t i o n  of o x y g e n  (4) .  

Manuscript  received Feb. 26, 1960. 
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Any discussion of this paper will  appear in  a Discus- 
sion Section to be published in the June  1961 JOURNAL. 
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ABSTRACT 

The dielectric constants and dielectric loss factors of Carnauba,  Ouricuri, 
and American Montan wax determined over a temperature  range of --60 ~ to 
90~ and at frequencies of 0.1, 1, 10, and 100 kc, indicate that  the component 
omega-hydroxy acid esters rotate in the solid state in the tempera ture  region 
25~ ~ . Fur thermore,  from dipole measurements ,  the molecules were found to 
possess a t rans - t rans  configuration. 

Recent  advances  in  dielectr ic  spectroscopy (1) 
suggested tha t  this migh t  p rove  a v a l u a b l e  tool in  
the  d e t e r m i n a t i o n  of the n a t u r e  of waxes�9 By d i -  
electric spectroscopy is m e a n t  the  e luc ida t ion  of 
ce r ta in  proper t ies  of ma te r i a l s  in  t e rms  of the i r  
molecu la r  and  atomic cons t i tuen t s  t h rough  an  
analys is  of the i r  dielectr ic  cons tan t s  and  dielectr ic  
losses over  a b road  t e m p e r a t u r e  (--100 ~ to 200~ 
and  broad f r equency  (dc to 101~ cps) range�9 F r o m  
the  disc ipl ine  as it now stands,  it  is possible to 
es tabl ish  the  presence  and  m a g n i t u d e  of p e r m a n e n t  
electr ic  m o m e n t s  in  the  c o m p o n e n t  molecules  and  
to d e t e r m i n e  w h e t h e r  associat ion exists. Ce r t a in  
peaks  and  t roughs  in  the loss spect ra  m a y  also be 
re la ted  d i rec t ly  to the molecu la r  s t ruc ture .  

Using this technique ,  it has been  found  possible 
to es tabl ish  the  essent ia l  mo lecu l a r  s t ruc tu re  of 
such n a t u r a l l y  occur r ing  waxes  as Ca rnauba ,  O ur i -  
curt, and  M o n t a n  w a x  and  to suggest  w h y  they  be -  
have  the way  they  do in  ce r t a in  c i rcumstances .  In  
each case, the  dielectr ic  cons tan t  and  dielectr ic  loss 
factor  were  d e t e r m i n e d  at f requenc ies  b e t w e e n  100 
and  !00,000 eps at t e m p e r a t u r e s  m . . . .  r ange  --vv 
to 98~ and  the  dipole m o m e n t s  of each were  cal-  
cu la ted  f rom m e a s u r e m e n t s  made  on benzene  solu-  
t ions  of the waxes.  

Materials 
The C a r n a u b a  wax  used in  these  tests was  de-  

r ived  f rom a genus  of p a l m  k n o w n  as Copernicia 
Cerifera Martius. The wax  was ob ta ined  f rom m a -  
tu re  leaves  and  bears  the commerc ia l  des igna t ion  
"Nor th  C o u n t r y  No. 3" and  the  p rov inc i a l  n a m e  
"Gordierosa ."  The  solid was a hard,  b r o w n  m a t e r i a l  
which  mel ted  a b r u p t l y  at 79~ It  has a specific 
g rav i ty  at 25~ of 0.9988�9 Chemical ly ,  C a r n a u b a  
wax  is a m i x t u r e  of a lky l  esters (85%)  and  u n c o m -  
b ined  acids, alcohols, lactides, and  hydrocarbons �9  

A p p r o x i m a t e l y  40% of the  w a x  consists of omega-  
h y d r o x y  acid esters h a v i n g  the  fo rmula :  

HO--C~H~,C (O) O C~,H2,,~ + 1 

w he r e  n and  m m a y  be 18, 20, 22, or 28, (2) .  No 
effort was  made  to separa te  the componen t s  of 
C a r n a u b a  wax  as it was  the purpose  of the  work  to 
s tudy  the  m a t e r i a l  as a mix tu re .  

Our i cu r i  w a x  is de r ived  f rom the u n d e r s u r f a c e  of 
the leaves  of the  p a l m  tree k n o w n  as Attalea 
Excelsa Martisu. I t  is a hard,  da rk  b r o w n  solid, 
hav ing  a specific g r a v i t y  at  25~ of 1.06661 and  
mel ts  at 69~ The w a x  is cons idered  to have  the  
fo l lowing composi t ion:  a lky l  esters ( m y r i c y l  cero-  
ta te)  and  h y d r o x y  esters  to ta l  61%, free w a x  acids 
11%, res in  acids 4%, res inols  15%, hyd roca rbons  
7%, a nd  res idue  2% (2) .  

M o n t a n  w a x  is a b r o w n - b l a c k  solid ex t rac ted  
f rom a Cal i forn ia  l igni te .  It  has a specific g rav i ty  
of 1.020 at  25~ and  mel ts  at 77~ It  is cons idered  
to be composed of esters of w a x  acids (53%)  i n -  
c lud ing  h y d r o x y  acids. I t  resembles ,  therefore ,  the 
C a r n a u b a  and  Our i cu r i  waxes,  (2).  

Some of the  proper t ies  of these waxes  are t a b u -  
la ted  in  Tab le  I. 

Experimental Methods 
Each w a x  was me l t ed  and  poured  in to  an  El l io t t  

cell (3) p rev ious ly  hea ted  in  an air  oven  to 100~ 
In  ac tua l  pract ice  the  cell was modified by  d r i l l ing  
holes in  the  base so tha t  d ry  n i t r ogen  gas could be 
passed a r o u n d  the  e lect rodes  and  sample  d u r i n g  
m e a s u r e m e n t .  This  effect ively e l i m i n a t e d  i n t e r f e r -  
ence by  mois tu re  condensa t ion  in  the  0~ region�9 
The assembled  and  filled cell was  r e move d  f rom the  
oven and  a l lowed to cool to room t e m p e r a t u r e .  Di -  
electr ic  proper t ies  we re  t hen  d e t e r m i n e d  f rom 
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Table I. Select properties of waxes 

C h e m i s t r y  M o n t a n  O u r i c u r i  C a r n a u b a  5 4 0  

5 2 0  

(A) Alkyl  esters, % 53 61 85 300 
(1) Hydroxy acid 12-14 - -  55 

, 2 8 0  esters, % 
260 

(B) Hydrocarbons,  % 3 7 3 
Specific gravi ty 1.020 1 . 0 6 6 1  0.9988 24c 
Penetrat ion,  150 g/  0.06 0.10 0.08 a2o 

5 sec/25~ zoo 
Melting point, ~ 77 69 79 
Acid value 50-55 21-24 3 

m e a s u r e m e n t s  on the Gene ra l  Radio 1610-A capaci -  
t ance  br idge  ne twork .  M e a s u r e m e n t s  were  m a d e  as 
the  samples  s lowly  cooled f rom 95 ~ to 25~ and  as 
t hey  w a r m e d  f rom --60 ~ to 25~ 

The res i s tance  of each wax  sample  was m e a s u r e d  
in  the  El l io t t  cell  on a G e n e r a l  Radio Type  544-B 
m e g o h m  br idge  in  the  t e m p e r a t u r e  r ange  of 25 ~  
95~ Resul ts  are  expressed in  t e rms  of the v o l u m e  
res i s t iv i ty  of the  sample  in  order  to correct  for the  
res i s tance  in  the cell itself. 

Dipole m o m e n t s  were  ca lcu la ted  f rom m e a s u r e -  
m e n t s  on d i lu te  benzene  solut ions  of the waxes.  
The  dens i ty  of each solut ion was  m e a s u r e d  on a 
S e e d e r e r - K o h l b u s c h  dens i ty  ba l ance  and  the  r e -  
f rac t ive  index  m e a s u r e d  on a Spence r  Re f rac tom-  
eter  at  24~ The  dielectr ic  cons t an t  was m e a s u r e d  
in  a two t e r m i n a l  Ba l sbaugh  cell  wi th  a v o l u m e  of 
75 cc, at 24~ and  10,000 cps f requency .  This  f r e -  

--58 
q u e n c y  is be l i eved  to be above the  r ange  of ionic --50 
v ib ra t ions  in  the  molecules,  and  the  po la r iza t ion  --20 
ca lcu la ted  is a resu l t  of i nduced  and  o r i en ta t ion  --5 
polar iza t ions .  The  mola r  po la r i za t ion  and  re f rac t ion  18 

21 
were  ca lcu la ted  according to the Claus ius -Mosot t i  31 
(4) and  Debye  (5) equat ions .  This  me thod  invo lves  40 
use of the re la t ionsh ips  48 

e" -- 1 M1NI + M~N~ 60 
p 79 

�9 ' - -  2 d 95 

=n~---1 M1N1WM~N~ 
and  R = - -  

n2+2 d 

where  P is the  mola r  polar iza t ion,  E' the  dielectr ic  
cons tant ,  d the densi ty ,  M and  N refer  to the mo-  
l ecu la r  weights  and  mole  f rac t ions  of solute  and  
solvent ,  R is the  mola r  ref rac t ion ,  and  n is the  r e -  
f rac t ive  index.  

By l inea r  ex t r apo la t ion  of the  mola r  po la r iza t ion  
to inf ini te  d i lu t ion  the dipole m o m e n t  of the  mole -  
cules  is ca lcu la ted  f rom the  r e l a t ionsh ip  M = 0.0128 

~/(P--R) T, where  T is expressed  in abso lu te  de-  
grees. 

Dielectric Properties of Carnauba Wax 
The dielectr ic  cons tants  ~' and  dielectr ic  loss fac-  

tors  E" of C a r n a u b a  wax  are l i s ted in  Table  II and  
are  shown g raph ica l ly  in  Fig. 1. At  ve ry  low t e m -  
pera tu re ,  the dielectr ic  cons t an t  of C a r n a u b a  w a x  
is low (2.16-2.29) and  differs on ly  s l ight ly  at differ-  
en t  f requencies .  As the  t e m p e r a t u r e  rises the  d i -  
e lect r ic  cons t an t  increases  a t  first s lowly  (0.006/ 
degree)  and  then  more  r ap id ly  (0 .02/degree)  u n t i l  
a t e m p e r a t u r e  is reached at wh ich  the  dielectr ic  
cons tan t  passes t h rough  a m a x i m u m  and  decreases 
w i th  f u r t h e r  increases  in  t e m p e r a t u r e .  Concomi t an t  
w i th  these  changes  in  dielectr ic  constant ,  the re  are  

2 0  I00 C 

KC 

04 

0 I t I 
- 6 0  - 4 0  ~ 2 0  0 20 4 0  6 0  80  

TEMPERATURE ~ 

Fig. 1. Variat ion of dielectric constant e p and dielectric loss 
factor e" of Cornauba wax with temperature at 100, 1,000, 
] 0,000, and 100,000 cps. 

Table II. Carnauba wax 

F r e q u e n c y  
( cps ) ,  100 1000 10,000 100,000 

t e m p ,  ~ e' e ~ e' e" e' e" e' e" 

2.17 0.000 2.16 0.000 2.19 0.000 2.19 0.000 
2.18 0.000 2.18 0.000 2.20 0.000 2.20 0.000 
2.30 0.000 2.29 0.000 2.28 0.000 2.28 0.000 
2.34 0.010 2.29 0.000 2.33 0.000 2.33 0.000 
2.59 0.066 2.48 0.004 2.46 0.016 2.44 0.016 
2.69 0.060 2.57 0.061 2.52 0.023 2.49 0.019 
2.84 0.050 2.72 0.080 2.64 0.040 2.55 0.020 
2.94 0.060 2.85 0.081 2.72 0.070 2.58 0.040 
2.98 0.080 2.91 0.080 2.79 0.105 2.62 0.060 
3.07 0.120 3.00 0.055 2.94 0.060 2.76 0.10O 
3.26 0.435 3.16 0.080 3.13 0.060 3.10 0.030 
3.13 1.90 3.04 0.217 3.03 0.029 3.02 0.014 

changes  in  dielectr ic  loss factor.  Al l  pass th rough  
a m a x i m u m  at d i f ferent  t e m p e r a t u r e s  depend ing  on 
the  f requency .  

At  h igher  t e m p e r a t u r e s  the dielectr ic  loss factors 
show r u n a w a y  t endenc ies  at  low f requenc ies  reach-  
ing va lues  g rea te r  t h a n  the  m a x i m a  ob ta ined  at 
lower  t empera tu re s .  

Dielectric Properties of Ouricuri Wax  
The dielectr ic  cons t an t  ~' and  dielectr ic  loss factor  

e" of Our i cu r i  w a x  as a func t ion  of f r e que ncy  and  
t e m p e r a t u r e  is shown  g raph ica l ly  in  Fig. 2 based on 
the  data  l i s ted in  Tab le  III. At  low t e m p e r a t u r e s  
and  all  f requenc ies  the  dielectr ic  cons tan ts  and  di -  
electric loss factors are aga in  low. 

As was  observed  above  the  t e m p e r a t u r e  coeffi- 
c ient  of change  in  die lect r ic  cons tan t  changes  m a r k -  
edly  at  about  25~ f rom 0.003/degree to 0.02/ 
degree.  I t  t hen  passes t h r ough  a m a x i m u m  in the  
vicinity of the melting point of the wax, when de- 
termined at frequencies higher than 1 kc. Runaway 
characteristics are observed above 500C, but below 
this temperature the dielectric loss factor curves 
pass through a maximum at a characteristic tem- 
perature for each frequency. 
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Fig. 2. Variation of dielectric constant e I and dielectric loss 
factor e" of Ouricuri wax with temperature at 100, 1,000, 
10,000, and 100,000 cps. 

Table III. O uricuri wax 

F r e q u e n c y  
( e p s ) ,  100  1000  10 ,000  1 0 0 , 0 0 0  

t e m p , ~  e '  e ~ e" ~ "  e '  e ~ e' e" 

--60 2.47 0.000 2.40 0.000 2.38 0.00O 2.39 0.000 
--50 2.54 0.000 2.43 0.000 2.40 0.000 2.40 0.000 

--5 2.68 0.000 2.56 0.000 2.52 0.000 2.52 0.000 
18 2.84 0.036 2.71 0.046 2.66 0.030 2.64 0.000 
22 2.90 0.044 2.76 0.053 2.70 0.040 2.68 0.008 
42 3.37 0.043 3.19 0.060 3.05 0.089 2.95 0.080 
48 3.44 0.040 3.28 0.056 3.14 0.093 3.00 0.100 
68 4.54 1 .70  3.63 0.290 3.55 0.067 3.36 0.120 
75 5.15 7.30 3.96 1 .17  3.74 0.180 3.62 0.112 
80 5.43 11.50 3.92 1 .40  3.74 0.209 3.63 0.108 
93 6.58 19.48 3.88 2 .11 3.69 0.274 3.58 0.110 

Dielectric Properties of Montan W a x  

The  d ie lec t r i c  cons tan t  d and d ie lec t r ic  loss fac to r  
E" of A m e r i c a n  M o n t a n  w a x  are  l i s ted  in Tab le  IV 
and a re  shown g r a p h i c a l l y  in Fig. 3. The  d ie lec t r ic  
cons tan t  r ema ins  low and increases  only  s lowly  
(0 .008 /~  on pass ing  f r o m  --60 ~ to 25~ A b o v e  
this t e m p e r a t u r e  t h e r e  is a rap id  inc rease  r e su l t i ng  
in an a p p a r e n t  d ie lec t r i c  cons tan t  of 16 at 98~ 
this is accompan ied  by  and a t t r i b u t a b l e  to v e r y  
high losses. These  losses a re  so h igh  tha t  t h e y  s w a m p  
the  usua l  m a x i m a  in the  d ie lec t r ic  cons tan t  at the  
me l t i ng  point ;  the  on ly  sugges t ion  of it ex i s t ing  
comes f r o m  the  def in i te  p l a t eau  wh ich  occurs  at  
100,000 cps. Again ,  h o w e v e r ,  each  loss c u r v e  passes 
t h rough  a m a x i m u m  at  a def ini te  t e m p e r a t u r e .  

Comparison of Electrical Properties 

For  the  sake of compar i son  and to i n t e r p r e t  the  
d ie lec t r ic  loss spec t ra  the  v o l u m e  re s i s t iv i ty  of each 
w a x  as a func t ion  of t e m p e r a t u r e  is shown in Fig. 4. 
In each case the  res i s t ance  r ema ins  cons tan t  un t i l  
the  w a x  begins  to mel t .  A t  this po in t  the  res i s t ance  
decreases  r ap id ly  and leve l s  out  aga in  in the  l iquid.  
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Fig. 3. Variation of the dielectric constant e p and dielectric 
loss factor e" of American Montan wax with temperature at 
100, 1,000, 10,000, and 100,000 cps. 

Table IV. American No. 16 Montan wax 

F r e q u e n c y  
( c p s ) ,  100  1000  10 ,000  100 , 000  

t e r n p , ~  e '  e" e'  e" e" e" e'  e ~ 

--60 2.44 0.000 2.42 0.000 2.43 0.000 2.43 0.000 
--40 2.44 0.000 2.43 0.000 2.45 0.000 2.43 0.000 
--10 2.44 0.052 2.43 0.000 2.43 0.000 2.43 0.000 

0 2.44 0.080 2.43 0.006 2.43 0.000 2.43 0.000 
5 2.44 0.092 2.43 0.010 2.43 0.000 2.43 0.000 

18 2.66 0.122 2.57 0.027 2.55 0.009 2.55 0.000 
24 2.90 0.134 2.80 0.036 2.67 0.025 2.79 0.000 
35 3.20 0.144 3.04 0.070 2.77 0.050 2.86 0.024 
42 3.40 0.148 3.20 0.088 3.10 0.068 3.00 0.048 
50 3.62 0.17 3.44 0.080 3.28 0.100 3.15 0.080 
60 4.23 1 .15 3.68 0.18 3.54 0.13 3.37 0.12 
70 5.58 6.10 4.12 0.82 3.84 0.23 3.66 0.17 
80 4.36 2.32 3.99 0.38 3.75 0.17 
90 4.42 3.70 3.96 0.52 3.72 0.18 

As expec t ed  f r o m  this  da ta  s ince C a r n a u b a  shows 
the  lowes t  conduc t iv i t y  in the  l iqu id  f o r m  it  also 
has  t he  lowes t  d ie lec t r i c  losses. In  t he  same m a n n e r  
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Fig. 4. Volume resistivity vs. temperature of the waxes 
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Table V. Dipole moments of the waxes 

W a x  

E x t r a p o -  
l a t ed  D ipo le  

p o l a r i -  m o m e n t ,  
Mole  e' ,  a t  za t ion ,  M o l a r  e s u - e m ,  

f r a c t i o n  10,000 cps  P ,  cc  r e f r a c t i o n  X l 0  -~s 

Carnauba  5 )K 10 -~ 2.2768 2040 1568 4.8 
M-~ 920 1 • 10 -~ 2.2772 

5 • 10 -~ 2.2780 

Ouricuri  4 • 10 -6 2.2811 4200 3037 7.5 
M = 848 9 • 10 -6 2.2803 

4 • 10 -5 2.2839 
9 • 104 2.2855 

Montan 1 • 10 -0 2.2763 885 472 4.5 
M = 834 2 • 10 -5 2.2780 

1 • 10-' 2.2800 
2 • 10 -4 2.2833 

Our i cu r i  shows less conduc t iv i ty  t h a n  M o n t a n  and  
lower  die lect r ic  losses. In  the  solid waxes,  however ,  
the  order  of inc reas ing  conduc t iv i ty  is Ca r na uba ,  
Montan ,  Our icur i ,  bu t  Our icur i  gene ra l l y  shows the 
lowest  losses. Cor re la t ion  in  this  reg ion  is difficult, 
however ,  due  to the  presence  of m a x i m a  in  the  loss 
curves.  

Because of the  t e m p e r a t u r e  and  f r e q u e n c y  de-  
pendence  of the  dielectr ic  cons tan ts  of the  waxes,  
r e l a t i ve ly  h igh  dipole m o m e n t s  are  indicated.  The 
resul ts  of these m e a s u r e m e n t s  are shown in  Table  
V. M o n t a n  and  C a r n a u b a  have  essen t i a l ly  the  same 
dipole  momen t s ,  bu t  tha t  of Our icur i  is cons ide rab ly  
higher.  As was  shown above Our icur i  also has the 
highest  die lectr ic  cons tan t  at 24~ fol lowed by  
M o n t a n  and  Ca rnauba .  Ca lcu la t ion  of the theore t ica l  
dipole m o m e n t  for var ious  conf igura t ions  of a p l a n a r  
o m e g a - h y d r o x y  acid ester  such as is p r e sen t  in the 
waxes  leads to the conclus ion  tha t  these esters  mus t  
be a r r a n g e d  p r e d o m i n a t e l y  in  a t r a n s - t r a n s  config- 
u ra t ion .  This a r r a n g e m e n t  is shown in  Fig. 5 and  
predic ts  a m o m e n t  of 4. 3D on the  basis  of k n o w n  
bond  m o m e n t s  and  angles  (6a) .  The opposite con-  
f igurat ion,  the  cis-cis fo rm in  which  the  h y d r o x y l  
h y d r o g e n  and  the a lky l  group of the esters  are  on 
the same side of the  cha in  as the  c a r b o n y l  predic ts  
a m o m e n t  of on ly  0.25D. C o m b i n a t i o n  of the cis and  
trans forms lead to theore t ica l  m o m e n t s  of 2.65D. 

The die lect r ic  proper t ies  of the waxes  at  25~ are 
reproduced  g raph ica l ly  in  Fig. 6. The  Our i cu r i  wax  
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Fig. 6. Comparison of the dielectric constants e p of the waxes 

shows the h ighes t  E' t h roughou t  the  f r e que nc y  r ange  
w i th  M o n t a n  w a x  a nd  C a r n a u b a  w a x  p lac ing  second 
a nd  th i rd  in tha t  order.  

Al l  th ree  n a t u r a l  waxes  were  found  to possess 
dielectr ic  cons tan t s  which  were  h igh ly  d e p e n d e n t  
on t e m p e r a t u r e  and  two discrete  regions  where  the 
t e m p e r a t u r e  coefficient of die lectr ic  cons tan t  d i f -  
fered. Both F i t zge ra ld  (7) and  S tempe l  (8) have  
shown tha t  the  waxes  r e m a i n  c rys ta l l ine  to w i t h i n  
six degrees  of the i r  respec t ive  me l t i ng  points .  

Conc lus ions  

In  v iew of the  fact tha t  the change  in  the t e m -  
p e r a t u r e  coefficient of the dielectr ic  cons tan t  be ing  
discussed occurs wel l  be low the  me l t i ng  points  of 
the  waxes,  a m e c h a n i s m  analogous  to tha t  observed 
on a b r u p t  me l t i ng  of organic  crysta ls  does no t  ap-  
ply.  This leaves  us wi th  the e x p l a n a t i o n  of molecu-  
lar  ro ta t ion  s imi la r  to tha t  found  in  wa te r  and  some 
organic  crystals .  

Molecular  ro t a t ion  has been  also repor ted  to oc- 
cur  in  a n u m b e r  of l o n g - c h a i n  compounds  such as 
p r i m a r y  alcohols. These compounds  are k n o w n  to 
exist  in  a lpha  a nd  beta  forms, and  ro ta t ion  takes  
place about  the  axis  of the cha in  in the  a lpha  or 
h i g h - t e m p e r a t u r e  fo rm (9).  Tha t  this m e c h a n i s m  
also applies to the  th ree  waxes  u n d e r  cons idera t ion  
is confirmed by  the s imi la r i ty  of the i r  dielectr ic  
behav io r  to tha t  observed  in  1-docosanol,  a ma te r i a l  
p rev ious ly  shown  to exhib i t  molecu la r  ro ta t ion  
(6b) .  In  this case the  dielectr ic  cons tan t  is s t rong ly  
t e m p e r a t u r e  d e p e n d e n t  and  shows a fivefold increase  
in  the t e m p e r a t u r e  coefficient of change  in  dielectr ic  
cons tan t  at  a bou t  26~ a t e m p e r a t u r e  wel l  be low 
its me l t ing  point .  

Since the th ree  waxes  are composed la rge ly  of 
o m e g a - h y d r o x y  acid esters, the mechan i sms  of the ef-  
fects d e t e r m i n e d  die lec t r ica l ly  are i n t e rp re t ed  to be 
as shown in Fig. 7. The molecules  t end  to a l ign  t h e m -  
selves in  an  o rde r ly  fashion. At  ve ry  low t e m p e r a -  
tu res  there  is h igh cohesion b e t w e e n  para l le l  cha ins  
and  s t rong h e a d - t o - h e a d  a t t r ac t ion  be t w e en  hy -  
d roxy l  groups.  As the  t e m p e r a t u r e  rises the h y d r o -  
gen  b o n d i n g  b e t w e e n  hyd roxy l  groups  is reduced  so 
tha t  the molecules  can rota te  a r o u n d  the molecu la r  
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Fig. 5. Vectoral representation of trans-trons omega- Fig. 7. Molecular  arrangement of omego-hydroxy acid esters 
hydroxy acid ester, in wax crystals. 
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axis bu t  r e m a i n  in an  o rder ly  bundle .  At  e leva ted  
t e m p e r a t u r e s  the  cohesion b e t w e e n  chains  is r e -  
duced and  the ma te r i a l  melts.  The  noted  differences 
be tween  the  th ree  waxes  are be l ieved  to be caused 
by  differences in the  re la t ive  a m o u n t s  of esters and  
other  ma te r i a l s  present .  

Manuscript  received Feb. 15, 1960. This paper was 
prepared for delivery before the Philadelphia Meeting, 
May 3-7, 1959. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1961 JOURNAL. 
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Factors Influencing the Luminescent Emission 

States of the Rare Earths 
L. G. Van Uitert 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

The number  of electronic states from which luminescent  emission by  rare  
earth ions can be observed is dependent  on the extent  to which the host lattice 
perturbs their f -orbi ta l  electrons. Among others, per turb ing  influences may 
stem from the following sources: (a) coulombic affinities of the ions or mole-  
cules sur rounding  the rare earth ions for the electrons they share with the 
latter;  (b) concentrat ion effects, i.e., exchange coupling; (c) thermal  effects, 
i.e., vibronic interactions. 

Results obtained on metal  organic complexes, hydrates, fluorides, and 
tungstates are compared. The effects on emission of the rare earth ion con- 
centrat ion in  the tungstates are compared for europium, terbium, dysprosium, 
and erbium at room temperature,  and the influences of thermal ly  excited in te r -  
actions on the emission of erbium are demonstrated. 

In  pr inc ip le ,  emiss ion should be obse rvab le  f rom 
all of the  exci ted states of the r a re  ea r th  ions w h e n  
they  are  no t  inf luenced by  the i r  su r round ings .  Of 
course, this  condi t ion  canno t  be fu l ly  rea l ized in  the  
solid state. However ,  d i f ferent  e n v i r o n m e n t s  have  
m a r k e d l y  di f ferent  inf luences  on the  r a r e  earths.  In  
the case of europ ium,  for example ,  the  n u m b e r  of 
states f rom which emiss ion  is observed var ies  f rom 
one in  its chelate  compounds  to four  in  its oxides 
(1-3) .  Even  in  a g iven  s t ruc ture ,  the  n u m b e r  of 
states f rom which  emiss ion is observed can be qu i te  
dependen t  on the  ra re  ea r th  concen t r a t i on  (4, 5) 
and t h e r m a l  effects (6) .  In  this  paper ,  the inf luences 
of a n u m b e r  of e n v i r o n m e n t s  on the  l u m i n e s c e n t  
emiss ion  of severa l  of the  r a re  ear ths  a re  compared,  
and  the  factors which  appear  to be respons ib le  for 
the re la t ionsh ips  observed  are discussed. 

Materials 
Members  of the series Cal_2~Na~RE~WO~, where  

RE = e u r o p i u m  wi th  x = 3 x 10 -5, 10-', 5 x 10-', 10 -2, 
10 -1, and  0.50; RE = t e r b i u m  wi th  x = 104, 10 -3, 10 -~, 
5 x 10 -~, 0.2, and  0.5; RE ~ dysp ros ium wi th  x = 
5 x 10 -~, 10 -', 10 -', 5 x 10 -~, 10 -~, 10 -~, 0.25, and  0.50; 
and  RE = e r b i u m  wi th  x ---- 10 -~, 3 x 10 -~, 10-', 10 -', 

10 -'~, 3 x 10-', 10 -1, 0.25, a nd  0.50, were  p re -  
pared  by  c rys ta l l i za t ion  f rom a Na~W~O~ flux, as 
p rev ious ly  descr ibed (7) .  The crysta ls  ob ta ined  by  
this method  are  n e a r l y  per fec t  in  s t r uc t u r e  com-  
pa red  to those ob ta ined  by  s in t e r ing  t echn iques  and  
therefore are suitable for making emission intensity 
comparisons. Emission from samples of a given 
composition grown at various rates, and hence of 
quite different crystallite size, compares in intensity 
to within a few per cent of one another under the 
measuring conditions employed. 

Measurements 

M e a s u r e m e n t s  were  made  e mp l oy i ng  a G a e r t n e r  
h igh d ispers ion  spec t romete r  w i th  an  AMINCO 
pho tomul t i p l i e r  mic ropho tome te r  which  employed  a 
1P22 pho tomul t i p l i e r  tube.  The  sys tem was cal i -  
b r a t ed  aga ins t  a t u n g s t e n  l amp  to give re la t ive  
va lues  of b r igh tness  of the e m i t t i n g  surface in  un i t s  
of power  per  u n i t  w a v e - l e n g t h  range.  Emiss ion  was 
exci ted by  i l l u m i n a t i n g  a sample  1 in. long by  V2 in. 
wide  by  1/4 in. deep wi th  a 3660A r ich H4 spot l ight  
t h rough  a Corn ing  5874 filter. Al l  of the i n t ens i t y  
m e a s u r e m e n t s  are re la t ive  to 100 for the  5450A 
peak  of a comparab le  sample  of Nao ~Tbo.~WO4. 
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Table I 

I o n i z a t i o n  
P r o c e s s  p o t e n t i a l ,  ev  R e f e r e n c e  

La-~ La + 5.61 (10) p. 137 
La+--* La ~+ 11.4 (10) p. 138 
La~+-~ La ~+ 19.2 (10) p. 139 
H~O -~ H~O + 12.6 (11) p. 265 

Organic-O-> Organic-O + ~10 (11) p. 265 

Table II 

P r o c e s s  E l e c t r o n  a f f in i ty ,  e v  R e f e r e n c e  

F--> F- 4.27 (12) p. 161 
O ~  O- 3.1 (11) p. 40 
O ~  O = --7.28 (12) p. 161 

Discussion 

The n u m b e r  of e lectronic  states f rom which  l u m i -  
nescen t  emiss ion  by  ra re  ea r th  ions can  be  observed  
m a y  be expected  to depend  on the  e x t e n t  to which  
the host la t t ice  p e r t u r b s  the i r  e lec t ron  envelopes.  
The n u m b e r  of emi t t i ng  states observed  does not  
appear  to be  as cr i t ica l ly  d e p e n d e n t  on geometr ic  
cons idera t ions  as the c rys ta l  field sp l i t t ing  or the 
re la t ive  s t r eng ths  of the  emiss ion lines.  A m o n g  
others, the  p e r t u r b i n g  inf luences  m a y  s tem f rom the  
fo l lowing sources:  (a)  the  coulombic  affinities of the 
ions or molecules  s u r r o u n d i n g  the r a r e  ea r th  ions 
for the  e lec t rons  they  share  wi th  the  la t te r ;  (b) 
concen t r a t i on  effects, i.e., exchange  coupl ing;  (c) 
t h e r m a l  effects, i.e., v ib ron ic  in terac t ions .  

Coulombic Affinities 
There  is cons iderab le  ev idence  t ha t  bond  s t rength ,  

which  m a y  be expected to bea r  d i rec t ly  on p e r t u r b -  
ing influences,  increases  wi th  an  increase  in  the  affin- 
i ty  of one or both  of the  bonded  atoms for the 
e lec t rons  shared  (8, 9). As a first app rox i ma t i on  
one m a y  consider  the e lec t ron  affinities or ioniza t ion  
poten t ia l s  of the  ions or molecu!es  s u r r o u n d i n g  the 
ra re  ea r th  ions in  the severa l  host la t t ices  to pro-  
v ide  a m e a s u r e  of the e x t e n t  to which  these  su r -  
r ound ings  m a y  p e r t u r b  the  f -o rb i t a l  e lect rons  of the 
r a re  earths.  A compar i son  of the va lues  g iven  in 
Tables  I and  II  shows tha t  the th i rd  ioniza t ion  
po ten t i a l  of l a n t h a n u m ,  which  m a y  be cons idered  to 
be r e p r e s e n t a t i v e  of the r a r e  earths,  is l a rger  t h a n  
the ion iza t ion  potent ia l s  of H~O or organic  oxygen  
and is much larger than the electron affinities of 
fluorine or oxygen. Hence, one cannot ascribe full 
possession of the electrons about these molecules 
and ions to themselves when they are bonded to 
trivalent rare earth ions. Electron diffraction work 
carr ied  out  on be ry l  (Be~AI=Si~O~) by  Bragg  and  
West  (13) has shown tha t  in  the  sil icates the  si l icon 
and  oxygen  a toms are  closer to the  Si + and  O- ionic 
states t h a n  to the  Si '+ and  O ~- states. Hence,  one m a y  
expect  the  ioniza t ion  po t en t i a l  of oxygen  to depend  
on the  cen t ra l  ca t ion w h e n  i t  is pa r t  of an  anionic  
group  such as W O j .  

In  a s imi la r  m a n n e r ,  the  e lec t ron  affinity of an  
organic  oxygen  a tom is d e p e n d e n t  on the n a t u r e  of 
the  molecule  of which  it is part .  Coulson (14) has 
shown  tha t  for c a r b o n - c a r b o n  b o n d i n g  one m a y  ex-  

pect  an  increase  in  the  e lec t ron affinities of the car -  
bon  ent i t ies  as the  s -cha rac te r  of the i r  ~ bonds  i n -  
creases in the  order  sp ~ (s ingle  b o n d i n g ) ,  sp ~ (double  
b o n d i n g ) ,  a nd  sp ( t r ip le  b o n d i n g ) .  This  is a con-  
sequence  of the  fact  tha t  the  s -o rb i t a l  lies lower  e n e r -  
ge t ica l ly  t h a n  do the  p -orb i ta l s .  I t  m a y  be  expected  
tha t  a s imi la r  increase  in  the m u l t i p l e  bond  cha rac -  
ter  of isoelectronic  oxygen  wou ld  resu l t  in  its h a v i n g  
an  increased  e lec t ron  affinity. Hence,  one m a y  expect  
a s t ronger  b o n d i n g  of ke tonic  oxygen  (double  
bonded  to ca rbon)  to the ra re  ea r th  ions t h a n  occurs 
wi th  ethers  or alcohols. Fu r the r ,  one migh t  expect  
an  add i t iona l  inc rease  in bond i ng  s t r eng th  to the  
r a r e  ear ths  t h r ough  the  oxygen  atoms of che la t ing  
agents  such as ace ty lace tone  by  the de ve l opmen t  of 
r e sonance  s t ruc tu res  and  a r educ t ion  in  en t ropy .  

The above considera t ions ,  in  c on j unc t i on  w i th  the  
observa t ions  g iven  below, suggest  tha t  the fo l low-  
ing e n v i r o n m e n t s  d imin i sh  in  p e r t u r b i n g  inf luence  
in  the  order:  O--O chelates,  ke tones  and  hydrates ,  
fluorides, h igh cen t r a l  charge anionic  groups  
( W O j ) ,  less cova len t  oxides. In  the case of eu ro -  
p ium,  one emiss ion  state  (17,300 cm -1) is act ive in  
the  chelate  (1, 15), and  an add i t iona l  state (19,000 
cm ~) is observed  in  the hydra t e  (1) ; a t h i rd  (21,500 
cm -1) is a p p a r e n t  in the  fluoride (3) ,  and  a fou r th  
(24,200 cm -1) in  the  t ungs t a t e  (5) and  ca lc ium oxide 
(16).  In  a l ike  m a n n e r ,  one emiss ion  s ta te  (20,700 
cm -~) is observed  for t e r b i u m  in  the chelate,  h y -  
d ra te  (1) ,  a nd  fluoride (3) ;  a second is found  in  
the  t ungs t a t e  (4 ) ;  and  there  are possibly  th ree  or 
more  w h e n  t e r b i u m  is combined  wi th  a l u m i n u m  
oxide (4, 17). E r b i u m  does not  luminesce  in  the  
chelate  or h y d r a t e  bu t  exhibi ts  two m a i n  emiss ion 
states (15,300 a nd  18,400 cm -1) in  the fluoride (3) 
a nd  a th i rd  (24,500 cm-')  in  the  tungs ta t e s  (6) and  
ca lc ium oxide (16).  Pa ra l l e l  pa t t e rn s  are observed 
for a n u m b e r  of the other  r a re  earths.  

Concentration Ef]ects 
Increas ing  the  ra re  ear th  concen t r a t i on  can p ro -  

duce effects qu i te  comparab le  to those found  on 
chang ing  the host  e n v i r o n m e n t s .  This  is r ead i ly  
observed by  compar ing  m e m b e r s  of the series 
Cal_~NaxRE~WO~. F igu re  1 shows the dependencies  
of the in tens i t i es  of emiss ion f rom the 26,500 and  
20,700 cm -I s tates of t e r b i u m  on the  concen t ra t ion  
of t e r b i u m  in  the  above tungs ta t e s  and  of the  
20,700 cm-'  s tate  of t e r b i u m  w h e n  it is subs t i t u t ed  
totally or in part for yttrium in yttrium hexa-anti- 
pyrene tri-iodide (4). These values are represented 
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Fig. 1. Relative emission vs. the concentration of terbium 
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b y  t h e  in t ens i t i e s  m e a s u r e d  for  t he  emiss ion  p e a k s  
at  4360 and  5450A in t he  t u n g s t a t e s  and  5480A in 
the  a n t i p y r e n e  complexes ,  r e spec t i ve ly .  The  m e t a l  
ions a r e  s e p a r a t e d  b y  14A in t he  a n t i p y r e n e  com-  
p lexes ;  hence,  t h e y  can  be  cons ide r ed  to be  i so l a t ed  
f rom each  other .  There fo re ,  i t  is r e a s o n a b l e  to e m -  
p loy  the  c u r v e  for  t he  a n t i p y r e n e  c o m p l e x e s  as a 
r e f e r e n c e  for  t he  d e p e n d e n c e  of emis s ion  i n t e n s i t y  
on c o n c e n t r a t i o n  for  s t r o n g l y  b o n d e d  t e r b i u m  ions. 

In  the  d i lu t e  ma te r i a l s ,  t he  emiss ion  f rom the  
t u n g s t a t e s  is m u c h  w e a k e r  t h a n  t h a t  f r o m  the  a n t i -  
p y r e n e  complexes .  H o w e v e r ,  a t  h igh  t e r b i u m  con-  
cen t ra t ions ,  the  t u n g s t a t e s  c o m p a r e  f a v o r a b l y  to 
t e r b i u m  h e x a - a n t i p y r e n e  t r i - i o d i d e  and  t a k e  on 
the  emiss ion  cha rac t e r i s t i c s  of i ts  y t t r i u m  s u b s t i t u -  
t ion ser ies  in i ts  i n t e n s i t y  d e p e n d e n c e  on c o n c e n t r a -  
t ion and  n u m b e r  of emiss ion  s ta tes .  This  is e q u i v a -  
l en t  to a c h a n g e  f r o m  a r e l a t i v e l y  ionic  to a m o r e  
cova l en t  or  s t r o n g e r  b o n d i n g  e n v i r o n m e n t  and  a p -  
p e a r s  to be  r e l a t e d  to t he  d e v e l o p m e n t  of e x c h a n g e  
coup l ing  b e t w e e n  the  p a r a m a g n e t i c  r a r e  e a r t h  ions. 

F i g u r e  2 shows  the  d e p e n d e n c i e s  of t he  i n t ens i t i e s  
of emiss ion  f r o m  the  24,200, 21,500, 19,000, and  
17,000 cm- '  s ta tes  of t r i v a l e n t  e u r o p i u m  ( r e p r e -  
s en ted  b y  the  va lue s  m e a s u r e d  for  the  p e a k s  at  4312, 
5105, 5545, a n d  6140A, r e s p e c t i v e l y )  on e u r o p i u m  
concen t r a t i on .  The  r e l a t i o n s h i p s  shown  sugges t  t h a t  
the  emis s ion  f r o m  24,200 c m  -~ is q u e n c h e d  b y  the  
p a i r i n g  of e u r o p i u m  ions ( t h e y  occur  in  n e i g h b o r -  
ing ca l c ium s i tes)  and  emiss ion  f r o m  21,500 and  
19,000 cm -~ is q u e n c h e d  b y  t h e  a s soc ia t ion  of t h r e e  
or  m o r e  e u r o p i u m  ions (5) .  

In  c o n t r a s t  to the  b e h a v i o r  e x h i b i t e d  b y  e u r o -  
p ium,  t he  i n t ens i t i e s  of emiss ion  f r o m  24,500, 
18,400, and  15,300 cm- '  e x h i b i t e d  b y  e r b i u m  v a r y  
u n i f o r m l y  (as  shown  in Fig.  3 w h i c h  is d i scussed  
b e l o w )  i n s t ead  of quench ing  s e q u e n t i a l l y  w i t h  i n -  
c r eas ing  concen t ra t ion .  This  p r o v i d e s  s u p p o r t i n g  
ev idence  t h a t  t he  q u e n c h i n g  o b s e r v e d  for  t e r b i u m  
and  e u r o p i u m  is no t  due  to an  emiss ion  and  r e -  
a b s o r p t i o n  process .  

The  s p e c t r u m  of d y s p r o s i u m  in ca l c ium t u n g s t a t e  
w h i c h  is o b s e r v e d  in the  v i s ib le  r a n g e  is due  to e m i s -  
sion f r o m  an  e lec t ron ic  s t a t e  (2, 3) a t  21,000 cm -~. 
The  d e p e n d e n c e  of the  i n t e n s i t y  of emiss ion  f r o m  
this  s t a t e  ( r e p r e s e n t e d  b y  the  v a l u e s  m e a s u r e d  for  
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t h e  s t ronges t  p e a k  w h i c h  is a t  5750A) on d y s p r o -  
s i um con ten t  is s h o w n  as p a r t  of Fig .  4. D y s p r o s i u m  
luminesces  a b r i g h t  y e l l o w  at  a 1% c o n c e n t r a t i o n  
b u t  is c o m p l e t e l y  q u e n c h e d  in Na0~Dy0.~WO,. The  
q u e n c h i n g  o b s e r v e d  in th is  case also a p p e a r s  to be  
due  to e x c h a n g e  coupl ing .  

Thermal Effects 

T h e r m a l  effects p l a y  an  i m p o r t a n t  ro l e  in  t he  
emiss ion  spe c t r a  of e r b i u m  in the  schee l i t e  s t r u c -  
ture .  Bes ides  t he  t h r e e  m a i n  emiss ion  s ta tes  a t  
15,300, 18,400, and  24,500 cm -1, e r b i u m  shows  s t rong  
emiss ion  f r o m  t h e r m a l l y  e xc i t e d  leve ls  a t  18,830, 
19,080, and  19,200 cm -1 a t  r o o m  t e m p e r a t u r e  (6) .  In  
Na~ErosWO, ,  emiss ion  f r o m  the  a b o v e  s ta tes  is 
q u e n c h e d  at  r o o m  t e m p e r a t u r e ,  thus  a l l o w i n g  e m i s -  
s ion f r o m  s ta tes  t ha t  a r e  p r o b a b l y  ju s t  b e l o w  those  
at  18,400 and  19,200 cm -1 to be  seen. A t  77~  e m i s -  
s ion f r o m  the  t h e r m a l l y  e xc i t e d  s ta tes  is no l onge r  
obse rved ,  b u t  emiss ion  f rom t h e  h igh  e r b i u m  con-  
t en t  s a mp le s  is aga in  v e r y  b r i g h t  (6) .  F i g u r e  3 
shows  the  d e p e n d e n c i e s  of t he  in t ens i t i e s  of e m i s -  
s ion f r o m  the  18,400, 24,500, 18,830, a n d  19,200 c m  -1 
l eve l s  of e r b i u m  ( r e p r e s e n t e d  b y  the  v a l u e s  m e a s -  
u r e d  for  t he  p e a k s  at  5520, 4138, 5310, a n d  5200A, 
r e s p e c t i v e l y )  on e r b i u m  c o n c e n t r a t i o n  a t  r o o m  
t e m p e r a t u r e .  I t  a lso shows  the  c o m p a r a b l e  d a t a  for  
l eve l s  w h i c h  a r e  p r e s u m e d  to l ie  j u s t  b e l o w  those  
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at  18,400 and  19,200 cm -~ ( r ep re sen ted  by the va l -  
ues m e a s u r e d  for the  peaks  at  5570 and  4142A, r e -  
spec t ive ly) .  The comparab l e  data  for the  peak  at 
5520A at 77~ are also given.  

The  re la t ionsh ips  observed  show tha t  emiss ion 
f rom the  t h e r m a l l y  exci ted states of e r b i u m  is 
quenched  by  inc reas ing  the  concen t r a t i on  of e r b i u m  
as wel l  as by  l ower ing  the  t empe ra tu r e .  However ,  
whi le  the emiss ion f rom the p r inc ipa l  exci ted states 
is also quenched  by  inc reas ing  the  concen t ra t ion  of 
e r b i u m  at room t e m p e r a t u r e ,  l ower ing  the t e m -  
p e r a t u r e  reduces  the effectiveness of this  quenc h i ng  
m e c h a n i s m  and  b r igh t  emiss ion  is ob ta ined  f rom 
these levels. The  effects no ted  are qu i te  p robab ly  
due  to v ib ron ic  in t e rac t ions  and  the i r  dependence  
on t e m p e r a t u r e .  Since the  peaks  at  5570 and  4142A 
do not  show the same concen t r a t i on  or t h e r m a l  de-  
pendenc ies  as the i r  close ne ighbors ,  they  m a y  
or ig ina te  f rom levels  which,  whi le  on ly  a few wave  
n u m b e r s  be low the  d o m i n a n t  levels,  do not  couple 
t h e r m a l l y  to the la t t ice  in  the same way.  

Comparisons 

Figure  4 presen ts  a compar i son  of the d e p e n d -  
encies of emiss ion at  room t e m p e r a t u r e  on ra re  
ear th  concen t ra t ion  for the  d o m i n a n t  exci ted states 
of the several  r a re  ea r th  ions discussed. The cu rve  
for the emiss ion m e a s u r e d  for the 6140.& peak  of 
e u r o p i u m  appears  to be  a re l i ab le  re fe rence  for the  
fo l lowing reasons:  (A) The  d i lu te  ma te r i a l s  show 
an a lmost  l inear  dependence  of emiss ion  on eu ro -  
p i u m  concent ra t ion .  The  devia t ion  observed at h igh 
concen t r a t i on  is cons is ten t  wi th  the change  in  e n -  
v i r o n m e n t a l  condi t ions  discussed in  the case of t e r -  
b ium.  (B) The aggregate  emiss ion f rom the exci ted 
states, o ther  t h a n  tha t  at 17,000 cm -~, is neve r  more  
t h a n  a few per  cent  of the  la t ter .  Thus,  possible 
emiss ion e n h a n c e m e n t  due to ene rgy  t r ans fe r  f rom 
h igher  levels  as a resu l t  of chang ing  e n v i r o n m e n t a l  
condi t ions  would  not  be  significant.  (C) Emiss ion  
f rom the  17,000 cm -~ level  of e u r o p i u m  does no t  
appear  to be quenched  by  concen t r a t i on  or t h e r m a l  
effects in  these composi t ions.  

The  curve  for dysp ros ium shows the  same l i nea r  
dependence  as the one for e u r o p i u m  at low concen-  
t ra t ions .  The rap id  decrease  in  emiss ion  as the dys-  
p ro s ium concen t ra t ion  increased  above 10 -~ provides  
an  exce l len t  example  of concen t ra t ion  quenching .  
This effect, as wel l  as the  quench ing  of emiss ion 
f rom the h igher  ene rgy  states of t e r b i u m  and  eu ro -  
p ium,  is not  a l te red  by  reduc ing  the  t e m p e r a t u r e  to 
77~ 

Concen t r a t i on  quench ing  of emiss ion f rom the  
h igher  of two ene rgy  states can occur so as to pe r -  
mi t  ene rgy  t r ans fe r  to the  lower,  thus  e n h a n c i n g  
emiss ion  f rom it. The  da ta  for t e r b i u m  provide  an 
e x a m p l e  of such a t ransfer .  F i g u r e  1 shows tha t  at 
low t e r b i u m  concen t ra t ions  the emiss ion f rom 26,500 

cm -~ (as ind ica ted  by the da ta  for the  peak  at 4360~-) 
is abou t  three  t imes  as b r i g h t  as tha t  f rom 20,700 
cm -1 ( r ep resen ted  by  the da ta  for the  peak at 5450A). 
As the t e r b i u m  concen t r a t i on  is increased f rom 10 -~ 
to 5 x 10 ~", bo th  curves  dev ia t e  f rom l inear i ty ,  the 
curve  for the peak  at  4360A in  a d i rec t ion which  
indicates  a r e l a t ive  loss in  b r i gh tnes s  and  the  curve  
for the peak at 5450/k in  a d i rec t ion  which indicates  
a r e l a t ive  ga in  in  br igh tness .  The  la t te r  cu rve  is 
r ead i ly  compared  to the cu rve  for the 6140A peak  
of e u r o p i u m  in  Fig. 4. The  a r i thme t i c  sum of the 
two t e r b i u m  emiss ion curves  provides  a r e su l t an t  
curve  tha t  is symme t r i c a l  w i th  tha t  for the  6140/k 
peak  of europ ium.  

The  curve  in  Fig. 4 for the  emiss ion  at room t e m -  
p e r a t u r e  for the  e r b i u m  peak  at  5520A shows the  
effects of a q u e n c h i n g  process which  has a s t rong 
t h e r m a l  dependence .  This curve  deviates  s t rong ly  
f rom l inea r i ty  at concen t ra t ions  of e r b i u m  as low 
as 10 ~, in  addi t ion  to showing  s t rong q u e n c h i n g  
effects above 10 -~, as do the  curves  for dysp ros ium 
and  the h igher  emi t t i ng  states of t e r b i u m  and  eu ro -  
p ium.  
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Electroluminescence--A Disorder Phenomenon 
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ABSTRACT 

In general, electroluminescence is considered to occur at a junct ion be-  
tween a semiconducting crystal and a metal  or electron rich material.  The 
present  work indicates that  electroluminescence only occurs in zinc sulfide 
powders containing both sphalerite and wurtzite. This observation suggests 
that electroluminescence is a disorder phenomenon associated with stacking 
faults in the crystal. 

Two types of e l ec t ro luminescence  have  been  ob-  
served. Cer t a in  subs tances  (e.g., SiC, GaP, e t c . ) (1 )  
emit  l ight  w h e n  sub jec ted  to a direct  electr ic  field 
appl ied b e t w e e n  electrodes in  contact  wi th  the su r -  
face of the crystal .  This  emission,  car r ie r  in jec t ion  
e lec t ro luminescence ,  is s imply  exp la ined  by  the r e -  
combina t ion  of in jec ted  carr iers  at  p - n  junc t ions .  
The second type  of e lec t ro luminescence ,  in t r ins ic  
e lec t ro luminescence  (2) ,  gives r ise to the sus ta ined  
emiss ion of l ight  on the  appl ica t ion  of an  a l t e rna t i ng  
field to the phosphor  suspended  in  a dielectric.  In  
this case, car r ie r  in jec t ion  is not  possible, and  the 
effect has been  exp la ined  by  the  accelera t ion  of 
carr iers  in  an  exhaus t ion  ba r r i e r  in  the  phosphor,  
say zinc sulfide ac t iva ted  wi th  copper, at  an  i n t e r -  
face wi th  an  e lec t ron  r ich l ayer  of copper ~ulfide. 
Such a m e c h a n i s m  does not  exp la in  fu l ly  cer ta in  
observat ions.  M a n y  worker s  have  observed  tha t  
l ight  can be emi t t ed  i n t e r n a l l y  f rom a c rys ta l  (2, 3).  
S teward ,  et al. (4) showed tha t  the e l ec t ro lumines -  
cent  emiss ion f rom a ZnS  p la te le t  occurred in bands  
para l l e l  to b i r e f r ingen t - co lo r l e s s  bands  deno t ing  
regions of wur t z i t e  and  sphaler i te .  U l t r av io le t  emis -  
sion occurred t h roughou t  the  crystal ,  and  it was 
concluded tha t  the  emiss ion in  this  case was  as- 
sociated wi th  s tacking  faul t s  in  the  c-d i rec t ion .  
McKeag and  S t eward  (5) r epor ted  a n e w  method  of 
p r epa r ing  a zinc sulfide phosphor,  which  consisted 
of pref i r ing ZnS  at 1200~ ac t iva t ing  wi th  copper 
at 700~ The m a t e r i a l  was e l ec t ro luminescen t  
t h roughou t  the  body  of the  crystal .  The copper 
necessary  for the  ac t iva t ion  en te red  the crys ta l  most  
effectively at the re t i r ing  stage which  was the  t e m -  
pe ra tu r e  ___~.A_  ̂,1. . . . .  v . . . .  + ~  ~ ' ~  + ~  he xa -  W I I ~ s  g b l i g  tl ~llSi~l l/lfi bl~il ii vill bim~ 

gonal  to cubic zinc sulfide occurred mos t  readi ly .  
There  exis ted a cor re la t ion  b e t w e e n  e l ec t ro lumines -  
cence and  disorder.  

In  the p re sen t  work  (6) it  is i n t e n d e d  to show 
tha t  in  all  cases inves t iga ted  e l ec t ro luminescen t  
phosphors  consist  of m i x t u r e s  of spha le r i te  and  
wurtz i te .  This  s t ruc tu re  is associated w i th  a red is -  
t r i b u t i o n  of t r a p p i n g  levels  w i th  the  r emova l  of the 
deep traps.  A n  e l ec t ro luminescen t  phosphor  has 
been  p repa red  w i thou t  the add i t ion  of a subs tance  
capable  of fo rming  an  e lec t ron  r ich layer.  This  
phosphor  also has a d isordered  s t ruc ture .  

Experimental  Results 

Two types of gene ra l  e l ec t ro luminescen t  phos-  
phors  were  prepared .  One type  of phosphor  was  
p r epa red  according to the  Froe l ich  (7) me thod  at  
1100~ whi le  the other  group was  p repa red  ac- 
cording to the  Bu t l e r  (8) me thod  at 800~ Var ious  
act ivators ,  copper, silver,  and  manganese ,  and  v a r i -  
ous coactivators,  a l u m i n u m ,  ga l l ium,  i nd ium,  and  
tha l l ium,  were  added. The c rys ta l  s t ruc tu re  of the  
phosphors  was  d e t e r m i n e d  us ing  a 9 cm U n i c a n  
P o w d e r  camera  in  con junc t ion  w i th  a R a y m a x  60 
x - r a y  set. 

In  Fig. 1 the  diffract ion pho tographs  of a series 
of phosphors  fired at l l 0 0 ~  in  wet  H:S are given.  
The  phosphors  A, B, and  C c o n t a i n i n g  less t h a n  10 -' 
g Cu /1  g ZnS are to ta l ly  hexagona l  in  s t ruc tu re  and  
are not  e lec t ro luminescen t .  Phosphors  D and  E con-  
t a i n i ng  copper in  excess of 10 -~ g Cu /1  g ZnS  con-  
ta in  bo th  cubic and  hexagona l  zinc sulfide. These 
phosphors  are e lec t ro luminescen t .  In  the ac tua l  case 

Fig. 1. X - ray  powder  pho tograph  o f  o series o f  phosphors 
f i red  a t  1 1 0 0 ~  in wet  H~S. A,  1 g ZnS 1 x 10 -6 g Cu 
1 x 10 -4 g AI;  B, 1 g ZnS 1 x 10 -5 g Cu 1 x 10 -~ g AI;  C, 
1 g Z n S  1 x 10-4 g Cu 1 x 10 ~ g AI ;  D, 1 g Z n S  1 x 10-'~ g Cu 
1 x 10 - ~ g A I ;  E, 1 g Z n S  1 x 10 - 2 g C u  1 x 10 - ~ g A I .  
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FJg. 2. X - r a y  powder pho tograph  o f  a series o f  phosphors 
f i red at  1 1 0 0 ~  in wet H2S. A, 1 g Z n S 2 x  1 0 4 g  Cu 1 x 10 -5 
g A I ;  B, 1 g Z n S 4 x  10 - S g C u  ] x 10 - S g A I ;  C, 1 g Z n S 6 x  
10 -4g  Cu ] x 10 ' - *g  AI;  D, 1 g ZnS 8 x ] 0 - * g  Cu 1 x ] 0 4  g 
AI;  E, 1 g Z n S  1 x 10-s g Cu 1 x 10-~ g AI.  

Fig. 3. X - r a y  powder  pho tograph  of  a series o f  phosphors 
f i red  a t  1 1 0 0 ~  in wet  H,_,S. A, ] g ZnS 1 x 10 -~ g Ag 1 x 
10 - ' g  AI;  B, 1 g ZnS 1 x 10 -4g  Ag 1 x 10 ~g AI;  C, 1 g ZnS 
1 x 10 -8 g Ag  1 x 10 -4 g AI;  D, 1 g ZnS 1 x 10 .-2 g Ag 1 x 
10 -~ g AI .  

given  the concen t ra t ion  of a l u m i n u m  coact ivator  
was 104 g A1/1 g ZnS. The same resu l t  is ob ta ined  
for a l u m i n u m  concen t ra t ions  v a r y i n g  b e t w e e n  10 -~ 
g A1 to 10 -8 g A1/1 g ZnS.  The  r e p l a c e m e n t  of a lu -  
m i n u m  by  ga l l i um or i n d i u m  gives s imi la r  resul ts .  
In  Fig. 2 the diffract ion photographs  for a series of 
phosphors  wi th  copper concen t ra t ions  b e t w e e n  C 
and  D in  Fig.  1 are given.  Up to a concen t r a t i on  of 
6 x 10 -5 g Cu /1  g ZnS the m a t e r i a l  is hexagonal ,  
above this  concen t r a t i on  it consists of a m i x t u r e  of 
two phases  and  on ly  in  these cases are the  phos-  
phors  e lec t ro luminescen t .  I t  ~ a s  t hough t  tha t  the 
cor re la t ion  be tween  e lec t ro luminescence  and  c rys-  
ta l  s t ruc tu re  migh t  be fo r tu i tous  as copper  sulfide 
p rec ip i t a t ion  onto the crys ta l l i tes  occurs at app rox i -  
m a t e l y  the  same concent ra t ions .  A s tudy  of s i lver  
phosphors  indica tes  tha t  this  is no t  the  case. The 

Fig. 4. X - r a y  powder  d i f f rac t i on  pho tograph  o f  a series of  
phosphors f i red  in argon at  8 0 0 ~  A,  1 g ZnS 1 x 104  g 
Cu 1 x 10 "~ g KCI;  B, I g ZnS 1 x 10 "~ g Cu 1 x 10 -8 g 
NH~CI; C, ] g ZnS I x 10 -~ g Cu 1 x l 0  -s g NH4CI ] x 10 -2 
g Pb. 

body color of a series of phosphors  whose diffract ion 
pa t t e rn s  are show n  in Fig. 3 indica tes  tha t  s i lver  
p rec ip i t a t ion  occurs at 10 -5 g Ag/1  g ZnS. The  mixed  
phases on ly  occur in  the phosphor  con ta in ing  10 -2 g 
Ag/1  g ZnS,  a nd  on ly  this phosphor  is e l ec t ro lumi -  
nescent .  The re  was  a fu r the r  poss ib i l i ty  tha t  e lec t ro-  
l uminescence  was  a p rope r ty  of cubic zinc sulfide, 
and  tha t  it  was  the  appea rance  of this phase  r a the r  
t h a n  the  f o r m a t i o n  of a m i x t u r e  which  caused the 
emiss ion in  the  cases considered above. 

F igu re  4 shows the diffract ion photographs  of 
th ree  typ ica l  so-cal led  cubic zinc sulfide e lectro-  
l u m i n e s c e n t  phosphors  p r epa red  below the  t r an s i -  
t ion po in t  (1024~ The best  of these phosphors  is 
C, and inspec t ion  shows that  this  phosphor  has the 
most  c lear ly  defined hexagona l  phase. I t  m a y  be 
concluded,  therefore ,  tha t  in  the  so-cal led  cubic 
e l ec t ro luminescen t  zinc sulfide phosphors  two phases  
are necessary  for the emission,  and  the  addi t ion  of 
the var ious  subs tances  du r ing  the  p r e pa r a t i on  faci l -  
i tates the  g rowth  of the hexagona l  phase in  the 
sphaler i te  t e m p e r a t u r e  range.  

T h e r m o l u m i n e s c e n c e  expe r imen t s  show tha t  the 
appea rance  of e l ec t ro luminescence  and  disorder  in 
zinc sulfide is accompanied  by  a ma jo r  change  in  
the t r app ing  s ta tes  in  the phosphor.  F igu re  5A gives 
the  glow curves  for the  phosphors  whose diffract ion 
pa t t e rn s  are g iven  in  Fig. 1. I t  can  be seen tha t  the 
n o n e l e c t r o l u m i n e s c e n t  phosphors  con ta in ing  less 
t han  10 ' g Cu/1  g ZnS  have  t r app ing  levels  which  
cause a m a x i m u m  in the glow curve  at - -100~ and  
a " ta i l"  which  ex tends  to room t empera tu re .  The 
e l ec t ro luminescen t  phosphors,  on the  other  hand,  
have  much  sha l lower  t raps  a nd  the deeper  t raps  
have  d i sappeared  or no longer  give rise to r ad ia t ive  
t rans i t ions .  This  t r e nd  is shown more  c lear ly  in  Fig. 
5B for phosphors  con ta in ing  the  same copper  con-  
cen t r a t i on  (10 -6 g-10 -~ g) bu t  w i t h  10 ~ g A1 ins tead  
of 10 -5 g A1/1 g ZnS. In  this case the p h o t o l u m i n e s -  
cent  phosphors  have  a glow cu rve  cons is t ing  of two 
peaks, one at  --100~ and  one n e a r e r  room t e m -  
p e r a t u r e  at  a p p r o x i m a t e l y  --40~ The e l ec t ro lumi -  
nescen t  phosphors  aga in  have  a m u c h  n a r r o w e r  
glow cu rve  peak  w i t h  a m a x i m u m  be t w e e n  - -120~ 
a nd  --140~ 

S imi l a r  resu l t s  have  been  ob ta ined  for all  the 
other  phosphors  invest igated,  a l though  the  posi t ion 
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Fig. ,5. Thermoluminescence curves of phosphors contain- 
ing between 10 5 and 10 -~ g Cu (D-~A and H~E)  with 10 4 
and 10 -'~ g AI, respectively. 

of the glow curve  m a x i m u m  does not  appear  to be 
so i m p o r t a n t  as the  absence of t raps  which  ex t end  
the  glow curve  to room tempera tu re .  

These resul t s  appear  to indicate ,  therefore ,  tha t  
e l ec t ro luminescence  occurs in  crys ta ls  in  which  
the re  are  regions  of both  wur t z i t e  and  sphaler i te .  
I t  may,  therefore ,  be a p rope r ty  of the d i sordered  
region  b e t w e e n  the  two types  of crystal .  If. this  is 
the  case, t hen  it  should be possible to p repa re  an  
e l ec t ro luminescen t  phosphor  by  d i sorder ing  zinc 
sulfide by  some other  means  t h a n  add ing  excess 
copper  sulfide. Such a phosphor  is descr ibed  below.  

Dur ing  inves t iga t ions  into t h a l l i u m - a c t i v a t e d  
phosphors  10% T1C1 was added to zinc sulfide and  
the phosphor  was  fired at 800~ in  a s t r eam of we t  
H~S. The r e su l t i ng  phosphors  we re  shown by  spec-  
troscopic m e a n s  to con ta in  no t h a l l i u m  ion; at the  
t e m p e r a t u r e  of the e x p e r i m e n t  it  had  all  sub l imed.  
This phosphor  was  b r i l l i a n t l y  p h o t o l u m i n e s c e n t  
and  mode ra t e ly  e l ec t ro luminescen t  in  the  green  due 
p r e s u m a b l y  to vacancies .  Exhaus t i ve  analys is  did 
no t  indica te  the  presence  of copper or tha l l ium.  The  
body color, off-white ,  also showed tha t  an excess of 
e l ec t ron - r i ch  ma te r i a l  which  h i the r to  had been  
though t  to be  necessa ry  for e l ec t ro luminescence  was  
not  present .  F igure  6 shows t h a t  the  crysta ls  of 
phosphor consisted of a mixture of hexagonal and 
cubic zinc sulfide. That this phosphor is electro- 
luminescent is shown by the brightness against 
voltage and frequency curves. The brightness varia- 
tion may be expressed by the usual relation 

B = Ao \ /F exp (--b/~/v) 

Discussion 

C o n v e n t i o n a l  e l ec t ro luminescen t  phosphors  have  
been  shown to consist  in  all  cases of the  two phases  of 
zinc sulfide, wur tz i te ,  and  sphaler i te .  I t  wou ld  ap -  
pear  possible tha t  e l ec t ro luminescence  can occur 
w i thou t  the add i t ion  to the  phosphor  of a ma te r i a l  
tha t  could act as an e lec t ron source. 

Fig. 6. X-ray powder photograph of: A, hexagonal zinc sul- 
fide; B, 0.9 g ZnS 0.1 g TICI fired at 800~ in H~S; C, 
cubic zinc sulfide. 

It  is difficult to see, however ,  where  the  field for 
the acce lera t ion  of the  e lec t rons  sufficient to ionize 
the  l u m i n e s c e n t  centers  can ar ise in  such a system. 
The b a n d  gap ene rgy  b e t w e e n  the two forms of zinc 
sulfide is smal l  (0.01 ev) ,  bu t  Merz considers  tha t  
the impur i t i e s  m a y  cause the  b a n d  gap to w i d e n  to 
0.1 ev. The  obse rva t ion  of h igh  photovol tages  in  zinc 
sulfide s ingle  crysta ls  (9) shows e x p e r i m e n t a l l y  
tha t  h igh fields mus t  exist  in  these  crystals ,  a l t hough  
the m e c h a n i s m  is obscure.  In  view, however ,  of 
these resul ts ,  i t  m a y  no t  be amiss to suggest  the  pos-  
s ib i l i ty  tha t  e l ec t ro luminescence  is a r e c o m b i n a t i o n  
effect at wha t  is essen t ia l ly  a p - n  junc t ion .  The  
or ig ina l  object ions  to this  approach,  the  low t h r e sh -  
old and  the  m i n o r i t y  ca r r i e r  be ing  a hole, is no t  
now impor t an t .  The  th resho ld  of e l ec t ro luminescence  
has been  shown to depend  on the me thod  of de tec-  
t ion  of the  l ight  emit ted,  and  Des t r i au  has been  able  
to go d o w n  to levels  0.01 of tha t  v i s ib le  to the  da rk  
adapted  eye and  sti l l  detect  light. Wood's  (10) ob-  
se rva t ion  of p - t y p e  conduc t ion  in c a d m i u m  sulfide 
doped wi th  copper shows tha t  p - t y p e  conduc t ion  in  
the  I I - V I  compounds  is no t  so u n l i k e l y  as has  b e e n  
h i ther to  thought .  

However ,  it m u s t  be  admi t t ed  tha t  no e x p l a n a t i o n  
of the  b iphase  effect in  e l ec t ro luminescence  is sa t is -  
factory,  and  at p resen t  the  e x p e r i m e n t a l  resul t s  on ly  
are repor ted.  
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On the Mechanism of Chemically Etching 
Germanium and Silicon 

D. R. T u r n e r  

Betl Tetephone Labovatories, Incorporated, Murray Hilt, New Jersey 

ABSTRACT 

The electrode potential  of germanium or silicon in  a chemical etching solu- 
t ion is a funct ion of solution pH, rate of etching, physical condit ion of the sur-  
face, conductivi ty type, and resistivity. The results suggest that  excess holes 
and electrons are produced at the surface of the semiconductor dur ing  chemical 
etching. Holes are injected at cathode sites, but  only a port ion of these holes 
are consumed at anode sites since the anode reaction involves cur ren t  mul t i -  
plication. 

Semiconduc tors  such as Ge or Si are chemica l ly  
e tched in aqueous  solut ions  con ta in ing  an  oxidiz ing 
agen t  such as n i t r i c  acid and  an  an ion  such as F- 
which  is capable  of fo rming  w a t e r - s o l u b l e  com-  
plexes wi th  the  semiconductor .  The  e tching process 
is ac tua l ly  e lec t rochemica l  in  its action,  t ha t  is, 
there  are anode  and  cathode sites on the surface  of 
the semiconduc tor  wi th  local  cell cu r r en t s  f lowing 
b e t w e e n  them.  Semiconduc to r  ma te r i a l  goes in to  
solut ion at the anodic  sites whi le  the  oxidiz ing 
agen t  is r educed  at the cathodic areas. The ra te  of 
chemical  e tching  is d e t e r m i n e d  by  the m a g n i t u d e  of 
the  corrosion cur ren t .  If the e tch ing  process is n o n -  
p re fe ren t i a l  and  m a t e r i a l  is r emoved  un i fo rmly ,  a ny  
g iven  area on the surface of the  semiconduc tor  m u s t  
con t i nua l l y  a l t e rna t e  be tween  be ing  anode and  ca th -  
ode. W h e n  one spot is anodic  m u c h  more  t h a n  it is 
cathodic, an etch pi t  wi l l  fo rm at  tha t  point .  E xpe r i -  
ence has shown tha t  this is most  l ike ly  to occur at 
g ra in  bounda r i e s  and  dis locat ions at the surface  of 
the  single crystal .  Converse ly ,  hi l locks are fo rmed  
on areas tha t  are  cathodic more  t h a n  they  are 
anodic.  

The average  c u r r e n t  dens i ty  be tween  local anode 
and  cathode areas d u r i n g  chemical  e tching  can be 
es t imated  f rom the  ra te  of e tching.  A s s u m i n g  tha t  
the  surface whi le  e tch ing  is ha l f  anode and  ha l f  
cathode and  tha t  Ge or Si goes into so lu t ion  w i th  a 
va lence  of 4, the  average  corrosion c u r r e n t  dens i ty  
in  a m p / c m  2 is g iven  by:  

i = 2~Ed [1] 

whe re  A is the  etch ra te  in  cm/sec ,  ~ is the  e lec t ro-  
chemical  e q u i v a l e n t  in  cou lombs /g ,  and  d is the  
dens i ty  of the  semiconduc to r  in  g / c m  ~. The ra te  of 
chemica l ly  e tching  n - t y p e  Si in  HF-HNO~ m i x t u r e s  
has been  d e t e r m i n e d  by  Robb ins  and  Schwar tz  (1) .  

A plot of some of the i r  da ta  along wi th  the e qu iva -  
l en t  corrosion c u r r e n t  dens i ty  de r ived  f rom Eq. [1] 
is shown in  Fig. 1. S i mi l a r  resul ts  should be ob ta ined  
for p - t y p e  Si specimens.  The  etch r a t e  can  be con-  
ver ted  in to  inches per  m i n u t e  by m u l t i p l y i n g  by the 
factor  2.36 x 10% The  m a x i m u m  ra te  of e tching oc- 
curs w h e n  the ra t io  of HNO.~ to HF in  the  solut ion is 
1 to 4.5. K l e i n  (2) has s tud ied  the ra te  of chemical ly  
e tching sil icon in  HNO~-HF mix tu re s  u n d e r  care-  
fu l ly  cont ro l led  condi t ions  of t e m p e r a t u r e  and  s t i r -  
r ing.  He also found  tha t  m a x i m u m  etching  ra te  
occurred w h e n  the H N O J H F  mole ra t io  was  abou t  
1 to 4.5. The  signif icance of this ra t io  wi l l  be dis-  
cussed la ter .  The m a x i m u m  Si etch ra t e  is about  28 
~/sec which  cor responds  to about  190 a m p / c m  ~ 
average  corrosion c.d. This  is a t r e m e n d o u s  c u r r en t  
densi ty,  bu t  even  more  amaz ing  is the  fact tha t  an  
n - t y p e  si l icon e lect rode biased anodica l ly  in  a su i t -  
able  e lec t roe tching  so lu t ion  wil l  pass jus t  a few /~a/ 

200  
~o : 

,n 25:  

0. 

O 

z 
w 10 

~ s  

0 
HF 0 10 20  30  4.0 50 60 

H N O  3 I00  go 80  70 60  50  40  30 20  10 
SOLUTION COMPOSITION IN WEIGHT PER CENT 

49e/eHF AND 70~e  H N O ~  

its ~. 

150 Z 

12'; I - U  

I 0 0  IIC O- 

75 Z 
O <  

so ~_z 

2 5  u 

0 
70 80  go t o o H F  

o H N 0 3  

Fig. 1. Rote of chemical etching Si and equivalent corrosion 
C.D. vs. solution composition, HF -k HNO~ mixtures. Etch rate 
vs. solution composition data from Robbins and Schwartz (1). 
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cm ~. This means  the m a x i m u m  chemical  etch ra te  is 
h igher  by  a factor  of 10 ~ t h a n  the m a x i m u m  elec t ro-  A 
lytic etch rate.  In  order  to ob ta in  a be t t e r  u n d e r -  ~'~ CONC 

s t and ing  of this phenomenon ,  po ten t i a l  m e a s u r e -  HNO~ t~ 

lnen ts  were  made  on Ge and  Si electrodes in  e tching b o6 
and  n o n e t c h i n g  solutions,  z_ o4r np 

N / 
Po ten t i a l  m e a s u r e m e n t s  a lways  r equ i re  two elec- ~ oz 

trodes. If the second electrode is a s t a n d a r d  r e fe r -  0 -  

ence electrode,  i.e., its po ten t i a l  is k n o w n  and  is ~-o z 
ccnstant during the experiment, then the single ~ 
electrode potential of a semiconductor can be de- ~-o4 
t e r m i n e d  f rom the  measu red  cell voltage.  Semicon-  ~-O.B 

o ductor  electrodes differ f rom me ta l  electrodes in  tha t  ~ -o s 
an appreciable part of the single electrode potential ~ -~.o 
may be located inside the semiconductor. In analyz- 
ing the potential measurements made on Ge and Si 
it will be necessary to consider the potential within -,.4 
the semiconductor as well as that at the semicon- 

ductor-solution interface. 

Experimental  Studies on Electrode Potentials 
Bars of n -  and  p - t y p e  Ge and  Si were  used as 

electrodes.  The  size, geometry ,  and  surface o r i en t a -  
t ion of the electrodes did no t  affect the measu red  
poten t ia l s  w i t h i n  the l imi t  of e x p e r i m e n t a l  r ep ro -  
d u c i b i l i t y - - a b o u t  • 0.005 v. Ohmic contacts  were  
made  to the  Ge by  a b r a d i n g  one end, t i n n i n g  and  soft 
so lder ing it to a Cu wire.  The  Si electrodes were  
ab raded  at one end  and  then  coated wi th  n icke l  by  
the  "electroless process" (3) before  so lder ing  to 
the Cu wire.  P r io r  to the  po ten t i a l  m e a s u r e m e n t ,  
each e lect rode was b r igh t  e tched in  C.P.-4 e tching 
solut ion (for Si the b r o m i n e  is omi t t ed ) ,  r i n sed  in  
deionized water ,  and  b lo t ted  d ry  wi th  filter paper.  
The electrodes were  held ve r t i ca l ly  d u r i n g  a meas -  
u r e m e n t  so tha t  only  the t ip  end  of the semiconduc-  
tor was immersed .  Unless  o therwise  indicated,  the 
solut ions were  uns t i r r ed  and  in i t i a l ly  at room t e m -  
pera ture .  Al l  po ten t ia l  m e a s u r e m e n t s  were  made  
agains t  a s a tu ra t ed  KC1 ca lomel  re fe rence  electrode,  
he reaf te r  r e fe r red  to as S.C.E. 

Since m a n y  of the e lect rolytes  used con ta ined  HF 
or s t rong alkali ,  po lye thy l ene  con ta iners  were  used 
ins tead  of glass. The  e lec t ro ly te  was  separa ted  f rom 
the sa tu ra t ed  KC1 solut ion and  the re fe rence  elec-  
t rode by  a po lye thy lene  syphon  fitted w i th  a filter 
paper  plug.  Elect rode po ten t i a l  m e a s u r e m e n t s  were  
made  wi th  e i ther  a Mil l ivac  Type  MV-17C d-c  vo l t -  
meter ,  a L&N X - Y  recorder ,  or a S a n b o r n  Type  151 
recorder  depend ing  on the  e x p e r i m e n t  and  the  k ind  
of data  desired.  

S ingle  electrode po ten t i a l  m e a s u r e m e n t s  were  
m a d e  in  a va r i e ty  of solut ions,  some e tching  and  
others none tch ing .  The resu l t s  of po ten t i a l  meas -  
u r e m e n t s  in  some of the solut ions  are shown in Fig. 
2. The solut ions  l isted a re  a r r a n g e d  in  the i r  ap-  
p rox ima te  order  of inc reas ing  pH f rom left  to r igh t :  
(A) cone. (16N) HNO~, (B) CP-4  w i thou t  Br, (C) 
32% cone. HNO~ + 68% (48%)  HF, (D) L a n d g r e n ' s  
etch (4) --  3% KMnO~ + 97% cone. HNO~, ~ (E) 
48% HF, (F)  sat. KC1, and  (G)  1N KOH. Al l  per  
cent  composi t ions  in  this paper  are we igh t  per  cent  
values.  The  poten t ia l s  of n -  and  p - t y p e  Ge elec-  

1 S o l u t i o n  r a p i d l y  e t c h e s  p - t y p e  p o r t i o n s  of  a s i l i c o n  s i n g l e  c r y s -  
t a l  c o n t a i n i n g  p -  a n d  n - r e g t o n s  w i t h  l i t t l e  e f f ec t  o n  n - t y p e  r e g i o n s .  
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Fig. 2. Electrode potentials of n- and p-type Ge and Si in 
various etching and non-etching solutions. Unstirred at room 
temperature. 

t rodes are ind ica ted  by  the smal l  le t ters  whi le  the  
capi ta l  le t ters  are  for Si electrodes.  These are  ave r -  
age va lues  of m e a s u r e m e n t s  made  on 3 to 5 differ-  
ea t  electrodes.  The  spread of the data  is ind ica ted  
where  it is more  t h a n  • v. W h e n e v e r  the  elec-  
t rode  po ten t ia l  was  photosens i t ive ,  the cell was 
shie lded f rom room light.  

F igu re  2 shows three  th ings:  (a) inc reas ing  pH 
shifts the electrode po ten t i a l  in  the nega t i ve  d i rec-  
t ion;  (b)  an apprec iab le  po ten t i a l  difference is ob-  
served b e t w e e n  n and  p - t y p e  Ge and  Si w h e n  the  
so lu t ion  r ap id ly  corrodes the  semiconductor ;  and  (c) 
p - t y p e  Ge or Si is a lways  posi t ive  in  po ten t i a l  wi th  
respect  to n - t y p e  w h e n  a po ten t i a l  difference does 
exist. The effect of pH on the electrode potential of 
Ge has been observed many times before (5, 6). 
Cretella and Gatos (7) have observed n-type Ge to 
be positive in potential with respect to p-type Ge in 
nitric acid solutions more dilute than 6N. This effect 
cannot always be duplicated. The surface pretreat- 
ment appears to be more of a factor than the nitric 
acid solution. In rapidly etching solutions, however, 
the results are reproducible and p-type Ge is positive 
relative to n-type Ge. In etching solutions where 
the rate of corrosion is controlled by the mass 
transfer of one of the reacting species to or from the 
surface stirring increases the etch rate and it also 
may shift the electrode potential. The effect of stir- 
ring on the electrode potentials of Ge and Si are 

semiconduc tor  at an  apprec iab le  rate,  there  is no 
po t en t i a l  di f ference b e t w e e n  n -  and  p - t y p e  e lec-  
t rodes of e i ther  Ge or Si. Elec t ro ly tes  B, C, and  D 

in  Fig. 2 v i s ib ly  a t t ack  both  Ge and  Si, as ev idenced  
by  gas evo lu t ion  a nd  rap id  e lect rode dissolut ion.  

The  po ten t ia I  dif ference b e t w e e n  n -  and  p - t y p e  Si in  
48% HF is a t t r i b u t e d  to a slow corrosion process 
which  is made  possible  by  dissolved oxygen.  So lu -  

t ion  G (1N KOH)  also a t tacks Si bu t  on ly  s lowly 
at room t e m p e r a t u r e .  W h e n  the  e lec t ro ly te  corrodes 

the  semiconduc tor  at  a sufficiently rap id  rate, l ight  

has no effect on the m e a s u r e d  electrode potent ia ls .  

The po ten t i a l  of Ge and  Si in  e tching  solut ions  is 
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Fig. 3. Effect of etch rote on the electrode potentials of n- 
and p-type Ge ond Si in HF-HNO~ mixtures. Rate of etching 
increased by adding HF to HNO~. 

also a f u n c t i o n  of the e q u i l i b r i u m  hole dens i ty  in 
the semiconductor ,  as is shown later.  

A f resh  solut ion of concen t ra t ed  HNO3 does not  
chemica l ly  etch Ge or Si at an  apprec iab le  rate.  The 
etch ra tes  increase  r ap id ly  wi th  addi t ions  of HF  as 
shown by  Cre te l la  and  Gatos (7) for Ge and  Robbins  
and  Schwar tz '  for Si (see Fig. 1). I t  is of in te res t  to 
observe  the  change  in  the  single e lect rode po ten t i a l  
of a semiconduc tor  w h e n  the e lec t ro ly te  changes 
f rom an  essen t ia l ly  n o n e t c h i n g  solut ion to an  e tching  
one. This  e x p e r i m e n t  was car r ied  out  by  m e a s u r i n g  
the  electrode poten t ia l s  of 0.8 ohm cm n -  and  3.5 
ohm cm p - t y p e  Ge and  0.7 ohm cm n -  and  1.2 ohm 
cm p - t y p e  Si first in concen t ra t ed  HNO.~ and  then  
wi th  var ious  addi t ions  of I-IF. In  concen t ra t ed  HNO~ 
alone the  electrode po ten t ia l s  are e x t r e m e l y  l igh t -  
sensi t ive.  For  this reason,  all  l ight  was  exc luded  
f rom the  cell. Ins t ead  of p lo t t ing  e lec t rode  po ten t i a l  
aga ins t  the a m o u n t  of HF added, it is more  m e a n -  
ingfu l  to show the  re l a t ion  b e t w e e n  the  electrode 
po ten t i a l  and  the ra te  of e tching as g iven  in Fig. 3. 
The etch ra te  for a so lu t ion  composi t ion  1% (49%)  
HF -t- 99% concen t ra t ed  HNO~ is ind ica ted  for bo th  
Ge and  Si. The etch ra te  for Ge in  conc. HNO.~ solu-  
t ions  con ta in ing  f rom 0 to 10% (49%)  HF  was de-  
t e r m i n e d  e x p e r i m e n t a l l y  f rom weigh t  loss m e a s u r e -  
men t s  w i th  four  specimens,  two n - t y p e  and  two p -  
type. Robb ins  and  Schwar tz ' s  ~ data,  Fig. 1, was used 
for Si. Note tha t  Si etches about  t en  t imes  fas ter  
t h a n  Ge in  comparab le  HF-HNO~ mix tures .  One 
drop ( ~  0.04 cc) of 49% HF produces  a large shift  
in  the po ten t i a l  of n -  and  p - t y p e  Si and  n - t y p e  Ge 
toward  the  nega t ive  direct ion,  p - T y p e  Ge changes  
s l ight ly  in  the  pos i t ive  direct ion.  As the  etch ra te  
increases  w i th  more  HF, the  e lect rode poten t ia l s  of 
n - t y p e  Ge and  Si r ise and  t h e n  decrease aga in  whi le  
the po ten t ia l s  of p - t y p e  Ge and  Si increase.  The  
electrode po ten t ia l s  of all  the  electrodes reach r e l a -  
t ive ly  s table  va lues  in  solut ions  con t a in ing  about  
10% HF + 90% HNO~, where  the etch ra te  is 63 x 
10 -" cm/sec  on Si and  6.7 x 10 -~ cm/sec  on Ge. At  
this  ra te  of e tching  the  photovol ta ic  effect is com-  
p le te ly  absent .  

A n o t h e r  in t e res t ing  e x p e r i m e n t  was  to abrade  the 
surface  of semiconduc tor  electrodes and  record the 
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Fig. 4. Electrode potential-t ime curves for lapped n- and 
p-type Si immersed in 10% HF -k 90% HNO:~. 

change  in po ten t i a l  wi th  t ime  as the  damaged  su r -  
face layer  was chemica l ly  e tched away.  This  was 
done wi th  1.3 ohm cm n -  and  1.2 ohm cm p - t y p e  
Si electrodes.  The  surfaces were  ab raded  by  l app ing  
on a glass p la te  wi th  No. 600 si l icon carb ide  and  
water .  Typica l  e lectrode p o t e n t i a l - t i m e  curves  af ter  
immers ion  in  10% (49%)  HF  -t- 90% concen t ra ted  
HNO:, are shown in Fig. 4. I n i t i a l l y  the electrode 
potent ia l s  of ab raded  n -  and  p - t y p e  Si are about  
the  same. As the damaged  surface  layer  is e tched 
away,  the po ten t ia l s  dr i f t  apar t .  The larges t  po t en -  
t ia l  change  occurs wi th  the  n - t y p e  Si electrode,  p -  
Type  Si reaches a s table  po t en t i a l  in about  30 sec 
whi le  the po ten t i a l  of n - t y p e  Si becomes s table  
af ter  6 min.  A po ten t ia l  m e a s u r e m e n t  of this  k ind  
m a y  be usefu l  in  d e t e r m i n i n g  w h e n  all  the ab raded  
surface  ma te r i a l  has been  r e m o v e d  by etching.  

S ingle  e lect rode poten t ia l s  of n -  and  p - t y p e  Ge 
and  Si in HNO~ -t- HF acid m i x t u r e s  were  also 
measu red  as a func t ion  of m a t e r i a l  res is t ivi ty .  To 
get r eproduc ib le  resul ts  it was  necessary  to use 
f reshly  p r epa red  solutions.  The  electrode poten t ia l s  
agains t  the res is t ivi ty ,  p, and  the  e q u i l i b r i u m  bu lk  
hole densi ty ,  p, at 300~ are  shown on a semilog 
plot  in Fig. 5 and  6. The p va lues  were  d e t e r m i n e d  
f rom the res is t iv i t ies  us ing  the  re la t ion :  

1 
- -  q/~,,n + q/~p 

P 

where  q is the charge on the  electron,  /~, is the elec- 
t ron  mobi l i ty ,  n is the e q u i l i b r i u m  bu lk  e lec t ron 
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Discussion 
tO--t 

A n  i n t e r p r e t a t i o n  of  t he  e l ec t rode  p o t e n t i a l  m e a s -  
u r e m e n t s  on Ge and  Si  in e t ch ing  and  n o n e t c h i n g  
so lu t ions  should  a id  in e l a b o r a t i n g  the  m e c h a n i s m  
of c h e m i c a l  e tch ing  Ge and  St. I t  w i l l  be  c o n v e n i e n t  
to d i scuss  the  t h r e e  p a r t s  of t he  m e a s u r e d  e l e c t r o d e  
po ten t i a l s :  (a )  the  con tac t  p o t e n t i a l  b e t w e e n  the  
copper  w i r e  a t t a c h e d  to t h e  s e m i c o n d u c t o r  b y  
m e a n s  of an  ohmic  con tac t  and  the  s e m i c o n d u c t o r  
b u l k  (EI) ,  ( the  con tac t  p o t e n t i a l  is def ined  as t he  
p o t e n t i a l  d i f fe rence  in  t he  w o r k  func t ions  of t he  
m e t a l  and  the  s e m i c o n d u c t o r ) ,  (b )  t he  p o t e n t i a l  
d rop  across  the  s p a c e - c h a r g e  l a y e r  b e t w e e n  t h e  
s e mic onduc to r  b u l k  a n d  the  su r f ace  ( E , )  ( th is  is 
ca l l ed  the  su r face  po t e n t i a l ,  ~I's, b y  p h y s i c i s t s ) ,  and  
(c) the  p o t e n t i a l  ac ross  t h e  s e m i c o n d u c t o r - e l e c t r o -  
l y t e  i n t e r f a c e  (Em) .  

The  con tac t  p o t e n t i a l  EI b e t w e e n  the  coppe r  and  
the  s e m i c o n d u c t o r  va r i e s  w i t h  t he  pos i t ion  of t h e  
F e r m i  l eve l  in the  s e m i c o n d u c t o r  b u l k ;  t h a t  is, t he  
n a t u r e  of the  doping .  The  con tac t  p o t e n t i a l  can  be  
cons ide red  to be  cons t an t  in t he  e l e c t r o d e  p o t e n t i a l  
m e a s u r e m e n t s  on a g i v e n  s e m i c o n d u c t o r  s p e c i m e n  
at  r o o m  t e m p e r a t u r e .  I n  n o n e t c h i n g  solut ions ,  t h a t  
is, w h e n  t h e r e  is e s s e n t i a l l y  no c h a r g e  t r a n s f e r  
across  the  s e m i c o n d u c t o r - e l e c t r o l y t e  i n t e r f a c e  a n d  
the  s e mic onduc to r  is a t  e q u i l i b r i u m ,  EI + E ,  is also 
a cons t an t  r e g a r d l e s s  of t he  c o n d u c t i v i t y  t y p e  and  
s e m i c o n d u c t o r  r e s i s t i v i ty .  This  is due  to t h e  f ac t  
t ha t  t he  F e r m i  leve l  a t  t he  su r f ace  of a s e m i c o n -  
duc to r  in so lu t ions  is d e t e r m i n e d  no t  b y  the  b u l k  
cha rge  c a r r i e r  d e n s i t y  b u t  b y  the  c h a r g e  d e n s i t y  at  
the  surface .  This  is i l l u s t r a t e d  in Fig.  7. The  F e r m i  
level at the surface is at a fixed position relative to 
the valence and conduction bands, that is, abs is in- 
dependent of the bulk properties of the semicon- 
ductor (9, 10). This means that the potential dif- 
ference AE. between n- and p-type material is 
exactly equal but opposite in sign to the contact 
potential difference aE~. In nonetching solutions, 
therefore, changes in the measured electrode paten- 

dens i ty ,  and  ~ is the  ho le  mob i l i t y .  E l e c t r o n  a n d  
hole  mob i l i t i e s  w e r e  o b t a i n e d  f r o m  P r i n c e ' s  (8)  
d a t a  and  n was  d e r i v e d  f rom the  r e l a t i ons :  n p =  
6.25 x 1026/cm 6 a t  300~ for  Ge a n d  np ~- 4.6 x 10~/ 
cm ~ at  300~ for  St. 

E l ec t rode  p o t e n t i a l s  of Ge w e r e  m e a s u r e d  in 90% 
HNO~ -{- 10% HF,  80% HNO3 -k 20% HF,  a n d  70% 
HNO~ -t- 30% HF.  The  m e a s u r e d  p o t e n t i a l s  w e r e  
f a i r l y  s t ab le  in f r e s h l y  p r e p a r e d  90% HNO3 -}- 10% 
HF,  bu t  in t he  o t h e r  solut ions ,  w h e r e  the  r a t e  of 
e tch ing  was  m o r e  rap id ,  the  po t en t i a l s  f l uc tua t ed  
p r o b a b l y  because  of the  s t i r r i n g  effect p r o d u c e d  b y  
a g r e a t e r  r a t e  of gas  evo lu t ion .  Most  of t he  d a t a  
show a l i n e a r  r e l a t i o n  b e t w e e n  the  e l ec t rode  p o t e n -  
t i a l  and  the  l o g a r i t h m  of t he  e q u i l i b r i u m  hole  d e n s -  
i t y  w i th  a s lope  of 0.04 up  to abou t  p ~ 10 TM h o l e s /  
cm ~. A b o v e  101~ h o l e s / c m  ~, t he  e l ec t rode  p o t e n t i a l  
becomes  a lmos t  cons tan t .  The  r e a s o n  for  th i s  l i m i t -  
ing  p o t e n t i a l  effect  is d i scussed  l a t e r .  A l t h o u g h  
t h e r e  is some di f f icul ty  in o b t a i n i n g  a r e a s o n a b l y  
a c c u r a t e  p o t e n t i a l  m e a s u r e m e n t  at  the  h i g h e r  e t c h -  
ing  ra tes ,  i t  is c l ea r  t ha t  a t  a g iven  e q u i l i b r i u m  hole  
d e n s i t y  the  e l e c t r o d e  p o t e n t i a l  i nc reases  w i t h  t he  
e tch ing  ra te .  The  d i f fe rence  is mos t  a p p a r e n t  in t he  
reg ion  w h e r e  the  p o t e n t i a l  l eve l s  off. 

The  v a r i a t i o n  of the  e l ec t rode  p o t e n t i a l  of Si  
w i t h  p in 90% HNO~ -f- 10% H F  is d i f fe ren t  f r o m  
the  Ge r e su l t s  in some respects ,  as can be  seen  in 
Fig .  6. The  d a t a  o b t a i n e d  w i th  p - t y p e  Si  e l e c t rode s  
. . . . . . . . .  s ame  fo rm as "~-§ . . . .  Ge excep t  t h a t  t he  
s lope  of the  bes t  s t r a i g h t  l ine  t h r o u g h  the  po in t s  is 
abou t  0.03 i n s t e a d  of 0.04. The  r e su l t s  w i t h  n - t y p e  
Si a r e  qu i t e  d i f fe ren t  f rom those  of n - t y p e  Ge. The  
po in t s  a re  w i d e l y  s c a t t e r e d  and  t h e r e  does  no t  a p -  
p e a r  to be  a cons i s t en t  r e l a t i o n  b e t w e e n  E~ and  p. 
I t  was  t h o u g h t  a t  f irst  t h a t  p e r h a p s  m i n o r i t y  c a r r i e r  
l i f e t i m e  was  an  i m p o r t a n t  fac tor .  S e v e r a l  u n c o m -  
p e n s a t e d  Si  spec imens  w e r e  o b t a i n e d  w i t h  r e a s o n -  
a b l y  good l i f e t imes  for  t he  r e s i s t i v i ty .  These  r e su l t s  
a r e  the  t r i a n g u l a r  po in t s  in Fig.  6 and  a re  also 
w i d e l y  sca t t e red .  A n  e x t r a p o l a t i o n  of the  l i ne  f r o m  
t h e  p - s i d e  to t he  n - s i d e  shows  the  e x t e n t  of d e v i a -  
t ion  and  t h a t  t h e r e  a r e  a f ew  p o i n t s  n e a r  t he  l ine.  
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Fig. 7. Energy level d iagrams for  an n- and p-type semi- 
conductor in contact  wi th o metal  and an electrolyte. 
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tial can be due only to changes in the interracial 
potential (E~). 

Potential differences between n- and p-type Ge 
or n- and p-type Si are observed when the elec- 
trodes immersed in a nonetching electrolyte are il- 
luminated with light or when they are immersed 
in a chemical etching solution without light. Under 
these conditions the surface region of the semi- 
conductor is not at equilibrium. The photovoltaic 
effect of semiconductor electrodes in solutions has 
been observed many times (Ii, 12). It is attributed 
to hole-electron pairs produced by light energy in 
the surface region. These extra hole-electron pairs 
change the Fermi level at the surface of the semi- 
conductor with respect to that of the bulk, that is, 
EH changes. The measured electrode potential of 
semiconductors changes when illuminated with 
light (ii, 13). The sign and magnitude of the po- 
tential differences between n- and p-type electrodes 
in etching solutions as shown in Fig. 5 and 6 are 
essentially the same as those obtained in the photo- 
voltaic effect. This suggests that holes and electrons 
are produced at the surface of the semiconductor 
during chemical etching. Several other observations 
tend to support this interpretation: (a) the photo- 
voltaic effect disappears even at moderate rates of 
chemical etching; (b) the rectifying characteristic 
of a broad-area p-n junction is completely elim- 
inated if either side of the junction is exposed to an 
etching solution; (c) a Ge or Si diode, with masked 
leads, generates a considerable amount of power 
(~ 0.3 milliwatt/cm of exposed junction length) 
when immersed in C.P.-4 solution; and (d) the 
saturation current density of n-type Ge or Si made 
anodic in a chemical etching solution increases in 
proportion to the rate of etching (14). These effects 
can be explained satisfactorily only by assuming 
that large numbers of holes and electrons are pro- 
duced at the surface of semiconductors during 
chemical etching. 

The mechanism of chemically etching Ge and Si 
must include a source of excess holes and electrons. 
As stated earlier, chemical etching of semiconduc- 
tors is an electrochemical process with local anode 
and cathode areas. Semiconductor dissolution takes 
place at the anode sites, while the oxidizing agent is 
reduced  at the  cathode areas. I t  has been  we l l  
es tab l i shed  tha t  the  anodic  d issolut ion reac t ion  at 
Ge and  Si e lectrodes consumes  holes (11).  B r a t t a i n  
and  G a r r e t t  (11) also found  tha t  w h e n  they  ano-  
d ical ly  biased an  n - t y p e  Ge electrode to the s a t u r a -  
t ion  current region and then injected holes with 
light, the total dissolution current increased be- 
tween 1.4 to 1.8 times the current due to hole 
injection. Turner (15) has suggested that the mech- 
anism for the anodic dissolution of Ge involves the 
diffusion of two holes to the surface with a return 

flow of two electrons for each atom dissolving. This 

would give a current multiplication factor of 2. Beck 

and Gerischer (9), however, have found that the 

current multiplication factor is near 2 only when 

holes are consumed as fast as they arrive at the 

anode surface. If holes can diffuse to the surface or 

holes are injected into the surface region faster 

t han  they  are consumed  in  the  anode react ion,  then  
the c u r r e n t  mu l t i p l i c a t i on  factor  ma y  be less t han  2. 

If a semiconduc tor  such as Si is chemica l ly  etched 
in a HNO3-HF acid mix tu re ,  the reac t ion  at the 
anode sites is the d isso lu t ion  of sil icon as follows: 

Si -t-2H,~O + n e  §  SiO~ § 4H + + ( 4 - - n )  e- 

l 6HF 
+ H2SiF~ § 2H20 [2] 

where  e" represen ts  a hole and  n is the  average 
n u m b e r  of holes r e q u i r e d  to dissolve 1 Si atom; n 
ma y  r a nge  f rom 2 to 4 de pe nd i ng  on the cu r r en t  
mu l t i p l i ca t i on  factor.  A Si d issolu t ion  va lence  of 
four is assumed for the process which is probably 
correct for HNO~-rieh solutions. In HF-rich solu- 
tions, there is evidence that Si dissolution is diva- 
lent (12, 16, 17). It is also assumed that Si dissolves 
by first forming an oxide which then reacts with HF 
to form the water-soluble silicofluoride complex. 

The main function of the oxidizing agent in the 
chemical etching solution is not to oxidize the semi- 
conductor as is sometimes proposed (i) (Ge and Si 
are readily oxidized in most oxygen-containing 
systems) but to provide an easily reduced material 
for the cathode reaction. In the absence of an oxi- 
dizing agent (including oxygen) and metal ions 
more noble than the semiconductor, the only cath- 
ode reaction possible is the discharge of hydrogen 
ions. The hydrogen discharge reaction can only 
proceed at a very slow rate, however, because of 
hydrogen overvoltage. This limits the chemical 
etching rate to a negligible value. 

Oxidizing agents do more than provide an easily 
reduced material at semiconductor electrodes. They 
modify the distribution of mobile charge carriers 
in the surface region so that the Fermi level at the 
surface is nearer the valence band than it is the 
conduction band. This is illustrated in Fig. 7. The 
electron transfer process in the reduction of the 
oxidizing agent involves the transfer of an electron 
from the valence band to the ion being reduced. It 
is equivalent to hole injection. This concept was 
formulated independently by Gerischer and Beck 
(9, 18) and Dewald (i0). Both have obtained ex- 
perimental evidence in support of this mechanism. 
Pleskov (19), using a novel technique of working 
both sides of a Ge electrode electrochemically, has 
confirmed their observations. 

The reduction of HNO~ is a complicated reaction 
involving several steps (20, 21). Crefella and Gatos 
(7) have shown that the mechanism proposed by 
Vetter (20) for the cathodic reduction of HNO3 on 
a Pt electrode also applies to Ge. The over-all re- 
action can be written as follows: 

HNO, + 2H +-~ HNO_~ § H,,O + 2e + [3] 

Holes injected into the semiconductor by the catho- 
dic reduction of the oxidizing agent supply the 
holes required for the anodic dissolution part of the 
chemical etching process. Combining Eq. [2] with 
two times Eq. [3] (for charge balance) gives the 
following over-all reaction for chemically etching 
silicon in HNO3-HF mixtures: 
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Si + 2HNO, + 6 H F - ~  H,SiF~ + 2HNO~ + 2H~O + 

( 4 - - n ) e  § + ( 4 - - n ) e -  [4] 

Each a tom of Si dissolving uses up to 2 molecules  
of HNO~ and  six of HF. The ac t iva t ion  ene rgy  
( ~  4 k c a l / m o l e )  (2, 22) for the ove r -a l l  reac t ion  
indicates  tha t  the k inet ics  of the  process is d i f fus ion-  
control led.  Therefore ,  if the ra tes  of diffusion and  
convect ion  of HNO~ and  HF f rom the  so lu t ion  b u l k  
to the Si surface  are a p p r o x i m a t e l y  equal ,  the  m a x -  
i m u m  etching  ra te  should occur w h e n  the  mole 
rat io of HNO~ to HF is 1/3 [ so lu t ion  composi t ion:  
42% by  wt  (70%)  HNO~ + 58% by  wt  ( 4 9 % ) H F ] .  

Schmid and  Spahn  (21, 23) found  tha t  HNO~ re-  
duces beyond  n i t rous  acid, HNO.~, to n i t r i c  oxide, 
NO, w h e n  copper is chemica l ly  etched in HNO~. For  
this mechan i sm,  the  ove r -a l l  cathodic r educ t ion  of 
n i t r ic  acid is 

HNO~ + 3H+-> NO + 2H.~O + 3e § [5] 

Robbins  and  Schwar tz  (1, 24) have  assumed tha t  
HNO~ reduces  to NO as in  Eq. [5] w h e n  Si is chemi -  
cal ly e tched in HNO3-HF mix tures .  However ,  they  
also propose tha t  the  anode reac t ion  p roduc t  is SiFt. 
As a resul t ,  the i r  ove r -a l l  anode -ca thode  reac t ion  
for e tching  sil icon in  HNO~-HF m i x t u r e s  gives a 
1/3 mole  rat io as in  Eq. [4] which  is on ly  fair  in 
ag reemen t  w i th  the resul ts  shown in  Fig. 1. A n  ex-  
cel lent  agreement is obtained, however, if H~SiF~ is 
assumed to be the anode reaction product instead 
of SiFt. The over-all etching reaction obtained by 
combining Eq. [2] and [5] (Eq. [2] is multiplied 
by 3 and Eq. [5] by 4 for the necessary charge bal- 
ance) is as follows: 

3St +4HNO, + 18HF-~ 3H~SiF~ + 4NO + 

8H~O + 3 ( 4 - - n ) e  + + 3 ( 4 - - n ) e -  [6] 

The mole  rat io of HNO~ to HF for this reac t ion  is 
4/18 or 1/4.5. This agrees ve ry  wel l  wi th  the  HNO~- 
HF composi t ion  which  gives the m a x i m u m  ra te  of 
e tching shown in Fig. 1 [33% by  wt  (70%)HNO~ + 
67% by  wt  ( 4 9 % ) H F ] .  K le in  (2) ob ta ined  a m a x i -  
m u m  etching  ra te  on Si at  abou t  the same solut ion 
composit ion.  Robb ins  and  Schwar tz  (1) have  p rop-  
er ly  conc luded  tha t  to the  left  of the  m a x i m u m ,  
where  the  H F  concen t ra t ion  is r e l a t i ve ly  low, the  
rate  of e tching  is cont ro l led  by  the  diffusion and  
convec t ion  of HF to the  Si surface.  The a r r i va l  of 
HNO~ at the  Si surface becomes ra te  d e t e r m i n i n g  
in solut ions  wi th  composi t ions  to the r igh t  side of 
the m a x i m u m  in Fig. 1. 

The n u m b e r  of excess holes and  e lec t rons  p ro -  
duced in  chemica l ly  e tching Si, as shown in  Eq. [4] 
and  [6],  depends  on the ra te  of e tch ing  and  the  

c u r r e n t  mu l t i p l i ca t i on  factor  a = in  the  anode 

react ion.  If n is 2, t hen  a = 2; bu t  if 4 holes are 
consumed  in  dissolving 1 Si atom, t h e n  a = 1 and  
no excess holes and  electrons are  produced.  P o t e n -  
t ial  m e a s u r e m e n t s  on Ge and  Si electrodes in  chem-  
ical e tch ing  solut ions indica te  tha t  a > 1, since the 
po ten t ia l  is a func t ion  of the  conduc t iv i ty  type  and  

resistivity as shown in Fig. 5 and 6. The measured 
electrode potential, except for n-type St, is shown 
to be a logarithmic function of the equilibrium hole 
density. At present, the author does not have a 
satisfactory interpretation of the results obtained 
with n-type St. The material lifetime or the total 
impurity density were found not to be a factor. 
Dewald (i0) has shown that holes are the poten- 
tial-determining carriers at semiconductor elec- 
trodes in etching solutions. The hole density just 
inside the space-charge layer (Pl) is large on n- 
type as well as p-type electrodes. For very strongly 
p-type samples (equilibrium hole densities p ~ 
i0 ~ holes cm-3), pl is not appreciably different from 
the equilibrium hole density and the measured 
electrode potential becomes almost constant. The 
limiting potential effect should occur at higher p 
values if the rate of hole generation at the surface 
increases. This is confirmed by the results shown in 
Fig. 5 since the etch rate increases with larger 
amounts of HF. 

The potential (E~.) at the semiconductor-elec- 
trolyte interface can best be illustrated with typi- 
cal anode and cathode potential-current curves as 
shown in Fig. 8. In order to simplify the diagram, 
the IR drops in the local corrosion circuits were not 
included. In HNO~-HF mixtures the cathode reac- 
tion is the reduction of HNO3 according to Eq. [5], 
while the anode reaction is the dissolution of the 
semiconductor, Eq. [2]. The case illustrated in Fig. 
8 is the condition where the etching rate is deter- 
mined by the mass transfer of HF to the surface. 
The intersection of the anode and cathode curves 
determines the etching or corrosion current, and 
the measured potential of the electrode. In concen- 
trated HNO3 without HF, the corrosion current is 
essentially zero and the measured potential is the 
open-circuit potential of the cathode reaction--the 
reduction of nitric acid on the semiconductor. When 
HF is added, the anode reaction proceeds at a much 
higher rate before polarization sets in, curve A2. 
The etching rate on Ge or Si increases markedly 
and the measured electrode potential changes in 
the negative direction. When the measured elec- 
trode potential is appreciably far from the open- 
circuit anode or cathode potential it is often called 
a mixed corrosion potential. The large initial poten- 
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Fig. 8. Typical electrochemicol polQrizotion curves for local 
onodes ond cQthodes on Ge or 5i in HNO:, with oncl wi thout 
HF odditions. 
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t i a l  c h a n g e  in Fig.  3 w h i c h  o c c u r r e d  w h e n  a s m a l l  
a m o u n t  of H F  was  a d d e d  to HNO~ is a t t r i b u t e d  to 
a l a r g e  change  in t he  m i x e d  i n t e r r a c i a l  po ten t i a l .  
S u b s e q u e n t  changes  in the  e l ec t rode  p o t e n t i a l  a t  
h i g h e r  e tch  r a t e s  w i t h  m o r e  I-IF as shown  in Fig .  3 
a r e  c o m p l i c a t e d  b y  changes  in EII ( ins ide  the  s e m i -  
c onduc to r )  due  to t he  excess  holes  and  e l ec t rons  
p roduced .  S t i r r i n g  i nc r ea se s  t he  s u p p l y  of t he  r a t e -  
d e t e r m i n i n g  m a t e r i a l  to the  su r f ace  of the  s e m i -  
conduc to r .  This  i nc r ea se s  t he  cor ros ion  c u r r e n t  a n d  
sh i f t s  the  e l e c t r o d e  po t en t i a l ,  as shown  in Fig.  8. 
The  p o t e n t i a l  change  w i t h  s t i r r i n g  is eas i ly  d e m o n -  
s t r a t e d  b y  s i m p l y  j i g g l i n g  the  e lec t rode .  W h e n  H F  
is t he  r a t e - d e t e r m i n i n g  m a t e r i a l  the  po t en t i a l s  of 
bo th  n -  and  p - t y p e  Ge (or  Si)  a l w a y s  sh i f t  in t he  
n e g a t i v e  d i r ec t i on  a n d  w h e n  HNO~ is the  c o n t r o l -  
l ing  fac tor ,  the  p o t e n t i a l s  become  m o r e  pos i t ive  
w i t h  s t i r r ing .  C u r r e n t  L and  p o t e n t i a l  E, r e p r e s e n t  
the  va lue s  o b t a i n e d  w h e n  the  mass  t r a n s f e r  of 
HNO~ and  H F  a re  e q u a l l y  r a t e  d e t e r m i n i n g .  As  
p r e v i o u s l y  men t ioned ,  th i s  occurs  on Si  a t  t he  m a x -  
i m u m  r a t e  of e t ch ing  w h e n  the  H N O . J H F  ra t io  is 
a b o u t  1-4.5. 

Summary and Conclusions 
The  chemica l  e t ch ing  of s e m i c o n d u c t o r s  is r e a l l y  

an  e l e c t r o c h e m i c a l  process .  S e m i c o n d u c t o r  d i s so lu -  
t ion t a k e s  p lace  a t  loca l  anode  s i tes  wh i l e  the  ox i -  
d iz ing  agen t  is r e d u c e d  at  local  ca thode  areas .  The  
to t a l  anodic  c u r r e n t  a l w a y s  equa l s  t he  to ta l  ca thod ic  
cu r ren t .  The  a v e r a g e  a n o d e  and  ca thode  c u r r e n t  
d e n s i t y  c a l c u l a t e d  f r o m  ra t e s  of e t ch ing  d a t a  is in 
the  o r d e r  of a m p e r e s  p e r  s q u a r e  cen t ime te r .  The  
r a t e  of e t ch ing  is con t ro l l ed  b y  the  mass  t r a n s f e r  
of an  ionic or  m o l e c u l a r  species  in t he  e l e c t r o l y t e  
to t he  su r face  of t he  semiconduc to r .  I t  is not  l i m i t e d  
b y  the  s u p p l y  of holes  or  e l ec t rons  in the  s emicon -  
duc to r  surface .  In  fac t  an  excess  of holes  and  e lec -  
t rons  a r e  p r o d u c e d  at  the  surface .  The  l a rge  n u m b e r  
of holes  r e q u i r e d  to m a i n t a i n  t he  s emiconduc to r  
d i s so lu t ion  r eac t i on  r a t e  a t  a m p e r e s  p e r  squa re  cen -  
t i m e t e r  a r e  s u p p l i e d  b y  hole  i n j ec t ion  at  n e a r b y  
ca thod ic  areas .  Due  to a c u r r e n t  m u l t i p l i c a t i o n  e f -  
fect  in the  anode  reac t ion ,  an  equa l  n u m b e r  of 
excess  holes  and  e l ec t rons  a r e  p r o d u c e d  at  the  
s e m i c o n d u c t o r  surface .  These  excess  holes  and  
e l ec t rons  m o d i f y  t ha t  p a r t  of the  m e a s u r e d  e lec -  
t r o d e  p o t e n t i a l  w h i c h  is j u s t  ins ide  t he  su r face  of 

the  semiconduc to r .  
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Preparation of Boron by Fused Salt Electrolysis 
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ABSTRACT 

The p repa ra t ion  of e lementa l  boron by  fused sal t  e lectrolysis  was inves t i -  
gated using var ious  e lec t ro ly tes  composed of B~O:~ dissolved in mix tures  of 
a lkal i  meta l  and magnes ium chlorides,  fluorides and oxides, wi th  a g raphi te  
crucible  anode and a steel  cathode at about  850~ The best  product  pur i ty ,  
97.5%, was obtained wi th  a ba th  containing KC1, KF, and B.~O~, t r ea ted  with  
HC1 gas. This e lec t ro ly te  has the advan tage  tha t  it  is not  as vola t i le  as p re -  
viously  used baths  containing KBF,.  Lower  pur i t ies  were  obta ined  wi th  baths  
containing sodium or magnes ium salts. An  approx imate  phase  equi l ib r ium 
d iag ram is given of the  l iquid sys tem KC1-KF-B~O3. 

E l e m e n t a l  b o r o n  has  been  p r e p a r e d  b y  (a)  t h e r -  
m a l  r e d u c t i o n  of bor i c  ox ide  w i t h  m e t a l s  (1, 2) ,  (b)  
t h e r m a l  r e d u c t i o n  of b o r o n  ha l ides  or f luobora tes  
w i th  m e t a l s  o r  h y d r o g e n  (2 -5 ) ,  (c)  t h e r m a l  d i s so -  
c ia t ion  of bo ron  ha l ides  or  h y d r i d e s  (5 -8 ) ,  and  (d)  
fused  sa l t  e lec t ro lys i s .  In  the  first  of these  m e t h o d s  
the  h ighes t  p u r i t y  has  been  o b t a i n e d  b y  the  use  of 
m a g n e s i u m  p o w d e r  (Moissan  p r o c e s s ) ;  mos t  c o m -  
m e r c i a l  bo ron  has  been  p r o d u c e d  b y  th is  means .  
Howeve r ,  t he  p u r i t y  of Moissan  b o r o n  ( w i t h o u t  
f u r t h e r  t r e a t m e n t )  is u s u a l l y  less t h a n  92%,  a n d  
this  m e t h o d  is l i m i t e d  e c o n o m i c a l l y  b y  the  cost  of 
t he  m a g n e s i u m  and  the  excess  B~O3 used.  M e thods  
(b)  and  (c) a r e  c a p a b l e  of p r o d u c i n g  h i g h e r  p u r i t y  
boron  b u t  also h a v e  been  l i m i t e d  e c o n o m i c a l l y  b y  
the  cost  of r a w  ma te r i a l s .  The  e l ec t ro ly t i c  m e t h o d  
is not  so l i m i t e d  b y  r a w  m a t e r i a l  costs and  was  b e -  
l i eved  w o r t h y  of f u r t h e r  inves t iga t ion .  

E a r l y  w o r k  on the  e l ec t ro lys i s  of a l k a l i  bo ra tes ,  
r e v i e w e d  b y  A n d r i e u x  (9) ,  r e s u l t e d  in  i m p u r e  
p r o d u c t s  and  low y ie lds .  K a h l e n b e r g  (10) e l e c t r o -  
lyzed  fused  KBF4 and  s t a t ed  t ha t  o p e r a t i o n  was  
s a t i s f ac to ry  excep t  for  c o n t a m i n a t i o n  of t he  p r o d -  
uc t  w i t h  copper  f r o m  o x i d a t i o n  of the  ca thode .  He  
also a t t e m p t e d  the  e l ec t ro lys i s  of a KF-B20~ b a t h  
b u t  was  unsuccess fu l  because  of a t t a c k  on his  con-  
ta iners .  H e  r e p o r t e d  a p r o d u c t  a n a l y z i n g  100% B 
f rom a nonf luor ide  b a t h  con ta in ing  KC1, K~O, and  
B~O~, but ,  as w i l l  be  shown,  th is  r e s u l t  cou ld  no t  be  
conf i rmed  in t he  p r e s e n t  work .  

A n d r i e u x  (11) r e p o r t e d  t h a t  in the  e l ec t ro ly s i s  
of bora tes ,  the  p r o d u c t  of h ighes t  pu r i t y ,  a b o u t  85% 
B, was  o b t a i n e d  w h e n  the  ca t ion  p r e s e n t  was  m a g -  
nes ium.  Cooper  (12) r e p o r t e d  a m a x i m u m  p u r i t y  
of 96.7% B b y  e l ec t ro ly s i s  of a KF-KBF4-B~O~ b a t h  
and  99.5% B w i t h  KC1-KBF4 and  KC1-KBF4-B~O, 
ba ths .  Cooper ' s  e l e c t ro ly t e s  con ta in ing  B20, a r e  
ana logous  to those  used  in a l u m i n u m  p roduc t i on .  
A n d r i e u x  and  Deiss  (13) ,  El l i s  (14) ,  M i l l e r  (15) ,  
M u r p h y ,  T ins ley ,  and  M e e n a g h a n  (16) ,  F u l l a m  
(17),  a n d  S t e r n  a n d  M c K e n n a  (18) h a v e  also e l ec -  
t r o l y z e d  b a t h s  con t a in ing  KBF4. These  i n v e s t i g a t o r s  
also o b t a i n e d  t h e i r  m a x i m u m  p u r i t y  b y  us ing  KBF~. 

In  mos t  cases t h e y  d id  no t  r e a c h  the  m a x i m u m  
p u r i t y  r e p o r t e d  b y  Cooper .  

The  use of KBF4 l eads  to a p p r e c i a b l e  loss of 
boron  and  f luor ide  by  vo la t i l i za t ion ,  because  of i ts  
t e n d e n c y  to decompose  on h e a t i n g  [v.p.  182 m m  at  
8 0 0 ~  The  p u r p o s e  of t h e  p r e s e n t  w o r k  was  
to find, if poss ib le ,  a b a t h  w h i c h  w o u l d  be  m o r e  
s t ab le  t han  those  c on t a in ing  f luobora tes  and  w h i c h  
w o u l d  p r o d u c e  a c o m p a r a b l e  p roduc t .  

Experimental 
A g r a p h i t e  c ruc ib le ,  of ins ide  d i a m e t e r  254 mm,  

ins ide  d e p t h  380 ram, w i t h  w a l l s  76 m m  t h i c k  and  
w i t h  a c lose - f i t t ing  she l l  of 6.4 m m  (1/4 in.)  Incone l  
was  used  as a b a t h  c o n t a i n e r  and  as the  anode.  This  
was  enc losed  in a b r i c k  f u r n a c e  h e a t e d  w i t h  a gas  
bu rne r .  The  ca thodes  used  w e r e  e i t he r  c y l i n d r i c a l  
or  flat. The  flat  ca thodes  w e r e  m a d e  b y  w e l d i n g  5 
m m x  127 m m  or  152 m m  A r m c o  i ron  p l a t e s  t o -  
g e t h e r  w i t h  3/s in. space r s  b e t w e e n  them,  to f o r m  a 
ho l low ca thode  w h i c h  could  be  cooled b y  b l o w i n g  
c o m p r e s s e d  a i r  in to  it. T h e  c y l i n d r i c a l  ca thodes  
w e r e  m a d e  f r o m  m i l d  s tee l  p ipe  c losed at  the  b o t -  
tom,  w i t h  a t u b e  ins ide  the  ca thode  e x t e n d i n g  a l -  
mos t  to the  b o t t o m  for  cool ing w i t h  c ompre s sed  a i r  
a t  t he  end  of a run .  I t  was  f o u n d  he lp fu l  in  p r e -  
v e n t i n g  a t t a c k  on the  ca thodes  to have  t u b e s  for  
a i r  cool ing w e l d e d  to the  ca thode  above  the  b a t h  
level .  A l a y e r  of f rozen  e l e c t r o l y t e  was  p u t  on t h e  
u p p e r  p a r t  of t he  ca thode ,  a b o v e  the  b a t h  level ,  b y  
m o m e n t a r i l y  d i p p i n g  the  c a thode  in the  b a t h  b e f o r e  
bo l t i ng  i t  in p l a c e  for  t he  e lec t ro lys i s ,  and  this  l a y e r  
was  m a i n t a i n e d  d u r i n g  e l e c t ro ly s i s  b y  p a s s i n g  a 
c u r r e n t  of a i r  t h r o u g h  these  tubes .  To s t a r t  a run ,  
t he  c ruc ib l e  was  f i l led w i t h  a b o u t  35 kg  of the  
m i x e d  i n g r e d i e n t s  ( t e chn ica l  g r a d e )  and  h e a t e d  
un t i l  fused  and  the  de s i r e d  t e m p e r a t u r e  was  
reached .  The  c a thode  was  t h e n  b o l t e d  to a w a t e r -  
cooled copper  c a thode  h o l d e r  and  l o w e r e d  into  t h e  
ba th .  The  b a t h  w a s  no t  c ove re d  and  no p r o t e c t i v e  
a t m o s p h e r e  was  used.  The  c u r r e n t  was  s u p p l i e d  b y  
Ed ison  ba t t e r i e s .  In  some e x p e r i m e n t s  t h e  p o t e n t i a l  
was  a p p l i e d  to the  ca thode  be fo re  p l a c ing  i t  in t he  

817 
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b a t h ;  t h i s  p r o c e d u r e  u s u a l l y  r e s u l t e d  i n  a l a y e r  of 
e l e c t r o l y t e  b e t w e e n  t h e  b l a c k  d e p o s i t  a n d  t h e  c a t h -  
ode .  I n  m o s t  e x p e r i m e n t s ,  t h e r e f o r e ,  t h e  c u r r e n t  
w a s  n o t  t u r n e d  o n  u n t i l  a f e w  m i n u t e s  a f t e r  l o w e r -  
i n g  t h e  c a t h o d e  i n t o  t h e  b a t h ,  i n  o r d e r  to  p e r m i t  
melting of the layer of frozen salt which formed at 
first on the surface of the cathode. Any black scum 
on the surface of the bath was removed by skim- 
ming at frequent intervals. It was found desirable 
at the end of a run to decrease the current to about 
25-40 amp and cool the cathode by passing com- 
pressed air through it for a few minutes before 
raising the cathode from the bath, in order to in- 
crease adherence of the deposit to the cathode. 
The product generally formed on the surface of the 
cathode as a smooth black deposit (occasionally 
rough in places) containing about 25% elemental 
boron and 75% electrolyte. The deposit often 
showed a tendency to ignite in spots just after re- 
moval of the cathode from the bath. If this occurred 
it was quickly extinguished by covering with 
granular sodium chloride. On soaking the cathode 
in water the deposit disintegrated and was easily 
removed from the cathode. In some cases, the de- 
posit was removed by hammer and chisel, in order 
to separate the smooth parts of the deposit from the 
rough. Any parts which appeared different, such as 
the deposits on the edges and sides of a fiat eathode, 
were separated also. These portions of the crude 

d e p o s i t  w e r e  e x t r a c t e d  w i t h  b o i l i n g  w a t e r ,  d i g e s t e d  
o v e r n i g h t  w i t h  h o t  c o n c e n t r a t e d  HC1, w a s h e d  a n d  
d r i e d  a t  110~  T h e  p r o d u c t s  w e r e  p r a c t i c a l l y  
a m o r p h o u s  to  x - r a y s .  

F o r  a n a l y s i s ,  a f r e s h l y  d r i e d  0 .2 -g  s a m p l e ,  w a s  
e i t h e r  f u s e d  w i t h  10 g of  s o d i u m  c a r b o n a t e  ( 2 0 )  
o r  d i s s o l v e d  i n  m i x e d  a c i d s  ( 2 1 ) ;  B~O, w a s  d e t e r -  
m i n e d  b y  t i t r a t i o n  b y  t h e  u s u a l  m e t h o d ,  u s i n g  
m a n n i t e .  

D a t a  o n  s e l e c t e d  r u n s  w i t h  v a r i o u s  e l e c t r o l y t e s  
a r e  g i v e n  i n  T a b l e  I. 

Discussion 
O n e  of  t h e  f i r s t  b a t h  c o m p o s i t i o n s  i n v e s t i g a t e d  

( R u n  1) w a s  t h e  KC1-K.~O-B~O~ b a t h ,  w h i c h  h a d  
b e e n  s t a t e d  b y  K a h l e n b e r g  ( 1 0 )  to  g i v e  p u r e  b o r o n .  
I n  t h i s  n o n f l u o r i d e  b a t h  s o m e  a l k a l i n i t y  is n e c e s s a r y  
to d i s s o l v e  t h e  B~O,. O n l y  a v e r y  l o w  y i e l d  of 6 5 %  
b o r o n  c o u l d  b e  o b t a i n e d  w i t h  t h i s  b a t h .  

R e p l a c e m e n t  of  KC1 p a r t i a l l y  ( R u n  2)  o r  c o m -  
p l e t e l y  ( R u n  3)  b y  K F  i n  t h e s e  a l k a l i n e  b a t h s  g a v e  
a s o m e w h a t  b e t t e r  b u t  s t i l l  u n s a t i s f a c t o r y  p u r i t y ,  
7 8 - 7 9 %  B. I f  t h e  a l k a l i n i t y  w a s  i n c r e a s e d  to  3 2 . 5 %  
( R u n  4 ) ,  n o  d e p o s i t  a t  a l l  w a s  o b t a i n e d .  T h e s e  p o o r  
r e s u l t s  w i t h  a l k a l i n e  b a t h s  m a y  h a v e  b e e n  d u e  to 
o x i d a t i o n  of  t h e  d e p o s i t  b y  c a r b o n a t e ,  w h i c h  w a s  
p r e s e n t  in  a l k a l i n e  b a t h s  i n  h i g h e r  c o n c e n t r a t i o n s  
t h a n  in  n o n a l k a l i n e  b a t h s  ( R u n s  3, 4, 6 ) .  

B e t t e r  r e s u l t s  w e r e  o b t a i n e d  w i t h  e l e c t r o l y t e s  
n o t  c o n t a i n i n g  a d d e d  a l k a l i n i t y .  E l e c t r o l y t e s  c a m -  

Table I. Summary of experiments an the electrolytic production of elemental boron 

A v e r a g e  
B a t h  c o m p o n e n t s ,  w t  % c a t h o d i c  C u r r e n t  

c u r r e n t  effi- P r o d u c t  
R u n  p H  of 0 .33% A v g  d e n s i t y ,  c l ency ,  p u r i t y ,  
No.  KC1 K F  K_~O B~O~ s o l u t i o n  H r  t e m p ,  "C Vol t s  A m p  a m p - d m  -~ % % ]B 

1 59 0 21 20 - -  2 882 4.3-5.4 560-780 87 1 65.0 
2 23.5 31.5 21.5 23.5 - -  3 857 4.2-5.3 570-800 98 31 79.3 
3 ~ 0 50 20 30 - -  3 849 4.5-5.5 495-775 96 55 78.0 
4 ~ 0 43 32.5 24.5 - -  3 882 3.5-4.6 500-775 81 0 - -  
5 ~' 56 36 8 - -  1.3 810 5.3-5.7 580-605 135 34 80.4 
6 ~ 11.5 73.5 15 - -  2.0 850 3.8-4.7 600-740 99 81 87.8 
7 71 21.5 7.5 - -  1.5 845 3.9-4.7 505-650 81 40 83.5 
8 44 33 23 7.6 1.5 860 3.6-3.8 255-300 74 67 87.0 
9" 43.5 32 24.5 4.7-4.9 1.5 860 3.5-3.7 280-300 79 58 93.3 

10 "~ 91 7.2 1.8 3.4 1.5 840 4.0-4.2 285-310 82 62 90.4 
11 ~ 46.5 30.0 23.5 4.9 1.5 871 3.6-3.8 290-300 79 47 96.0 
12 ~ 44 41 15 7.1-7.2 2.0 812 3.1-3.2 310-370 87 57 94.7 
13 0 92.5 7.5 - -  3.0 896 3.4-4.1 595-940 107 58 84.0 
14 0 69.5 30.5 - -  3.0 802 4.9-5.6 515-710 92 67 86.5 
15 g 0 85 15 5.6-5.7 2.5 877 2.6-3.2 310-355 87 28 90.7 

K B F 4  

16 ~ 70 22 8 3.8 2.0 827 3.5-3.7 295-360 84 79 95.0 

NaC1 N a F  

17 ~' 20.5 32 27.5 20 8.1 2.0 909 2.7-3.4 295-340 84 56 85.9 
18 ~' 0 39 36 25 7.7-7.9 1.0 836 3.7-3.9 340-370 93 27 79.4 

MgF2 K F  

19 ~ 11 79 10 4 906 2.5-3.2 315-360 48 18 84.3 

a R u n  3:  A n a l y s i s  of e l e c t r o l y t e  fo r  CO2: b e f o r e  r u n ,  0 .42%;  a f t e r  r u n ,  0 .19% CO2. 
R u n  4:  A n a l y s i s  of  e l e c t r o l y t e  fo r  CO2: b e f o r e  r u n ,  0 .43%;  a f t e r  r u n ,  0 .23% CO2. 

c R u n  5: K C 1 - K F  e u t e c t i c  (m.p  605~ + BeOs. 
R u n  6:  COs c o n t e n t  of  e l e c t r o l y t e  a t  s t a r t  of r u n ,  0 .012%.  
R u n s  0-12;  17 a n d  18: E l e c t r o l y t e  ac id i f i ed  w i t h  ga seous  HC1 b e f o r e  e l ec t ro lys i s .  

f R u n  1 0 : H C 1  w a s  p a s s e d  in to  th i s  b a t h  fo r  21/2 h r ,  c a u s i n g  a s econd  l i q u i d  of c o m p o s i t i o n  21% KC1, 31% K F  a n d  48% B~O8 to  f o r m  a t  
t h e  b o t t o m  of t h e  c r u c i b l e .  

g R u n  15: G a s e o u s  H F  p a s s e d  in to  b a t h  b e f o r e  e l e c t ro ly s i s .  
h R u n  16: Coope r  (12) e l e c t r o l y t e .  

R u n  19: P r o d u c t  c o n t a i n e d  2 .3% Mg.  
N o t e :  C a t h o d e  d i m e n s i o n s :  R u n s  1-4, 6, 7, 13, 14, 19: s  12 • 2 cm,  i m m e r s e d  23 c m ;  R u n  5:  c y l i n d r i c a l ,  9 cm d i a m e t e r ,  i m m e r s e d  

12 era ;  R u n s  8-12,  15-18:  c y h n d r i c a l ,  6 cm d i a m e t e r ,  i m m e r s e d  23-24  cm.  
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posed of KC1, KF,  and  B~O, ( runs  5-8)  gave  p r o d -  
ucts  r a n g i n g  up  to a m a x i m u m  of 91.6% boron  in 
the  coa r se r  f r ac t ion  of Run  8. In  these  e x p e r i m e n t s  
the  ~- 100 mesh  f r ac t ion  of the  p r o d u c t  was  u s u a l l y  
of h i g h e r  p u r i t y  t h a n  the  f iner  f r ac t ions .  W h e n  a 
flat c a thode  was  used,  the  depos i t  a t  the  edges,  
w h e r e  t he  c u r r e n t  dens i t y  was  g rea t e r ,  g e n e r a l l y  
gave  a s o m e w h a t  h i g h e r  p u r i t y  t h a n  t h a t  on the  
flat sides.  This  b a t h  compos i t ion  gave  poor  r e su l t s  
u n d e r  some condi t ions  such as low t e m p e r a t u r e s  
and low K F  or  B~O, concen t ra t ions .  A K F / K C 1  ra t io  
equa l  to t ha t  of the  eu tec t ic  in the  s y s t e m  K F - K C 1  
aiso gave  poor  r e su l t s  (Run  5).  

I t  is k n o w n  tha t  fused  ha l i de s  e x p o s e d  to the  
a t m o s p h e r e  wi l l  g r a d u a l l y  become  a lka l ine .  S ince  
the  a b o v e  e x p e r i m e n t s  i n d i c a t e d  t ha t  an  i nc rea se  
in e l e c t r o l y t e  a l k a l i n i t y  gave  a p o o r e r  q u a l i t y  p r o d -  
uct, n e u t r a l i z a t i o n  w i t h  HC1 was  a t t e m p t e d .  I t  was  
found  t h a t  t he  a l k a l i n i t y  could  be  e l i m i n a t e d  b y  
bubb l ing  HC1 gas in to  t he  fused  sa l t  b a t h  t h r o u g h  
a g r a p h i t e  tube .  A conven i en t  m e a n s  of con t ro l l i ng  
the  a d d i t i o n  of the  gas was  to d e t e r m i n e  the  p H  of 
a 0.33% so lu t ion  of the  e l ec t ro ly t e .  B y  e l ec t ro lys i s  
of these  a c i d - t r e a t e d  b a t h s  (Runs  9-12)  i t  was  pos -  
s ib le  to p r o d u c e  boron  of m a r k e d l y  i n c r e a s e d  p u r -  
i ty.  The  h ighes t  o v e r - a l l  p r o d u c t  p u r i t y  r e a c h e d  
was  96% B in Run  11. Coarse r  f r ac t ions  of t he  
p roduc t s  w e r e  aga in  of h i g h e r  p u r i t y  t h a n  the  f iner  
f r ac t ions  and  r e a c h e d  97.3-97.5% B in s e v e r a l  runs .  
Boron of good p u r i t y  was  o b t a i n e d  w i t h  e l e c t r o l y t e s  
of w h i c h  the  p H  of the  0.33% so lu t ion  r a n g e d  f rom 
4.8 to 7.2, and  the  K C I : K F : B o O ,  p r o p o r t i o n s  b y  
we igh t  w e r e  47:30:23 ,  57:30:13,  42:38:20 ,  and  
45: 40: 15. 

F i g u r e  1 is a phase  e q u i l i b r i u m  d i a g r a m  of the  
liquid system KCI-KF-B~O~. The numbers shown 
are examples of the product purity obtained with 
acid-treated baths of various proportions of these 
components. In Run I0, the HCI was passed into 
the fused bath for 21/2 hr, which apparently caused 
a loss of HF from the bath and resulted in separa- 
tion of the bath into two liquids, represented by the 
ends of the tie line in Fig. I. 

B205 

KCl ~F 
Fig. 1. Phase diagram for the liquid system KCI-KF-B20~ at 

approximately 800~176 (wt %), showing the per cent 
boron in the product obtained by HCI treatment and elec- 
trolysis of various electrolyte compositions. Squares represent 
products in which the -I-100 mesh fraction consisted of 
97.3-97.5% boron. 
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F o r  r ea sons  no t  f u l l y  unde r s tood ,  l o w e r  p u r i t i e s  
and  " b l i s t e r i n g "  of t he  depos i t s  w e r e  some t imes  
obse rved .  A cause  of th is  m a y  be the  p a r t i a l  b u r n -  
ing of t he  depos i t  w h i c h  some t imes  o c c u r r e d  in 
spots  j u s t  a f t e r  r e m o v a l  of the  ca thode  f r o m  the  
ba th .  

O the r  e l e c t r o l y t e  compos i t ions  w e r e  i nves t i ga t ed .  
E l e c t r o l y t e s  of B20~ d i s so lved  in K F  w e r e  t r i e d  
ove r  a r a n g e  of B~O~ c o n c e n t r a t i o n  up  to the  c o m -  
pos i t ion  B~O~:2KF sugges t ed  b y  K a h l e n b e r g  (10) .  
A n  a t t e m p t  was  m a d e  to ac id i fy  these  b a t h s  b y  
pass ing  in gaseous  HF.  The  H F  was  abso rbed ,  b u t  
less r e a d i l y  t h a n  HC1. The  m a x i m u m  p r o d u c t  p u r i t y  
o b t a i n e d  w i t h  th is  acidi f ied b a t h  was  90.7% (Run  
15) c o m p a r e d  w i t h  86.5% w i t h o u t  a d d i t i o n  of ac id  
(Run  14).  

Cooper ' s  (12) e l e c t r o l y t e  KC1-KBF~-B~O~ gave  
t y p i c a l l y  93.5-95.5% p u r i t y  u n d e r  our  condi t ions .  
A n  e x a m p l e  is R u n  16. 

E l e c t r o l y t e s  c on t a in ing  sod ium sal ts  w e r e  t r i ed ,  
HC1 be ing  passed  in as be fo re  (Runs  17, 18).  
S o d i u m  sa l t s  d id  not  abso rb  e i t he r  HC1 or  H F  we l l  
enough  to become  acidic.  These  e x p e r i m e n t s  gave  
l o w e r  p r o d u c t  p u r i t i e s  t h a n  the  p o t a s s i u m  sa l t s  and  
thus  conf i rm Cooper ' s  (12) s t a t e m e n t  t h a t  s o d i u m  
sa l t s  a r e  d e t r i m e n t a l .  Me ta l l i c  sod ium was  o b s e r v e d  
in the  depos i t  and  on the  su r f a c e  of t he  b a t h  in 
some cases, e spe c i a l l y  w h e r e  t he  o p e r a t i n g  t e m -  
p e r a t u r e  was  b e l o w  the  bo i l ing  po in t  of sod ium,  
880~ 

Also,  e l e c t Y S I ~ s  composed  of KF,  MgF.,, and  B20:, 
we re  t r i e d  (Run  19) bu t  t he  p u r i t i e s  w e r e  on ly  82- 
84% B and  the  p r o d u c t s  con ta ined  a p p r e c i a b l e  
a m o u n t s  of m a g n e s i u m .  
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Catalytic Activity and Electronic Structure of 
Rhodium-Palladium-Hydrogen Cathodes in Acid Solution 
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ABSTRACT 

Hydrogen overvoltage measurements were made on a series of rhodium- 
palladium alloy cathode beads. Two phases, a and ~ similar to those in the 
Pd-H system, are considered in the Rh-Pd-H system. Mechanisms for the hy- 
drogen producing reactions on rhodium, palladium, and rhodium-palladium 
alloy cathodes are discussed. From low current density measurements the cata- 
lytic activity of the cathode surface for the hydrogen reaction was determined. 
It appears that vacancies in the d-band of the catalyst metal are necessary for 
strong bonds between the absorbed hydrogen and the surface but it is the den- 
sity of states at the Fermi level that determines how strong the chemisorbed 
bonds are. The catalytic activity is directly related to the heat of absorption 
and so to the d-band structure. 

In  recent  years  m u c h  in te res t  has been  gene ra t ed  
in  es tab l i sh ing  re la t ionsh ips  b e t w e e n  the  surface 
p roper t i es  of me ta l l i c  ca ta lys ts  and  the e lect ronic  
s t r uc tu r e  of the b u l k  me ta l  (1).  It  has been  sug-  
gested tha t  on a me t a l  such as pa l lad ium,  con ta in -  
ing vacancies  in  the d -band ,  hydrogen  is adsorbed 
wi th  a g rea te r  heat  of adsorp t ion  t h a n  on an  al loy 
of p a l l a d i u m  and  gold in  which  the n u m b e r  of d- 
b a n d  vacancies  has been  reduced  (2) .  

Hydrogen  overvol tage  m e a s u r e m e n t s  were  car -  
r ied out on a series of P d - A u  (3) and  P d - N i  (4) 
alloys. The resul ts  of these  inves t iga t ions  ind ica ted  
t ha t  the surface ca ta ly t ic  ac t iv i ty  of the electrode 
is d i rec t ly  associated wi th  the n u m b e r  of vacancies  
in  the  d - b a n d  of the b u l k  me ta l  th rough  the heat  
of adsorpt ion  of h y d r o g e n  on the meta l  as po in ted  
out  by  C o n w a y  and  Bockris  (5) .  I t  was, therefore,  
ind ica ted  (2, 3, 5, 6) tha t  for meta l s  on which  the 
slow discharge step or Volmer  m e c h a n i s m  (7) is 
ra te  d e t e r m i n i n g  the ca ta ly t ic  ac t iv i ty  should i n -  
crease (2, 3) as the n u m b e r  of holes is increased.  
However ,  for those meta l s  on which an  H - a t o m  de -  
sorpt ion step is ra te  cont ro l l ing ,  such as the slow 
combina t i on  or Tafel  m e c h a n i s m  (8) and  the so- 
cal led e lec t rochemical  or Hor iu t i  m e c h a n i s m  (9),  
the  reverse  should be t rue .  

In  order  to test  this theory  fu r t he r  and  possibly 
to d e t e r m i n e  w h e t h e r  the  ca ta ly t ic  ac t iv i ty  is r e -  
la ted  to the  n u m b e r  of holes or to the dens i ty  of 
states in the  d - b a n d  it was  desired to find a series 
of al loys in  which  the n u m b e r  of holes could be 

1 P r e s e n t  a d d r e s s :  R e s e a r c h  Labs . ,  G e n e r a l  M o t o r s  Corp . ,  W a r -  
r e n ,  M i c h .  

increased.  A n  obvious  sys tem is tha t  of Rh-Pd .  Al -  
though the phase  d i a g r a m of this sys tem is not  
avai lable ,  s t i l l  the  two meta l s  have  ve ry  s imi la r  
a tomic d imens ions  and  bo th  fo rm face -cen te red  
cubic crystals  (10).  Therefore ,  it is not  u n l i k e l y  
tha t  they are comple te ly  misc ib le  in  one another .  
Since Rh has one less e lec t ron  t h a n  Pd, addi t ions  
of Rh to Pd  should form a series of al loys wi th  an 
increas ing  n u m b e r  of vacancies  in  the al loy d -band .  
It  is wi th  this sys tem tha t  the p r e se n t  inves t iga t ion  
is concerned.  

Experimental Methods 
A series of R h - P d  alloys of the fo l lowing compo-  

si t ions were  made  by  m e l t i n g  the r equ i r ed  a m o u n t  
of Pd, 99.7% pure ,  wi th  tha t  of Rh, 99.8% pure ,  in  
an induc t ion  f u r n a c e  u n d e r  a hyd rogen  a tmosphere .  
These composi t ions  are:  1, 2, 5, 10, 15, 20, 50, and  90 
atomic per  cent  ( a /o )  rhod ium.  A por t ion  of the  
alloy, welded to a Pt  wi re  which  served as the elec-  
t r ica l  contact,  was mel ted  to fo rm a smal l  bead. The 
a l loy bead and  the  P t  lead were  imbedded  in  po ly -  
e thy lene  in  such a m a n n e r  tha t  only  a hemisphe re  
of the al loy bead  was exposed. The exposed a p p a r -  
en t  surface area  of the  beads,  measu red  geomet r i -  
cally, r anged  b e t w e e n  0.09 a nd  0.04 cm 2. 

The cy l indr ica l  cell, shown in  Fig. 1, was made  of 
Teflon and  was des igned to hold about  25 ml  of 
solution.  A la rge  piece of P t  gauze l ined  three  
qua r t e r s  of the  i n n e r  wa l l  and  served as the  anode,  
whi le  a r a the r  smal l  piece of P t  gauze served as the 
re ference  electrode.  The cell top was fitted w i th  a 
Teflon tube  which  p rov ided  the hydrogen  inlet ,  a 
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Fig. 1. Teflon cell 

short  t ube  for the h y d r o g e n  outlet ,  the po lye thy lene  
covered cathode bead and  p l a t i n u m  lead, and  a hole 
t h rough  which the p re -e lec t ro lys i s  e lectrode (a P t  
wire)  could be placed. 

The  wa te r  was  t r ip ly  d is t i l led  f rom an  a l l - q u a r t z  
still, and  all  pur i f ica t ion techn iques  were  the same 
as those descr ibed before  (11, 4). Overvol tage  
m e a s u r e m e n t s  on the a l loy beads were  car r ied  out  
wi th  an  electronic  c u r r e n t  i n t e r r u p t e r  in  e lectro-  
ly t ica l ly  purif ied 2N su l fur ic  acid solut ion v igor -  
ously s t i r red  wi th  pur i f ied h y d r o g e n  in  the  same w a y  
as was done in  the case of the  b r igh t  Pd  bead  (11).  
Po t en t i a l  m e a s u r e m e n t s  were  recorded only  w h e n  
the  pulse  f rom the c u r r e n t  i n t e r r u p t e r  ind ica ted  
c lean  surface  (12) condi t ions  (high pseudo-capac i -  
tance)  (13).  The t e m p e r a t u r e  was 25 ~ • 1~ and  
i n d i v i d u a l  poin ts  could be  r ep roduced  w i t h i n  +-- 
2.5 mv.  The  po ten t ia l  V (posi t ive  in  the d i rec t ion of 
anodic po la r iza t ion)  is an  electrode po ten t ia l  or over -  
po ten t i a l  measu red  by  re fe rence  to a r evers ib le  P t /  
H.~ electrode in the same solution. 

Results and Discussion 

Two series of expe r imen t s  were  car r ied  out  on 
the  R h - P d  al loy beads. 

The a - R h - P d - H  System.--In the first series of 
exper iments ,  the R h - P d  al loy cathode was anodized 
at a r e l a t ive ly  high c u r r e n t  dens i ty  (0.3 a m p / c m  ~) 
for abou t  30 min.  The  c i rcui t  was  b r o k e n  and  the 
open-c i r cu i t  po ten t ia l  of the  bead  vs. a Pt/H~ elec-  
t rode in  the same solu t ion  was fol lowed as a f unc -  
t ion of t ime. W h e n  the t e r n a r y  system, R h - P d - H ,  
had reached  a s teady s ta te  and  the  po ten t i a l  had  
been  cons tan t  for at leas t  12 hr, this  s t eady- s t a t e  
va lue  was  recorded. T h e n  by  means  of a cons tan t  
c u r r e n t  source and  a h i g h - v a l u e  series resis tor  (20 
to 60 m e g o h m ) ,  the a l loy bead  was first s l ight ly  
cathodized s tepwise  and  the  t ime  i n d e p e n d e n t  (con-  
s tan t  for at least  10 m i n )  va lues  of the po ten t i a l  
were  recorded for each step. Af te rwards ,  the  ca th -  
odic c u r r e n t  was  r educed  s tepwise  to zero and  was  
con t inued  in  l ike  m a n n e r  in  the anodic  direct ion.  
The poin ts  on the curves  in  Fig. 2 are the average  
va lues  for at least  th ree  cycles of inc reas ing  and  
then  decreas ing  the c u r r e n t  over  the comple te  cu r -  
r e n t  r ange  shown in Fig. 2. These po in ts  were  r e -  
p roduc ib le  w i th in  -- 0.5 my.  

The  po ten t i a l  ~? observed  at zero cu r r en t  ma y  be 
i n t e rp re t ed  as a m ixed  po ten t i a l  de r ived  f rom two 
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Fig. 2. Apparent current density i vs. electrode potential 
or overpatential ~1 referred to a Pt/H~ electrode in the same 
solution (2N H~SOD. Anodic currents to the right, anodic 
polarizations upward. Linear current density range for Rh-Pd 
alloys. Atomic per cent Rh indicated on graph together with 
open-circuit potentials. The slope d~l/di is given for each 
alloy in ohm cm '~ (25~ ~ 

phases ex is t ing  in  the R h - P d - H  sys tem analogous  
to the  a and  • phases found  in  the P d - H  sys tem 
(14).  If, in  this  region,  the  m i x e d  po ten t i a l  is de-  
t e r m i n e d  by  the  a -phase  ana logue  of the R h - P d - H  
sys tem (herea f te r  des igna ted  as a - R h - P d - H ) ,  t hen  
this s t eady- s t a t e  po ten t ia l  is, for prac t ica l  purposes,  
iden t ica l  to the  e q u i l i b r i u m  po ten t i a l  (15) for the  
sa tu ra t ed  ~-phase.  Since it has been  shown (16) 
tha t  in the P d - H  sys tem a b e a d - t y p e  of e lectrode 
s imi la r  to tha t  used in this i nves t iga t ion  exhib i t s  
the  po ten t i a l  of a Pd  ca thode  in  the  a - phase  of 
m a x i m u m  composi t ion for per iods of t ime  grea te r  
t h a n  a week,  these electrodes are  good a p p r o x i m a -  
t ions to a p u r e  a - pha se  electrode.  The re  m a y  or may  
not  be  smal l  a m o u n t s  of the  f l -phase also present ,  
bu t  the e lec t rochemical  proper t ies  are  d e t e r m i n e d  
by  the d o m i n a n t  a-phase .  

In  the  low c u r r e n t  dens i ty  reg ion  where  a l i nea r  
r e l a t ionsh ip  b e t w e e n  the c u r r e n t  dens i ty  i and  elec-  
t rode  po ten t i a l  or ove rpo ten t i a l  7/ exists, the  slope 
of the  i vs. v curve  m a y  be t a k e n  as a me a su r e  of the 
ra te  of the  h y d r o g e n  reac t ion  k occur r ing  a t  the 
e lect rode (17) ,  i.e., k wi l l  be defined as equa l  to 
di/d~. A plot  of the ra tes  of reac t ion  ob ta ined  f rom 
the  reciprocal  of the slopes of the  curves  in  Fig. 2 
for the hyd rogen  react ion proceed ing  on the ~ -Rh-  
P d - H  cathodes is shown b y  the  t r i ang les  in  Fig.  3. 
These e xpe r i me n t s  were  also repea ted  for a pu re  
Pd  bead  on which  k was observed  to be 0.20 mho 
cm -~ in  a g r e e m e n t  wi th  the va l ue  of 0.13 mho cm -~ 
found ear l i e r  for ~-Pd (18) .  

The f l - R h - P d - H  System.--In the second series of 
exper iments ,  the R h - P d  beads, a f ter  s t rong anodi -  
zation, were  cathodized at c u r r e n t  densi t ies  of the  
order  of 300 m a  cm -~ for abou t  90 min.  This  t r e a t -  
m e n t  conver ted  the cathodes comple te ly  to the  fl- 
R h - P d - H  phase. Cathodic overvo l t age  m e a s u r e -  
me n t s  were  t a ke n  as before (11).  Resul ts  are shown 
in  Fig. 4. Overvo l t age  m e a s u r e m e n t s  were  also 
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Fig. 3. Rate k (mhos/cm -~) of the hydrogen reaction at 
~-Rh-Pd-H (A) and ~-Rh-Pd-H (O) alloy electrodes as a func- 
tion of atomic per cent Rh in the Rh-Pd alloy. Steady ~ open- 
circuit potentials (e) referred to Pt/H2 in the same electrolyte 
(2N H_~SO4). For/~ open-circuit potentials, see Table I. 

m a d e  on a p u r e  Pd  and p u r e  Rh  bead;  these  resul t s  
a re  inc luded  in Fig. 4 and are  s imi la r  to those  found 
in the  l i t e r a t u r e  (11, 19). 

In genera l ,  it is seen tha t  these  da ta  m a y  be 
p laced  in two  groups.  In the  first g roup  are  the  da ta  
for h igh  P d - c o n t e n t  ca thodes  up to 15 a / o  Rh. The  
curves  are  composed  of t h r ee  sections:  the  low c u r -  
ren t  or n o n - T a f e l  region,  a Tafe l  r eg ion  in wh ich  b 
is about  0.04 v, and a second Tafe l  r eg ion  in wh ich  
b is about  0.12 v. The  h igh  Rh  con ten t  alloys,  f r o m  
50 to 100 a / o  Rh, f o r m  the  second group.  These  
curves  h a v e  only one Tafe l  reg ion  whose  b-s lope  is 
0.12 v in addi t ion  to the  n o n - T a f e l  region.  Parsons  
(20) has discussed the  m e c h a n i s m s  of e l e c t r o c h e m i -  
cal  k ine t ics  in t e rms  of Ta fe l  b-slopes.  A slope of 
0.04 v found  on the  h igh  P d - c o n t e n t  a l loys  as we l l  
as on p u r e  Pd  (11) is cons is ten t  w i t h  the  e l ec t ro -  
chemica l  m e c h a n i s m  on a sparse ly  cove red  surface.  
A l t h o u g h  a u n i q u e  m e c h a n i s m  for  a s lope of 0.12 v 
is not  ava i l ab l e  (20),  it is fe l t  t ha t  the  da ta  for  h igh  
R h - c o n t e n t  ca thodes  are  m o r e  eas i ly  i n t e r p r e t e d  in 
t e rms  of the  s low d i scharge  m e c h a n i s m  for  the  same 
reasons  offered in the  case of P d - N i  al loys (4) .  

A m i x e d  m e c h a n i s m  is exh ib i t ed  by  the  da ta  
t aken  on the  20 a / o  Rh ca thode  shown in Fig. 4. 
These  da ta  seem to cor respond  to a t r ans i t ion  s ta te  
b e t w e e n  the  h igh  R h - c o n t e n t  and h igh  P d - c o n t e n t  
cathodes.  H e r e  a Tafe l  r eg ion  w i t h  a b - v a l u e  of 
0.075 v is obse rved  wh ich  could  be e x p l a i n e d  by a 
m e c h a n i s m  in wh ich  both  the  s low d i scharge  and 
the  e l ec t rochemica l  steps are  equa l ly  s low and are  
equa l l y  r a t e  de t e rmin ing .  

F r o m  a plot  of ~. vs. i at  low cu r r en t  densi t ies ,  the  
ra te  k for  the  h y d r o g e n  reac t ion  p roceed ing  on a 
~ - R h - P d - H  ca thode  was  d e t e r m i n e d  in the  same 
w a y  as for  the  a - R h - P d - t t  ca thode  e lec t rodes  above.  
These  l inea r  plots  did not  pass t h r o u g h  zero po t en -  
t ia l  for  the  h i g h - P d  con ten t  ca thodes  at zero c u r r e n t  
densi ty .  This  same b e h a v i o r  was  no ted  in the  P d - H  
(11),  A u - P d  (3),  and N i - P d - H  (4) sys tems  and 
m a y  be i n t e r p r e t e d  s imi l a r ly  (11) as due  to the  
pa r t i a l  p r e s su re  of the  d isso lved  hyd rogen .  The  
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Fig. 4. Log i vs. ~1 far cathodic polarization of ~-Rh-Pd-H 
systems. The atomic per cent Rh in the Rh-Pd alloy is indicated 
on each curve; 2 5 ~ 1 7 7  ~ 

curves  for  the  h igh  R h - c o n t e n t  al loys all  pass 
t h rough  zero at  zero cu r r en t  densi ty .  These  cu rves  
are  not  shown,  bu t  the  va lues  for k and for  the  zero 
c u r r e n t  i n t e rcep t s  7o are  g iven  in Tab l e  I a long w i t h  
the  Tafe l  b -s lopes  of the  h igh  cu r r en t  dens i ty  
regions  (Fig.  4).  

A plot  of k for  f l - R h - P d - H  as a func t ion  of a tomic  
% Rh is shown by the  circles  in Fig. 3. In the case of 
the  h igh  P d - c o n t e n t  cathodes,  the  r a t e  is cons ide rab ly  
h ighe r  for  the  fl t han  for  the s - a n a l o g u e .  H o w e v e r ,  
the  ra te  is a p p r o x i m a t e l y  the  same in the  two cases 
for  the  h igh  R h - c o n t e n t  ca thodes  wh ich  is to be e x -  
pec ted  if these  al loys dissolve neg l ig ib le  quan t i t i e s  
of hydrogen .  The  smooth  cu rve  d r a w n  t h r o u g h  
these  points  w o u l d  indicate,  then,  t ha t  the  h y d r o g e n  
so lub i l i ty  l imi t  occurs  at abou t  30 a / o  Rh. Bo th  
cu rves  exh ib i t  a p ronounced  m a x i m u m  at about  5 
a / o  Rh. 

Catalytic activity and electronic s t ruc ture . - -The  
m a g n e t i c  suscep t ib i l i ty  and the  l o w - t e m p e r a t u r e  
specific h e a t  of P d - R h  al loys  h a v e  been  m e a s u r e d  
(21).  A m a x i m u m  is found in t he  suscep t ib i l i ty -  
compos i t ion  c u r v e  at about  5 a / o  Rh. This  is i n t e r -  
es t ing  since one obta ins  an a l loy w i t h  a magne t i c  
suscep t ib i l i ty  g r e a t e r  than  t h a t  of e i the r  pure  sub-  
stance.  F r o m  the  specific hea t  data,  the  e lec t ronic  
hea t  coefficient ~/was  de t e rmined ,  and a plot  of ~, as 
a func t ion  of the  a l loy compos i t ion  also exhib i t s  a 
m a x i m u m  at about  5 a / o  Rh. The  fact  tha t  b o t h  
quan t i t i e s  h a v e  a m a x i m u m  v a l u e  for  the  same 

Table i. Cathodic polarization data for the ~-Rh-Pd-H system 
in 2N H~SO4 at 25~ 

A l l o y  Ze ro  c u r r e n t  
c o m p o s i t i o n  k,  i n t e r c e p t ,  

a / o  R h  mhos/cm'- '  ~o, m v  bl,  v b2, v 

0 3.03 7.1 0.040 - -  
1 1.59 17.8 0.040 0.117 
2 3.24 19.9 0.041 0.122 
5 4.00 19.5 0.042 0.119 

10 2.26 15.4 0.040 0.122 
15 1.67 16.2 0.042 0.119 
20 1.23 15.4 0.075 0.116 
50 0.093 0 - -  0.118 
75 0.080 0 - -  0.120 
90 0.083 0 - -  0.122 

100 0.095 0 - -  0.120 
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a l l oy  compos i t ion  sugges ts  t ha t  the  d e n s i t y  of s ta tes  
a t  t he  F e r m i  l eve l  for  the  a l l oy  is a t  a m a x i m u m  
va lue .  

I t  has  been  a s s u m e d  tha t  t he  e l e c t r o d e  m e c h a n i s m  
on the  h igh  P d - c o n t e n t  ca thodes  is e l e c t r o c h e m i -  
ca l ly  con t ro l l ed  and,  the re fo re ,  t h a t  a H - a t o m  d e -  
so rp t ion  s tep  is r a t e  d e t e r m i n i n g .  As  the  n u m b e r  of 
ho les  in the  d - b a n d  is i nc r ea sed  b y  add i t i ons  of R h  
to Pd,  t he  h e a t  of ad so rp t i on  of h y d r o g e n  shou ld  
i nc rea se  and  the  r a t e  of r e a c t i o n  k shou ld  dec rease  
(2 ) .  This  is obse rved .  The  r e a c t i o n  r a t e s  a r e  h i g h e r  
for  a l l  f l - R h - P d - H  ca thodes  w h e r e  a l l  holes  in the  
d - b a n d  have  been  fi l led w i t h  e l ec t rons  f r o m  d is -  
so lved  h y d r o g e n  t h a n  for  the  c o r r e s p o n d i n g  a - R h -  
P d - H  ca thodes  w h e r e  a l l  the  ho les  h a v e  n o t  been  
f i l led as shown  in Fig.  3. A p p a r e n t l y  th is  is not  t he  
c o m p l e t e  p i c t u r e  s ince each  c u r v e  in Fig.  3 shows  
a m a x i m u m  at  an  a l loy  c o n c e n t r a t i o n  of 5 a / o  Rh, 
sugges t ing  t h a t  t h e  r a t e  of the  h y d r o g e n  r e a c t i o n  
on R h - P d - H  a l loy  ca thodes  is also a func t ion  of the  
d e n s i t y  of s ta tes  at  t he  F e r m i - l e v e l  e n e r g y  of the  
h y d r o g e n - f r e e  R h - P d  a l loys .  

Such  an  i n t e r p r e t a t i o n  of t he  d a t a  r e q u i r e s  t ha t  
a d i r ec t  r e l a t i o n s h i p  exis t  b e t w e e n  the  ac t i va t i on  
e n e r g y  and  the  hea t  of a d s o r p t i o n  of h y d r o g e n ,  
w h i c h  is no t  s e l f - ev iden t .  By  a t h e o r e t i c a l  ana lys i s  
of the  shape  of t he  e n e r g y  su r faces  i n v o l v e d  and  b y  
an  inspec t ion  of the  p e r t i n e n t  e x p e r i m e n t a l  da ta ,  
Rf ie tschi  and  D e l a h a y  (22) w e r e  ab le  to show a 
l i n e a r  r e l a t i o n s h i p  b e t w e e n  the  h y d r o g e n  r eac t i on  
occu r r i ng  at  Ni,  Ag,  and  Hg ca thodes  and  the  hea t  
of a d s o r p t i o n  on  these  meta l s .  H o w e v e r ,  th is  g ives  
an  exp re s s ion  oppos i te  in s ign  to t h a t  f o u n d  for  P d -  
H a l loys  (2) .  The  r a t e - d e t e r m i n i n g  s tep  on Ni, Ag,  
and  Hg is f o u n d  to be  the  s low d i s cha rge  of a h y -  
d r o g e n  ion f r o m  the  doub le  l a y e r  (23) .  In  th is  case, 
as the  n u m b e r  of ho les  in t he  d - b a n d  a re  d e c r e a s e d  
and,  consequen t ly ,  the  hea t  of a d s o r p t i o n  of h y d r o -  
gen  dec reased ,  t he  r a t e  of r e a c t i o n  shou ld  dec rease  
(2)  as f o u n d  b y  O i k a w a  (24) for  a ser ies  of N i - C u  
a l loy  ca thodes .  This  was  o b s e r v e d  b y  Ri ie t sch i  and  
D e l a h a y  as shown  in Fig.  2 of ref .  (22) .  

Recen t ly ,  f r o m  t h e o r e t i c a l  cons ide ra t ions ,  P a r s o n s  
(25) and  G e r i s c h e r  (26) h a v e  come to the  s im i l a r  
conc lus ions  t h a t  the  p lo t  of the  l o g a r i t h m  of t he  
r a t e  of the  h y d r o g e n  r e a c t i o n  at  e q u i l i b r i u m  cond i -  
t ions,  ( w h e n  the  o v e r v o l t a g e  V is ze ro)  i.e., t he  e x -  
change  c u r r e n t  d e n s i t y  to, as a func t ion  of the  
e n e r g y  of a d s o r p t i o n  of h y d r o g e n ,  g ives  a s im i l a r  
t y p e  of c u r v e  no m a t t e r  w h i c h  s tep  is r a t e  d e t e r -  
min ing .  This  i nd i ca t e s  t h a t  t he  r e a c t i o n  m e c h a n i s m  
canno t  be  d e t e r m i n e d  a lone  b y  t h e  s ign of the  r e -  
l a t i onsh ip  b e t w e e n  changes  in the  r a t e  w i t h  changes  
in the  e n e r g y  of adso rp t ion .  This  is no t  he ld  b y  
C o n w a y  and  Bockr i s  (5 ) .  I t  is to be  r e m e m b e r e d ,  
though,  t h a t  P a r s o n s  cons iders  a n o b l e  m e t a l  c a t h -  
ode su r face  to be  h i g h l y  cove red  w i t h  a tomic  h y d r o -  
gen  a n d  a s sumes  t h a t  the  shape  of the  Morse  cu rve  
is r ig id  and  does  not  c h a n g e  as the  e n e r g y  of a d -  
so rp t ion  changes .  S h u l d i n e r  a n d  H o a r e  (3, 4, 11, 27) 
cons ide r  such su r faces  to be  s p a r s e l y  cove red  w i t h  

a tomic  h y d r o g e n .  
I t  shou ld  also be  no ted  t ha t  Pa r sons ,  Bockr i s ,  and  

D e l a h a y  cons ide r  t he  changes  in r e a c t i o n  r a t e  w i t h  

changes  in hea t  of a d s o r p t i o n  o b t a i n e d  f rom s tud ies  
of o v e r v o l t a g e  on a ser ies  of d i f fe ren t  m e t a l  c a t h -  
odes, w h i l e  S c h u l d i n e r  and  H o a r e  (2)  obse rve  these  
changes  on con t inuous  ser ies  of a l loy  ca thodes .  In  
these  l a t t e r  cases,  a b r u p t  changes  or  even  d i scon -  
t i nu i t i e s  in the  p r o p e r t i e s  of t he  ca thode  sur face  a r e  
less l i ke ly .  

I t  is i n t e r e s t i n g  to no t e  t ha t  t he  inf luence  of the  
d e n s i t y  of s t a t es  on the  r a t e  of r e a c t i o n  is such t h a t  
the  a c t i va t i on  e n e r g y  dec reases  as the  d e n s i t y  of 
s ta tes  in t he  h y d r o g e n - f r e e  R h - P d  a l loys  increases .  
I t  is no t  u n r e a s o n a b l e  to cons ide r  t h a t  changes  in 
the  d e n s i t y  of s ta tes  in t he  b u l k  m a t e r i a l  w o u l d  
change  the  e n e r g y  of the  su r face  s t a tes  w h i c h  in 
t u r n  w o u l d  cause  changes  in the  a c t i va t i on  e n e r g y  
of the  r e a c t i o n  occu r r ing  at  the  surface .  

I t  is sugges ted ,  then,  t ha t  t he  p r e s e n c e  of holes  
in the  d - b a n d  of the  R h - P d  a l loy  ca thodes  m a k e s  
poss ib le  the  f o r m a t i o n  of s t rong  chemica l  bonds  
b e t w e e n  the  c h e m i s o r b e d  h y d r o g e n  a t o m s  and  the  
m e t a l l i c  a toms  of the  ca thode  su r face  (5 ) ;  t h a t  
t h e r e  is a d i r ec t  c o r r e s p o n d e n c e  b e t w e e n  the  h e a t  
of a d s o r p t i o n  of h y d r o g e n  and  the  a c t i va t i on  e n e r g y  
of t he  h y d r o g e n  reac t ion ;  and  that ,  once a s t rong  
bond  is fo rmed ,  how s t rong  the  b o n d  is or  how 
m u c h  e n e r g y  re s ides  in t he  bond  is a func t ion  of 
d e n s i t y  of s ta tes  a t  the  F e r m i - l e v e l  e n e r g y  in t he  
b u l k  h y d r o g e n - f r e e  a l loy  in such a m a n n e r  tha t ,  as 
t he  d e n s i t y  of s ta tes  increases ,  the  b o n d  becomes  
less s t rong.  

F o r  t he  a l loys  a b o v e  abou t  30 a / o  Rh t h e r e  is not  
a n y  e s sen t i a l  d i f fe rence  b e t w e e n  the  two  cu rves  
s ince  t hese  a l loys  do no t  d i s so lve  s igni f icant  q u a n t i -  
t ies  of h y d r o g e n  and,  hence,  do not  f o r m  a -  and  fl- 
t y p e  phases  b u t  on ly  one s ingle  sol id  R h - P d  phase .  
As  sugges t ed  above ,  the  s low d i s cha rge  m e c h a n i s m  
is r a t e  con t ro l l i ng  on these  ca thodes .  As  R h  is a d d e d  
and  the  n u m b e r  of holes  increases ,  t he  r a t e  on the  
h igh  R h - c o n t e n t  ca thodes  shou ld  inc rease  s ince now 
the  s low d i s c h a r g e  m e c h a n i s m  is r a t e  d e t e r m i n i n g .  
The  d a t a  in c o l u m n  2 of Tab le  I does  show a t r e n d  
in t h a t  d i rec t ion .  Even  t h o u g h  this  s l igh t  i nc rease  
m a y  be  w i t h i n  t he  l imi t s  of e x p e r i m e n t a l  e r ro r ,  t he  
a m o u n t  of t h e  inc rease  for  t he  h i g h - R h - c o n t e n t  
ca thodes  m a y  a c t u a l l y  be  v e r y  sma l l  and  difficult  to 
de t ec t  because  of e x p e r i m e n t a l  diff icult ies .  This  is 
t r u e  s ince  Rh  w i t h  abou t  two  holes  in t he  d - b a n d  
p e r  a t o m  is in such g r e a t  excess  in th is  r a n g e  of 
a l l oy  compos i t i on  (50 a / o  Rh)  t ha t  the  p e r c e n t a g e  
of change  in t he  n u m b e r  of holes  in t he  a l loy  d -  
b a n d  w i t h  a d d i t i o n s  and  s u b t r a c t i o n s  of P d  h a v i n g  
on ly  0.6 hole  p e r  a t o m  w o u l d  be v e r y  smal l .  

F i n a l l y ,  t he  in i t i a l  d rop  in the  r a t e  cu rves  in Fig.  
3 f r o m  the  v a l u e  for  p u r e  P d  is s u r p r i s i n g  and  u n -  
expec ted .  The  r a t e  for  the  1% R h  ca thode  was  
checked  twice  w i t h  n e w  beads ,  and  the  v a l u e  shown  
was  r e p r o d u c e d  each  t ime.  A l t h o u g h  a q u a n t i t a t i v e  
e x p l a n a t i o n  for  th is  is no t  a v a i l a b l e  at  th is  t ime ,  a 
q u a l i t a t i v e  one m a y  be  found  in P a r s o n s '  w o r k  (25) .  
H e  shows  on t h e o r e t i c a l  g r o u n d s  t h a t  io is p r o p o r -  
t i ona l  to 1/p", w h e r e  p is the  p a r t i a l  p r e s s u r e  of 
m o l e c u l a r  h y d r o g e n  a n d  n has  a v a l u e  b e t w e e n  0 
and  1. I f  t h e  m a g n i t u d e  of the  i n t e r c e p t  v,, ( T a b l e  
I)  is p r o p o r t i o n a l  to t he  excess  p a r t i a l  p r e s s u r e  of 
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dissolved hyd rogen  above the  e q u i l i b r i u m  pa r t i a l  
pressure ,  t hen  it  is seen tha t  this  pa r t i a l  p ressure  
increases  in  going f rom pu re  Pd  to 1 a /o  Rh in  Pd. 
Therefore ,  the  ra te  should drop, since p ~ 1. For  
h igher  R h - c o n t e n t  al loys there  is l i t t le  or no change  
in  To, and  this effect is no t  observed.  
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Fused Salt Polarography Using a Dropping Bismuth Cathode 
Raymond J. Heus and James J. Egan 

Brookhaven National Laboratory, Upton, New York 

ABSTRACT 

An apparatus is described which is suitable to study fused chlorides by 
the polarographic technique. Dropping bismuth is used in a way analogous to 
dropping mercury.  Polarographic waves are shown for PbCI~, ZnCl.~, and 
CdCI,~ in a LiC1-KC1 eutectic melt  at 450~ The method serves as an analyt ical  
tool at high temperatures,  besides yielding physicochemical information such 
as diffusion coefficients by application of the Ilkovic equation. 

M a n y  studies have  been  made  on fused salts us ing  
the po la rographic  t echn ique  (1-8) .  In  genera l  solid 
wi re  microelec t rodes  have  been  used to me a su r e  
concen t ra t ions  which  were  found  to be p ropor t iona l  
to the l im i t i ng  cur ren t .  The d ipp ing  p l a t i n u m  mic ro -  
e lectrode has been  used by  F lengas  (9),  and  Chov-  
n y k  used de r iva t ive  po l a rog raphy  at  wi re  mic ro -  
electrodes (10).  Nach t r i eb  and  S te inbe rg  used a 
d ropp ing  m e r c u r y  electrode to s tudy  low m e l t i ng  
n i t r a t e  mel ts  (11).  

The d ropp ing  m e r c u r y  e lect rode has no t  been  
employed  at t e m p e r a t u r e s  g rea te r  t h a n  220~ due 

to the h igh vapor  pressure  of mercury .  Aside f rom 
ga l l i um (12),  no meta l  o ther  t han  m e r c u r y  has been  
employed  as a d ropp ing  electrode,  bu t  d ropp ing  
electrodes should prove usefu l  since they  have  been  
so successful  in  lower  t e m p e r a t u r e  studies.  

In  order  to expand  the r ange  of t e m p e r a t u r e s  at 
which  d ropp ing  electrodes can be used, the fol low- 
ing work  was u n d e r t a k e n  us ing  mo l t en  b i s m u t h  at 
450~ as the electrode mate r ia l .  B i s m u t h  is an ade-  
qua te  me t a l  for this purpose  since its chlor ide is not  
too s table,  the e l emen t  is l iqu id  over  a large t e m -  
p e r a t u r e  r a nge  wi th  a low vapor  pressure ,  and  it 
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Fig. 1. Dropping bismuth polarographic cell with four fused 
salt cups. 

has a me l t i ng  po in t  of 271~ Other  meta l s  however  
can p r o b a b l y  be used ins tead  of b i s m u t h  depend ing  
on the  e x p e r i m e n t a l  condit ions.  

F ina l ly ,  the advan tages  of the d ropp ing  electrode 
inc lude  a cons t an t ly  r enewed  surface  which  is i m-  
p o r t a n t  w h e n  ions are  be ing  r educed  to meta l s  at  
the electrode, and  a shape which  enables  a m a t h e -  
ma t i ca l  t r e a t m e n t  of the mass t r a n s p o r t  at  this  elec- 
t rode  ( I lkovic  equa t i on ) .  W h e n  proper  care is taken,  
the d ropp ing  electrode seems to obey these e qua -  
t ions be t t e r  t h a n  other  electrodes,  p r o b a b l y  because  
of the  t h in  diffusion layer  which  exists  at  d ropp ing  
electrodes  (13a) .  

Experimental Details 
The  appa ra tu s  used for ob t a in ing  po la rog rams  is 

shown  in  Fig. 1. Since it was  i m p e r a t i v e  to exclude  
oxygen  f rom bo th  the b i s m u t h  ( the fo rma t ion  of an  
oxide causes p lugg ing  of the  cap i l l a ry )  and  the  
fused salt, the cap i l la ry  and  salt  cup were  con ta ined  
in  a v a c u u m - t i g h t  Vycor  t u b e  70 cm long a nd  64 
m m  in d iameter .  G r o u n d  glass ba l l  jo in t s  connec ted  
the  con ta ine r  and  the space above the  cap i l l a ry  to 
separa te  sources of both  h e l i u m  and  high vacuum.  
This  a r r a n g e m e n t  al lows one to r egu la t e  the p res -  
sure  difference across the cap i l l a ry  to any  va lue  
b e t w e e n  0 and  1 a tmosphere .  

The  capi l lar ies  were  made  b y  d r a w i n g  P y r e x  
t u b i n g  to a smal l  bore,  care be ing  t a k e n  to ob ta in  
a th ick  wa l l  so the  end could be cut  off at 90 ~ to 
the bore.  The pa r t i cu l a r  cap i l l a ry  to be used was  
t hen  selected by  e x a m i n a t i o n  us ing  a microscope.  
Capi l la r ies  w i th  a 0 .075-mm bore  and  a 10-cm 
l eng th  were  found  bes t  sui ted for exper iments .  One 
could produce  a slow drop t ime wi th  this  size, and  
the  bore  was  large  enough  not  to p lug  easily. Before 
the  b i s m u t h  en t e red  the  cap i l l a ry  it was f i l tered 
t h rough  a coarse P y r e x  f r i t  located above the capi l -  
lary .  

The  fused sal t  was  held  in  four  P y r e x  cups which  
also con ta ined  b i s m u t h  pool anodes.  A t u n g s t e n  
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wire  was  sealed into the bo t tom of each cup and  
c leaned e lec t ro ly t ica l ly  to in su re  good electr ical  
contact.  The t u n g s t e n  wires  also served to hold the 
salt  cups on a s tand  which  could be ra ised and  
lowered  to the  desired he ight  by a moveab l e  shaft  
seal. This  shaft  seal was cons t ruc ted  f rom " t r u -  
bore t u b i n g "  which  was lub r i ca t ed  w i th  a high 
v a c u u m  grease  to keep the  con ta ine r  t igh t  to a vac -  
u u m  be t t e r  t h a n  10 -5 m m  Hg. Elect r ical  contact  to 
the d ropp ing  b i s m u t h  cathode was m a d e  by  seal ing 
a t u n g s t e n  wi re  t h r ough  the i n n e r  P y r e x  t ube  as 
shown.  To assure  a good electr ical  contact  wi th  the 
b i s m u t h  pool, a t a n t a l u m  r i b b o n  was  spot we lded  
to the t u n g s t e n  wire.  

In  an  a t t e m p t  to m a k e  the  cap i l l a ry  sect ion of 
use in  more  t h a n  one exper imen t ,  a t a n t a l u m  foil 
"p i l low" was  added  to this compar tmen t .  W h e n  the 
b i s m u t h  solidified upon  cooling, the p i l low would  
collapse and  the glass would  not  break .  U n f o r t u n -  
ately, b i s m u t h  r e m a i n i n g  in the  cap i l l a ry  i tself  
would  more  of ten t h a n  not  b reak  the cap i l l a ry  upon  
expans ion .  

A wi re  w o u n d  n i ch rome  res is tance f u r na c e  su r -  
r o u n d i n g  the  ou te r  Vycor  con ta ine r  was  used to 
heat  the  con ten t s  to a p p r o x i m a t e l y  450~ The t e m -  
p e r a t u r e  was measu red  wi th  a c h r o m e l - a l u m e l  
the rmocoup le  a t tached to the outside of the Vycor  
con ta ine r  and  was cont ro l led  w i th  a record ing  
po ten t iomete r .  A sight port  t h rough  the  cy l indr ica l  
f u r na c e  e na b l e d  one to v iew the  d ropp ing  e lect rode 
and  the sal t  cups for m a n i p u l a t i o n  at h igh t e m p e r a -  
ture.  

The c u r r e n t  t h r ough  the cell was m e a s u r e d  by  
record ing  the  vol tage  drop across a s t anda rd  res is-  
tor  (200 or 250 ohm)  in series wi th  the cell. A 
B r ow n  au tomat i c  recorder  wi th  25 m v  ful l  scale 
and  a pe n  speed of 3.5 sec fu l l  scale was  used.  The 
po ten t i a l  appl ied  across the  cell va r i ed  l i nea r ly  
wi th  t ime  at the  ra te  of 0.3 v / m i n .  This  was  ac-  
compl ished  by  d r i v i ng  a Hel ipot  wi th  a synchronous  
motor  and  a G r a h a m  va r i ab le  speed t ransmiss ion ,  
the  source of vol tage  be ing  a 2-v  s torage ba t t e ry .  

Af te r  each r u n  the en t i re  salt  con ten t  of the  cell 
was weighed,  dissolved,  and  ana lyzed  for Pb, Cd, 
or Zn  us ing  aqueous  po la rographic  techniques .  

The  LiC1-KC1 eutect ic  (41 mole  % KC1) used as 
so lvent  was p r epa red  as follows. The powdered  
mater ia l s ,  in  a we igh t  rat io to form the eutect ic  
mix tu re ,  were  pu t  above a fine P y r e x  fr i t  and  a t -  
tached to a source of h igh v a c u u m  and  purif ied 
he l ium.  The conten ts  were  hea ted  u n d e r  v a c u u m  
jus t  be low the  me l t i ng  po in t  for a p p r o x i m a t e l y  24 
hr  t h e n  me l t ed  u n d e r  v a c u u m  for ano the r  hour  and  
forced t h r ough  the  fr i t  into capsules  by  app ly ing  
an  a tmosphere  of h e l i u m  pressure  over  the  mo l t en  
salt. The  capsules  were  t hen  evacua ted  and  sealed 
off for l a te r  use in  exper iments .  

The solute  salts were  p repa red  i n d e p e n d e n t l y .  
The PbCI~ was  used as ob ta ined  f rom the  m a n u -  
fac turer .  The CdCI~ powder  was desiccated for one 
day  u n d e r  va c uum.  The ZnCI~ powder  was  hea ted  
u n d e r  d r y  HC1, t hen  mel ted,  and  f inal ly  evacua ted  
and  sealed off in  a capsule  u n t i l  used. The  b i s m u t h  
me ta l  was  also p r e t r ea t ed  before  it  was  loaded into 
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Fig. 2. Fused salt cup using a AgiAgCI reference electrode 

the  appa ra tu s  by  me l t i ng  and  f i l ter ing it t h rough  a 
coarse glass frit .  

In  order  to use the  hal f  cell AglAgC1 in  LiC1-KC1 
(eutec t ic ) ,  as a work ing  anode ins tead  of the b i s -  
m u t h  pool, the cup shown in  Fig. 2 was cons t ruc ted  
and  replaced  the  cups shown in  Fig. 1. Here a smal l  
t u b e  con ta in ing  a fine P y r e x  f r i t  was sealed in to  
one of the o r d i n a r y  salt  cups. A 2 wt  % solut ion of 
AgC1 in  KC1-LiC1 (eutect ic)  was  added to this  tube  
a long  wi th  a Ag wire.  The r e m a i n d e r  of the cup 
was  filled wi th  the  so lu t ion  to be  examined .  The  
t u n g s t e n  wi re  m e r e l y  served to hold the cup on its 
p l a t f o r m  and  the Ag wire  was  the anode. U n f o r -  
t una t e ly ,  the fine fr i t  wou ld  somet imes  a l low ap-  
p rec iab le  amoun t s  of AgC1 to diffuse t h rough  it. 
The s i lver  chloride would  t hen  react  wi th  the b i s -  
m u t h  pool collected at  the bo t tom of the la rger  
c o m p a r t m e n t  to produce  b i s m u t h  t r ichloride.  This 
b i s m u t h  t r ich lor ide  would  then  be reduced  at the 
d ropp ing  electrode and  in t e r f e re  w i th  the shape of 
the po la rograms  u n d e r  inves t iga t ion .  For  this r ea -  
son the  b i s m u t h  pool anode was  used in most  ex-  
pe r iments .  

Experimental Results 
Pola rograms  ob ta ined  wi th  the  appa ra tus  are 

shown in  Fig. 3, 4, and  5 and  Fig.  8. F i g u r e  3 is a 
p o l a r o g r a m  t aken  on the so lvent  salt  a lone g iv ing  a 
b a c k g r o u n d  c u r r e n t  of 9 ~a. This  c u r r e n t  decreases 

Fig. 4. Polorogram of a 1.8 mi l l imole/ l i ter  PbCI.~ solution 
in LiCI-KCI eutectic at o drop time of 4 sec. 

Fig. 3. Polarogram of LiCI-KCl eutectic (blank) using a 
drop time of 2.7 sec. Potential negative to bismuth pool anode 
here and in Figs. 4, 5, 8. 

Fig. 5. Polorogram of a 3.4 mi l l imole/ l i ter  CdCI2 solution 
in LiCI-KCI eutectic at a drop time of 3.1 sec. 

s l ight ly  at la rger  drop t imes.  A n  es t imate  of the 
r educ ib le  i m p u r i t y  con ten t  of this  salt  f rom the 
po l a rog ram puts  it at abou t  0.5 mi l l imoles / l i t e r .  
F igure  4 is a po l a rog ram of PbCL, whereas  Fig. 5 
shows a po la rogram of CdCL in the eutect ic  m i x -  
ture.  In  all  of these curves  it can  be  seen tha t  the  
so lvent  salt  s tar ts  to be reduced  at a r o u n d  --0.8 v 
wi th  respect  to the b i s m u t h  pool. 

In  the po la rogram of PbCI~ there  is a smal l  nega -  
t ive  c u r r e n t  which  arises before a vol tage  is ap-  
pl ied to the cell. This  is p r o b a b l y  due  to a mixed  
po ten t i a l  a r i s ing  f rom the reac t ion  

2 B i ( d r o p p i n g  e lect rode)  + 3PbCL(LiC1-KC1) ~- 
2BiCL(LiC1-KC1) + 3Pb (Bi) 

which  takes  place to a smal l  ex ten t  w h e n  the fresh 
b i s m u t h  solut ion comes in  contact  wi th  the salt  
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Fig. 6. Concentration dependence of the d~ffusion current 
for PbCI,~ at a drop time of 4 sec. 

solut ion.  S ince  CdCI~ is m o r e  s t ab le  t h a n  PbCl~ 
(14) ,  th is  effect is neg l ig ib l e  in the  CdCI~ p o l a r o -  
g ram.  

The  c o n c e n t r a t i o n  d e p e n d e n c e  of t he  d i f fus ion 
c u r r e n t  is shown in Fig.  6 and  7 for  PbCI~ and  CdCI_~ 
w h e r e  a co r r ec t i on  has  been  m a d e  for  t he  c u r r e n t  
f rom t h e  so lven t  a lone.  The  di f fus ion c u r r e n t  w a s  
t a k e n  at  the  m a x i m u m  c u r r e n t  of each  drop.  Con-  
c e n t r a t i o n s  w e r e  c a l c u l a t e d  us ing  the  d e n s i t y  d a t a  
of V a n  A r t s d a l e n  and  Yaffe (15) .  A s t r a i g h t  l ine  is 
o b t a i n e d  w i t h i n  5% for  concen t r a t i ons  f rom 0.5 to 
5 m i l l i m o l a r .  This  p r ec i s i on  can  p r o b a b l y  be  i m -  
p r o v e d  b y  f u r t h e r  pu r i f i ca t ion  of t h e  so lven t  s a l t  
and  the  use  of m o r e  a d v a n c e d  e l ec t r i ca l  c i r c u i t r y  
t echn iques .  

F i g u r e  8 shows a p o l a r o g r a m  of PbCL and  ZnCt~ 
in t h e  eu tec t ic  m i x t u r e  w i t h  a v e r y  fas t  d rop  t ime .  
He re  t h e  l im i t i ng  c u r r e n t  is no t  d i f fus ion  c o n t r o l l e d  
(no te  t h e  l a r g e  c u r r e n t s  o b t a i n e d  in c o m p a r i s o n  to 
those  us ing  l a rge  d rop  t i m e s ) ,  the  I lkov ic  e q u a t i o n  
fa i ls  a n d  one r e a d i l y  ob ta ins  m a x i m a  as ev idence  
w i th  t he  Zn §247 wave .  I t  was  found  h o w e v e r  t ha t  t he  
l i m i t i n g  c u r r e n t  was  p r o p o r t i o n a l  to the  c o n c e n t r a -  
t ion even  at  these  fas t  d rop  t imes .  

Discussion 

The Ilkovic equation for bismuth drops at 450~ 

is 
i~ = 880 n D11~C m'l~t v~ 

where i~ is the diffusion current in microamperes, 
measured at the maximum current of each drop, t 
the drop time in seconds, m the mass of the flowing 
bismuth in mg/sec, D the diffusion coefficient in 
cm~/sec, and C the concentration in millimoles/ 
liter. This equation is derived using the density of 
liquid bismuth at 450~ which is 9.8 g/cm ~ (16). 
Since the diffusion current i~ is inversely propor- 
tional to the two-thirds power of the density of the 
flowing metal (13b), the above equation is obtained 
from the corresponding equation for mercury by 
multiplication of the mercury constant 706 by the 
two-thirds power of the density ratio of mercury to 

bismuth (13.69/9.8) ~13 
Diffusion coefficients were calculated from this 

equation by measuring m and t. Knowing the values 
of i~ and C as shown in Fig. 6 and 7, the values of 
D were found to be 1.7 • 10 _5 cm~/sec and 1.8 • 10 .5 
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Fig. 7. Concentration dependence of the diffusion current 
for CdCL- at a drop time of 3.1 sec. 
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Fig. 8. Polerogram of o solution containing 3.6 mill i- 
moles/ l i ter PbCl= and 8.5 mi l l imoles/ l i ter  ZnCl= in the eutectic 
mixture at a drop time of 0,8 sec. 

cm~/sec for  PbCI~ and  CdCI~, r e spe c t i ve ly ,  a t  450~ 
S ince  L a i t i n e n  and  c o - w o r k e r s  (17, 18) h a v e  o b -  

t a i n e d  the  d i f fus ion  coefficients for  PbCI~ and  CdCI~ 
in th is  eu tec t i c  m i x t u r e  f r o m  c h r o n o p o t e n t i o m e t r i c  
m e a s u r e m e n t s ,  a check  was  a v a i l a b l e  to see t h a t  
t he  I lkov ic  e q u a t i o n  was  app l i cab le .  These  w o r k e r s  
ob t a in  va lue s  for  D of 2.0 • 10 -5 cm~/sec and  1.7 • 
10 -5 cm~/sec for  PbCI~ and  CdCl~, r e spec t i ve ly .  The  
a g r e e m e n t  is c ons ide r e d  s a t i s f a c t o r y  and  w i t h i n  t he  
l imi t s  e x p e c t e d  in l i gh t  of t he  a s s u m p t i o n s  m a d e  in 
ob t a in ing  the  I l kov ic  e q u a t i o n  and  the  e x p e r i m e n t a l  
a c c u r a c y  of t he  m e a s u r e m e n t s  r e p o r t e d  here .  

O the r  e l e m e n t s  m a y  also b e  e x a m i n e d  us ing  
d r o p p i n g  b i s m u t h  e lec t rodes .  A l t h o u g h  the  LiC1 
s t a r t s  to be  r e d u c e d  a t  --0.8 v w i t h  r e spe c t  to t he  
b i s m u t h  pool  due  to i ts  l ow  a c t i v i t y  coefficient  in 
b i s m u t h  (19) and  its h igh  c o n c e n t r a t i o n  in t he  sa l t  
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mix tu re ,  it is e s t imated  tha t  all  chlorides less s table  
t h a n  m a n g a n e s e  and  more  s table  t h a n  g a l l i u m  (14) 
can be inves t iga ted  wi th  pu re  d ropp ing  b i s m u t h  
electrodes. Use of al loy electrodes migh t  ex t end  the  
r ange  of e l emen t s  which  can be studied.  

In  these e x p e r i m e n t s  it was  found  tha t  w h e n  the  
concen t ra t ion  of r educ ib le  ion exceeds 7 or 8 mi l l i -  
moles / l i t e r ,  po la rograph ic  m a x i m a  would  in t e r f e re  
w i th  the  m e a s u r e m e n t s .  As expected the m a x i m a  
occurred more  r ead i ly  at fas ter  drop times. No a t -  
t empt  was  made  to find a m a x i m u m  suppressor  for 
these systems.  
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Irreversible Thermodynamics in Electrochemistry 
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ABSTRACT 

The Onsager thermodynamics  of i r revers ible  processes provides a unified 
approach to the study of electrolytic systems out of equil ibrium, such as con- 
centrat ion cells with transference,  the initial and final emf's  of thermal  cells, 
and thermal  diffusion (Soret  effect) of ions. For  concentrat ion cells, the method 
justifies the classical results obtained by Nernst  f rom equi l ibr ium considera-  
tions. For  nonisothermal  systems, the product S*dT is the thermodynamic  
dr iving force of a process, where  S* is the entropy t ransported revers ib ly  f rom 
the "hot" to the "cold" heat  reservoir  (in the l imit ing case of equal  t empera -  
tures) by the occurrence of a revers ib le  process in the system. The emf of a 
concentrat ion cell, the init ial  emf of a thermal  cell, and the Soret  coefficient, 
all properties of systems out of equil ibrium, are determined,  according to the 
Onsager relations, by the ratios of the revers ible  fluxes of mat te r  to electricity, 
of entropy to electricity, and of entropy to matter ,  respect ively,  as they occur 
in systems completely at equil ibrium. 

The transport  ent ropy S* can become, according to circumstances, the en- 
t ropy S% of electrical  transport,  or the entropy S*D of diffusion transport.  
S% in turn involves the entropies S*~ of electrochemical  t ransport  (for the 
electrode reactions) and S*~ of migrat ion t ransport  (for the thermal  l iquid 
junct ion) .  The contr ibution of an ion (or electron) to S*F and to S*~ gives 
rise to the ionic entropies of electrochemical  t ransport  S*~  and of migrat ion 
t ransport  S*.~, respectively.  The la t ter  contributes also to S%. The sum 

S~ = S*~ + S*,~ is known as the entropy of the moving ion and is measurable  
for a single ionic species. The init ial  thermal  emf involves the t ransport  en- 
t ropy S ' I ,  the Sorer coefficient involves  S%, while  the final thermal  emf in- 
volves S ' I  • t~S*~ where  to is the t ransference number  of the ion to which the 
electrodes are not reversible.  

For  the hydrogen ion, S* ~ (H § ~ --  4.48 cal/deg,  if S*~ is taken as zero in a 
saturated potassium chloride salt bridge. For other ions, S*~ ~ S~ --  z~ 4.48, 
and the mass action dependence is normal.  For most ions, S * ~  appears to be 
small, i.e., about 0-3 cal /deg,  and the mass action dependence is abnormal  and 
low. In dilute solutions, S * ~  shows a Debye dependence on concentration. 
These facts are consistent with the electrostatic in terpre ta t ion  of S * ~  as the 
entropy of depolarization of the solvent  dielectric when the ion moves away. For  
ions t ransferred by a chain mechanism (H § and OH-),  S * ~  is significantly 
larger.  The t ransport  of ions across biological membranes  plays an impor tant  
role in life processes. Since l iving systems are not necessari ly uni form in t em-  
perature,  ionic t ransport  entropies may have a role to play in the function of 
the biological cell. 

The  classic app l i ca t ion  of t h e r m o d y n a m i c s  to a 
cell  out  of e q u i l i b r i u m  is Nerns t ' s  (1) w e l l - k n o w n  
l aw  for  the  emf  of an i so the rma l  concen t r a t i on  cel l  
w i t h  t r ans fe rence ,  d e r i v a b l e  f r o m  chemica l  p o t e n -  
t ials  ( f ree  ene rg i e s ) ,  and express ib l e  in t e rms  of 
ionic t r a n s f e r e n c e  n u m b e r s  t~ and ionic c o n c e n t r a -  
t ions c~ (in ideal  solut ions)  or ionic ac t iv i t ies  a~. 

A n o t h e r  e x a m p l e  of a cel l  out  of e q u i l i b r i u m  is a 
t h e r m a l  cel l  ( e l ec t rochemica l  t h e r m o c o u p l e )  con-  
s is t ing of two  iden t i ca l  e l e c t r o d e - e l e c t r o l y t e  sys-  
t ems  m a i n t a i n e d  at  two  di f ferent  t e m p e r a t u r e s .  A 
t h e r m a l  cell  deve lops  a m e a s u r a b l e  emf,  u sua l ly  
s eve ra l  t en ths  of a mi l l i vo l t  pe r  degree ,  d i r ec t ly  
p ropo r t i ona l  to the  appl ied  t e m p e r a t u r e  d i f fe ren t ia l  
ove r  not  too w i d e  t e m p e r a t u r e  ranges .  T h e r m a l  
cells h a v e  been  inves t i ga t ed  e x p e r i m e n t a l l y ,  since 
the  p ionee r ing  w o r k  of Bou ty  (2) ,  by  R icha rds  (3) ,  

Kol thoff  (4) ,  So rensen  (5) ,  and Lange  (6) ,  a m o n g  
others.  The  sub jec t  has been  r e v i e w e d  by Lange  
(7) and by deBe thune ,  Licht ,  and S w e n d e m a n  (8, 
hereinafter referred to as deBLS). Under usual ex- 
perimental conditions, the emf developed, known 
as the initial thermal emf, has been found stable 
whenever s convection maintains constancy of 
the electrolyte concentration across the temperature 
gradient. 

Thermal cells may be subject to thermal diffusion 
in the electrolyte (Soret effect) (9). This tends to 
concentrate strong electrolytes, usually in the cold 
region (I0), by several tenths of one per cent per 
degree (Ii). The development of these concentra- 
tion gradients, if not prevented by convection, 
further affects the emf, which gradually shifts to 
a new stationary value, the final thermal em]. Such 
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emf  shif ts  w e r e  d e m o n s t r a t e d  e x p e r i m e n t a l l y  by  
A g a r  and  B r e c k  (12) in  a ce l l  whose  e l e c t r o l y t e  
was  w h o l l y  con ta ined  w i t h i n  t he  pores  of a s i n t e r ed  
P y r e x  disk,  to p r e v e n t  convec t ive  r e m i x i n g  of the  
t h e r m a l l y  d i f fused  solute .  The  emf  shift ,  of the  
o r d e r  of h u n d r e d t h s  of a m i l l i v o l t  p e r  degree ,  fo l -  
l o w e d  a first  o r d e r  l a w  w i t h  a h a l f - l i f e  of a b o u t  10 
min  in t he i r  cell ,  and  was  e s s e n t i a l l y  c o m p l e t e  in 
1-2 hr.  

The  t h e r m o d y n a m i c  t h e o r y  of the  initial e m f  of 
a t h e r m a l  cel l  has  been  g iven  b y  E a s t m a n  (13a)  
and  b y  W a g n e r  (13b)  f r o m  C a r n o t ' s  t h e o r e m ,  in 
t e r m s  of c e r t a i n  t r a n s p o r t  en t rop i e s  d e s i g n a t e d  by  
d e B L S  (8) as the  ionic en t ropy  of e lec trochemical  
transport  S%~ and  the  ionic entropy  o5 migra t ion  
transport  S ~ .  ~ These  ionic  en t rop i e s  a r e  not  s e p a -  
r a t e l y  d e t e r m i n a b l e  ( w i t h o u t  assumpt ions~  for  a 
s ingle  ionic species.  

T e m k i n  and  K h o r o s h i n  (14) c o m b i n e d  E a s t m a n ' s  
t h e o r y  (13a) of the  S o r e t  effect w i t h  N e r n s t ' s  con-  
c e n t r a t i o n  cel l  e q u a t i o n  to o b t a i n  an exp re s s ion  for  
the  final e m f  of a t h e r m a l  cell .  W h i l e  the  initial 
t he rma l  e m f  d e p e n d s  no t  on ly  on the  ion r to wh ich  
the  e l ec t rodes  a r e  r eve r s ib l e ,  b u t  also on the  ge -  
gen ion  g, T e m k i n  and  K h o r o s h i n  p r o v e d  t ha t  the  
fina~ t he rma l  era5 is i n d e p e n d e n t  of t h e  gegenion ,  
[a  fact  w h i c h  was  e x p e r i m e n t a l l y  ver i f ied  b y  A g a r  
and  B r e c k  (12 ) ] .  T h e y  f u r t h e r  p r o v e d  t ha t  t he  sum 
S%~ -5 S ~ w h i c h  t h e y  deno t e  as the  e n t r o p y  of 
the  mov ing  ion ( E n t r o p i y a  d v i z h u s h c h i k h s y a  Iona )  

S,, is an e x p e r i m e n t a l l y  d e t e r m i n a b l e  q u a n t i t y  for  a 
s ing le  ionic species,  p r o v i d e d  a va lue  can be  as-  

s igned  to S for  the  e lec t rons .  
The  t h e r m o d y n a m i c  r e l a t i o n s  gove rn ing  e l e c t r o -  

ly t i c  sys t ems  out  of e q u i l i b r i u m ,  such as c o n c e n t r a -  
t ion cells,  t h e r m a l  cells,  and  t h e r m a l  diffusion,  can 
be  d e r i v e d  in an  e l e g a n t  m a n n e r  b y  the  m e t h o d s  
of i r r e v e r s i b l e  t h e r m o d y n a m i c s  and  the  O nsa ge r  
r e c ip roca l  r e l a t i ons  (15) .  T r e a t m e n t s  a long  such 
l ines  have  a l r e a d y  been  g iven  b y  P r i g o g i n e  (16) ,  
d e G r o o t  (17a) ,  Ho l t an  (17b) ,  K i r k w o o d  (18) ,  v a n  
R y s s e l b e r g h e  (19a) ,  H a a s e  (19b) ,  H a r n e d  and  
Owen  (20) ,  and  A g a r  (21) .  

In  the  p r e s e n t  pape r ,  w e  sha l l  a p p l y  the  Onsage r  
t h e r m o d y n a m i c s  f rom a p a r t i c u l a r l y  s imple  po in t  
of v iew,  n a m e l y ,  f r o m  a c o n s i d e r a t i o n  of those  
f luxes t ha t  a r e  m a c r o s c o p i c a l l y  m e a s u r a b l e ,  t he  f lux 
I of e l ec t r i c i ty ,  J of en t ropy ,  and  K of solute.  These  
f luxes a r e  m e a s u r a b l e ,  I b y  an  a m m e t e r ,  J b y  a 
ca lo r ime te r ,  and  K b y  c h e m i c a l  ana lys i s .  The  con-  
j u g a t e  d r i v i n g  forces  a r e  also m e a s u r a b l e ,  so t ha t  
t he  m e t h o d  is a p o w e r f u l  one for  e x p r e s s i n g  t h e o -  
r e t i ca l  r e l a t i onsh ip s  b e t w e e n  m e a s u r a b l e  en t i t i e s  
u n d e r  c e r t a i n  n o n e q u i l i b r i u m  condi t ions .  

General Description of Thermodynamic System 
Cons ide r  an  e l e c t r o l y t e  con ta in ing  a s ingle  b i n a r y  

solute ,  one m o l e c u l e  of w h i c h  d issoc ia tes  in to  v = 
v. -5 v_ ions of va l ence  z+ and  z_ ( w i t h  s ign) .  E l e c -  
t r o n e u t r a l i t y  d e m a n d s  t h a t  v+z+ -5 v_z_ = 0, w h i l e  
t he  m a g n i t u d e  of t he  v,z, p r o d u c t  for  e i the r  ion wi l l  
be  deno t ed  b y  ft. The  m o l a l i t y  of the  so lu te  is m, i ts 

I n  E a s t m a n ' s  t e rmino logY,  t he  a b s o l u t e  ionic  en t ropy ,  a n d  t he  
e n t r o p y  of t r ans fe r ,  r e spec t ive ly .  See A p p e n d i c e s  I a nd  I I  fo r  no-  
m e n c l a t u r e  of t r a n s p o r t  en t rop ies .  

t h e r m o d y n a m i c  m e a n  ion a c t i v i t y  a ~, and  its c h e m i -  

cal  p o t e n t i a l  ~ ( s a l t )  = v+~+ -5 v_~_ = o -5 , , R T l n  
a• ~ o + vRT ln v m~,_. 

The  cell  can be  r e p r e s e n t e d  s c h e m a t i c a l l y  b y  
Cu (T~, V ) / E l e c t r o d e  ( T ~ ) / E l e c t r o l y t e  (T~, a)  / 

E l e c t r o l y t e  (%, a + da) /E lec t rode  ( % ) /  
( C u ( % ) / C u ( T ~ ,  V -5 dV)  [1]  

w h e r e  T~ and  % deno te  t he  t e m p e r a t u r e s  of two  
l a rge  s e p a r a t e  hea t  r e s e r v o i r s  No. 1 and  2 in con-  
t a c t  w i t h  d i f fe ren t  p o r t i o n s  of t h e  sys t em,  and  % = 
T~ -5 dT and  dT >= O. The  e l ec t r i ca l  po t en t i a l s  a r e  
V and  V -5 dV in  the  l e f t  and  r i g h t  t e rmina l s ,  r e -  
spec t ive ly .  The  two  ionic species  w i l l  be  de no t ed  b y  
t h e  indeces  i and  j in  gene ra l ,  t he  ion to w h i c h  the  
e l ec t rodes  a re  r e v e r s i b l e  b y  r, t he  gegen ion  of r b y  
g. Le t  the  c u r r e n t  I be pos i t i ve  w h e n  it flows 
t h r o u g h  the  cel l  f r o m  lef t  to r igh t .  The  e n t r o p y  f lux 
J ( in  c a lo r i e s . de g  -~. sec -~) wi l l  be  t a k e n  pos i t ive  
f r o m  the  hot  (%)  to the  cold  (T~) h e a t  r e se rvo i r .  
The  ionic  f luxes K~ ( in  g r a m  ions-sectS),  and  the  
so lu te  f lux K ( in  moles-sec-~),  def ined  as XK~/v, wi l l  
be t a k e n  pos i t ive  t h r o u g h  the  l i qu id  j unc t ion  f r o m  
r i g h t  to left .  The  c u r r e n t  I a t  t he  l iqu id  j u n c t i o n  
can  be  e x p r e s s e d  b y  F ( K _ - - K + )  for  1 ,1-sal ts  a n d  
b y  --FXz~K, in gene ra l .  

The  i r r e v e r s i b l e  r a t e  of p r o d u c t i o n  of C laus ius '  
u n c o m p e n s a t e d  e n t r o p y  (22, 23) f rom al l  t hese  
f luxes can be e x p r e s s e d  b y  

~ IX1 + JX., -5 EK~X~ >= 0 [2]  

w h e r e  the  d r i v i n g  forces  a r e  X~ ~- - - d V / T ,  X j  = 
d T / T ,  X~ ---- d ~ J T  : R d In a ,  The  two  ionic t e r m s  
a re  c o n v e n i e n t l y  coa lesced  to 

K+X+ + K_X (K~ -5 K_) R d in  a• = K X ~  [3]  

w h e r e  X~ ~- d ~ ( s a l t ) / T  = vR d In a . E q u a t i o n  [2]  

t h e n  becomes  

: IX~ -5 J X j  -5 K X K  >= 0 [4]  

The  t h r e e  f luxes m a y  be e x p r e s s e d  b y  p h e n o m e n o -  
log ica l  equa t ions  

I : L~,X, -5 L w X j  -5 LI~X~ [5]  

J = LjxX,  -5 L j j X j  -5 L ~ X K  [6]  

K = L~rXI + L~jXj -5 LxKX~ [7] 

where the L's are generalized admittances (recip- 
rocal resistances). By the Onsager reciprocal rela- 

tions, the conjugate cross-admittances are equal, 
i.e., L~j ~ Lj~, L~ = LK~ and Lj~ ~ Lxj. 

Apply Eq. [5] to the cell when the temperature 

and concentration are both uniform (Xj and X~ : 
0). A current I flowing is then the resultant only of 
an externally applied emf --dV ~ TX~, and Ohm's 
law shows that LH : T/r where r is the total re- 
sistance of the circuit, including any "polarization 

resistances" of the electrodes. In general, however, 
Eq. [5] shows the current I as the resultant of 
three emf's: an externally applied emf dE~t -~ -- dV 
= L,~Xxr : TX,; a thermally induced emf dEth = 
LuXjr ~ TLI~XffL;~; and a concentration emf dE ..... 

= LI,~XKr : TLI~XK/LH. 
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A t  the  p o t e n t i o m e t r i c  b a l a n c e  poin t ,  I = 0, and  

- -  T X ,  = T L , ~ X f f L H  + T L ~ K X J L ~ ,  [8a]  
o r  

- -  d E ~  = d V  = d E ~  + dE ..... [8b]  

i.e., w e  have  the  o r d i n a r y  cond i t i on  for  p o t e n t i o m e -  
t r i c  ba l ance ,  in w h i c h  the  o b s e r v e d  p o t e n t i a l  d i f fe r -  
ence d V  b e t w e e n  the  two  t e r m i n a l s  is a m e a s u r e  of 
t h e  c o m b i n e d  e l e c t r o m o t i v e  forces  i n t r i n s i c  to t he  
sys tem.  These  emf ' s  a re  to be  cons ide r ed  pos i t ive ,  
fo l l owing  t h e  L e w i s - S t o c k h o l m  conven t i on  (24) ,  
w h e n e v e r  t h e y  t end  to d r i v e  pos i t i ve  e l e c t r i c i t y  
t h r o u g h  the  cel l  f r om lef t  to r igh t .  

Isothermal Concentration Cells 
Take  cel l  [1]  a t  u n i f o r m  t e m p e r a t u r e  (X~ = 0).  

F r o m  Eq. [8] ,  

- -  TX~ = d V  = d E  ...... ~- T L ~ X J L H  [9]  

By  the  Onsage r  re la t ions ,  th i s  becomes ,  

d E  . . . .  = ( L ~ I / L , ~ ) v R T  d in  a• [10]  

Suppose  n o w  tha t  the  cel l  is b r o u g h t  to a s t a t e  of 
u n i f o r m  c o n c e n t r a t i o n  (X~ = 0) ,  a n d  a s m a l l  e x -  
t e r n a l  emf  a p p l i e d  ( d V  n e g a t i v e ) .  T h e  c u r r e n t  
f lowing is I = L~X~ = B F / r  if  r is t he  t ime  r e q u i r e d  
for  the  p a s s a g e  of fl f a r a d a y s  of pos i t i ve  e l ec t r i c i t y  
t h r o u g h  the  cel l  f r om le f t  to r igh t .  The  s i m u l t a n e -  
ous f lux of so lu te  t h r o u g h  the  ce l l  f r o m  r i g h t  to lef t  
is K -= L ~ X ~  = (K~ + K ~ ) / v .  The  ionic  f luxes  f rom 
r i g h t  to l e f t  a r e  K~ = f l ( 1 - - t ~ ) / z :  for  the  ion to 
w h i c h  the  e l ec t rodes  a re  r e v e r s i b l e ,  a n d  K,  = - -  
f l t  J z :  for  the  gegenion ,  w h e r e  t he  t . ' s  a r e  H i t t o r f  
t r a n s f e r e n c e  n u m b e r s .  S ince  t~ + t~ = 1, t he  so lu te  
f lux becomes  

K = ( S t . / r v )  (1 / z~  - -  1 / zg)  [11] 

S ince  v~z, = +-- fl ( for  z~ = •  1 / z ,  - - 1 / z ~  is equa l  
to • (v, + v , ) / f l  for  z .  = •  so t h a t  

K =  +--_tg/~ ( if  z ~ = •  [12] 

The  r a t i o  LK,/L~, = (K/I )~=~K:~ = • t J f l F .  E q u a -  
t ion [10] t h e n  y ie lds  N e r n s t ' s  e x p r e s s i o n  for  the  
emf  of a concen t r a t i on  cel l  w i t h  t r a n s f e r e n c e  

d E  . . . .  = • t ~ ( v R T / f l F )  d In % ( i f  z~ = ---+) [13] 

This  e q u a t i o n  is d e r i v e d  h e r e  as a consequence  of 
the  O n s a g e r  re la t ions .  The  emf  of an  i s o t h e r m a l  
c o n c e n t r a t i o n  cel l  is e x p r e s s i b l e  in t e r m s  of the  
m e a s u r a b l e  quan t i t i e s  t~ and  a,  and  is a f u l l y  s ig-  

n i f icant  t h e r m o d y n a m i c  quan t i t y ,  as d i scussed  b y  
G u g g e n h e i m  (25) .  

I t  is of t h e o r e t i c a l  i n t e r e s t  to decompose  the  con-  
c e n t r a t i o n  emf  [13] in to  t he  s u m  of (a )  t he  d i f fe r -  
ence of t h e  e l ec t rode  p o t e n t i a l s  dE, , ;  p lus  (b)  the  
l i qu id  j u n c t i o n  p o t e n t i a l  dE~,. N e i t h e r  of these  two 
t e r m s  is e x a c t l y  m e a s u r a b l e ,  and  n e i t h e r  is u n a m -  
b i g u o u s l y  ca l cu l ab l e  f r o m  f u l l y  s igni f icant  q u a n t i -  
t ies.  Yet  bo th  a re  a p p r o x i m a t e l y  m e a s u r a b l e ,  e.g., 
b y  the  use  of two  s a t u r a t e d  p o t a s s i u m  ch lo r ide  
ca lome l  e l ec t rodes  ( S C E )  i m m e r s e d  in t he  two  
e l e c t r o l y t e  c o m p a r t m e n t s  of the  cell,  and  bo th  can 
be  ca l cu l a t ed  f rom a n y  a r b i t r a r i l y  se lec ted  def in i -  
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t ion  of s ingle  ion ac t iv i t ies ,  such as t h a t  i m p l i c i t  in  
the  D e b y e  t h e o r y  (26) .  

To c l a r i f y  t he  po in t  a t  issue, p o s t u l a t e  an  i d e a l  

r e y e r e n c e  e l e c t r o d e  ( I R E ) ,  w h i c h  c a n  be  d e f i n e d  

c o n c e p t u a l l y  as  a n  u n p o l a r i z a b l e  e l e c t r o d e  h a v i n g  

z e r o  t h e r m a l  t e m p e r a t u r e  c o e f f i c i e n t  (8)  a n d  z e r o  

l i q u i d  p o t e n t i a l  a t  t h e  j u n c t i o n  o f  i t s  s a l t  b r i d g e  

w i t h  a n y  e l e c t r o l y t e .  Two such IRE 's  a r e  i m m e r s e d  
in t he  two  e l e c t r o l y t e  c o m p a r t m e n t s  of ce l l  [1] ,  a n d  
connec t ed  b y  two  l eads  of the  s a m e  k i n d  of m e t a l  
to t he  i s o t h e r m a l  p o t e n t i o m e t r i c  s l ide  w i r e  to w h i c h  
the  two  t e r m i n a l s  of cel l  [1]  a r e  a l r e a d y  connec ted .  
T h e  p o t e n t i a l s  in t he  two  IRE l eads  a r e  V' and  V '  + 

d V ' ,  r e spec t i ve ly .  Then  a t  p o t e n t i o m e t r i c  b a l a n c e  
for  a l l  fou r  e lec t rodes ,  dE~: = d V ' ,  whi l e  d E ~  = 

[ ( V  + d V )  - -  ( Y '  + d V ' )  ] - -  I V  - -  V ' ]  = d Y  - -  d Y ' .  

I t  is c o n v e n i e n t  to cons ide r  the  c u r r e n t  I and  the  
two  ionic  f luxes  K,. and  K,  

I = Lx~X, + L~X~ + L ~ X ,  [14] 

K .  = L , x X ,  q- L,.,X~ q- L~,,X, [15]  

K s = LoxXI + Lg~X~ -t- L ~ X ~  [16] 

A t  t he  b a l a n c e  poin t ,  I = 0, and  

- -  T X ~  = d V  = d E  = T X ~  ( L ~ , , / L z , )  + T X ,  (LI~/L,~) 

[17] 

B y  the  O nsa ge r  r e la t ions ,  th is  becomes  

dE = T X ,  (L, I /LH) + TX~ (L~, /Lu)  = 

T X ~  (Kr/I)x~:a' ,=o + TX~  ( K , / 1 )  . . . . .  ~=o [18] 

Cons ide r  now a cel l  a t  u n i f o r m  c o n c e n t r a t i o n  (X~ = 
X,  = 0) .  The  c u r r e n t  I is /~F/r, as be fore .  The  two  
e l e c t r o d e  r eac t i ons  t o g e t h e r  y i e l d  t he  ionic  f luxes  
K r  = f l /Z , r  and  K ,  = 0. This  g ives  for  t he  d i f fe rence  
of t he  e l ec t rode  po t e n t i a l s  

d E ~  = T X J z , F  = ( R T / z ~ F ) d l n  a, [19]  

A t  the  l iqu id  junc t ion ,  the  two  ionic  f luxes  a r e  K~ = 
- -  t . f l / z , r  so t h a t  the  j u n c t i o n  p o t e n t i a l  becomes  

dE, j  = T ~ ( - -  t , / z , F ) X ~  = ( - -  R T / F )  . 

E ( t , / z O  d in  a, [20]  

In c o n t r a s t  to Eq. [13],  n e i t h e r  [19] no r  [20]  a re  
f u l l y  t h e r m o d y n a m i c a l l y  s ign i f ican t  s ince  t h e y  i n -  
vo lve  n o n f u l l y  s ign i f ican t  s ing le  ion ac t iv i t ies .  T h e y  
can  be  m a d e  a p p r o x i m a t e l y  s igni f icant  b y  a d o p t i n g  
a r u l e  for  t he  def in i t ion  of s ing le  ion ac t iv i t ies ,  
e i t he r  (a )  S c a t c h a r d ' s  p r a c t i c a l  r u l e  (27) " W e  wi l l  
def ine s ingle  ion ac t iv i t i e s  as those  m e a s u r e d  w i t h  
the  use  of a s a t u r a t e d  p o t a s s i u m  ch lo r ide  b r i d g e "  as 
in p H  or  pC1 m e a s u r e m e n t s  (28, 29) or  (b)  a t h e o -  
r e t i c a l  rule ,  cons i s t en t  w i t h  the  D e b y e  t h e o r y  
w h e r e b y  a~ ~ v~m~,, and  7~ = ~/.-~J~" =~.'~:~'.  W h e r e  

th is  l a t t e r  r u l e  is adop ted ,  [19]  becomes  

dE~, = ( R T / z , . F )  d i n  m [ 1  q- (v~/v~) . 

(d  In 9L/d  in  m)  ] [19']  

and  [20] becomes  
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dE,~ -~ (-- R T / F )  %(t~/z,) d l n  m .  

[1 + ( , j / ~ )  (d  In ~/ / d i n  m )  ] [20']  

w h e r e  j == g, r w h e n  i ----- r, g. The  r i g h t  h a n d  s ides  
of bo th  [19']  and  [20']  n o w  invo lve  on ly  fu l ly  s ig-  
n i f ican t  quan t i t i e s .  

E q u a t i o n s  [13],  [19] ,  and  [20] a r e  i den t i ca l  
w i t h  t he  c lass ica l  exp re s s ions  d e r i v e d  f r o m  c h e m i -  
cal p o t e n t i a l s  b y  the  a p p l i c a t i o n  of t he  r e v e r s i b l e  
t h e r m o d y n a m i c s  of i s o t h e r m a l  p rocesses  to c onc e n -  
t r a t i o n  cel ls  w i t h  t r an s f e r ence ,  in sp i te  of t he  fac t  
t ha t  these  cel ls  a re  no t  a t  e q u i l i b r i u m .  The  O nsa ge r  
r e l a t i o n s  show w h y  the  a p p l i c a t i o n  of r e v e r s i b l e  r e -  
l a t ions  to a n o n e q u i l i b r i u m  s i t ua t ion  n e v e r t h e l e s s  
y i e l d s  cor rec t  resu l t s .  The  coefficients of the  c h e m i -  
cal  p o t e n t i a l  g r a d i e n t s  TXK, or T X ,  and  TX~, in t he  
emf  equa t i ons  [10],  [17] and  [18] ,  become,  by  the  
O n s a g e r  r e l a t ions ,  f lux r a t i o s  of  m a t t e r  to  e l ec t r i c i t y  
of t he  f o r m  K/ I .  H o w e v e r ,  these  f lux ra t ios  a r e  to 
be  t aken ,  in each  case, in a ce l l  t h a t  is c o m p l e t e l y  
a t  e q u i l i b r i u m  (X~ and  X~'s a l l  e q u a l  to ze ro ) .  The  
f lux I is t h e r e f o r e  a r e v e r s i b l e  f lux of e l ec t r i c i t y  in  
t he  s t r ic t  t h e r m o d y n a m i c  sense,  and  the  K ' s  a re  the  
c o n j u g a t e  r e v e r s i b l e  f luxes of m a t t e r .  I t  is t he  r a t i o  
of the  r e v e r s i b l e  f luxes  K / I  in an  e q u i l i b r i u m  cel l  
(whose  emf  is ze ro)  w h i c h  d e t e r m i n e s ,  t o g e t h e r  
w i t h  t he  ac tua l  c h e m i c a l  p o t e n t i a l  g rad ien t s ,  the  
o b s e r v a b l e  emf  of the  a c t u a l  n o n e q u i l i b r i u m  con -  
c e n t r a t i o n  cell .  

Initial EMF of Thermal Cells 

T a k e  cel l  [1]  a t  u n i f o r m  c o n c e n t r a t i o n  (X~ --- 0) .  
F r o m  Eq. [8] ,  

-- TXI = dV ~ dEt~ = T L I j X f f L .  [21] 

B y  the  Onsage r  r e la t ions ,  th is  becomes  

dE~ = (L.~/Lz~) dT [22] 

S u p p o s e  n o w  t h a t  t he  cel l  is b r o u g h t  to u n i f o r m  
t e m p e r a t u r e  (dT = 0) and  a s m a l l  e x t e r n a l  emf  
a p p l i e d  ( dV  n e g a t i v e ) .  T h e  c u r r e n t  f lowing is I 
Lr~Xr = flF/~, as before .  A t  the  s ame  t ime ,  the  e n -  
t r o p y  f lux is J ~ L~XI  ~ S%/r  if S% is t he  e n t r o p y  
t r a n s p o r t e d  f rom the  r i g h t  hea t  r e s e r v o i r  (No. 2) 
to the  l e f t  hea t  r e s e r v o i r  (No. 1), w h e n  fl f a r a d a y s  
of pos i t i ve  e l ec t r i c i t y  a r e  t r a n s f e r r e d  t h r o u g h  the  
cel l  f r o m  le f t  to r igh t .  S*, m a y  be  t e r m e d  the  e n -  
t r o p y  of e l ec t r i ca l  t r an spo r t .  The  r a t i o  L~, /L~-~ 
(J/I)x~:~=o = S%/f lF.  F r o m  [22] ,  one  ob ta ins  
t h e r e f o r e  for  the  in i t i a l  t h e r m a l  emf  

dE~ = (S* f f f iF) dT [23] 

The  r a t i o  J / I  is, once aga in ,  the  r a t i o  of two r e -  
v e r s i b l e  f luxes occu r r ing  in an e q u i l i b r i u m  cel l  
( w h o s e  emf  is ze ro ) .  This  r a t i o  de t e rmines ,  t o g e t h e r  
w i th  the  ac tua l  t e m p e r a t u r e  g rad i en t ,  t he  o b s e r v a -  
b le  e m f  of t he  a c t u a l  n o n e q u i l i b r i u m  t h e r m a l  cell .  
As  def ined  here ,  t he  t h e r m a l  emf  is p o s i t i v e  w h e n -  
e v e r  t h e  ho t  e l ec t rode  is t he  ( + )  t e r m i n a l  of cel l  
[1] .  

The  e n t r o p y  S% is t he  e n t r o p y  t r a n s p o r t e d  iso-  
t h e r m a l l y  and  r e v e r s i b l y  f r o m  one h e a t  r e se rvo i r  
to t h e  o t h e r  b y  a r e v e r s i b l e  f low of e lec t r i c i ty ,  in 

the  absence  of a t e m p e r a t u r e  g r ad i en t .  The  t r a n s -  
p o r t  of e n t r o p y  occurs  b y  a t h r e e f o l d  mechan i sm.  
( i )  The  r e a c t i o n  at  t he  r i g h t  e l e c t r o d e  absorbs  a 
q u a n t i t y  of hea t  Q %  f rom its  hea t  r e s e r v o i r  (No. 2) 
wh i l e  the  e q u a l  and  oppos i t e  r e a c t i o n  a t  the  le f t  
e l ec t rode  evo lves  an equa l  q u a n t i t y  of h e a t  to i ts  
h e a t  r e s e r v o i r  (No. 1). The  e n t r o p y  t r a n s p o r t e d  is 
S %  = Q % / T  and  is de no t e d  as the  entropy  oS elec- 
t rochemical  transport .  ( i i )  The  m i g r a t i o n  of ions 
t h r o u g h  the  e l e c t r o l y t e  is a c c o m p a n i e d  b y  the  a b -  
so rp t ion  of a q u a n t i t y  of h e a t  Q*~ ( E a s t m a n ' s  "hea t  
of t r a n s f e r " )  f rom the  e l e c t r o l y t e  in the  r i g h t  com-  
p a r t m e n t ,  a n d  the  evo lu t i on  of an  e q u a l  q u a n t i t y  
of hea t  to t he  e l e c t r o l y t e  in t he  le f t  c o m p a r t m e n t .  
A n  equa l  a m o u n t  of hea t  t h e n  e n t e r s  t he  r i g h t  e lec -  
t r o l y t e  f r o m  the  r i gh t  hea t  r e s e r v o i r  (No. 2) and  
l e aves  t he  l e f t  e l e c t r o l y t e  to t he  l e f t  h e a t  r e se rvo i r  
(No. 1),  to  k e e p  the  t e m p e r a t u r e  cons tan t .  The  e n -  
t r o p y  t r a n s p o r t e d  is S %  ~ Q *~ / T  and  is d e n o t e d  as 
the  entropy  of migrat ion transport .  ( i i i )  The  m i -  
g r a t i o n  of fl moles  of e l ec t rons  f r o m  the  T1 zone to 
the  % zone of t he  r i g h t - h a n d  Cu t e r m i n a l  of cel l  
[1]  t r a n s f e r s  hea t  f rom the  No. 1 to the  No. 2 hea t  
r e se rvo i r .  D iv id ing  this  hea t  b y  T, one ob ta ins  the  
e n t r o p y  t r a n s p o r t e d  f rom No. 2 to No. 1 as - - f iS*~  
(E- in  Cu) .  Thus  

S ' I  ~ S %  + S * ~  - -  f l S * M ( E -  in Cu)  [23a]  

F o r  the  pa s sa ge  of fl f a r a d a y s  of pos i t i ve  e l ec t r i c -  
i t y  t h r o u g h  the  cel l  f rom lef t  to r igh t ,  the  r eac t i on  
at  the  r i g h t  e l ec t rode  m a y  be  w r i t t e n  as fl t imes  

~ A ~  + (1/z~)A~ + E - (Cu ,  T~) = 0 [24] 

w h e r e  A .  is the  ion to w h i c h  the  e l e c t r o d e  is r e -  
ve rs ib le ,  and  the  A~ deno te  n e u t r a l  subs tances  
whose  s t o i ch iome t r i c  coefficients ~ m a y  be  pos i t ive  
or  nega t ive .  Thus  for  A g / A g  § e lec t rodes ,  r eac t i on  
[24] is:  A g  + - -  A g  + E- ---- 0; for  P b / P b S O ~  e lec -  
t rodes :  I&PbSO~ ~ V z P b -  1/2SO,: -~ E-  = 0. The  
c o r r e s p o n d i n g  entropy  of electrochemical  transport  
S %  is, for  fl f a r a d a y s ,  

S % =  ~ ( - - ~ S ~ - -  ( 1 / z ~ ) S % ~ - -  S % ( E  i n C u ) }  

[25] 

w h e r e  S~ is t h e  p a r t i a l  m o l a l  t h i r d  l a w  of e n t r o p y  
of the  n e u t r a l  spec ies  Ak, a n d  S%~ is t he  p a r t i a l  
m o l a l  e n t r o p y  of e l e c t r o c h e m i c a l  t r a n s p o r t  of the  
ion  r. S % ( E -  in Cu)  is the  e l e c t r o c h e m i c a l  t r a n s -  
p o r t  e n t r o p y  of t he  e lec t rons  in Cu, or  in genera l ,  
in the  n o n i s o t h e r m a l  m e t a l l i c  t e r m i n a l  a r m  of the  
cell .  

The  entropy  of migrat ion transport  can be  e x -  
p r e s se d  b y  

S*~ = Y~(-- t , f l / z~ )S*~  [26] 

w h e r e  S % .  is t h e  e n t r o p y  of m i g r a t i o n  t r a n s p o r t  of 
t h e  ion i (a l so  k n o w n  as i ts  " e n t r o p y  of t r a n s f e r , "  
see  A p p e n d i x  I I ) .  The  to ta l  e n t r o p y  t r a n s p o r t e d  b y  
the  c u r r e n t  becomes  

f lS(E-  in Cu)  [27] 
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w h e r e  S, the  e n t r o p y  of the  m o v i n g  e lec t rons  (14) ,  
ha s  been  w r i t t e n  for  the  s u m  S ~  + S ~  for  t he  
e l ec t rons  in Cu. The  on ly  e l ec t ron ic  t e r m  a p p e a r i n g  

in  t he  t h e r m a l  emf  is t he  e n t r o p y  S of the  m o v i n g  
e l ec t rons  in the  n o n i s o t h e r m a l  me ta l l i c  t e r m i n a l  
a r m  of the  cell .  In  R i c h a r d ' s  (3)  s t u d y  of the  ca lo -  
m e l  e lec t rode ,  th is  w a s  Hg;  in A g a r  and  B r e c k ' s  
(12) work ,  P t ;  in  the  b u l k  of t h e r m a l  cel l  s tudies ,  
i t  has  been  Cu. 

Now r e m o v e  the  two  e l e c t r o l y t e  c o m p a r t m e n t s  
f r o m  cel l  [1 ], and  a l l o w  the  two  e l ec t rodes  to touch.  
Ce l l  [1]  becomes  the  t h e r m o c o u p l e : C u - E l e c t r o d e .  
The  e q u i v a l e n t  v a l u e  of S ~  becomes  S ~ ( E  - in 
E l ec t rode )  - -  S ~ ( E  - in Cu)  for  1 F a r a d a y .  The  
e q u i v a l e n t  of S ~  becomes  S ~ ( E  - in E l e c t r o d e ) .  
There fo re ,  for  the  w h o l e  t h e r m o c o u p l e ,  Eq . [23]  and  
[23a]  y i e l d  ~ 

F ( d E / d T )  . . . . . .  = F ( d V / d T )  = S ~  = S ~ E  in 

E l e c t r o d e )  - -  S ( E -  in Cu)  [28] 

A c o m p a r i s o n  of Eq. [27] and  [28] shows t ha t  
the  emf  of a t h e r m a l  cel l  does  no t  con ta in  a t h e r m o -  
coup le  emf  as such,  c o n t r a r y  to e a r l i e r  s t a t e m e n t s  
(3, 8) t ha t  i t  does.  But  i t  does con ta in  t he  e n t r o p y  

S of the  m o v i n g  e l ec t rons  in the  n o n i s o t h e r m a l  
m e t a l l i c  a r m  of t he  cell .  No e l ec t ron ic  t e r m  of the  
e l e c t r o d e  m e t a l  i t se l f  appears~ ~nd the  t h e r m o e l e c -  
t r i c  p o w e r  of the  t e r m i n a l  m e t a l  r e l a t i v e  to the  
e l e c t r o d e  m e t a l  m a k e s  no d i r ec t  c o n t r i b u t i o n  to the  
t h e r m a l  cel l  emf.  

W h e n  t h e r m a l  cel ls  a r e  m e a s u r e d  w i t h  Cu t e r -  
mina l s ,  a n d  a " t h e r m o c o u p l e  co r r ec t i on"  a p p l i e d  to 
t h e  d a t a  [as in C a r r  and  Bon i l l a ' s  (30a)  s t u d y  of 
t h e  Ni  e l e c t r o d e ] ,  t h e  ne t  effect of the  cor rec t ion ,  
b y  Eq. [28] ,  is to t r a n s f o r m  the  e lec t ron ic  t e r m  in 
[27] f rom tha t  of Cu to t ha t  of t he  e l ec t rode  m e t a l  
i tself .  T h e r e  seems  to be  no p a r t i c u l a r  a d v a n t a g e  
to such a p rocedu re ,  however .  The  b e t t e r  p rac t i ce ,  
e x p e r i m e n t a l l y  a n d  t h e o r e t i c a l l y ,  w o u l d  seem to be  
to s t a n d a r d i z e  o n  o n e  m e t a l  f o r  t h e  n o n i s o t h e r m a l  
m e t a l l i c  a r m  o f  a l l  t h e r m a l  cel ls .  In  p rac t ice ,  th i s  
m e t a l  m i g h t  as w e l l  be  chosen  as Cu. 

E q u a t i o n  [28] g ives  a m e t h o d  for  e v a l u a t i n g  the  

e n t r o p y  ~ of m o v i n g  e l ec t rons  in d i f fe ren t  me ta l s ,  
r e l a t i v e  to t h a t  in a s t a n d a r d  me ta l ,  u s u a l l y  chosen  
to be  Pb.  F r o m  the  m a g n i t u d e  of t h e r m o c o u p l e  
emf ' s  ( m i c r o v o l t s  p e r  d e g r e e ) ,  such en t rop i e s  
a m o u n t  to m i c r o v o l t - f a r a d a y s  p e r  degree ,  i.e., h u n -  
d r e d t h s  or  t e n t h s  of a ca lo r ie  p e r  degree .  T e m k i n  
a n d  K h o r o s h i n  (14) e v a l u a t e d  the  " a b s o l u t e "  v a l u e  

of ~ ( E - )  in Cu and  P t  f r o m  the  t h i r d - l a w  i n t e g r a l  

S ( E - )  = - -  F f~o ~ d T / T  [29] 

2 C o m p a r i s o n  of [28] w i t h  c l a s s i ca l  e x p r e s s i o n s  fo r  t h e  t h e r m o -  
e l e c t r i c  p o w e r  s h o w s  t h a t  S * I  = F I r ~ T ,  w h e r e  ~r is t h e  P e l t i e r  h e a t ,  
i .e . ,  t h e  h e a t  a b s o r b e d  by  t h e  t h e r m o c o u p l e  w h e n  t h e  u n i t  of  p o s i -  
t i v e  e l e c t r i c i t y  c rosses  t h e  j u n c t i o n  f r o m  " E l e c t r o d e "  to Cu. T h e  
t e m p e r a t u r e  d e r i v a t i v e  of  t h e  t h e r m o e l e c t r i c  p o w e r  y i e l d s  d 2 V / d T  ~ = 

d S * I / F d T  = C * z / F T  = [ C  ( E -  i n  E l e c t r o d e )  -- C ( E -  in  C u ) ] / F T  = 
-- [ ~ ( E l e c t r o d e )  -- ~ ( C u ) ] / T ,  w h e r e  C ' 1  is  t h e  h e a t  c a p a c i t y  of 

e l e c t r i c a l  t r a n s p o r t ,  C t h e  h e a t  c a p a c i t y  of  t h e  m o v i n g  e l e c t r o n s ,  

a n d  ~ t h e  T h o m s o n  coef f ic ien t .  T h u s  C (E-  in  Cu)  = -- F ~ ( C u ) .  
O v e r  w i d e  r a n g e s  of t e m p e r a t u r e ,  t h e r m o c o u p l e  e m f ' s  s a t i s fy  t h e  
e m p i r i c a l  e q u a t i o n  V ~ a t  + l/abt~. S ' I  is t h e n  e q u a l  to F (a + bt)  

a n d  C ' I  = F T b .  C o n s t a n c y  of b i m p l i e s  t h a t  C / T  is  a c o n s t a n t ,  
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w h e r e  ~ is t he  " a b s o l u t e "  T homson  coefficient of t he  
me ta l ,  i.e., t he  hea t  c a p a c i t y  of  the  un i t  of  pos i t i ve  
e l e c t r i c i t y  in t he  m e t a l  (30b) .  The i r  r e su l t s  are,  in 
m i c r o v o l t - f a r a d a y s  pe r  degree ,  

S(E-in Cu) ~ - -  1.95 - -  0.005 ( T - -  300) 

(T > 240~ 

S(E- in P t )  : 4.54 + 0 .044(T - -  300) (T > 220~ 

Thus,  a t  298~ S ' (E-  in C u ) = - - 1 . 9 4  ~ v F / d e g - ~  
--0.045 c a l / d e g .  The  e l ec t ron ic  t e r m  could  t hen  be  
e l i m i n a t e d  c o m p l e t e l y  in [27]  b y  a d o p t i n g  for  the  
n o n i s o t h e r m a l  t e r m i n a l  a r m  a m e t a l  whose  T h o m -  
son coefficient  is v i r t u a l l y  zero, e.g., P b ( 3 0 c ) .  In  
p rac t i ce ,  i t  is m o r e  c o n v e n i e n t  to use  copper  e x p e r i -  
m e n t a l l y .  The  t h i r d - l a w  v a l u e  for  t he  e l ec t rons  in 
Cu is so s m a l l  t h a t  i t  could ,  w i t h o u t  s igni f icant  
e r ror ,  be  set  equa l  to zero.  This  we  sha l l  do, and  w e  
sha l l  t h e r e b y  adop t  a s l i g h t l y  d i f fe ren t  e l ec t ron ic  
s t a n d a r d  f rom t h a t  of T e m k i n  and  Khorosh in .  W e  

sha l l  a r b i t r a r i l y  set S ( E -  in Cu)  e q u a l  to zero at  a l l  
t e m p e r a t u r e s .  The  e l ec t ron ic  t e r m  in [27] m a y  then  
be  omi t t ed ,  p r o v i d e d  the  t h e r m a l  cel l  is m e a s u r e d  
w i t h  n o n i s o t h e r m a l  t e r m i n a l  a r m s  of copper .  

Thus  for  a t h e r m a l  A g / A g N O 3  cel l  (fl --~ 1) 

F ( d E , J d T )  : S ~  = S ( A g )  - -  S ~ ( A g  *) + 

t_ S ~ ( N O - 3 )  - -  t+ S ~ ( A g  § [30] 

and  for  a t h e r m a l  A1/AI~(SO~)~ cel l  (fl = 6) 

6 F ( d E t h / d T )  : S~I = 2S(A1)  - -  2 S ~ ( A 1  § 

+ 3t_ S ~ ( S O ,  =) - -  2t+ S ~ ( A 1  +~) [31] 

The  in i t i a l  t h e r m a l  emf  d e p e n d s  on the  ion to w h i c h  
the  e l ec t rodes  a re  r eve r s ib l e ,  and  also on the  
gegenion .  The  m i g r a t i o n  t e r m s  in [30] and  [31] 
d e t e r m i n e  the  t h e r m a l  l i qu id  j u n c t i o n  p o t e n t i a l  
( t l j p ) ,  t he  o the r  t e r m s  the  effect of t e m p e r a t u r e  on 
the  e l ec t rode  po ten t i a l s .  N e i t h e r  of t he se  qua n t i t i e s  
is s e p a r a t e l y  m e a s u r a b l e ,  w i t h o u t  a s sumpt ions .  
Bo th  a r e  c o n c e p t u a l l y  m e a s u r a b l e  b y  the  use  of two  
IRE's ,  as  def ined  above .  

T h e  two  t r a n s p o r t  e n t r o p i e s  S ~  and  S ~  for  an  
ion do not  co inc ide  w i t h  one ano the r ,  and  n e i t h e r  
do t h e y  co inc ide  w i t h  i ts  c o n v e n t i o n a l  p a r t i a l  m o l a l  
ionic e n t r o p y  S~ (ba sed  on the  s t a n d a r d  S ~ ( H  § = 

0 at  a l l  t e m p e r a t u r e s ) .  S ~ ,  is the  e n t r o p y  t r a n s -  
p o r t e d  b e t w e e n  hea t  r e s e r v o i r s  b y  an  ion w h e n  it 
sheds  i ts  h y d r a t i o n  shea th  in  be ing  c o n s u m e d  at  one 
e l ec t rode  and  p icks  up  a n e w  h y d r a t i o n  shea th  in 
be ing  p r o d u c e d  at  the  o t h e r  e lec t rode .  S ~  is the  
e n t r o p y  t r a n s p o r t e d  b y  the  ion w h e n  i t  d r a g s  i ts  
h y d r a t i o n  shea th  w i t h  i t  across  t he  cell .  N e i t h e r  of 
these  en t rop i e s  is s e p a r a t e l y  d e t e r m i n a b l e  for  a 
s ingle  ionic  species  ( w i t h o u t  a s s u m p t i o n s ) .  N e u t r a l  
c o m b i n a t i o n s  a r e  d e t e r m i n a b l e ,  and  also t he  sum 

~ = S ~ ,  + S ~  ~or a s ing le  ion (see  b e l o w ) .  
T h e  s t a n d a r d  e n t r o p y  of e l e c t r o c h e m i c a l  t r a n s -  

po r t  of  the  h y d r o g e n  ion was  s h o w n  b y  d e B L S  
(8) to be  S~~  +) = --4.48 --+ 0.5 c a l / d e g  at  25~ 
f r o m  the  t h e r m a l  t e m p e r a t u r e  coefficient  of t he  
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s t a n d a r d  h y d r o g e n  e lect rode which  is + 0.871 mi l l i -  
volts  per  degree  w h e n  m e a s u r e d  w i th  a s a tu ra t ed  
po tas s ium chlor ide br idge  (8, 31). This  resu l t  is 
based on the a s sumpt ion  tha t  S ~  can be set equa l  
to zero in  such a br idge  ( " sa tu ra t ed  KC1 br idge  
r u l e " ) .  

The  s t a n d a r d  en t ropy  of e lec t rochemica l  t r a n s -  
por t  S ~~ of any  other  ion should t hen  be 

S~%~ = S~ § z~ ( - -4 .48  ca l /deg)  [32] 

Concen t r a t i on  effects on t h e r m a l  emf 's  (8) ind ica te  
tha t  the  ionic en t ropy  S%~ has  subs t an t i a l l y  the 
same mass -ac t i on  dependence  as the o r d i n a r y  e n -  
t ropy  S~, i.e., 

S%~ = S ~ ~  R in  a ~ - - R T ( d l n  a J d T )  [33] 

Ionic en t rop ies  of mig ra t i on  t r an spo r t  S%,, are  
discussed in  g rea te r  deta i l  below. For  m a n y  ions, 
the  va lues  appea r  to be qui te  small ,  about  0-3 ca l /  
deg. For  H § and  OH-, they  are s igni f icant ly  larger ,  
abou t  10 ca l /deg .  For  m a n y  salts, the t l jp ' s  should  
no t  exceed a few h u n d r e d t h s  of a mi l l ivo l t  per  de-  
gree and  should make  on ly  smal l  con t r ibu t ions  to 
tota l  cell emf ' s  of several  t en ths  of a mi l l ivo l t  per  
degree  (see be low) .  In  s t rong acids and  bases, the  
t l jp ' s  appear  to be large, about  --  0.35 and  -k 0.5 
m v / d e g ,  respect ively ,  r e fe r red  to KC1 as zero (8) .  
These  two va lues  are qua l i t a t i ve ly  cons is ten t  w i th  
the Soret  effect (be low)  in  tha t  the cold end  of the  
t h e r m a l  l iqu id  j u n c t i o n  dipole takes  on the  charge 
of the faster ion (H + or OH-). 

Thermal  Diffusion (Soret Effect) 

Take  cell [1] and  r e m o v e  bo th  electrodes.  This  
effect ively makes  X, = 0. In  the  s teady state  of 
t h e r m a l  diffusion, K ---- 0, and  

XK = --  ( L K f f L K ~ ) X j  [34] 

By the Onsager  relat ions,  this becomes 

X x / X j  = --  L j~ /LK~ = - - ( J / K ) x ~ : x s ~ o  [35] 

Now b r ing  the  cell to u n i f o r m  t e m p e r a t u r e  (Xj ---- 
0), and  let  there  be a smal l  chemical  po ten t i a l  
g r a d i e n t  (X~ pos i t ive) ,  such tha t  the  solute  flux 
K = l /z ,  if T is the t ime  r equ i r ed  for 1 mole  of 
solute  to diffuse across the  l iqu id  b o u n d a r y  f rom 
r igh t  to left, u n d e r  the  impu l s ion  of X~, in  a cell 
(w i thou t  convec t ion)  so large tha t  this  a m o u n t  of 
diffusion does no t  s ignif icant ly  a l te r  the chemica l  
po ten t i a l  gradient .  The c o n c u r r e n t  flux of en t ropy  
is J = S % / z  = (v+S~+ q- v _ S ~ _ ) / ~ ,  where  S%, the  
e n t r o p y  of  d i f f u s i o n  t r a n s p o r t ,  is the  en t ropy  t r a n s -  
por ted  f rom the  r ight  heat  rese rvo i r  No. 2 to the 
left  hea t  rese rvo i r  No. 1 by  the passage of 1 mole 
of solute  t h rough  the  l iqu id  b o u n d a r y  f rom r igh t  to 
left. E q u a t i o n  [35] then  t r ans fo rms  to 

X J X j  = vRT(d  In a / d T )  = - - ( J / K )  . . . . . . .  = 

- -  S % / 1  mole.  [36] 

The  Soret  coefficient can be defined as the re la t ive  
change  in  solute  ac t iv i ty  (or concen t r a t ion )  per  
degree  change  in  t empera tu re ,  i.e., e i ther  

d In a._/dT = - - S % / ~ R T  [37a] 

or 

d In m / d T  = - - S % / { , R T [ 1  -k (d  In T / d  in  r e ) r ] )  

[375] 

If the e n t r opy  of diffusion t r anspor t  S %  is positive, 
the Soret  coefficient is negat ive ,  i.e., s t rong  electro-  
lytes  concen t ra t e  in  the  cold region.  This  is the 
s i tua t ion  n o r m a l l y  observed.  Soret  coefficients u s u -  
a l ly  a m o u n t  to m i n u s  a few ten ths  of one per  cent  
per  degree,  the  co r re spond ing  va lues  of S% are 
then  a few calories per  degree per  mole.  Values for 
S% for a n u m b e r  of salts are l isted in Tab le  I. 

Consider  two t h e r m a l  cells iden t ica l  in every  
respect,  except  in  the  n a t u r e  of the  gegenion g. 
Then  f rom Eq. [23] and  [27], it can be shown tha t  
the difference b e t w e e n  the in i t i a l  t h e r m a l  emf 's  of 
the two cells, con t a in ing  the two elect rolytes  1 and  
2, is 

F ( d E / d T )  ..... - -  F ( d E / d T ) , , ~ .  = t~. S%~/z~  -b 

+- tg~ S%~/fl~ -w- tg~ S%Jfi~_ (if z, : - )  [38] 

Equa t ion  [38] provides  a conven i en t  method  of 
e v a l u a t i n g  the  e n t r opy  S% of one salt  re la t ive  to 
tha t  of ano the r  sal t  w i th  which  it has a common 
ion, f rom observa t ions  of in i t i a l  t h e r m a l  emf's.  The  
va n i sh i ng  of e lect rode t e rms  f rom Eq. [38] implies  

Table I. Entropies of diffusion transport 5*D (cal/deg.mole) at 25~ 

KCI: 0.0025 m,  2.215; 0.005 m,  1.885; 0.01 m, 1.72 ", 1.68 ~, 
3.15(34.7~ 0.02 m, 1.58d; 0.05 m, 0.91"; 1 m, 0.37 b, 
1.20(35~ b, 2.02(45~ 2 m, 0.86 b, 0.087(15~ ~, 
1.63(35~ b, 2.31(45~ 3 m, 1.26 b, 0.52(15~ ~, 
1.97(35~ b, 2.61(45~ 4 m, 1.70 b, 1.06(15~ b, 
2.28 (35~ b, 2.86 (45~ b. 

KBr:  0.0025 m, 2.155; 0.005 m, 1.98~; 0.01 m, 1.87", 1.85 ~, 
3.15(34.7~ 0.02 m,  1.68d; 0.05 m, 1.05 a. 

KI: 0.0025 m, 0.27~; 0.005 m, 0.10~; 0.01 m, --0.09 ~, 
1.27(34.7~ 0.02 m, --0.27~; 0.05 m, --0.65". 

NaCI: 0.0025 m, 3.125; 0.005 m, 2.62~; 0.01 m, 2.60 a, 2.585, 
3.80 (34.7~ 0.02 m, 2.08d; 0.05 m, 1.8F. 

NaBr: 0.0025 m, 3.09d; 0.005 m, 2.825; 0.01 m, 2.74", 2.70~; 
0.02 m, 2.42~; 0.05 m, 1.94L 

AgNO~: 0.01 m, 4.20 ~ 4.165, 5.33(34.7~ 0.014 m, 3.92~; 
0.1 m, 2.90 b, 4.95(45~ 0.2 m, 2.81 b, 4.24(45~ 0.5 m, 
2.79 b, 3.99 (450) ~; 1 m, 3.14 b, 3.86(45~ ~. 

1/2CdSO,: 0.01m, 3.85~; 0.033 m, 3.08~; 0.09 m, 2.35~; 
0.1 m, 2.43 ~, 2.41 b, 3.36 (45~ b; 0.18 m, 2.08 ~, 2.94(45~ ~; 
0.34 m, 1.76~; 0.37 m, 1.69 ~, 2.45(45~ 1 m, 1.22 ~, 
1.86(45~ 1.04 m, 1.32"; 2.1 m, 1.14 ~ . 

T1C10,: 0.005 m, 2.55~; 0.01 m, 2.355; 0.02 m, 2.18~; 0.05 m, 
2.85 ~ , 1.98~; 0.1 m, 1.73~; 0.15 m, 2.18~; 0.2 m, 1.58r 
0.26 m, 1.54% 

1/2T12SO~: 0.04 m, 5.22~; 0.1 m, 4.03 ~ 
0.1 m solutions~ T1NO,: 1.69; T1OCOCH,,,: 6.17; 

V2ThCO~: 4.27; VzCd(C10,):: 1.1; VzCd(NO~)~: 0.77; 
~CdCI~: 0.70. 

0.01 m solutions~: KF:  4.56; NaF: 5.48, 6.72(34.7"); 
NaI, 0.77, 2.05(34.7"); LiF: 2.83, 4.13(34.7~ LiCI: 
--0.067; LiBr: 0.047, 1.10(34.7 ~ LiI: --1.94, 
--0.23(34.7"); RbCI: 2.75; CsCI: 2.78; (C:H~),NCI: 
10.36; KNO~: 1.66(34.7~ NaNO~: 1.64; �89 4.6, 
5.9 (34.7 ~ 

a Agar, conductimetric (21) ; b Longsworth, optical (11) ; c Agar 
and ]]reck. initial and final thermal emf (12); d Agar and Turner, 
conductimetmc {51). 
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Table II. Differences of thermal liquid junction potentials (mv/deg) and entropies of 
diffusion transport S*D (cal/deg. mole) computed from them by Eq. [38].  0.01 molal or normal 

electrolytes, except where noted. Reference values in parentheses. 

Elec t ro ly t e  s  S*9 E lec t ro ly t e  At l jp  S*l~ 

KCI +0.011 __+ 0.003 ~ - -  1/fCdC12 -}-0.03 a~ 0.4 
KC1 (1M) +0.024 _+ 0.003 "" - -  Et,NC1 ~ --0.114 "k 11.6 
KC1 (0.000) ~ (1.72) f K B r  (-t-0.0039) .... (1.87) 
KC1 (1M) (0.000) ~ (0.37) g L iBr  -t-0.0367 b'~ 0.18 
HC1 --0.340 "~ 10.5 N a B r  --0.0058 b'~ 2.69 
HC1 ( l m )  --0.344 ~ 9.7" NH,Br  + 0.0336 b'~ 0.27 
LiCI + 0.04 ~ --0.24 Me ,NBr  ~ --0.072 ~" 7.32 
LiC1 (1M) + 0.046 ~ --3.0 g E t ,NBr  ~ --0.0985 b" 11.9 
NaC1 --0.007 "~ 2.56 n-Pr4NBr  ~ --0.1024 b'~ 16.6 
NaC1 ( l m )  --0.033 "~ 2.54 g n-Bu~NBr ~ --0.1019 b~ 19.5 
NH~C1 +0.01"~ 1.25 n -Am~NBr  ~ --0.10lib" 22.8 
NH,  C] ( l m )  +0.026 ~ --0.86 ~ K I  (.--0.0405) .... (--0.12) r 
RbC1 --0.016 ~k 2.42 Li I  +0.0275 ~ --2.12 
RbC1 ( l m )  --0.088 a' 4.42 ~ NaI  --0.0165 ~ 0.83 
CsC1 --0.0265 ~k 2.90 K O H  -t-0.445 a~q 15.17 
C s C l ( l m )  --0.078 ~ 3.96 g L iOH -}-0.0901 d~ 12.57 
1/2 CaCI~ (1N) --0.08 ~ ~ 5.8 ~ N a O H  + 0.0440 ~n 15.46 
1/2 SrC12 --0.01 ~ ~ 2.5 Me~NOH ~ + 0.0252 ~" 20.2 
'/2 SrC12 (1N) --0.08 ~ 5.8 ~ Et~NOH ~ +0.0342 ~'~ 26.8 
VfBaC12 --0.02 ~' 3.0 n - P r , N O H  ~ +0.0644 ~ 29.7 
1/~BaC12 (1N) --0.08 ~' 5.3 ~ n-Bu~NOH ~ +0.0748 ~ 33.6 
~MgC12 +0.02 ~' 0.9 n-Am~NOH~ n a0.0813 d'~ 36.3 
VfZnCI~ + 0 . 0 1  a/ 1.5 KNO~ (--0.0219) om (0.76) ' 
~/2 ZnC 12 (1N) +0.02 ~ --0.8 ~ AgNO~ --0.123 ~q 5.85 

aa R e f e r r e d  to " s a t u r a t e d  KCI , "  i.e., obse rved  t h e r m a l  e m f ' s  of c a lom e l  and  s i lve r  c h l o r i d e  cel ls  i n  1M a n d  0.01M KC1, R i c h a r d s  (3), 
Ko l tho f f  a n d  T e k e l e n b u r g  (4), B e r n h a r d t  and  C r o c k f o r d  (41), S a l v i  (42), Y o u n g  (43), G o y a n  (43), a n d  L e v i n  and  B o n i l l a  (47), m i n u s  cal-  
cu l a t ed  t h e r m a l  ernf 's  os d e B L S  (8), ba sed  on  " s a t u r a t e d  KC1 b r i d g e  r u l e . "  

a R e f e r r e d  to KCI  of  t he  s ame  concen t ra t ion .  
b R e f e r r e d  to  K B r  of the  same  concen t ra t ion .  
c R e f e r r e d  to K I  of t he  s ame  concen t ra t ion .  

R e f e r r e d  to K O H  of t he  same  concen t ra t ion .  
e Me, m e t h y l ;  Et,  e thy l ;  Pr ,  p ropy l ;  Bu,  b u t y l ;  Am,  amyl .  
T Re fe rence  v a l u e s  of S*D for  0.01m e lec t ro ly tes  f r o m  A g a r  (21), cf. Tab les  I and  I I I  (b).  
g R e f e r r e d  to L o n g s w o r t h ' s  (11) S*D = 0.37 c a l / d e g  fo r  1 m KC1 (Table  I ) .  

B e r n h a r d t  a n d  C r o c k f o r d  (41). 
K h o r o s h i n  and  T e m k i n  (14). 
S a l v i  (42). 
G o y a n ,  Young ,  a n d  P r e s t o n  (43). 

z R i c h a r d s  (3). 
n~ C o m p u t e d  f r o m  re f e r ence  v a l u e s  of  S*D v i a  Eq.  [38]. 
n G o o d r i c h ,  et  al. (44). 

B u r i a n  (45), K h o r o s h i n  a nd  T e m k i n  (14), L a n g e  a n d  Hesse  (46). 
q O b s e r v e d  t h e r m a l  e m f ' s  i n  K O H  a nd  AgNO3 e lec t ro ly tes ,  m i n u s  ca lcu la t ed  t h e r m a l  e m f ' s  of d e B L S  (8), based  on " s a t u r a t e d  KC1 

b r i d g e  r u l e , "  a n d  cor rec ted  to K C 1  o f  the  s ame  c o n c e n t r a t i o n  by m e a n s  of  aa v a l u e s  above .  

t h a t  t h e  a c t i v i t y  of  t h e  ion  r is t h e  s a m e  in  t h e  t w o  
e l e c t r o l y t e s .  C l e a r l y ,  th i s  a s s u m p t i o n  is v a l i d  o n l y  
f o r  d i l u t e  s o l u t i o n s  of  t h e  t w o  sal ts ,  a t  t h e  s a m e  
c o n c e n t r a t i o n  of  t h e  i on  r,  a n d  a t  t h e  s a m e  ion ic  
s t r e n g t h .  U n d e r  th i s  a s s u m p t i o n ,  t h e  d i f f e r e n c e  of  
t h e  i n i t i a l  t h e r m a l  e m f ' s  g i v e n  b y  [38]  is s i m p l y  t h e  
d i f f e r e n c e  of  t h e  t h e r m a l  l i q u i d  j u n c t i o n  p o t e n t i a l s  
( t l j p ' s )  of  t h e  t w o  sal ts .  

I n  T a b l e  I I  a r e  l i s t e d  s u c h  d i f f e r e n c e s  of  t l j p ' s  
b e t w e e n  t h e  e l e c t r o l y t e s  l i s t e d  a n d  c e r t a i n  r e f e r -  
e n c e  e l e c t r o l y t e s  c h o s e n  to be  KC1, K B r ,  KI ,  a n d  
K O H ,  as d e t e r m i n e d  f r o m  o b s e r v e d  v a l u e s  o f  i n i t i a l  
t h e r m a l  e m f ' s  ( e x c e p t  fo r  v a l u e s  in  p a r e n t h e s e s  
w h i c h  a r e  c o m p u t e d  f r o m  t h e  r e f e r e n c e  S*,  v a l u e s  
v i a  Eq .  [ 3 8 ] ) .  A p o s i t i v e  s ign  m e a n s  t h a t  t h e  h o t  
e n d  of  t h e  t h e r m a l  l i q u i d  j u n c t i o n  d i p o l e  is m o r e  
p o s i t i v e l y  c h a r g e d  t h a n  t h a t  of  t h e  r e f e r e n c e  e l e c -  
t r o l y t e .  

T h e  t r a n s f e r e n c e  n u m b e r s  u t i l i z e d  in  Eq .  [38]  
h a v e  b e e n  t a k e n ,  o r  e s t i m a t e d ,  f r o m  M a c I n n e s  (48) ,  
H a r n e d  a n d  O w e n  (20) ,  o r  f r o m  t h e  s o u r c e s  of  t h e  
t h e r m a l  e m f  da ta .  T h e  S %  v a l u e s  l i s t e d  in  T a b l e  I I  
h a v e  t h e n  b e e n  c o m p u t e d  f r o m  o b s e r v e d  A t l j p ' s  a n d  
f r o m  c e r t a i n  r e f e r e n c e  S * .  v a l u e s  ( in  p a r e n t h e s e s )  
t a k e n  f r o m  T a b l e s  I a n d  I I I ( b ) .  

W h i l e  t h e  a c c u r a c y  of  t h e  m e t h o d  is l i m i t e d ,  as  
d i s c u s s e d  b y  T y r r e l l ,  et al. (49 ) ,  e.g., an  u n c e r t a i n t y  
of +-- 0.01 m v / d e g  in  t h e  At l jp  y i e l d s  u n c e r t a i n t i e s  
in  S %  r a n g i n g  f r o m  --+ 0.5 c a l / d e g  w h e n  t h e  r e l e -  
v a n t  t r a n s f e r e n c e  n u m b e r  is 1/2, u p  to  ----- 2 c a l / d e g  
w h e n  t h e  t r a n s f e r e n c e  n u m b e r  d r o p s  to  1 /10 th ,  
n e v e r t h e l e s s ,  t h e  r e s u l t s  a r e  in  f a i r  a g r e e m e n t  w i t h  
t h o s e  of  o t h e r  m e t h o d s  [ T a b l e s  I a n d  I I I ( a ) ( b ) ] ,  
a n d  a r e  of  i n t e r e s t  s i nce  t h e y  y i e l d  a n u m b e r  o f  
n e w  v a l u e s  o f  S %  f o r  e l e c t r o l y t e s  n o t  p r e v i o u s l y  
d e t e r m i n e d .  

I n  d i l u t e  so lu t i ons ,  t h e  e n t r o p y  S %  of  d i f f u s i o n  
t r a n s p o r t  b e h a v e s  as an  a d d i t i v e  ion ic  p r o p e r t y  
(21 ) .  T h i s  p e r m i t s  t h e  e v a l u a t i o n  of  t h e  e n t r o p y  of  
m i g r a t i o n  t r a n s p o r t  of  a n  ion,  r e l a t i v e  to  t h a t  of  
s o m e  s t a n d a r d  ion.  S u c h  c o n v e n t i o n a l  s i n g l e  i on  
v a l u e s  of  S*~  a r e  g i v e n  in  T a b l e  III ,  r e l a t i v e  to  
S * * ( C 1  -) = 0 a t  a l l  c o n c e n t r a t i o n s .  C o l u m n  (a )  
g i v e s  E a s t m a n ' s  e s t i m a t e s  of  1928, i n t e n d e d  b y  h i m  

as a b s o l u t e  v a l u e s .  C o l u m n  (b )  is t a k e n  f r o m  
A g a r ' s  w o r k .  C o l u m n s  (c)  a n d  (d )  a r e  b a s e d  on  
t h e  v a l u e s  of  S% d e d u c e d  f r o m  t h e  At l jp ' s  in  T a b l e  
II ,  e x c e p t  f o r  t h e  r e f e r e n c e  v a l u e s  i n  p a r e n t h e s e s ,  
a n d  fo r  c e r t a i n  v a l u e s  b a s e d  on  T a b l e  I V  as n o t e d .  

T h e  c o n c e n t r a t i o n  d e p e n d e n c e  of  S*v h a s  b e e n  



836 October 1960 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 

Table III. Conventional single ion entropies of migration transport 5*M~ (cal/deg) at 250C 
based an S*~(CI-) ~ O. 

I o n  S*M~ I o n  
(a) (b) (c) (d) (a) (b) 

H + 9.3 10.4 10.5 9.7 OH- 
L i  ~ 0.i --0.084 --0.3 --3.0 F- 
N a  + 0.9 2.61 2.55 2.54 CI- 
K § 1.0 1.72 (1.72) (0.37) B r -  
R b  § 1.1 2.79 2.4 4.4 I- 
Cs + - -  2.82 2.9 4.0 NO~- 
Ag  + - -  5.16 6.8 - -  1/2 SO~ = 
NH~ + 0.0 - -  0.7 --0.9 C10,- 
VaMg ++ - -  - -  0.9 - -  CH~COO- 
V~,Ca . . . . .  5.8 u = 
~/zSr . . . .  2.5 5.8 TI + 
VzBa . . . .  3.0 5.3 V2Cd ++ 
1 /2Zn  . . . .  1.5 --0.8 
VzCd ++ - -  0.935 0.4 - -  
Me,N +~ - -  6.71 7.0 - -  
ELN +~ - -  10.44 11.7 - -  
n-Pr~N +~ - -  - -  16.3 - -  
n - B u , N  +~ - -  - -  19.7 - -  
n-AmeN +~ - -  - -  22.7 - -  

S*M~ 
(c) (d) 

- -  - -  1 3 . 5  

- -  2.92 - -  
0.0 (0)  (0)  (0)  
- -  0.134 (0.15) 
- -  - - 1 . 8 4  ( - - 1 . 8 4 )  

- -  --0.96 ( - -0 .96)  
- -  2.925 2.7 t 0.0 r 
_ _  _ _  1.0 t --3.0 r 
__ __ 3 . 3 ( O . l m ) t  
__ __ 1.5 (0 .1m) f 
- -  - -  3 . 1  ( 0 . 1 m )  r 

__ __ 1.35 t 1.05 t 

(a) E a s t m a n  (32) f o r  0.02N. 
(b) A g a r  (12, 21) f o r  0.01m. 
(c) T h i s  s t u d y ,  e s t i m a t e d  f r o m  T a b l e  I I  fo r  0.01m. R e f e r e n c e  v a l u e s  in  p a r e n t h e s e s .  
(d) T h i s  s t u d y ,  e s t i m a t e d  f r o m  T a b l e  I I  f o r  1 M. R e f e r e n c e  v a l u e s  m p a r e n t h e s e s .  
e Me,  m e t h y l ;  Et, e t h y l ;  P r ,  p r o p y l ;  Bu ,  b u t y l ;  A m ,  a m y l .  
t I n t e r p o l a t e d  or  e x t r a p o l a t e d  f r o m  d a t a  of  T a b l e  IV;  s ing l e  i o n  v a l u e s  b a s e d  on  " s a t u r a t e d  KC1 b r i d g e  r u l e , "  i n s t e a d  of  c h l o r i d e  ion  

s t a n d a r d .  

d i s c u s s e d  b y  A g a r  ( 2 1 ) .  I t  d e c r e a s e s  w i t h  i n c r e a s -  
i n g  c o n c e n t r a t i o n  ( T a b l e  I )  in  d i l u t e  s o l u t i o n s ,  b u t  
m u c h  l e s s  r a p i d l y  t h a n  a n o r m a l  m a s s - a c t i o n  d e -  
p e n d e n t  e n t r o p y  w o u l d ,  a n d  i t  s e e m s  to  a t t a i n  a 
f i n i t e  l i m i t i n g  v a l u e  a t  i n f i n i t e  d i l u t i o n .  I n  c o n c e n -  
t r a t e d  s o l u t i o n s  of  KC1 a n d  AgNO~, S %  i n c r e a s e s  
w i t h  i n c r e a s i n g  c o n c e n t r a t i o n !  T h e  d e r i v a t i v e  d S % / d  

I n  a is v e r y  c l o s e  to  - -  R in  C d S O ,  a n d  to  - -  ~/2R i n  

T1C10,,  i n s t e a d  of  t h e  m a s s - a c t i o n  v a l u e  - - 2 R  f o r  
s a l t s  w i t h  v = 2. 

I n  v e r y  d i l u t e  s o l u t i o n s  ( m  < 0 .02 ) ,  S %  d e c r e a s e s  
as  a l i n e a r  f u n c t i o n  of  t h e  s q u a r e  r o o t  of  t h e  m o l a l -  

i ty .  T h e  d e r i v a t i v e  d S % / d N / m  h a s  v a l u e s ,  i n  c a l /  
deg .  ( u n i t  of  m o l a l i t y )  ~/'~, of  - -6 .0  to  - -6 .5  i n  d i l u t e  
KC1, NaC1,  K B r ,  N a B r ,  a n d  K I ;  a n d  of  - - 2 6  i n  
CdSO, .  T h e s e  v a l u e s  a r e  d i s c u s s e d  a g a i n  b e l o w  in  
c o n n e c t i o n  w i t h  t h e  e l e c t r o s t a t i c  i n t e r p r e t a t i o n  of  
t h e  i on i c  e n t r o p y  of  m i g r a t i o n .  

Final E M F  of Thermal  Cells 

R e s t o r e  t h e  t w o  e l e c t r o d e s  to  ce l l  [ 1 ] ,  a n d  a l l o w  
a S o r e t  s t e a d y  s t a t e  to  b e  e s t a b l i s h e d .  T h i s  m a k e s  
K = 0 w h i l e  X~  ~ 0. A t  p o t e n t i o m e t r i c  b a l a n c e ,  I 

= 0. E q u a t i o n s  [ 5 ] ,  [ 6 ] ,  a n d  [ 7 ]  c a n  t h e n  b e  s o l v e d ,  
w i t h  e l i m i n a t i o n  of  X~,  to  y i e l d  

( - -  X # X j ) ~ I  .... = d V / d T  = d E ~ , . I d T  

: [ L . / L x r -  ( L ~ K / L . ) ( L K f f L ~ : ~ : ) ] /  

[1 - -  ( L , K / L H )  (LK,/LKK) ] [ 3 9 ]  

T h i s  e x p r e s s i o n  i n v o l v e s  f o u r  d i s t i n c t  a d m i t t a n c e  

r a t i o s ,  t h r e e  of  w h i c h  h a v e  a l r e a d y  b e e n  e v a l u a t e d .  
T h e  f o u r t h  a d m i t t a n c e  r a t i o  is L K , / L ~ .  T h i s  c a n  b e  
e q u a t e d  to  L , K / L ~  = (I /K)~,=Xj=o,  i.e., i t  is e q u a l  
to  t h e  r a t i o  of  t h e  f l u x  of  e l e c t r i c i t y  to  t h e  f l ux  of  

m a t t e r  i n  t h e  l i q u i d  b o u n d a r y ,  i n  t h e  a b s e n c e  of  a n y  
a p p l i e d  e m f  ( n o  e l e c t r o d e s )  a n d  of a t e m p e r a t u r e  
g r a d i e n t .  H o w e v e r ,  t h e  f l u x  o f  m a t t e r  u n d e r  s u c h  

c o n d i t i o n s  o c c u r s  b y  d i f f u s i o n  of  e l e c t r o n e u t r a l  
g r o u p s  of  i ons  a n d  d o e s  n o t  g i v e  r i s e  to  a n  e l e c t r i c  
c u r r e n t  a t  al l .  T h e r e f o r e  I l K  = 0 i n  t h e  b o u n d a r y ,  

a n d  t h i s  f o u r t h  a d m i t t a n c e  r a t i o  is  ze ro .  E q u a t i o n  
[ 3 9 ]  s i m p l i f i e s  to  

( - - X # X j )  f,~ = L u / L , ~  - -  (L~ , , /L~)  ( L ~ f f L r ~ ) . [ 4 0 ]  

T h e  v a l i d i t y  of  Eq .  [ 4 0 ]  c a n  b e  c o n f i r m e d  b y  n o t i n g  
t h a t  t h e  a d m i t t a n c e  r a t i o s  c a n  b e  r e p l a c e d  b y  d r i v -  
i n g  f o r c e  r a t i o s ,  e.g.,  L ~ / L ~  = - - ( X J X ~ )  . . . . . . .  so 
t h a t  

( - - X , / X , ) , , ,  = ( - - X , / X ~ ) , : X ~ : o  + ( - - X , / X K ) , = ~ , : o  

�9 ( X K / X j ) ~  . . . . .  [ 4 1 ]  

T h e  l a t t e r  e x p r e s s i o n  is o b v i o u s l y  e q u i v a l e n t  to  

( d V / d T ) , , .  : ( O V / 0 T ) ,  . . . . .  

+ ( O V / R T  0 In  a )  . . . .  �9 ( R T  0 In  a / O T )  . . . .  [42 ]  

i.e., t h e  f i na l  t h e r m a l  e m f  is e q u a l  to  t h e  i n i t i a l  
t h e r m a l  e m f  L,ffL** p l u s  a t e r m  w h i c h  is e x a c t l y  

t h e  i s o t h e r m a l  e m f  of  t h e  c o n c e n t r a t i o n  ce l l  t h a t  
t h e  S o r e t  e f f ec t  h a s  c r e a t e d .  

W e  h a v e  a l r e a d y  e s t a b l i s h e d  t h a t  L , / L ~ ,  : S % /  

f lF;  L , K / L ,  : • G / t i P  ( i f  z. : +_);  a n d  L~j/LKK : 
S % / 1  m o l e .  T h e r e f o r e  Eq.  [ 4 0 ]  t r a n s f o r m s  to  

d E ~ J d T  = S % / f l F  w- t , S % / f l F  

( i f  z~ : •  [ 4 3 ]  

B y  i n t r o d u c i n g  v a l u e s  f o r  S %  ( E q .  [ 2 7 ] )  a n d  S % ,  
Eq.  [ 4 3 ]  f u r t h e r  t r a n s f o r m s  to  

d E ~ , J d T  = ( 1 / f l F )  {--  f l ~ S ~  - -  ( f l / z ~ ) S % ~  

--  f l S ( E -  i n  C u )  - -  t , ( f l / z ~ ) S * ~  

- t~( f l / zD S ~ o  ~_ t~ ~, s % ,  T- t~ ~ s % ~  } 

( i f  z,  = _ ) .  [ 4 4 ]  

S i n c e  ~ v ~ =  --fllz, a n d ~  v~ = + f l /z~ f o r  z~ = 
-- ,  t h e  t e r m s  i n v o l v i n g  t h e  m i g r a t i o n  t r a n s p o r t  
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en t ropy  of the  gegenion  g vanish ,  whi le  the  two 
cor respond ing  t e rms  for the  ion r coalesce to 
- - ( f l / z ~ )  S * ~ .  The final emf there fore  reduces  to 

d E ~ , , / d T  = (1//~F) {-- ~ S ~  --  f lS(E:  in  Cu)  

- -  ( f l / z , ) ~ }  [45]  

All  proper t ies  of the  gegen ion  have  van i shed  f rom 
Eq. [44] and  [45], whi le  the  ion r con t r ibu tes  the 

sum S*~  + S * ~  = S~, denoted  by  T e m k i n  a nd  
Khorosh in  (14) as the " en t ropy  of the  m o v i n g  ion." 
This  sum thus  becomes a m e a s u r a b l e  t h e r m o d y -  
namic  p rope r ty  of a s ingle ion, p rov ided  a va lue  
can be ass igned to the e lectronic  te rm,  as discussed 
above.  

For  example ,  for a t h e r m a l  A g / A g  § cell, the final 
emf, w i th  the e lectronic  t e rm  neglec ted  is g iven  by  

d E f , J d T  = ( l / F )  [ S ( A g )  --  ~ (Ag+)].  For  a 
t h e r m a l  Hg/Hg~SO,/AI~(SO,)~ cell, i t  is d E , J d T  = 

( 1 / 6 F )  [6S(Hg)  - -  3S(Hg~SO~) + 3~(SO,=) ]. 
A compar i son  of Eq. [43] and  [23] show tha t  the 

1~nal m i n u s  the  i n i t i a l  t h e r m a l  emf  of a cell is 
equa l  to _~ t~S*~/ f lF  (if z~ = +--). This  provides  an  
e lec t rochemica l  me thod  of m e a s u r i n g  the  en t r opy  
S*~ of diffusion t ranspor t ,  and  the associated Soret  
coefficient (12).  

It  is of theore t ica l  in te res t  to decompose the 
m e a s u r a b l e  final t h e r m a l  cell emf  [45] into fo rmal  
express ions  for the  electrode po ten t i a l  difference 
and  the  l iquid  j u n c t i o n  potent ia l ,  s ince these two 
quan t i t i e s  are  a t  least  concep tua l ly  m e a s u r a b l e  by  
the use of two IRE's,  as defined above.  The l iqu id  
j u n c t i o n  po ten t i a l  in  the  final s ta te  of the t h e r m a l  
cell  can  be fo rma l ly  expressed by  eva lua t i ng  Eq. 
[40] for the l iquid  b o u n d a r y  processes only. In  the 
b o u n d a r y  Lu/L~I = L j J L ,  = ( J / I ) x j  . . . . .  : --  ~t~ 
( f l / z ~ ) S * , , / f l F  = (t_~_S*~_ --  t+v+S*~+) / f lF ;  and  L,K/ 
L~, = L~/L~s = ( K / I ) x j  . . . . .  : - -  t ~ ( f l / z~ ) / v f l F  : 

(t_v_ - -  t+v+)/vflF, prov ided  K is t a k e n  as (K+ + K _ ) / v ;  

whi le  L~j /LK~ as eva lua ted  above  is a l r eady  a 
b o u n d a r y  q u a n t i t y  equa l  to S*~ /1  mole  = (v+S*~+ 

§ v_S*.,_)/1 mole. The  subs t i tu t ion  of these  exp res -  
sions in to  Eq. [40] gives, for the  final t h e r m a l  
l iqu id  j u n c t i o n  potent ia l ,  

dE, j  . . . .  / d T  = v+v_(S*~_ --  S*.~+)/vflF [46a] 

For  example ,  in  sod ium chloride electrolyte ,  this  
becomes (1 /2F) [S*~(C1- )  --  S*~(Na+)] ,  and  in  
a l u m i n u m  sulfa te  ( 3 . 2 / 5 . 6 F ) [ S * ~ ( S O , = )  --  S*~ 
(Al +~) ]. 

By subtracting [46a] from [45], neglecting the 
electronic term, one obtains the difference of the 
electrode potentials for the final state of the thermal 
cell in the form 

dE~.  ~,~/dT = S * J f l F  - -  S*~/vz~F [46b] 

The first t e rm  in  [46b] gives the  effect of t e m p e r a -  
tu re  on the  e lect rode potent ia ls ,  w i thou t  l iqu id  
j u n c t i o n  po ten t i a l  and  wi thou t  t h e r m a l  diffusion. 
The second t e rm gives the f u r t h e r  effect of the  
t h e r m a l  diffusion concen t r a t i on  g r ad i en t  on the  
electrode potent ia ls .  This  second t e r m  takes  the  
form, in  a t h e r m a l  Ag/AgC1/NaC1 cell, ( 1 / 2 F ) [ S * ~  
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Table IV. Transport entropies of TI + and Cd ++ ions and geg,enions 
(cal/mele.deg) from the data of Agar and Breck (12) 

S ~ ( T I + )  = 3 0 . 4 ;  S ~ ( C d + + )  = - -  1 4 . 6  ( 3 3 )  

Electrolyte ~. pa+ S*~+ S*~+ S ' M -  

T1C10,, 0.05m 35.8 1.403 32.3 3.5 --0.6 
T1C10,, 0.1m 33.9 1.132 31.1 2.8 --1.1 
T1C10~, 0.15m 34.0 0.982 30.4 3.6 --1.4 
T1C10,, 0.20m 33.3 0.879 29.9 3.4 --1.8 
T1C104, 0.26m 32.5 0.800 29.6 2.9 --1.4 
T1NO~, 0.1m 34.0 1.151 31.2 2.8 --1.1 
T1OCOCH~, 0.1m 34.0 1.131 31.1 2.9 3.3 
TLCO~, 0.05m 33.9 1.138 31.1 2.8 3.0 
TLSO4, 0.05m 34.0 1.138 31.1 2.9 2.3 

CdSO~,0.005m --8.96 2.602 --11.7 2.7 5.0 
CdSO,,0.017m --10.99 2.248 --13.3 2.3 3.9 
CdSO~, 0.05m --12.47 1.973 --14.6 2.1 2.8 
CdSO,, 0.17m --13.93 1.684 --15.9 2.0 1.6 
CdSO~, 0.52m --14.78 1.458 --16.9 2.1 0.6 
CdSO, 1.05m --14.64 1.327 --17.5 2.9 --0.6 
Cd (C10,) 2, 0.05m --12.27 1.835 --15.2 2.9 --0.4 
Cd (NO~) ~, 0.05m --11.87 1 .842  --15.2 3.4 --0.9 
CdCL, 0.05m --10.07 2.406 --12.6 2.5 --0.5 

(Na +) + S * . ( C 1 - ) ] ;  in  a t h e r m a l  A1/AL(SO,).~ cell, 
- -  ( 1 / 5 . 3 F ) [ 2 S * ~ ( A 1  +~) + 3S*~(SO~:)] .  

Values  of the Ionic Transport  Entropies 

Values  of the en t ropy  S~ of the  m o v i n g  ion have  
been  ob ta ined  for Cd ~+ and  T1 + by  Aga r  and  Breck 
(12) f rom m e a s u r e d  final t h e r m a l  emf's,  and  are 
l is ted in  Tab le  IV. The cor responding  ent ropies  S% 
of diffusion t ranspor t ,  f rom the  difference of final 
and  in i t i a l  t h e r m a l  emf's,  are  g iven  in  Tab le  I. In  
Table  IV, pa~ ~ - - l o g  a+ where  a+ ~ v+m~+, ~+ is 
ca lcu la ted  by  the  ru le  ~+ ---- ~,_.-~+/~-, and  ~,. is i n t e r -  

pola ted  f rom L a t i m e r  (33).  The  e n t r o p y  of 
e lec t rochemical  t r a n spo r t  S*~+ is computed  f rom 
e n t r opy  da ta  (33) v ia  the " sa tu ra t ed  KC1 br idge  
ru le"  of deBLS (8) ,  Eq. [32] and  [33], neg lec t ing  
the  th i rd  t e r m  in  d In a~/dT.  The  ent ropies  of m i -  
g ra t ion  t r a n spo r t  for the two ions are t hen  com-  

pu ted  f rom ~+ and  S'E+ (Tab le  IV) ,  and  S*~ (Table  
I ) .  

For  both  Cd +§ and  T1 § ions, the mass -ac t i on  de-  

pendence  of S+ para l le l s  tha t  of S'E+, so tha t  S*~x+ is 
a p p a r e n t l y  i n d e p e n d e n t  of concen t ra t ion :  S*~ (T1 +) 
---- 3.1 • 0.3 ca l /deg ;  S*~(Cd ++) ---- 2.5 --+ 0.4 cal /deg.  
The m i g r a t i o n  t r a n spo r t  en t ropies  of the  anions  do 
v a r y  w i th  concen t ra t ion ,  and  can be expressed 
w i th in  the  r a nge  of concen t ra t ions  s tudied  by  the 
a pp r ox i ma t e  re la t ions :  S*~(C1Oj)  ---- --3.7 + 
( V 2 R ' ) p a ( C I O j ) ;  S*~(SO,  =) = - -  6.6 + R ' p a ( S O ~ : ) ,  
where  R'  ~ 2.303 R and  pa,  ~ - -  log a ,  The  mass -  
act ion dependence  for su l fa te  is no rmal ,  whi le  tha t  
for pe rch lo ra te  conta ins  the  su rpr i s ing  coefficient 
� 8 9  ins tead  of R'. Thus  the  concen t r a t i on  effect on 
S * ~  ranges  f rom a p p a r e n t l y  no dependence  for T1 + 
and  Cd ++, to hal f  ma s s - a c t i on  dependence  for C1Oj, 
to fu l l  ma s s - a c t i on  dependence  for SOj .  Values  of 
S*~_ for o ther  an ions  are as follows: 0.1 m NO~-, - -  1.1, 
- -0 .9 ;  0.1 m CH~COO-, 3.3; 0.05 m COs = , 3.0; 
0.1 m C1- ( in  C d C I ~ ) , - - 0 . 5 .  The  severa l  an ion  
values,  ca lcu la ted  above  f rom the  KC1 br idge  rule ,  
show reasonab le  a g r e e m e n t  be t w e e n  the T1 + and  
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Table V. Transport entropies of various ions (cal/deg) from 
the data of Khoroshin and Temkin (14) 

I o n  ~~ S*~ S*~ 

H § 5.2 --4.48 9.7 
Li § --1.4 --1.1 --0.3 
Na § 10.8 7.7 3.1 
K § 20.0 20.0 0.0 
NH~ + 21.4 22.49 --1.1 
Ag + 20.8 13.19 7.6 
VaMg ++ --18.15 --18.6 0.45 
1/2Ca ++ --7.75 - - i i . i  3.35 
I/2Sr ++ --4.95 --9.2 4.25 
1/2Ba ++ --0.15 --3 2.85 
�89  ++ --15.95 --17.20 1.25 
F- 7.8 2.2 5.6 
C1- 19.5 17.7 1.8 
Br- 23.4 23.77 --0.4 
NO~- 42.0 39.5 2.5 
C10( 46.8 47.7 --0.9 
~ S O j  3.2 6.53 --3.3 

the Cd §247 series and are not inconsistent with the 
conventional values of Table III (referred to chlor- 
ide as zero). 

Values of the moving ion entropies ~ have also 
been deduced by Khoroshin and Temkin (14) from 
the ingenious suggestion that initial thermal emf's 
measured in aqueous LiCI should be virtually the 
same as final thermal emf's, since S*D for dilute 
LiCI is virtually zero (Table III). This led them to 

a value of 19.5 cal/deg for ~'~ (Cl-). From this, they 
deduced values for other ions from the relation 

~v~S~ = s + s [47] 

where  S, is the  c o n v e n t i o n a l  ionic ent ropy.  E q u a -  
t ion  [47] is va l id  for any  n e u t r a l  ion combina t ion  
for which  ~v~S~ ~ ~ v ~ S % ,  The  final  s u m m a t i o n  in 
[47] is, of course, S% for a n e u t r a l  electrolyte.  By 
t ak ing  S~ and  S% data  f rom var ious  sources, K h o r -  

~ 5  oshin and  T e m k i n  ob ta ined  the  va lues  of S , g iven  
in  Tab le  V. S t a n d a r d  en t rop ies  of e lec t rochemical  
t r an spo r t  S * % ~  have  been  computed  f rom c o n v e n -  
t iona l  en t ropy  data  (33) by  means  of the " sa tu ra t ed  
KC1 br idge  rule ,"  Eq. [32]. The  mig ra t i on  t r an spo r t  
en t ropy  S~%~ is t hen  ob ta ined  by  difference. The 
va lues  g iven  in  Tab le  V are on ly  approx imate ,  but ,  
on the whole, they  are fa i r ly  cons is ten t  wi th  data  
g iven  in  Tables  I t h rough  IV. 

Ionic Transport Entropies 
To d i s t ingu ish  b e t w e e n  the  ionic ent ropies  of 

e lec t rochemical  t r anspo r t  S % ,  and  of m ig r a t i on  
t r anspo r t  S%~, it is necessa ry  to consider  the i n t e r -  
ac t ion b e t w e e n  an  ion and  its e n v i r o n m e n t .  Eas t -  
m a n  (34) d ivides  the v ic in i ty  of an  ion " into  th ree  
concent r ic  regions  of g r a d u a l l y  differ ing propert ies .  
First ,  there  is the  ' i on -cav i ty , '  w i t h i n  which  there  
are no so lvent  molecules ."  The  th ickness  of the  ion-  
cav i ty  has been  es t imated  (35) as 0.10A for an ions  
and  0.85A for cations,  in  add i t ion  to the  c rys ta l -  
lographic  ionic radius .  Next  comes the h y d r a t i o n  
( so lva t ion)  layer ,  descr ibed by  E a s t m a n  in  these 
words:  " i m m e d i a t e l y  outs ide of the  ion cav i ty  the 
(polar )  molecules  of so lvent  are  s t rong ly  a t t rac ted  

and oriented. The inner layers of solvent molecules 
in this second region, and those extending out from 
it to varying distances in different cases, are held 
so strongly by the central ion as to form a complex 
with it, acting in processes of diffusion, as a single 
molecule. The third region comprises all the rest 
of the outer space. In this [third] sphere the solvent 
molecules are still subject to forces of compression 
and orientation, diminishing with distance from the 
center of the complex, and not sufficiently strong to 
bind these molecules to the ion." 

Let one mole of the ion i be associated with n~ 
moles of bound solvent (in Eastman's second re- 
gion) and n~ moles comprising the remainder of the 
(unbound) solvent (Eastman's third region). Let 
$2 and S~ be the partial molal entropies of the sol- 
vent in these second and third regions, and $I the 
molal entropy of the solvent in the absence of any 
ions. The compression and orientation of solvent 
molecules by electrostatic attraction between the 
ion and the dipoles of the solvent result in $2 being 
significantly less, and S~ somewhat less, than $I. 

When one mole of an ion is transferred from the 
right to the left electrolyte compartment by the 
agency of the two electrode reactions, the entropy 
transported from the right (No. 2) to the left (No. 
i) heat reservoir includes the quantity (n~ + n~)S~ 
-- n.~S~ -- n3S8, i.e., the gain in entropy of the solvent 
upon its release from the ordering influence of the 
electric field of the ion, corresponding to the ab- 
sorption of heat in the breaking of ion-solvent 
bonds in the second region and in the relaxation of 
compression and orientation forces in the third re- 
gion. The entropy of transport for one molal unit of 
the electrode reaction might therefore be expressed 
as S% = S (M)  --  S~ (M +) + ( ~  + ~)$1 --  n~S,., 
- -  n , S , ,  where  S~o (M +) is the pa r t i a l  mola l  en t ropy  of 
the  ion-cav i t i es  of M § The en t ropy  of e lec t rochemi-  
cal t r anspo r t  of the ion M + becomes S % ( M  +) = 
S~o(M +) + n.~(S, - -  & )  + n , ( S ,  - -  $1) ,  i .e . ,  it inc ludes  
e n t r opy  te rms  p e r t a i n i n g  to the b i n d i n g  of so lvent  
molecules  in the second region  and  to the o r i en ta -  
t ion  and  compress ion of the  so lvent  in the th i rd  
region.  

W h e n  one mole of an  ion is t r a n s f e r r e d  f rom the  
r igh t  to the lef t  e lec t ro ly te  c o m p a r t m e n t  by  m i g r a -  
t ion, " the aggregate  compr i s ing  the first and  second 
regions  above r e ma i ns  mos t ly  in tac t  a nd  takes pa r t  
in  no . . . en t ropy  changes.  But  as the  ion moves it  
leaves  beh ind  m a t e r i a l  which  had  been  u n d e r  its 
inf luence  in  the th i rd  sphere,  and  b r ings  u n d e r  its 
inf luence solvent  molecules  no t  p rev ious ly  so 
s t rong ly  affected. A r e l axa t i on  occurs, therefore,  in  
the  reg ion  f rom which  it goes, w i t h  an  a t t e n d a n t  
increase  of en t ropy  a nd  absorp t ion  of heat.  The re -  
verse  effects appear  in  the reg ion  into which it 

moves.  It  is, therefore ,  these changes  in  the th i rd  
sphere  tha t  give r ise" (Eas tman ,  34) to the ionic 

e n t r opy  of mig ra t i on  t r a n spo r t  S%(M+)  which m a y  

be equa ted  to n,S~ - -  n~S,, i.e., to the  gain  in  en t ropy  
of the  solvent  in  the  th i rd  reg ion  u p o n  its release 

f rom the electric field of the  ion. On this model,  

the  en t ropy  of the  m o v i n g  ion S ( M  § becomes 
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S~o(M § + n~(S~ -- $1), i.e., it inc ludes  the  so lvent  
en t ropy  t e rms  of the  second region  only,  the  region  
tha t  moves wi th  the  ion. 

The tota l  en t ropy  of the  so lvent  n~S, in  the th i rd  
region  in  the  presence  of the ion, r e l a t ive  to its 
en t ropy  n3S~ in  the  absence of the ion, can be cal-  
cula ted at inf in i te  d i lu t ion  f rom a s imple  e lec t ro-  
static model ,  on the  a s sumpt ion  tha t  the  so lvent  in  
the th i rd  reg ion  can be t rea ted  as a con t inuous  
m e d i u m  of dielectr ic  cons tan t  E. Consider  a charge  
q located in  a dielectr ic  ~ and  a concent r ic  sphere  
of rad ius  r so chosen tha t  the surface  of the 
sphere lies wel l  into the  dielectr ic  region.  The tota l  
e lectrostat ic  po ten t i a l  ene rgy  of the  electr ic  field 
outside the sphere  is q~/2e kor where  ko is a cons tan t  
equal  to 1 esu or 10-~/8.988 amp.sec.volt-~.m -~ (36).  
This ene rgy  m a y  be equa ted  to the e lectrosta t ic  free 
e n t h a l p y  G of the  polar ized dielectr ic  outs ide  the  
sphere, whose en t ropy  therefore  becomes - - d G / d T  
-- - - (q~- /2kor)d(1/E) /dT.  The la t t e r  m a y  be t aken  
equa l  to n3(S, -- S,) and  therefore  to - - S % , .  G u r -  
ney  (37) suggests  tha t  the dielectr ic  cons t an t  m a y  
be r ep resen ted  by  the empi r i ca l  f o rmu la  e ~ coexp 
(--T/O) where  ~o ~ 305.7 and  ~ ---- 219~ for water .  
The de r iva t ive  d ( 1 / e ) / d T  ~ 1 / ~  ~ 5.83 • 10 ~ 
deg -~ for wa t e r  at 25~ Upon  subs t i tu t ion  of ap -  
p ropr ia te  n u m e r i c a l  values,  the ionic en t ropy  of m i -  
g ra t ion  is ca lcu la ted  as 

S ~  ~ + (9.68 z~ / r  A ) ca l /deg .mole  [48] 

at inf ini te  d i lu t ion.  T a k i n g  the  crys ta l  r ad ius  (38) 
of K § a t  1.33A, p lus  0.85/k for the  ion cavi ty ,  plus  
2.80A as the app rox ima te  d i ame te r  of one w a t e r  
molecule,  a to ta l  r ad ius  of 5.0A is es t imated  for the 
sphere  " b o u n d i n g "  the second f rom the  th i rd  r e -  
gions. S ~ ,  can t hen  be ca lcula ted  as 1.94 ca l /deg  
for K § ion at inf in i te  d i lu t ion,  a va lue  which  is of 
the r igh t  order  as compared  wi th  the  conven t iona l  
s ingle  ion va lue  of Tab le  III.  However ,  Eq. [48] 
cannot  be used for any  accura te  ca lcu la t ion  of S ~ ,  
since the appropr i a t e  t h i rd  reg ion  radius ,  and  the  
short  r ange  dielectr ic  constant ,  are  unce r t a in .  Agar  
(21) has shown tha t  l i t t le  cor re la t ion  exists  be -  
tween  conven t iona l  va lues  of S ~  and  ionic crys ta l  
radii .  

At  finite concen t ra t ion ,  the  po ten t i a l  s u r r o u n d i n g  
an ion is r educed  by  mu l t i p l i ca t i on  by  the  Debye -  
Hfickel factor,  e x p ( - - ~ r ) ,  and  Eq. [48] should be 
mu l t i p l i ed  by  the  same factor. The de r iva t ive  
d S ~ / d K  becomes --  9.68 z~exp(  - Kr) ca l .A/deg.  
For  1, 1-sal ts  in  wa t e r  at 25~ and  v e r y  d i lu te  
solut ions where  e x p ( - - K r )  ~ 1, the  de r iva t ive  

d S ~ , / d ~ / m ,  in  ca l /deg .  ( un i t  of mola l i ty )  ~j~, : 

--3.18. For  both  ions of the  salt, d S % / d ~ / m  is twice 
this o r -  6.36 in  sa t is factory  a g r e e m e n t  w i th  ob-  
served va lues  of --6.0 to --6.5 repor ted  above for 
several  1, 1-salts.  For  CdSO,, the  l imi t ing  slope 
should be 2~-2 or 8 t imes  this, abou t  --51. The ob-  
served slope in  the  mos t  d i lu te  solut ions for  which  
there  are data,  --26, appears  to be r ap id ly  ap -  
p roach ing  this  l imi t ing  va lue .  

Thus  E a s t m a n ' s  i n t e r p r e t a t i o n  of the en t r opy  of 
mig ra t i on  S ~  as be ing  p r i m a r i l y  the en t r opy  of 
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r e l axa t ion  of the  polar ized dielectr ic  of the  so lvent  
in  the  th i rd  region,  w h e n  the  ion departs ,  appears  
to be wel l  founded.  On this  basis, the  mi g ra t i on  
t r a n spo r t  en t ropy  of an  ion should  a lways  be posi-  
tive, and,  according to Eq. [48], mu l t i p l i ed  if neces-  
sa ry  by  the  Debye-Hf icke l  factor  to take  care of 
in te r ion ic  a t t ract ions ,  it should  a lways  be small ,  
a r o u n d  1 to 3 ca l /deg  for u n i v a l e n t  ions. 

However ,  e lectrostat ics  does not  tel l  the whole  
story. Agar  (21) poin ts  out  tha t  where  an  ion 
b reaks  up the s t ruc tu re  of the  water ,  its presence  
m a y  ac tua l ly  increase  the en t ropy  of the so lvent  in  
the  th i rd  region,  and  this wou ld  lead to nega t ive  
mig ra t i on  ent ropies  as repor ted  above for several  
ions (Tables  III  to V) .  

To quote  E a s t m a n  once more:  "The  concept ion  of 
solvated  ions . . . t a k e s ' i n t o  account  on ly  the  elec-  
t r ica l  effects . . . .  Seve ra l  factors  . . . neg lec ted  . . . 
m a y  be of i m p o r t a n c e  in  ce r ta in  cases. A n y  sort  of 
chemical  bond ing  in  the ion aggregate  m a y  g rea t ly  
affect the spheres  of inf luence  abou t  the cen t r a l  
charge,  and  so a l te r  the  heat  [ e n t r opy ]  effects a t -  
t e n d i n g  its diffusion. This k i n d  of th ing  m a y  differ-  
ent ia te ,  for example ,  b e t w e e n  posi t ive and  nega t ive  
ions in  the i r  o r i en t ing  and  b o n d i n g  effects on wa te r  
molecules.  The h y d r o g e n  nuc le i  of the  so lvent  m a y  
form a sort  of h y d r o g e n  bond  (39) w i th  e lec t rons  
of the outer  shell  of nega t ive  ions, a type  which  is 

no t  possible b e t w e e n  oxygen  atoms and  most  posi-  
t ive  ions. The effect of such bonds,  if ex t ens ive ly  

formed,  wou ld  be to increase  region  two at  the  ex-  

pense  of three,  w i th  consequen t  lessening  of the  
heat  of t r ans fe r  [ and  of the e n t r opy  of m i g r a t i on ] .  

The possibi l i ty  t ha t  e i ther  ion of the  so lvent  [H § or 

OH-] ma y  be t r ans fe r red ,  in  effect, by  a cha in  
mechan i sm,  mus t  also be cons idered  in  solut ions  of 

acids and  bases. For  if this  occurs, no t  on ly  the 

ene rgy  r ep resen ted  in  the  th i rd  sphere  above,  b u t  

tha t  of the  second as well ,  a v e r y  m u c h  la rger  

quan t i t y ,  would  be invo lved  in  the  hea t  of t r a n s -  
fer ."  There  is ev idence  tha t  S ~ ,  for H § and  OH- is 

cons ide rab ly  l a rger  (abou t  10 ca l /deg)  t han  for 

other  ions, as discussed above.  
The la rge  va lues  ob ta ined  for the conven t iona l  

e n t r opy  of m i g r a t i on  S ~  of the  t e t r a a l k y l a m m o -  
n i u m  ions (Tab le  I I I )  appear  su rp r i s ing  at first, 

s ince Ea s t ma n ' s  s tuden t s  (44) had  specu la t ive ly  ex-  
pected va lues  close to zero, and  had  even  used this  

hypothes is  as a basis  for e v a l u a t i n g  a set of S ~  

values,  which  p roved  incons i s t en t  wi th  k n o w n  v a l -  
ues of S% f rom the  Soret  effect (Table  I) .  The  large  

va lues  ac tua l ly  ob ta ined  po in t  to ano the r  m e c h a -  

n i s m  than  jus t  the  electrostat ic  one discussed above.  

The  h y d r o c a r b o n  chains  m u s t  exer t  some o rde r ing  

inf luence  on the  ne i ghbo r i ng  w a t e r  s t ruc ture ,  p e r -  

haps  by  the  f o r m a t i o n  of " icebergs"  (44).  The  r e -  

mova l  of the  a lky l  chains  b y  m i g r a t i o n  of the  ions 

t hen  al lows a d i sorder ing  of the  wa te r  s t ruc tu re  lef t  

beh ind ,  i.e., a "me l t i ng  of the icebergs"  (44),  wi th  

a consequen t  absorp t ion  of hea t  and  a posi t ive  en -  

t ropy  of migra t ion .  The  i n c r e m e n t  in  S%~ for every  
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four  CH~ groups added  to the ion appears  to be  
a r o u n d  4 ca l /deg,  in  going f rom m e t h y l  to amyl ,  

i.e., abou t  1 c a l / d e g / C H ,  group added. This e n t r opy  
effect is sti l l  smal l  as compared  wi th  the  in t r ins ic  

mola l  en t ropies  of the ma te r i a l s  involved ,  i.e., about  
8.1 ca l /deg  for CH~ ( f rom the en t ropy  difference 

be tween  e thano l  and  me thano l )  and  16.7 ca l /deg  

for H20. Thus  E a s t m a n ' s  s tuden t s  specula t ions  r e -  
ga rd ing  the smal lness  of the en t ropy  of m i g r a t i on  

of the t e t r a a l k y l a m m o n i u m  ions m a y  sti l l  be j u s t i -  
fied as regards  an i n d i v i d u a l  l i nkage  w i t h i n  the ion, 
even  though  it is no t  just i f ied for the  huge  ion as a 
whole.  

If one a t t r i bu t e s  the same va lue  of 1 ca l /deg  to 
the mig ra t i on  of the m e t h y l  (CH3) group,  as wel l  as 

to CH~, a res idua l  c o n v e n t i o n a l  va lue  of abou t  3 
ca l /deg  is ob ta ined  for the  mig ra t i on  en t ropy  of 

the  N + core of the  R,N + ions, i.e., a va lue  which  is 

qui te  cons is tent  wi th  tha t  of other  s imple  ions such 

as Na § K § Rb ~, and  wi th  the e lectrosta t ic  values ,  
Eq. [48], as well .  

The va lues  for d iva l en t  ions (Tables  III  to V) 
are cons ide rab ly  smal le r  t h a n  wha t  one would  ex -  

pect f rom the e lect ros ta t ic  re la t ion  [48] alone. U n -  
doubted ly ,  the Debye-Hf icke l  drop-off  at finite 
concen t r a t i on  is a l r eady  much  more  s ignif icant  in  

this  case, as m a y  be the  s t r u c t u r e - b r e a k i n g  p r op -  
ert ies  of the  ion on the solvent ,  which  would  t end  

to lead to nega t ive  va lues  of the mig ra t i on  t r a n s -  
port  en t ropy.  

Summary 
The app l ica t ion  of the  Onsager  t h e r m o d y n a m i c s  

to e lec t rochemica l  sys tems out  of e q u i l i b r i u m  p e r -  

mits  a unif ied approach  to the p rob lems  of concen-  
t r a t ion  cells wi th  t rans fe rence ,  t h e r m a l  diffusion in  

electrolytes ,  in i t i a l  and  final emf ' s  of t h e r m a l  cells. 

For  i so the rmal  concen t r a t i on  cells, the me thod  

confirms the classical resul ts  of Nerns t  de r ived  f rom 
e q u i l i b r i u m  cons idera t ions  of free energy.  For  n o n -  
i so the rma l  systems, the  method  b r ings  out  the  

en t ropy  S * t r an spo r t ed  f rom hot to cold hea t  

reservoi rs  ( in  the  l imit ,  of equa l  t e m p e r a t u r e s ) ,  

mu l t i p l i ed  by  the  appl ied  t e m p e r a t u r e  d i f ferent ia l  
dT, as the  charac ter i s t ic  t h e r m o d y n a m i c  d r iv ing  

force of a process. For  an  ion, the en t ropy  t r a n s -  

por ted  is d i f ferent  w h e n  the ion is t r anspo r t ed  by  
electrode react ions  and  w h e n  it is t r anspo r t ed  by  

migra t ion .  This  gives r ise to the ionic en t rop ies  of 

e lec t rochemica l  t r a n s p o r t  S%~ and  of m ig r a t i on  
t r anspo r t  S*~ ,  respect ively .  Values  of the ionic 

t r an spo r t  en t ropies  can be es t imated  f rom data  on 

in i t i a l  and  final t h e r m a l  emf 's  and  Soret  coefficients. 
For  an ion, the s t a n d a r d  va lue  of S~%~ = S~ 
--z~(4.48 ca l /deg)  whi le  the n o n s t a n d a r d  va lues  of 
S*~  show a n o r m a l  mass act ion dependence  on con-  

cen t ra t ion .  For  m a n y  ions, except  H* and  OH-, S * ~  

appears  to be smal l  and  posit ive,  i.e., abou t  0-3 ca l /  
deg. Such va lues  are in  s e m i - q u a n t i t a t i v e  agree -  

m e n t  w i th  ca lcula t ions  based on E a s t m a n ' s  model  

of the ionic e n t r opy  of m i g r a t i on  as the e lectrosta t ic  

en t ropy  of depolar iza t ion  of the so lvent  dielectr ic  
w h e n  the ion moves  out. The  concen t ra t ion  d e p e n d -  

ence of S ~  does not  fol low the  law of mass  action, 

bu t  it appears  to fol low the Debye-Hf icke l  re la t ions  
in d i lu te  solutions.  The  e s t ab l i shmen t  of be t t e r  

va lues  for the  ionic t r a n s p o r t  ent ropies  r e ma ins  a 
cha l l eng ing  task.  

Ionic t r a n s p o r t  across biological  m e m b r a n e s  is 

an  i m p o r t a n t  process in  the  re lease of ene rgy  by 
l iv ing  sys tems (18, 40). Ho l t an  (17b) has shown 

by  qua l i t a t i ve  e xpe r i me n t s  tha t  la rge  t h e r m a l  emf 's  
(of the order  of 10 -2 volts  per  degree)  can be deve l -  
oped in  col loidal  m i x t u r e s  a nd  in  n e r v e  fibers. He 

has suggested tha t  such t h e r m a l  emf 's  m a y  con-  

t r i bu t e  to the  in i t i a t ion  of n e r v e  impulses .  The  role 
of ionic t r anspor t s  a r i s ing  f rom possible local t he r -  

ma l  g rad ien t s  r e su l t ing  f rom metabol ic  ene rgy  
release in l i v ing  systems, needs  to be explored,  and 

m a y  be hoped to shed some l ight  on the m e c h a n i s m  
of the l i v ing  cell as a t h e r m o d y n a m i c  engine.  

"Where  is the w a y  to the  d w e l l i n g  of l igh t?"  (Job 

38: 19). 
Acknowledgment 

The au thor  wishes to express  his g ra t i t ude  to the 
I n t e r n a t i o n a l  Nickel  Company ,  Inc., of New York, 
for a G r a n t - i n - A i d  in  suppor t  of this work.  

Manuscript  received Dec. 28, 1959. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1961 JOURNAL. 

APPENDIX I 
Glossary of Transport Entropies Used in This Paper 

S*: the entropy of transport,  the entropy transported 
reversibly from the r ight  heat reservoir No. 2 (nor-  
mally the hot one) to the left heat reservoir No. 1 
(normal ly  the cold one) by the occurrence of some 
reversible process in the cell (system),  in the l imiting 
case of a vanishing temperature  difference between 
the heat reservoirs. 

S*,: the ent ropy of electrical transport,  i.e., the en- 
tropy transported between heat  reservoirs, as above, 
by the flow of a positive current  through the cell from 
left to right. 

S'E: the entropy of electrochemical transport,  i.e., 
the contr ibut ion to S ' I  of the two equal and opposite 
electrode reactions. 

S*~: the entropy of migrat ion transport,  i.e., the con- 
t r ibut ion to S ' t  of the current  t ransported by ionic 
migrat ion through the solution. 

S%: the entropy of diffusion transport,  i.e., the en-  
tropy t ransported between heat  reservoirs, as above, 
by the flow of solute across the liquid junct ion from 
right to left. 

S*E~: the ionic entropy of electrochemical transport,  
i.e., the contr ibut ion of an ion (or electron) to S*E. 

S*~:  the ionic entropy of migrat ion transport,  i.e., 
the contr ibut ion of migrat ion (or diffusion) of an ion 
(or electron) to S*~ or to S*.. 

S~: the entropy of the moving ion, i.e., the sum 
S* E~ § S%,.  

Ionic index ~: the ion to which the electrodes are re- 
versible; ,: the gegenion of ~. 
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A P P E N D I X  II  

Comparative Nomenclature for the Three Ionic Transport Entropies Appearing in the Equation S, ~ S*E, -k S*M~ 

A u t h o r  S~ S*E~, 1 S*M~ 

This paper  Ent ropy  of moving ion 

S, 
Eas tman (13a) 

Temkin  and Khoro -  En t ropy  of moving ion 
shin (14) 

S~ 
(Ent rop iya  dvizhush-  
chikhsya iona) 

Transpor ted  en t ropy  S~ 

Ent ropy  of t ransfer  S*r 

t~berff ihrungsentropie 
S*~ 

Agar  (12,21) 

deGroot  (17a) 2 

Haase (19b) 

Domenical i  (50) ~ Transpor t  en t ropy  per  
par t ic le  S* 

Ionic en t ropy  of e lec t ro-  
chemical  t r anspor t  S*~  

Absolu te  pa r t i a l  molal  
ionic en t ropy  S~ 

Ent ropy  of a single ion S~ 

Pa r t i a l  mola l  ionic en-  
t ropy  S, 

Ionic en t ropy  S, 

Par t ie l le  molare  Entropie  
der  solvat is ier ten  ion-  
enar t  S~ 

Ionic en t ropy  of migra t ion  
t r anspor t  S*~t 

Ionic en t ropy  of t ransfer  S*~ 
( =  heat  of t ransfe r  Q * d T )  

Ionic en t ropy  of t ransfe r  S*t 
( =  heat  of t ransfe r  Q*,/T)  

Ionic en t ropy  of t r anspor t  S*t 
( =  heat  of t r anspor t  Q*~/T) 

Reduced hea t  of t ransfer  
Q**,/T 

L~berfiihrungsw~irme Q *,/T 

1 S*E~ = S~ + z,  ( - - 4 . 4 8  c a l / d e g )  w h e r e  St  is t h e  c o n v e n t i o n a l  p a r t i a l  m o l a l  i on ic  e n t r o p y ,  L a t i m e r  (33) ,  a n d  z~ is  t h e  ion ic  c h a r g e  
( w i t h  s i g n ) .  

2 de  G r o o t  de f ines  a " h e a t  of  t r a n s f e r "  Q*~, a n d  D o m e n i c a l i  a " t r a n s p o r t  h e a t "  Q*~, w h e r e  Q*/  = TS~ § ~ .  
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Entropy of the Moving Cuprous Ion in Molten 
Cuprous Chloride from Thermogalvanic Potentials 

Ambrose R. Nichols, Jr. 1 and Cecil T. Langford 

Scientific Research Laboratory,  Convair Division o] General Dynamics  Corporation, San Diego, CaliSornia 

ABSTRACT 

Potentiometric  measurements  have been made on a thermogalvanic  cell 
consisting of copper electrodes immersed in molten cuprous chloride in  which 
there was a tempera ture  gradient. The difference in tempera ture  AT between 
the electrodes was varied from 30 ~ to 70~ and the average temperature  of the 
cell Tang was varied from 462 ~ to 588~ Over these ranges the emf was propor-  
t ional to ~T, and ~E/~T  ~ -  0.436 mv/~ the hot electrode being the (--)  
te rminal  of the cell. From this value, the entropy of the moving cuprous ion 
in  the melt  was calculated for three different temperatures.  

T h e r m o g a l v a n i c  po ten t ia l s  in  aqueous  solut ions  
have  been  s tud ied  r a the r  ex tens ive ly  b e g i n n i n g  
wi th  the  work  of Richards  (1) who measu red  the 
t e m p e r a t u r e  coefficient of the calomel  electrode.  It  
was no t  un t i l  abou t  1930 tha t  s tudies  were  in i t i a t ed  
in  the  e lec t rochemis t ry  of fused salts, bu t  v e r y  
l i t t le  work  was  done in  the field for the nex t  t w e n t y  
years.  In  the ea r ly  1950's there  was  a r esurgence  of 
in teres t ,  and  as is ev iden t  f rom a recent  b ib l iog raphy  
compi led  by  J anz  (2) ,  an  e n o r m o u s  a m o u n t  of work  
has been  done d u r i n g  the pas t  eight  years  on the  
e lec t rochemis t ry  of fused salts. As is also ev iden t  
f rom this  same b ib l iography ,  p rac t ica l ly  all  of the  
inves t iga t ions  in  this  field have  been  made  wi th  
sys tems at  u n i f o r m  t e m p e r a t u r e  th roughout .  

Much of the  recent  work  wi th  fused salts has 
been  concerned  wi th  the d e v e l o p m e n t  of re fe rence  
electrodes cons t ruc ted  in  such a m a n n e r  tha t  l iqu id  
j u n c t i o n  po ten t ia l s  are p rac t i ca l ly  e l imina ted .  
Senderoff  and  B r e n n e r  (3) used a. coarse asbestos 
p lug  in  the  t ube  connec t ing  the  two half-cel ls ,  b u t  
a p p a r e n t l y  sufficient diffusion took place to i n t r o -  
duce  an  u n k n o w n  b o u n d a r y  po ten t i a l  into the i r  
measu remen t s .  Others,  i nc lud ing  De l imarsk i i  (4) ,  
and  Bockris,  et al. (5) ,  have  used t h in  d i aph ragms  
of soda glass or Pyrex ,  bu t  these  a re  no t  su i t ab le  
for use  at  h igh t e m p e r a t u r e s  and,  except  in  the  case 

1 Professor  of Chemis t ry ,  San Diego State College, San Diego,  
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of concen t ra t ion  cells, do no t  l end  themse lves  to 
exact  t h e r m o d y n a m i c  analysis .  Some v e r y  precise 
recent  work  in  this field is descr ibed in  a series of 
papers  by  F l engas  and  I n g r a h a m  (6) who deve l -  
oped a r eve r s ib l e  s i l ve r - s i l ve r  chlor ide re ference  
electrode for use at h igh t empera tu res .  The side-  
a r m  tube  of the silica ha l f -ce l l  conta ins  a s ingle  
asbestos fiber (as opposed to a coarse p lug )  care-  
fu l ly  sealed in to  the tube  in a specified m a n n e r  
(6a) .  By  us ing  the  same so lvent  ( a n  equ imola r  
m i x t u r e  of NaC1-KC1) in  the two ha l f -ce l l s  wi th  
ve ry  low concen t ra t ions  of the solutes (AgC1 in  the 
s tandard ,  and  MCL in the other  ha l f -ce l l )  the 
measu red  emf  is, for all  prac t ica l  purposes,  free 
f rom a n y  l iqu id  j u n c t i o n  potent ia l .  In  the i r  most  
recen t  pape r  (6f) these au thors  give an  emf  series 
for severa l  meta l s  wi th  cor responding  s t andard  
electrode po ten t ia l s  r e fe r red  to the i r  s t anda rd  Ag-  
AgC1 electrode.  T h r o u g h o u t  the i r  work  they  have 
d e t e r m i n e d  the  effect of t e m p e r a t u r e  on the  emf of 
each cell s tudied.  The emf  measu remen t s ,  however ,  
are made  u n d e r  i so the rmal  condit ions.  I t  would  be 
possible to ca lcula te  reac t ion  ent ropies  f rom thei r  
resul ts  bu t  imposs ib le  to de t e r mi ne  ent ropies  of 

t ranspor t .  
M a n y  inves t iga tors  have  s tudied  t he rmoga lvan i c  

po ten t ia l s  in  aqueous  solut ions,  bu t  the  most  com- 

p rehens ive  t r e a t m e n t  of the  subjec t  is g iven  in  a 
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recent  paper  by  deBethune ,  Licht,  and  S w e n d e m a n  
(7) who give references  to 28 ear l ie r  con t r ibu t ions ,  
c la r i fy  the concepts  of i so the rma l  and  t h e r m a l  
t e m p e r a t u r e  coefficients of s t a n d a r d  electrode po-  
tent ia ls ,  and  compute  va lues  for both  of these, at 
25~ for n e a r l y  300 electrodes.  The i r  t r e a t m e n t  of 
the  t h e r m o d y n a m i c s  of the rmoce l l s  is appl icable  to 
fused e lect rolytes  and  we shal l  u t i l ize  the i r  no t a -  
t ions la ter  in  discussing our own  results .  

Re inho ld  (8) has m e a s u r e d  the  emf of a la rge  
n u m b e r  of thermocel l s  w i th  solid electrolytes .  
A m o n g  t h e m  was a cell ana logous  to ours and  we 
shal l  compare  his resul t s  w i t h  those ob ta ined  in  
this s tudy.  He also found  (8c) tha t  the t e m p e r a t u r e  
coefficient of the  emf of an  i so the rma l  cell could be 
ca lcula ted  f rom the t h e r m a l  coefficients of re la ted  
thermocel ls .  Ho l t an  (9) ,  who r e inves t iga t ed  and  
ex tended  some of Re inhold ' s  work,  found  a theo-  
re t ica l  basis for the cor respondence  b e t w e e n  t he r -  
mocells  and  i so thermal  cells observed  by  Reinhold .  

The p resen t  inves t iga t ion  invo lved  m e a s u r e m e n t s  
of the  emf of a t h e r m o g a l v a n i c  cell consis t ing of 
copper  electrodes i m m e r s e d  in  mo l t en  cuprous  chlor -  
ide in  which  the re  was a t e m p e r a t u r e  gradient .  I t  
was observed e x p e r i m e n t a l l y  tha t  the  hotter elec- 
trode was the negative (--)  terminal. The cell m a y  
be  r ep resen ted  d i ag rama t i ca l l y  as 

(+)Cu(s) l CuCl(1) 1Cu(s) (--) [1] 
T~ T~ 

where  T~ > T~. Fo l lowing  the  cus tomary  conven t ion  
in  thermocel ls ,  where  a posi t ive  emf means  tha t  
the  hot e lectrode is the  ( + )  t e r m i n a l  (7-9, 12, 14, 
15), the  sign of the emf of cell [1] is negat ive .  It  wi l l  
be noted  tha t  this  s ign conven t ion  agrees wi th  tha t  
of the I.U.P.A.C. (10) w h e n  the  the rmoce l l  is d ia -  
g r a m m e d  wi th  the hot e lect rode on the right.  W h e n  
the  outside c i rcui t  is closed and  the cell operates  
spontaneous ly ,  the electrode reac t ions  are  

at  the hot electrode:  Cu(s,T_~) = Cu+(T.~) + e-(T~), 
[2] 

at  the cold electrode:  e-(T,)  + Cu+(T~) = Cu(s,T~).  
[3] 

If the t e m p e r a t u r e  difference is neg lec ted  there  is 
no ne t  ove r -a l l  chemical  r eac t ion  but ,  phys ica l ly ,  
cuprous  ions are t r anspo r t ed  f rom the hot e lectrode 
to the  cooler one inside the  cell, and  e lect rons  are 
t r anspo r t ed  f rom the hot  to the  cooler e lect rode in  
the outside circuit .  Such a cell is ana logous  to a 
meta l l i c  t he rmocoup le  in  tha t  the mo l t en  e lec t ro-  
ly te  m a y  be rega rded  as h a v i n g  replaced  one of the 
d i ss imi la r  metals .  For  this  reason  some inves t i -  
gators  have  re fe r red  to cells of this type  as ga lvan ic  
thermocouples .  

Experimental 
A cell, made  of Vycor glass, was  placed ins ide  a 

s ta inless  steel con ta ine r  tha t  fitted snug ly  in  an  
e lec t r ica l ly  hea ted  muffle f u rnace  f rom which  the  
door had been  removed.  The a r r a n g e m e n t  is shown 
in  Fig. 1; Fig 2 is a sketch of the  t h e r m o g a l v a n i c  
cell. The  con ta ine r  p r o t r u d e d  12.7 cm b e y o n d  the  
f ron t  of the furnace ,  and  a t e m p e r a t u r e  g r ad i en t  
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TUBE CARRYING INSULATED e mf LEADS 
~ 2  TUBES CARRYING INSULATED THERMOCOUPLE WIRES 

/--ARGON IN 
/ I - -COOLING COILS 

MUFFLE x"\'~ x x -~, 

Ti ]'2 xx~ 
, ,E"  ~ ~ ",< 

\'x 

'--ARGON OUT 
Fig. ]. Thermogalvanic cell assembly 
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Fig. 2. Thermogalvanic cell made of Vycor glass. Hotter 
compartment on the right. 

was m a i n t a i n e d  ins ide  it by  pass ing cooling wa te r  
t h rough  coils tha t  s u r r o u n d e d  the f ron t  pa r t s  of the 
vessel. The  t ube  connec t ing  the two cell compar t -  
me n t s  was  placed at a s l ight  angle  to the hor izonta l  
to m i n i m i z e  convect ion  cu r r en t s  in  the  mo l t en  salt  
w h e n  the  r igh t  h a n d  c o m p a r t m e n t  was  made  the  
ho t te r  one by  p lac ing  it t o w a r d  the  rea r  of the  f u r -  
nace. Powdered  cuprous  chloride was  added to the 
cell u n t i l  the  connec t ing  t ube  was fu l l  and  each of 
the  e lect rode c o m p a r t m e n t s  was  abou t  half  full .  
The cuprous  chlor ide  was Baker  and  A d a m s o n ' s  
Reagent ,  A.C.S. grade,  dr ied  to cons tan t  we igh t  at 
110 ~ wi thou t  f u r t h e r  purif icat ion.  P r e l i m i n a r y  ex-  
p e r i m e n t s  in  which  v a c u u m  dried, f resh ly  prec ip i -  
tated,  cuprous  chlor ide  was used gave ident ica l  
resul ts  w i th  those repor ted  here.  ~ Electrodes  were  
m a d e  f rom 5-cm lengths  of 0.635-cm copper rod. A 
0.318-cm hole was dr i l l ed  f rom one end of the rod 
to w i t h i n  0.16-cm of the other  end, g iv ing  an  open 
cy l inder  in to  which  an  i n su l a t ed  P t - P t  + 10% Rh 
the rmocoup le  was inser ted.  The j u n c t i o n  res ted on 
a s ingle  " f i sh-spine"  in su la to r  a t  the  bo t tom of the 
cyl inder .  The  cell c o m p a r t m e n t s  were  covered wi th  
cruc ib le  lids. A copper  e lectrode for each c o m p a r t -  
m e n t  was  inse r ted  th rough  a hole in  the cen te r  of 
the lid. W h e n  the bo t tom of the e lect rode res ted 
on the  bo t tom of the  cell c o m p a r t m e n t  the  electrode 
p r o t r ude d  above the  l id abou t  1.3 cm. 

The  the rmocoup le  wires  passed f rom the elec-  
t rode  t h r ough  the  f ace -p la t e  of the  con ta ine r  and  
p r o t r u d e d  for a d i s tance  of 5 cm b e y o n d  it. P l a t i -  
n u m  and  p l a t i n u m  + 10% r h o d i u m  lead wires  ex-  

A p p a r e n t l y  any  Cu++ p r e s e n t  in  t he  R e a g e n t  g rade  CuC1 is re-  
duced  by  the  m e t a l l i c  Cu  e lec t rodes ,  as r e p o r t e d  by  F l e n g a s  and  
I n g r a h a m  (6f).  
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t ended  f rom the  f ron t  of the  f ace -p la t e  to a n e a r - b y  
Dewar  flask where  j unc t i ons  b e t w e e n  t h e m  and  
copper  lead wires  were  m a i n t a i n e d  at the t e m p e r a -  
t u r e  of me l t i ng  ice. The  nob le  me t a l  lead wires  were  
connec ted  to the cor responding  the rmocoup le  wires  
by  means  of a compress ion  connec tor  fabr ica ted  
f rom a block of mica r t a  tha t  was  a t tached  to the  
outs ide  of the  face-pla te .  I n su l a t ed  e x t e r n a l  copper 
leads passed f rom the  po t en t iome te r  t h rough  the  
f ace -p la t e  for a d is tance  of about  5 cm. These were  
jo ined  wi th  copper  connectors  to short  l engths  of 
copper  wi re  tha t  were  a t tached to the electrodes.  
Because of the con t inuous  copper leads f rom the  
copper  electrodes to the b i n d i n g  posts of the po t en -  
t iometer ,  the observed emf was  free f rom any  m e -  
tal l ic  the rmocoup le  voltage.  Three  double-pole ,  
d o u b l e - t h r o w  switches pe rmi t t ed  the  th ree  circui ts  
f rom ins ide  the  fu rnace  to be passed e i ther  to a 
6 -po in t  B r o w n  record ing  po t en t iome te r  or to a 
L & N Type  K-2  po ten t iomete r .  D u r i n g  a run ,  air  
was  exc luded  f rom the  hea ted  cell by  pass ing a 
s t r eam of o x y g e n - f r e e  a rgon  con t inuous ly  t h rough  
the  s ta inless  steel conta iner .  Argon  f rom a com-  
merc ia l  cy l inde r  was  passed over  copper  t u r n i n g s  
hea ted  to 350~ in a combus t ion  t u b e  furnace ,  be -  
fore it was  admi t t ed  to the furnace .  

At  the s tar t  of a run ,  a t e m p e r a t u r e  cont ro l le r  in 
the hea t ing  ci rcui t  of the muffle f u rnace  was set to 
b r i ng  the  cell to a t e m p e r a t u r e  cons ide rab ly  above 
the  me l t i ng  po in t  of cuprous  chloride.  W h e n  the  
first " t e m p e r a t u r e  p l a t eau"  was  reached,  two or 
th ree  sets of vol tages  were  m e a s u r e d  at 10-min  
in terva ls ,  by means  of the L & N Type  K-2  po ten t i -  
ometer .  The  Type  K-2  read ings  to the neares t  
microvol t  were  recorded and  used in  the ca lcu la -  
tions. The cont ro l le r  was t hen  set for the nex t  de-  
sired t e m p e r a t u r e  p l a t eau  which  wou ld  be a t t a ined  
in  about  30 min.  A p a r t i c u l a r  set of vol tages  was  
ob ta ined  qui te  r ap id ly  by  m a n i p u l a t i n g  the th ree  
double-pole ,  d o u b l e - t h r o w  switches  so tha t  the c i r -  
cuit  f rom the the rmocoup le  in  the ho t te r  electrode,  
tha t  f rom the cooler electrode,  and  the c i rcui t  f rom 
the  t h e r m o g a l v a n i c  cell were  switched,  in  tu rn ,  
f rom the record ing  po ten t iome te r  to the Type  K-2  
i n s t r u m e n t .  P r io r  to the  swi tch ing  opera t ion  each of 
the  th ree  vol tages  was  be ing  p r i n t ed  on the s tr ip 
char t  at  i n t e rva l s  of 27 sec and  the va lues  could be 
es t imated  to 0.01 my.  It  was possible, therefore,  to 
preset  the Type  K-2  po t en t iome te r  to a va lue  qui te  
n e a r  the ac tua l  vol tage  so tha t  the  final ba l anc ing  
r equ i r ed  only  a few seconds. Indeed,  the three  vo l t -  
ages could be d e t e r m i n e d  on the Type  K-2  in  less 
t h a n  2 min.  

It  wi l l  be observed f rom Tab le  1 tha t  the t e m -  
p e r a t u r e  of the  electrodes did no t  r e m a i n  en t i r e ly  
cons tan t  d u r i n g  the  two or three  sets of read ings  
tha t  were  t aken  at each so-cal led  t e m p e r a t u r e  
p la teau .  D u r i n g  the  ascending  pa r t  of the  t e m p e r a -  
tu re  cycle the  fu rnace  cooled s l ight ly  at a p la teau,  
whi le  the  reverse  was  t rue  d u r i n g  the descending  
pa r t  of the  cycle. It  was no t  deemed  necessary  to 
ob ta in  closer t e m p e r a t u r e  control  since, for a g iven  
set of readings ,  the  ac tua l  t e m p e r a t u r e s  of the elec-  
t rodes and  the  co r respond ing  emf  of the t h e r m o -  

Table I. Thermogalvanic potentials for the Cell Cu I CuCI(I) I Cu 
T1 T~ 

in run No. i. Hotter electrode (T2) observed to be the 
negative ( - - )  terminal 

T e m p ,  A v g  
P l a t e a u  t = (t2 + t l ) / 2 ,  AE/At, 

No. At, ~ ~ m v / ~  

1 29.5 509.1 --0.436 
1 30.0 507.6 --0.431 
1 29.5 506.7 --0.440 
2 31.5 528.9 --0.443 
2 31.6 528.4 --0.441 
3 33.8 551.8 --0.431 
3 34.1 551.6 --0.428 
3 33.6 550.7 --0.435 
4 35.4 581.9 --0.427 
4 34.9 581.6 --0.434 
5 36.4 550.9 --0.434 
5 36.4 551.4 --0.434 
6 37.8 523.8 --0.428 
6 38.2 524.4 --0.423 
7 36.9 495.5 --0.443 
7 37.1 495.7 --0.441 

Average --0.434 

Standard deviation of the set 0.006 

ga lvan ic  cell were  m e a s u r e d  essen t ia l ly  s i m u l t a n e -  
ously. 

Results and  Discussion 
If an  aqueous  solut ion of a subs tance  is placed in 

a t e m p e r a t u r e  gradient ,  a g radua l  change  in con-  
cen t r a t i on  will ,  in genera l ,  take  place because of 
t h e r m a l  diffusion of the solute. This  p h e n o m e n o n  
is k n o w n  as the Soret  (11) effect, and  the s teady 
state f inal ly  a t t a ined  is the  so-cal led Soret  equ i l ib -  
r ium.  W h e n  a solut ion of an  ionic ma te r i a l  const i -  
tu tes  the e lec t ro ly te  of a t h e r m o g a l v a n i c  cell the 
emf will,  in  general ,  v a r y  f rom an  in i t i a l  va lue  E~ 
before the  composi t ion of the  solut ion has had t ime 
to a l te r  apprec iably ,  to a final va lue  E8 cor respond-  
ing to the  Soret  e q u i l i b r i u m  or s teady state, as 
shown e x p e r i m e n t a l l y  by  Agar  and  Breck (12). In  
a series of papers,  E a s t m a n  (13) suggested that  
the emf of such a cell is r e la ted  to ce r t a in  en t ropy  
changes  tha t  occur w h e n  it  operates,  and  he in t ro -  
duced the  concepts of e n t r o p y  of t r ans fe r  S* and  
heat  of t r ans fe r  Q* for those species tha t  move be-  
t w e e n  the electrodes.  He proposed the  fol lowing 
equa t ion  (13c) for the in i t i a l  emf, 

- -  F ( d E ~ / d T )  ~ AS~  + AS*, [4] 

where  AS~ is the  en t ropy  ga ined  by  the electrode 
sys tem at the  h igher  t e m p e r a t u r e  in  the electrode 
reac t ion  caused by one F a r a d a y  of posi t ive  electr ic-  
i ty  pass ing  r eve r s ib ly  f rom the  e lect rode to the 
electrolyte ,  a nd  AS* is the ne t  en t ropy  of t r ans fe r  
of the ions. AS* ---- t cS*c  - -  t~S%, where  tc and  to are 
the t r a n spo r t  n u m b e r s  for the  cat ion and  anion,  re -  
spect ively.  

More r ecen t ly  T e m k i n  a nd  Khorosh in  (14),  in  a 
theore t ica l  s tudy  of t h e r m o g a l v a n i c  cells, have  de-  
veloped an  equa t ion  for the  s t eady- s t a t e  emf Es. 
They  show that ,  in so far  as the ions are concerned,  
the hea t  of t r ans fe r  of the  p o t e n t i a l - d e t e r m i n i n g  
ion only  .is invo lved  and  the  effects of the  other  ions 
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con ta ined  in t he  so lu t ion  m a y  be  neg lec ted .  T h e i r  
e q u a t i o n  [24],  w i t h  m i n o r  changes  in symbols ,  is, 
for  e l ec t rodes  r e v e r s i b l e  to p o s i t i v e  ions of v a l e nc e  
n 

- - n F ( d E , / d T )  = ASR + Q * J T  + nQ*~-/T 
[5]  

Q*~ is t he  h e a t  of t r a n s f e r  of 1 mo le  of the  pos i t i ve  or  
ion w i t h  r e s p e c t  to w h i c h  the  e l e c t r o d e  is r e v e r s i -  
ble ,  and  Q ' e -  is t he  hea t  of t r a n s f e r  of one e q u i v a -  
l en t  of e l ec t rons  f r o m  the  e lec t rode .  AS~ is t he  
c h a n g e  in e n t r o p y  d u r i n g  the  t r a n s f e r  of the  ion 
f r o m  the  e l ec t rode  into t he  so lu t ion  and  is i den t i ca l  
w i t h  E a s t m a n ' s  AS~ in Eq. [4] ,  i.e., i t  is t h e  i n c r e a s e  
in  e n t r o p y  for  the  c h e m i c a l  r e a c t i o n  t h a t  occurs  
r e v e r s i b l y  at  the  h o t t e r  e l ec t rode  w h e n  n F a r a d a y s  
of pos i t i ve  e l e c t r i c i t y  pass  f r o m  e l e c t r o d e  to e l ec -  
t ro ly t e .  Thus,  for  r eac t i on  [2] ,  t he  above  a u tho r s  
w o u l d  w r i t e  

AS~ = S ( C u  +) - -  S ( C u )  [6] 

where ,  in t he  g e n e r a l  case, S is the  p a r t i a l  m o l a l  
e n t r o p y  of the  pos i t i ve  ion in t h e  so lu t ion  to w h i c h  
the  e l e c t r o d e  is r eve r s ib l e .  As  p o i n t e d  out  b y  d e -  
B e t h u n e ,  et  al. (7)  t he  ionic e n t r o p y  i n v o l v e d  in 
th is  r e a c t i o n  is a lso  an  e n t r o p y  of t r an spo r t ,  and  is 

no t  equa l  to t he  c o n v e n t i o n a l  S for  a s ing le  ion. 
T h e y  sugges t  t h a t  i t  be  ca l l ed  t h e  ionic  e n t r o p y  of 
e l e c t r o c h e m i c a l  t r a n s p o r t  and  be  d e s i g n a t e d  b y  the  
s y m b o l  S*, , .  Also,  t h e y  sugges t  t h a t  t he  e n t r o p y  
AS~ a b s o r b e d  b y  t h e  r e a c t i o n  a t  t he  ho t  e l e c t r o d e  
be  r e f e r r e d  to as t he  e n t r o p y  of e l e c t r o c h e m i c a l  
t r a n s p o r t  and  d e s i g n a t e d  S ~ .  F o r  the  e n t r o p y  
t r a n s p o r t e d  t h r o u g h  the  cel l  b y  e l e c t r o l y t i c  m i g r a -  
t ion,  i.e., the  ne t  e n t r o p y  of t r a n s f e r  AS ~, t h e y  p r o -  
pose  the  t e r m  e n t r o p y  of m i g r a t i o n  t r a n s p o r t  r e p r e -  
s en t ed  b y  S*~. 

In  t e r m s  of t he  l a t t e r  concepts ,  we  w r i t e  for  r e -  
ac t ion  [2]  

S ~  = S*~(Cu  +) - -  S ( C u )  [7]  

an  exp re s s ion  w h i c h  is e q u i v a l e n t  to AS~ in Eq. [4]  
and  [5] .  Also,  S ~  is i den t i ca l  w i t h  E a s t m a n ' s  AS * 
in Eq. [4]  and  S*~, is the  s ame  as T e m k i n  and  
K h o r o s h i n ' s  Q*~/T in  Eq. [5] .  

T e m k i n  and  K h o r o s h i n  (14) i n t r o d u c e d  a q u a n -  

t i t y  S, w h i c h  t h e y  ca l l ed  the  e n t r o p y  of the  m o v i n g  
ion, and  def ined  i t  b y  the  equa t ion  

s = s + s ~ [8]  

w h e r e  S * = Q * / T .  In  t e r m s  of t he  n e w e r  concep ts  

a n d  n o m e n c l a t u r e  d i scussed  above,  ;~ shou ld  be  r e -  
p l a c e d  b y  S ~ , ,  a n d  S * b y  S*~,, hence  for  the  ionic  
p rocesses  occu r r i ng  in  cell  [1]  ( e l e c t r o c h e m i c a l  
t r a n s p o r t  and  m i g r a t i o n  t r a n s p o r t )  Eq. [8]  shou ld  
be  w r i t t e n ,  

S ( C u  +) = s % ( c u  +) + s . % ( c w )  [9]  

A c c o r d i n g  to K h o r o s h i n  and  T e m k i n  (15) ,  w h e n  
the  So re t  effect  is zero E, = E~. In  cel l  [1]  t he  
m o l t e n  e l e c t r o l y t e  consis ts  of on ly  one  comp one n t ,  1 
hence  no c o n c e n t r a t i o n  g r a d i e n t  can  deve lop .  The  2 
m e a s u r e d  t h e r m a l  emf,  the re fo re ,  is an  i n i t i a l  one 3 
w h i c h  is also inde f in i t e ly  s tab le ,  a n d  shou ld  be  
g iven  b y  bo th  t he  E a s t m a n  Eq. [4] ,  and  b y  the  
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T e m k i n - K h o r o s h i n  Eq. [5] .  I f  we  r e w r i t e  Eq. [4]  
in t e r m s  of the  n e w e r  concepts  as d i scussed  above ,  
and  add  a t e r m  for  t he  e n t r o p y  of t he  m o v i n g  e lec -  
t ron,  w h i c h  E a s t m a n  (13c) neg lec ted ,  w e  have ,  

- -  F ( d E , / d T )  : S*~ + S*~ + ~-<cu, [10] 

- - F ( d E ~ / d T )  : S ~ ( C u  +) - - S ( C u )  + 

tc S * ~ ( C u  +) - -  t o S % ( C l - )  + }o-,oo, [ i l ]  

S i m i l a r l y ,  for  T e m k i n  a n d  K h o r o s h i n ' s  Eq. [5] ,  for  
t he  pa s sa ge  of one f a r a d a y ,  w e  have  

--  F ( d E , / d T )  = S*~(Cu  +) - -  S ( C u )  + 

S % ( C u  § + So-,o~, [121 

F o r  coppe r  e l ec t rodes  in m o l t e n  c up rous  c h l o r i d e  
t ,  = 0 and  to : 1, hence  Eq. [11] r educes  to Eq. 
[12] and  e i t he r  m a y  be  used  w i t h  the  t e m p e r a t u r e  
coefficient  of t he  t h e r m o p o t e n t i a l  of cel l  [1] .  Upon  
c o m b i n i n g  Eq. [9]  w i t h  Eq. [12] and  r e a r r a n g i n g ,  
t he  fo l lowing  e q u a t i o n  for  t h e  e n t r o p y  of t he  m o v -  
ing c u p r o u s  ion is o b t a i n e d  

S ( C u  § : - -  F ( d E , / d T )  + S ( C u )  - -  Se-,eu> [13] 

T a b l e  I g ives  d e t a i l e d  r e su l t s  fo r  r u n  n u m b e r  1, 
and  Tab le  II  s u m m a r i z e s  t he  r e su l t s  of t h r e e  s e p a -  
r a t e  runs  c o m p r i s i n g  56 m e a s u r e m e n t s  of e l ec t rode  
t e m p e r a t u r e s  and  c o r r e s p o n d i n g  cel l  po ten t i a l s .  I t  
was  t h o u g h t  the  AE/AT m i g h t  v a r y  w i t h  the  a v e r -  
age  t e m p e r a t u r e  of the  cel l  or  w i t h  t h e  m a g n i t u d e  
of AT, or  w i t h  both,  b u t  no such v a r i a t i o n s  w e r e  ob -  
se rved .  In  a p a r t i c u l a r  run ,  AT was  c h a n g e d  on ly  
s l i gh t ly  bu t  t he  t e m p e r a t u r e  of t he  f u r n a c e  was  
r a i sed  t h r o u g h  40~176  and  then  l o w e r e d  t h r o u g h  
80~176  d u r i n g  w h i c h  cyc le  t he  v a l u e s  for  AE/AT 
f luc tua t ed  a r o u n d  the  a v e r a g e  shown  in t h e  las t  
co lumn  w i t h  no d e t e c t a b l e  t r end .  In  r u n  No. 3 the  
t e m p e r a t u r e  d i f fe rence  b e t w e e n  the  e l ec t rodes  was  
d e l i b e r a t e l y  i n c r e a s e d  b y  p l ac ing  the  cel l  f a r t h e r  
t o w a r d  t h e  f ron t  of t he  f u r n a c e  w h e r e  the  t e m p e r a -  
t u r e  g r a d i e n t  was  g rea t e r .  A l t h o u g h  AT was  a b o u t  
doub led ,  AE/AT r e m a i n e d  cons t an t  ove r  t he  t e m -  
p e r a t u r e  cyc le  shown.  The  a v e r a g e  v a l u e  for  AE/  
AT, for  a l l  56 m e a s u r e m e n t s ,  is - -0 .436  m v / d e g  C 
and  m a y  be  used  for  d E J d T  giv ing  a v a l u e  of 10.05 
c a l / d e g  for  the  first  t e r m  on the  r i g h t  of Eq. [13] .  

The  a v e r a g e  t e m p e r a t u r e  of the  m e l t  v a r i e d  f rom 
a b o u t  462 ~ to 588~ (15 ~ b e l o w  477 ~ in  r u n  No. 2, 

Table II. Summary af thermogalvanic potentials for the cell 
Cu I CuCI(I) I Cu for three runs. Hatter electrode (T2) 

T~ T~ 
observed to be the negative (- - )  terminal 

S t a n d -  
No. No. o~ T e m p  cycle Var i -  a rd  de -  

t e m p  meas -  for  h o t t e r  a t i o n  in  A v e r a g e  v i a t i o n  
R u n  p la -  u re -  e lec t rode  At=t~--tl, AE/AT, (set) ,  
No. t eaus  m e n t s  t.~, ~ ~ m v / ~  m v / ~  

7 16 522-600-514 30-38 --0.434 0.006 
7 18 555-596-477 30-33 --0.437 0.006 
7 22 530-618-519 63-70 --0.437 0.005 

A v e r a g e  AE/AT for  56 o b s e r v a t i o n s  = --0.436 m v / ~  

S t a n d a r d  d e v i a t i o n  of t he  set  = 0.006 m v / ~  
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Table III. Effect of temperature on the entropy of the moving 
cuprous ion as calculated by Eq. [13] 

A v g .  - _ 
temp F (dE/dT) th,  S (Cu), Se-(cu), S (Cu +) , 
of cell, ca]/deg cal/deg cal/deg cal/deg 

~ mole Cu+ g-a tom equiv  mole Cu+ 

Reinho ld  (8c) and  conf i rmed theore t i ca l ly  by Hol-  
t a n  (9) ,  to ca lcula te  the  t e m p e r a t u r e  coefficient of 
the t he r mopo t e n t i a l  of the  cell, 

( + ) C l ~ ( g )  ] CuCI(1) I Cl , (g)  ( - - )  [19] 
T 1 T 2 

735 --10.05 13.50 --0.095 23.65 
798 --10.05 14.04 --0.102 24.19 
861 --10.05 14.55 --0.109 24.71 

to 30 ~ below 618 ~ in  r u n  No. 3) and  the ave rage  of 
these va lues  is 525~ The  las t  two t e rms  on the 
r igh t  of Eq. [13] are eva lua t ed  f rom the  l i t e r a tu r e  
for a t e m p e r a t u r e  of the  me l t  of 525~ T e m k i n  and  
Khorosb in  (14) give the  fo l lowing equa t ion  for the  
en t ropy  of the mov ing  e lec t rons  in  copper:  

S~-(cu) = --  [1.95 -4- 0.005 ( T - 3 0 0 ) ]  mic rovo l t -  

f a r a d a y s / d e g r e e - e q u i v ,  T _>-- 240~ [14] 

This  yields S~-(cu) = --  0.102 ca l /deg  at 798~ G i a u -  
que  and  Meads (16) have  d e t e r m i n e d  the  mola l  
en t ropy  of copper  and  give the  va lue  S(Cu ,  298.1 ~ 
= 7.961 cal /deg.  Ke l ley  (17) gives the fo l lowing  
equa t ion  for the  mola l  heat  capaci ty  of copper  f rom 
298 ~ to 1357~ 

C~ = 5.41 + 1.50 • 10-~Tca l /deg  [15] 

f rom which we calcula te  S (Cu ,  798 ) - -S (Cu ,  298) = 
6.08 ca l /deg.  This  gives S (Cu ,  798) = 14.04 ca l /deg .  

If the above va lues  are subs t i tu t ed  in Eq. [13] 
we have,  at  525~ 

S ( C u  +, 798~ = 10.05 + 14.04 + 

0.10 = 24.19 ca l /deg  [16] 

S imi la r  ca lcu la t ions  for the  lowest  (462~ and  the  
highest  (588~ average  t e m p e r a t u r e s  of the me l t  
have  been  made.  These resul t s  and  the above are  
summar i zed  in Tab le  III. 

The fo l lowing thermoce l l  wi th  solid e lec t ro ly te  
was  s tudied by  Re inho ld  (8c) :  

(+)Cu(s)  I CuCl(s) r Cu(s) ( - )  [17] 
T 1 T 2 

T, was kep t  cons tan t  at 400~ and  T~ was  va r i ed  
f rom 113 ~ to 400~ F r o m  his equa t ion  for d E / d T  
as a func t ion  of a T  we calculate ,  for aT  = 30~ 
d E / d T  = -- 0.846 m v / d e g .  F r o m  theore t ica l  con-  
s idera t ions  app l icab le  only  to solid electrolytes ,  
Hol tan  (9) calculates ,  for the same cell wi th  T~ 
be tween  300 ~ and  400~ AE/ •  = -- 0.82 m v / d e g .  
These va lues  are  abou t  double  our  va lue  of --  0.436 
m v / d e g  ob ta ined  for cell [1] wi th  mo l t en  CuC1. In  
this  connec t ion  it is i n t e re s t ing  to note  tha t  Ho l t an  
(9) ob ta ined  s imi la r  resul t s  for the cell, 

( + ) h g  I AgC1 ] A g ( - - )  [18] 
T 1 T 2 

t he rmopo ten t i a l s  for which  he measu red  wi th  bo th  
solid and  mo l t en  AgC1. His observed t e m p e r a t u r e  
coefficient of the  t h e r m o p o t e n t i a l  for mo l t en  AgC1 
was a p p r o x i m a t e l y  hal f  tha t  for the  solid electrolyte .  

I t  is possible,  by  the r e l a t ionsh ip  observed  by  

which we ma y  des igna te  as (• The meas -  
u red  coefficient of cell [1],  (~EI/AT)t~ = -- 0.436 
m v / d e g ,  and  the  t e m p e r a t u r e  coefficient of the emf 
of the i so the rmal  cell 

( - - ) C u ( s )  ]CuCI(1)]Cl~(g) ( + )  [20] 

can be der ived  f rom resul t s  of Hamer ,  Malmberg ,  
and  R u b i n  (18),  who ca lcu la ted  the emf  of cell [20] 
at severa l  t e m p e r a t u r e s  up  to 1500~ F r o m  a plot  
of the i r  va lues  of E vs. T we have  obta ined,  b y  
graph ica l  methods,  the  slope of the  curve  at T = 
525~ a nd  find ( A E J A T )  .... ,, ---- --  0.220 m v / d e g  at 
525~ By Reinhold ' s  rule ,  which  has been  d e m o n -  
s t ra ted  by  deBethune ,  et al. (7) and  by  Hol tan  and  
K r o g h - M o e  (19),  these coefficients are re la ted  as 
fol lows 

(AE~o/AT) ..... = (• (AE~/AT),,, [21] 

Upon subs t i tu t ing  in  Eq. [21] the measu red  va lue  
for cell [1] and  the  der ived  va lue  for cell [20] we 
find, 

(AE19/AT),~ = --  0.656 m v / d e g  at 525~ [22] 

The resu l t  ob ta ined  in  Eq. [22] is p robab ly  on ly  
a pp r ox i ma t e  since it depends  no t  on ly  on the ac-  
curacy  of our  m e a s u r e m e n t s  for cell  [1],  and  the  
r e l i ab i l i ty  of the t h e r m o d y n a m i c  data  used by  
Hamer ,  et al. in ca lcu la t ing  emf 's  for cell [20], bu t  
also on the  errors  i n h e r e n t  in the g raph ica l  d i f feren-  
t i a t ion  of their  resul ts .  

Manuscript  received Dec. 15, 1959. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1961 JOURNAL. 
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Cathodic Processes on Passive Zirconium 

Robert E. Meyer 

Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee ~ 

ABSTRACT 

Measurements were made of the rates of reduct ion of various oxidizing 
agents on passive zirconium in acid solutions of sodium sulfate at tempera-  
tures ranging from 25 ~ to 85~ The oxidizing agents included in these experi-  
ments  were oxygen, hydrogen ion, and cupric ion and hydrogen peroxide in 
the presence of oxygen. The kinetic orders of reduct ion were de termined from 
potentiostatic experiments  in which the current  was determined as a funct ion 
of concentration. Unit  and fractional  orders were observed with oxygen re-  
duction, and fractional  orders from about 0.5 to 0.65 were observed for Cu ++ and 
H~O~. Possible mechanisms are suggested in which charge transfer  through the 
film is assumed to play a predominant  role. 

The s tudy  of e lec t rochemica l  r educ t ion  on the  
sur face  of f i lm-covered  electrodes has received 
compara t i ve ly  l i t t le  a t ten t ion .  The  usua l  goal in  
s tudies  of r educ t ion  processes is to measu re  ra tes  
on bare  metals ,  and  therefore  care is t a k e n  to r e -  
move  any  films tha t  m a y  be presen t .  I t  is clear, 
however ,  tha t  the p resence  of a fi lm can  m a r k e d l y  i n -  
f luence the  reduc t ion  processes at the  sur face  by  
affecting the energet ics  of the r eac t ion  at the double  
layer ,  or by  impos ing  a ba r r i e r  to charge  t r ans f e r  
t h rough  the film, or both. The s tudy  of r educ t ion  
processes on f i lm-covered  electrodes is i m p o r t a n t  to 
the  field of corrosion for the  corros ion of meta l s  tha t  
fo rm surface films over the  en t i r e  surface of the 
me ta l  mus t  necessar i ly  invo lve  the  r educ t ion  of the 
oxidiz ing agent  on the  surface of the  film. 

Z i r con ium is k n o w n  to form a film, p r e s u m a b l y  of 
ZrO~, w h e n  in  contac t  wi th  O~ in  aqueous  solut ion.  
The  s t anda rd  po ten t i a l  (1) for the  ha l f - r ea c t i on  
Zr  -5 2H~O = ZrO~ + 4H § + 4e- is --1.43 v. I t  is 
ev iden t  f rom this  po ten t i a l  tha t  ZrO.~ is t h e r m o -  
d y n a m i c a l l y  s table  u n d e r  po ten t i a l s  at which  such 
oxidiz ing agents  as O~, H_~O~, and  H § are easi ly  r e -  
duced. F u r t h e r m o r e ,  m e a s u r e m e n t s  m a d e  in  O.~- 
sa tu ra t ed  0.1M Na~SO~ (pH ~ 4) showed tha t  the  
ra te  of fo rma t ion  of ZrO~ at  po ten t i a l s  in  the  v i c in -  
i ty  of SCE falls off to va lues  on the  order  of 10 -~ to 
10 -~ a m p / c m  ~ af ter  a few days  (2) .  There fore  it  
should be possible to s tudy  r educ t ion  processes on 
f i lm-covered  z i r con ium wi thou t  s ignif icant  i n t e r -  
fe rence  f rom the  f i lm- fo rming  react ions.  I t  is found,  
in  practice,  tha t  d e t e r m i n a t i o n s  of r educ t ion  ra tes  
are  r ea sonab ly  r ep roduc ib le  on a g iven  sample,  and  
therefore  it  is safe to conclude tha t  the effect of r e -  
duc t ion  expe r imen t s  on the  sur face  of the electrode 
is slight. 

1 O p e r a t e d  by  U n i o n  C a r b i d e  C o r p o r a t i o n  for  t he  U. S. A t o m m  
E n e r g y  Commiss ion .  

In  the  e xpe r i me n t s  descr ibed here,  a t t e n t i on  was  
cen te red  on the  r educ t ion  of H*, O~, and  Cu +§ and  
H~O~ in  the presence  of O5. It  was  found  tha t  r ea son -  
able s teady  states could not  be achieved wi th  Cu +§ 
and  H~O.~ if a t t empts  were  made  to r emove  O.~. Al l  
m e a s u r e m e n t s  were  m a d e  on electrodes af ter  the 
corrosion reac t ion  had  decayed  to a neg l ig ib le  rate.  

Theory  

For  the p re sen t  purposes  the  fo l lowing  equa t ion  
wi l l  be assumed  as r e p r e s e n t i n g  the r educ t ion  cu r -  
r en t  at an  electrode:  

- -~zcEF 
i~----K~r~ (a/~)  exp [1] 

R T  

w he r e  i~ is the r educ t ion  c u r r e n t  densi ty ,  = ( a / Q  is 
the p roduc t  of the act ivi t ies  of the  r eac tan t s  ra ised 
to the app rop r i a t e  orders  p ,  ~0zo is the  p roduc t  of 
the  t r ans f e r  coefficient a nd  the  charge n u m b e r ,  and  
E is the  po ten t i a l  of the  electrode m e a s u r e d  wi th  
respect  to the  re fe rence  electrode. The va lue  of K 
wi l l  d e p e n d  on the  pa r t i cu l a r  r e fe rence  electrode 
chosen. F r o m  e x p e r i m e n t a l  data,  one can d e t e r m i n e  
K, the  orders,  and  the p roduc t  ~ozo, and  therefore  
d e t e r m i n e  i n f o r m a t i o n  of mechan i s t i c  significance. 

The p roduc t  ~ozo is d e t e r m i n e d  f rom the slope of 
the l o g - c u r r e n t  dens i ty  vs. po ten t i a l  plot  and  is cal-  
cu la ted  f rom the de r iva t ive :  

log i~ --~z~F 
- -  - -  [ 2 ]  

OE 2.303 R T  

The orders  are d e t e r m i n e d  in  e x p e r i m e n t s  in  which  
the  e lect rode is he ld  at cons tan t  po ten t i a l  and  the  
ac t iv i ty  of a r eac t an t  is increased  by  progress ive  
addi t ions  of concen t ra t ed  solutions.  The  orders  are 
ca lcu la ted  f rom the de r iva t ive  (3) :  
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O log (/o--/c,~ 
= p, [3 ]  

a log a~ 

whe re  i~.0 is the  in i t i a l  c u r r e n t  dens i ty  before add i -  
t ions  of the reac tant .  Ac tua l l y  all  of the desired i n -  
fo rma t ion  can  be ob ta ined  e i ther  f rom a series of 
ga lvanos ta t i c  ( cons tan t  i) e x p e r i m e n t s  at va r ious  
act ivi t ies  or by  a series of potent ios ta t ic  expe r i -  
men t s  at var ious  potent ia ls .  However ,  if the elec-  
t rodes va ry  s o m e w h a t  in  the i r  p roper t ies  f rom day  
to day, it is be t t e r  to do both  types  of e x p e r i m e n t s  
s ince ~z factors can be ob ta ined  more  accura te ly  
f rom ga lvanos ta t i c  e x p e r i m e n t s  and  orders  can be 
d e t e r m i n e d  more  precise ly  f rom potent ios ta t ic  ex-  
pe r imen t s .  

Experimental 
P r e l i m i n a r y  expe r imen t s  showed tha t  grea t  p r e -  

cau t ions  had to be t aken  in  o rder  to ob ta in  r e p r o -  
duc ib le  data.  In  par t i cu la r ,  the  electrodes had  to 
be p repa red  ca re fu l ly  and  the  solut ion and  cells 
t ho rough ly  f reed  f rom impur i t i es .  

The  electrodes were  cy l inders  mach ined  f rom 1/4 
in. c ry s t a l -ba r  z i r con ium and  had  an  area  of 2.2 cm ~. 
Before  use they  were  cleaned,  chemica l ly  pol ished 
in  H=O-HNO,-HF solution,  r in sed  in boi l ing  t r ip ly  
d is t i l led  water ,  and  v a c u u m  a n n e a l e d  for severa l  
hours  at  750~176 I m m e d i a t e l y  before use they  
were  r emoved  f rom vacuum,  m o u n t e d  on Teflon 
holders ,  and  placed in  the cell. Such a p rocedure  
invo lved  a few m i n u t e s '  exposure  to air, and  t h e r e -  
fore the  electrodes u n d o u b t e d l y  had  a th in  oxide 
film on the i r  sur face  before  be ing  in t roduced  into 
the  cell. 

Al l  solut ions  were  made  f rom t r ip ly  dis t i l led 
water ,  one d i s t i l l a t ion  of wh ich  was made  f rom 
a lka l ine  p e r m a n g a n a t e .  The  sod ium sulfa te  used 
was  doub ly  recrys ta l l i zed  and  the  su l fur ic  acid was 
p r epa red  by  d i lu t ion  of the  C.P. grade.  Solu t ions  
were  p re -e lec t ro lyzed  for at least  24 hr  before  use 
b e t w e e n  p l a t i n u m  electrodes  w i th  a c u r r e n t  of 5-10 
ma. The po ten t i a l  of the  p l a t i n u m  cathode was wel l  
be low the lowest  po ten t i a l  used on the z i r con ium 
electrodes.  

The cells were  made  f rom P y r e x  and  Teflon a nd  
no greases, waxes,  or o ther  sources of su r face -ac t ive  
impur i t i e s  were  used in  the cell. The cells were  
t ho rough ly  c leaned before use, and  in  most  of the 
e x p e r i m e n t s  the  final r inse  wa t e r  and  the w a t e r  
used  for the  solut ions  was  d is t i l led  d i rec t ly  into the  
cell. 

Po ten t i a l s  were  measu red  by  a L&N model  7664 
pH and  emf me te r  coupled to a 10-mv Brow n  re -  
corder .  This  appa ra tu s  was  ca l ib ra t ed  per iod ica l ly  
wi th  a po t en t iome te r  and  had  an  accuracy  of -- 1 
m v  on a 1000-mv scale and  ----. 0.5 m v  on a 100-my 
scale. Cu r r en t s  were  measu red  by  this same u n i t  by  
m e a s u r i n g  the  po ten t i a l  drop across precis ion r e -  
sistors. In  the c o n s t a n t - p o t e n t i a l  d e t e r m i n a t i o n s  of 
the  orders,  an  e lect ronic  po ten t ios ta t  developed at 
this  l abo ra to ry  was  used. 

Results 

Oxygen reduction.--All m e a s u r e m e n t s  of oxygen  
r educ t ion  were  made  in  0.1M Na,SO, of v a r y i n g  pH 
at  t e m p e r a t u r e s  in  the i n t e r v a l  25~176 Measure -  

4~ 
% @ @ 

~ 4o -T 
IpH: 4 . 0  ~...X 

CI: 
= @ r : ~ ' c ,  .~:0.~9 \ ~ .  

i 
- 4 0 0  - 3 0 0  - 2 0 0  - t 0 0  0 

P O T E N T I A L ,  m{l l ivo l t s  vs  S .C.E .  

Fig. 1. Oxygen reduction on passive zirconium 

merits at  the  lower  t e m p e r a t u r e s  were  sluggish,  and  
therefore  most  of the  ga lvanos ta t i c  w o r k  was done 
at 75 ~ and  85~ (Fig. 1). In  all  cases s t eady-s t a t e  
va lues  on ly  were  used in  ca lcu la t ing  Tafe l  slopes. 
In  genera l ,  points  were  t a ke n  af ter  the po ten t ia l  
showed no dr i f t  ( <  1 m v )  in  a per iod of 5-20 rain, 
de pe nd i ng  on the  c u r r e n t  densit ies.  S low dr i f t ing  
occurred occasional ly  bu t  was  usua l ly  e l imina t ed  if 
the so lu t ion  were  changed  and  f reshly  p re -e l ec t ro -  
lyzed solut ion admi t ted .  In  p r e l i m i n a r y  exper i -  
ments ,  a lmos t  all  of the  samples  gave va lues  of az 
be t w e e n  0.18 and  0.35 wi th  0.25 be ing  an  approx i -  
ma te  average.  In  order  to ob ta in  a be t t e r  es t imate  
of ~z~, th ree  e lectrodes  were  p repa red  u n d e r  care-  
fu l ly  reproduced  condi t ions .  These samples  showed 
aozc va lues  of 0.28, 0.32, and  0.33 one day  af ter  in i -  
t ial  i mme r s i on  at 75 ~ . The re  was ev idence  tha t  at 
ve ry  low c u r r e n t  densi t ies ,  i.e., below ~ 10 -~ a m p /  
cm =, the Tafel  slope changed  to g ive  a somewhat  
h igher  ~z~. The exact  va lue  could no t  be de te r -  
m i ne d  precise ly  because  the po ten t ia l s  at these cu r -  
r en t  densi t ies  were  too close to the rest  potent ia l .  

The d e t e r m i n a t i o n  of the  reac t ion  order  at high 
concen t ra t ion  of O5 was carr ied  out  po ten t ios ta t i -  
cal ly by  pass ing  pu re  He, m ix tu re s  of He  and O.~, 
and  pu re  O~ th rough  the  cell. At  low concen t ra t ions  
of O~, v a r y i n g  quan t i t i e s  of O5 were  in t roduced  into 
the cell by  anodic evo lu t ion  on P t  wi th  a closed cell 
(us ing  an  ex t e rna l  ca thode) .  Cons tan t  c u r r e n t  den -  
si ty was used so tha t  the  tota l  a m o u n t  of oxygen  
p re sen t  was  p ropor t iona l  to the tota l  charge  passed. 
Some of the  resul t s  are  shown in Fig. 2 and  3. In  
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Fig. 2, cu r r en t  dens i ty  is ob ta ined  by  d iv id ing  by  
2.2 cm ~, the  e lect rode area. Al l  of the  resul t s  t a k e n  
together  showed that ,  for a g iven  electrode u n d e r  
cons tan t  condi t ions,  f rac t iona l  orders  of f rom 0.7 to 
0.8 were  ob ta ined  at  h igh c u r r e n t  densi t ies  and  u n i t  
orders  were  observed  at low c u r r e n t  densit ies.  For  
an  electrode at 75 ~ the order  slopes changed  f rom 
u n i t y  to f rac t iona l  in  the region  2-5 x 10 -~ a m p / c m  ~. 

The effect of chang ing  the pH at low c u r r e n t  
densi t ies  was  to increase  the po ten t i a l  by  app rox i -  
ma te ly  R T / F  for eve ry  pH u n i t  decrease in  the  pH 
r ange  2-5. At  h igher  cu r r en t  densi t ies  the change  
was complicated by dr i f t ing  bu t  the  change  seemed 
to be less t h a n  RT/F.  The appl ica t ion  of Eq. [3] did 
no t  give r ep roduc ib le  orders.  

A n  a t t empt  was  made  to d e t e r m i n e  the l imi t ing  
cu r r en t  due to diffusion wi th  a sample  tha t  was  
u n u s u a l l y  stable.  By l imi t ing  po la r iza t ion  at high 
cu r r en t  densi t ies  to a few minu tes ,  it was possible  
to es t imate  r ough ly  the  l imi t ing  cu r r en t  dens i ty  as 
150 /~a/cm ~ for O= sa tu ra t ed  solut ions  at  75 ~ (con-  
cen t r a t ion  ~ 5 x 10-'M and  pH = 2.75). 

In  order  to check for any  possible IR drop d u r i n g  
polar izat ion,  c u r r e n t  decay m e a s u r e m e n t s  were  
made  wi th  an  oscilloscope ( T e k t r o n i x  536). Us ing  a 
sens i t iv i ty  of 1 m v / c m  and  a cu r r en t  dens i ty  of 
abou t  5 x 10 -~ a m p / c m ,  no de tec tab le  IR drop was  
observed w h e n  the  c u r r e n t  was in t e r rup ted .  

Hydrogen ion reduct ion.--The r educ t ion  of h y -  
drogen  ions was  car r ied  out in h y d r o g e n - s a t u r a t e d  
solut ions on electrodes t r ea ted  in  var ious  ways  as 
descr ibed below. Unless  o therwise  m e n t i o n e d  al l  
expe r imen t s  were  car r ied  out at 25~ in H~-satur-  
a ted 0.1N H,SO,. Most of the electrodes were  i n t r o -  
duced d i rec t ly  in to  H~-filled so lu t ion - f r ee  cells and  
so lu t ion  was added  on ly  af ter  H~ was passed t h r ough  
the  cell for severa l  hour s?  W h e n  H~-saturated so lu-  
t ion  was admi t t ed  to the  cell, the  in i t ia l  po ten t ia l s  
of the z i r con ium electrode were  we l l  be low the  
revers ib le  H.~ po ten t i a l  because of the corrosion re -  
act ion Zr  3- 2H~O ~ ZrO.~ 3- 2H~. However ,  the r a t e  
of this reac t ion  decreased r ap id ly  w i th  t ime  and,  
af ter  an hour,  po la r iza t ion  m e a s u r e m e n t s  we re  be -  

T h e  H~ w a s  p u r i f i e d  w i t h  a n  al l  P y r e x  t r a i n  c o n t a i n i n g  D r i e r i t e .  
H o p c a l i t e  ( for  CO r e m o v a l ) ,  A s c a r i t e ,  l i q u i d  n i t r o g e n  t r aps ,  a n d  
h o t  c a t a l y s t  ( e i t he r  P d  or  C u ) .  

gun.  Usua l ly  l i nea r  Tafe l  plots were  ob ta inab le  wi th  
electrodes t r ea ted  this w a y  and  two examples  are 
shown as curve  No. 1 and  2 in  Fig. 4. In  genera l ,  
the slopes were  such as to give az factors of 0.4-0.5, 
which  is f r e q u e n t l y  observed  in  h y d r o g e n - e v o l u t i o n  
expe r imen t s  on other  metals .  

If oxygen  were  admi t t ed  to the cell, the po ten t i a l  
would  rise r ap id ly  before  l eve l ing  off. Af te r  several  
days the O2 was r e move d  and  Tafel  plots such as is 
shown as No. 3 of Fig. 4 were  obta ined.  A s imi la r  
effect was produced  by  anodiz ing  in  the  absence  of 
O2 as shown by  curve  No. 4. Both of these curves  
show l inea r  Tafel  plots bu t  low a~zc factors (0.35 
and  0.28, r espec t ive ly ) .  

The  effect of pH was inves t iga ted  by  p r e pa r ing  
an a lka l ine  0.1M Na=SO, solut ion and  decreas-  
ing the  pH by  the  progress ive  add i t ion  of smal l  
quan t i t i e s  of H=-satura ted 2N H~SO,. The  t e m -  
p e r a t u r e  was 25~ and  the  electrodes were  exposed 
only  to H=-saturated so lu t ion  before  the  effect of 
pH was inves t igated .  The  e lect rode therefore  had  
on ly  tha t  smal l  a m o u n t  of film tha t  wou ld  be fo rmed  
by  reac t ion  wi th  h y d r o g e n  ions. Resul ts  are shown 
in  Fig. 5. In  a lka l ine  so lu t ion  the re  was no change  
in  c u r r e n t  at  cons tan t  po ten t i a l  wi th  change  in  pH 
and  in  acid solut ion a change  of abou t  60 m v / p H  
u n i t  was  observed at cons t an t  cur ren t .  The  pH was 
measu red  by  forcing out  severa l  mi l l i l i t e r s  of solu-  
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t ion  th rough  a Tef lon  va lve  into an O~-free con-  
t a ine r  and  us ing  a glass e lec t rode  w i th  a B e c k m a n  
Model G pH meter .  Resul ts  are cons is tent  w i th  dis-  
charge  f rom H~O in basic so lu t ion  and  discharge  
f rom hydrogen  ions in  acid solut ion.  

Reduction of Copper II and H~O~.--As m e n t i o n e d  
above,  the  Cu +§ and  H~O~ reduc t ion  e x p e r i m e n t s  
were  car r ied  out  in the presence  of 02. Because  of 
the decomposi t ion  of H~O~ at 66~ the oxygen  could 
not  be r emoved  comple te ly  in the  H.~O.~ expe r imen t s .  
T e m p e r a t u r e s  had  to be m a i n t a i n e d  at 66~ or 
h igher  because  at lower  t e m p e r a t u r e s  the  ra tes  
were  too slow to measu re  accurate ly .  The  concen -  
t r a t ions  were  changed  by  precise ly  m e a s u r i n g  out  
smal l  quan t i t i e s  of concen t ra t ed  stock solut ions  of 
k n o w n  concen t ra t ion .  Electrodes  were  p r epa red  in  
the  m a n n e r  descr ibed  above, and  the  corrosion r e -  
act ion was a l lowed to decay for several  days before  
m e a s u r e m e n t s  we re  made.  Al l  expe r imen t s  were  
car r ied  out at  cons tan t  ionic s t r eng th  (0.1M Na_~ 
SO,).  

Resul ts  are shown in Fig. 6 and  7. The order  of 
r educ t ion  of Cu ++ as d e t e r m i n e d  f rom the slope 
a log ( i~ io ) /a  log a va r ied  f rom 0.66 to 0.61. The  
orders  wi th  respect  to H~O.~ reduc t ion  were  also 
f ract ional ,  bu t  the  slopes va r i ed  f rom abou t  0.40 to 
0.66 as shown in  Fig. 7. A possible exp l ana t i on  for 
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these u n u s u a l  orders  is p resen ted  below. Tafel  slopes 
could no t  be m e a s u r e d  d i rec t ly  in  this  case since 
reasonab le  s teady states were  not  a t t a ined  in  the 
absence of oxygen.  P o t e n t i a l - c u r r e n t  curves  t aken  
in ~he presence  of oxygen  represen t  the  reduc t ion  
of both O~ and  Cu §247 (or H~O~) and  the re  may  be 
in t e rac t ion  be t w e e n  them.  The Tafe l  slope can be 
es t imated  rough ly  by  t ak ing  c u r r e n t - p o t e n t i a l  points  
f rom l ines  of cons t an t  concen t r a t i on  in  Fig. 6 and  7. 
Using this  method  the  slope for copper  reduc t ion  
var ied  f rom somewha t  g rea te r  t han  R T / F  (aczc 
1) at low c u r r e n t  densi t ies  to a lmost  3RT/F  (.~czo 
1/3) at h igh c u r r e n t  densi t ies  and  for H~O~ the slope 
was  about  4RT/F. 

Discussion 
In  the discuss ion of these  resul ts ,  it is i mpor t an t  

to keep in  m i n d  tha t  the  resul t s  descr ibed here may  
be val id  on ly  for films p r epa red  as descr ibed above. 
F i lms  which  are p r e p a r e d  by  h igher  t e m p e r a t u r e  
gaseous ox ida t ion  or by  anodiz ing  to h igh  voltages 
are not  necessar i ly  s imi la r  in k ine t ic  proper t ies  to 
those descr ibed here.  

The films formed in  these expe r imen t s  are not  as-  
sumed  to be un i fo rm,  since the var ious  i nhomo-  
genei t ies  at the surface should  cause local  va r ia t ions  
in the n a t u r e  and  a m o u n t  of the film. This  lack of 
u n i f o r m i t y  m a y  cause la rge  va r i a t ions  in  cu r r en t  
dens i ty  across the sur face  of the electrode ~ bu t  it 
does not  i n v a l i d a t e  the  use of Eq. [1].  This  po in t  
has been  discussed in  de ta i l  by Posey (3) .  

Pores or cracks are somet imes  suggested as be ing  
p resen t  in  films of this  sort. However ,  at the po t en -  
t ials  of these e x p e r i m e n t s  any  exposure  of ba re  
meta l  t h rough  defects of this  type  is un l ike ly .  It  
mus t  be r e m e m b e r e d  tha t  these  po ten t ia l s  are a l -  
most 2 v above the e q u i l i b r i u m  po ten t i a l  of the r e -  
act ion Zr  + 2H~O ~ ZrO~ + 4H § + 4e- and  tha t  
z i r con ium is an e x t r e m e l y  reac t ive  metal .  The  a rgu -  
ments  aga ins t  the ex is tence  of pores in  passive films 
on i ron have  been  g iven  by  Vet ter  (4) and  s imi lar  
a r g u m e n t s  apply  to z i rconium.  Fur the r ,  the  l imi t ing  
c u r r e n t  m e a s u r e m e n t s  show tha t  the effective area 
of the electrode is no t  s igni f icant ly  smal le r  t han  the 
appa ren t  area.  Thus,  the  e x p e r i m e n t a l  figure of 150 
/~a/cm '~ should be compared  to va lues  of f rom 80 
/~a/cm 2 to 4 x 108 # a / c m  ~ ca lcula ted  f rom the we l l -  
k n o w n  equat ion,  i, = zFDC/l  where  D is the diffu- 
sion coefficient, C is the  concen t ra t ion  in  m o l e s / c m  ~, 
and  l is the  th ickness  of the diffusion layer .  Values 
of D = 2 x 10 -5 cmVsec, z = 4, C = 5 x 10 -~ moles /  
cm:', and  l v a r y i n g  f rom 0.05 to 10 -8 cm were  taken.  
Since the  e x p e r i m e n t a l  m e a s u r e m e n t  was t aken  
u n d e r  condi t ions  of s l ight  s t i r r ing  (a slow s t ream of 
gas bubb l e s  at the side of the cel l ) ,  i t  is clear tha t  
the  effective area is of the  same order  of m a g n i t u d e  
as the a p p a r e n t  area.  This  observa t ion  is difficult to 
reconci le  w i th  a ny  hypothes i s  which  suggests tha t  
only  a few pores or s ingu la r i t i e s  are respons ib le  for 
charge  t r ans f e r  t h r o u g h  the  film. 

A n y  m e c h a n i s m  of r educ t ion  mus t  however  take  
into account  the fact t ha t  the  presence  of this film 
m a y  cause charge t r a n s f e r  t h rough  the  fi lm to affect 

a T h i s  m a y  a l so  be  a c a u s e  of t h e  d i f f e r e n c e  o b s e r v e d  i n  d i f f e r e n t  
s p e c i m e n s  s i n c e  i t  is c l e a r l y  i m p o s s i b l e  to d u p l i c a t e  t h e  s u r f a c e  of  
a g i v e n  s p e c i m e n .  
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the ove r - a l l  kinet ics .  For  ve ry  th ick  films of high 
res is t ivi ty ,  the  film ba r r i e r  can s imply  be r ega rded  
as IR drop, bu t  for the th in  films cons idered  here  
(20-100A) such an  exp l ana t i on  canno t  be used. For  
the reasons  descr ibed below, it  seems be t t e r  to i n -  
t e rp re t  the  da ta  g iven  here on the  basis  of a po t en -  
t ia l  ba r r i e r  w i t h i n  the  film such tha t  the  cur ren t ,  
which  is a ssumed  to be e lec t ron cur ren t ,  is g iven  by  
the exponen t i a l  expression,  I ~ exp - - ,xV/kT.  

According  to the  or ig ina l  M o t t - C a b r e r a  (5) theory  
of th in  film fo rma t ion  on metals ,  an  electric field is 
formed across the  film by  e lec t rons  which  leave  the  
meta l  surface and  find the i r  way  to O~ adsorbed on 
the surface.  The  r a t e - d e t e r m i n i n g  step is a s sumed  
to be the m o v e m e n t  of me ta l  ions t h rough  the  m e t a l -  
oxide in te r face  u n d e r  the inf luence  of the  field. 
However ,  as Cabre ra  poin ts  out  l a te r  (6) the  t r a n s -  
port  of e lec t rons  t h rough  film wi l l  also be u n d e r  the 
inf luence of this  field, and  for all  bu t  the t h i n n e s t  
films, the t r an spo r t  of the e lec t rons  should also 
affect the  rate.  

In  the  case of z i r con ium it was  shown by  the  
au thor  (2) tha t  a ra te  l aw in r ea sonab le  a g r e e m e n t  
wi th  e x p e r i m e n t  can be der ived  u n d e r  the  a s s u m p -  
t ion  tha t  both  ion t r an spo r t  ( an  anodic  process)  
and  the r educ t ion  of oxygen  were  r a t e - d e t e r m i n i n g .  
The  a s sumpt ion  was  made  tha t  the  r educ t ion  c u r -  
r en t  was p ropor t iona l  to exp (--aoz~. V J k T )  where  Vr 
is the po ten t i a l  across the  film. The  r e su l t ing  r a t e -  
t ime  express ion  is rough ly  hyperbo l i c  in  ra te  and  
t ime bu t  does no t  p e r m i t  a s imple  exact  ana ly t i c a l  
expression.  The i m p o r t a n t  po in t  here  is tha t  a fit of 
the data  is ob ta ined  if the  r educ t ion  process is con-  
s idered a func t i on  of the  po ten t i a l  across the  film 
and  tha t  it  too is r a t e - d e t e r m i n i n g .  

Because of the  above cons idera t ions  it is fel t  t ha t  
a r educ t ion  process on these z i r con ium electrodes 
involves  charge  t r ans fe r  t h rough  the film as wel l  as 
the usua l  charge  t r ans fe r  process at the in terface .  
F u r t h e r m o r e ,  the  f rac t iona l  orders and  the  u n u s u a l l y  
low ~az factors ob ta ined  f rom the r educ t ion  expe r i -  
men t s  can be best  exp la ined  f rom the  above as-  
sumpt ions .  Before this  can be exp la ined  the fo rma l  
ma themat i c s  m u s t  be  stated. 

For  the  purpose  of descr ib ing  these k ine t ics  two 
cases of a d u a l - b a r r i e r  model  are used. Case I as-  
sumes  that ,  if a r educ t ion  process is occur r ing  at  a 
s teady-s ta te ,  two p o t e n t i a l - d e p e n d e n t  reac t ions  oc- 
cur  at equa l  rates,  the  one cor respond ing  to the  film 
react ion and  the  other  to the surface  double  l ayer  
react ion.  The  ra tes  of the i nd iv idua l  reac t ions  can 
be r ep resen ted  by  the two equa t ions :  ' 

i = K r it, (a,,r~.~) exp (--arz~ V J k T )  [4] 

i = K~ ~r~ (a~,f~,,) exp (--a~z~ V J k T )  [5] 

where  V~ and  V~ are  the  separa te  po ten t i a l  drops 
affecting the two different  bar r ie rs .  The  act ivi t ies  
for the so lu t ion  reac t ion  are to be  t a k e n  as the  ord i -  
n a r y  solut ion activit ies.  Depend ing  on the  n a t u r e  of 

~ O n e  m i g h t  j u s t i f i a b l y  o b j e c t  to t h e  use  of t h i s  r a t e  e q u a t i o n  
f o r  t h e  f i lm r e a c t i o n .  In  th i s  d e r i v a t i o n ,  i t  is to  be  r e g a r d e d  p u r e l y  
as a f o r m a l  e q u a t i o n  g i v i n g  t h e  c u r r e n t  as  a f u n c t i o n  of t h e  a c t i v i -  
t i es  a n d  t h e  p o t e n t i a l  f o r  a f i lm a t  c o n s t a n t  t h i c k n e s s .  T h e  c o n s t a n t s  
K f  a n d  a f  a r e  no t  n e c e s s a r i l y  a n a l o g o u s  i n  t h e i r  t h e o r e t i c a l  i n t e r -  
p r e t a t i o n  to K~ a n d  a~ in  t h e  r a t e  e q u a t i o n  r e p r e s e n t i n g  t h e  s u r f a c e  
r e a c t i o n .  
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the film react ion,  the  act ivi t ies  in  Eq. [4] m a y  r ep -  
resen t  the effective concen t r a t i on  of electrons,  holes, 
etc., or in  some cases m a y  rep resen t  the  concen t r a -  
t ion  of adsorbed species on the  surface  of the  elec- 
trode. Thus,  if the  fi lm reac t ion  were  the t r ans fe r  
of an  e lec t ron  over  the  po ten t i a l  ba r r i e r  to adsorbed 
oxygen,  the reac t ion  ra te  would  depend  on the  n u m -  
ber  of e lect rons  s t r ik ing  the bar r ie r ,  the n u m b e r  of 
O~ molecules  adsorbed,  and  the p r oba b i l i t y  of elec- 
t ron  t r a n spo r t  across the  bar r ie r .  

The ove r - a l l  m e a s u r e d  po ten t i a l  E wi l l  be equa l  
to V r -t- V, -F V~ w he r e  V~ is the  cons t an t  sum of all  
of the other  po ten t i a l  drops occur r ing  in  the  meas -  
u r i n g  circuit .  C o m b i n i n g  this  r e l a t ion  wi th  Eq. [4] 
and  [5] by e l i m i n a t i n g  V t and  V~ one obta ins :  

OtsZs 

i = K ,  [~',.r (a,.r~,.O o, t z f  + ,~,z,  ] J.~/ .." 

w he r e  

o~fzt 
---a~Z~ E 

[vj., (aj,, ~,~) ,~fz, + ~.~z, ] e x p -  [6] 
k T  

oLfZfo~sZs 
~tZt  - -  

afZr-[-a~Z~ 

and  

O~sZg ~fZf 
( o~fZtOLsZs Vk  ) KfOlsZs + o~fZf O~sZs ~- O~fZf 

Kt ---- exp ( ~ t z f + ~ z , ) k T  K,  

Therefore  

and  

and  

O ln i ( --a~zta,z, ) 1 

O'E -- arzt +,a • k T  
[7] 

0 log i p~.rc~z, 

0 log a~ . r  ,xfzt-b~z, 
[8] 

0 log i p j , ~ z r  
- -  [ 8 a ]  

0 log aj .~  c~tzt+c~,z~ 

Equa t ion  [6] predic ts  tha t  the  a p p a r e n t  orders  as 
measu red  by  0 log i/O log a wi l l  be  the  t rue  order  p 
mu l t i p l i ed  by  a f ract ion.  This  wi l l  be  t rue  on ly  if 
al l  act ivi t ies  are  comple te ly  i n d e p e n d e n t  of each 
other  so tha t  the ac t iv i ty  in  ques t ion  can be var ied  
wi thou t  affecting the  va lues  of the  act ivi t ies  at e i ther  
of the  barr iers .  If an  ac t iv i ty  affecting one ba r r i e r  is 
a f unc t i on  of the ac t iv i ty  of a r eac t an t  of the  other,  
i.e., if a, = f ( a r ) ,  t h e n  

( 0 1 o g i ~  p,~,z, P~afzr ( 0  log as ) 

O l-~g a~/ E ~fzt+~sz, -~ ,~tzfq-~z~ 0 log ar 

[9] 

If a~ is p ropor t iona l  to at, the  de r iva t ive  0 log a, /  
0 log ar wi l l  be u n i t y  and,  if both  p 's  are  un i ty ,  the 
ove r - a l l  order  wi l l  be  un i ty .  

A l t h o u g h  the  order  d e t e r m i n a t i o n s  were  car r ied  
out  at cons tan t  ove r - a l l  potent ia l ,  i t  is st i l l  possible 
tha t  V~ and  V, m a y  have  var ied,  sub jec t  to the con-  
di t ion tha t  the i r  sum is constant .  If the  solut ion 
concen t r a t i on  of the  oxidiz ing agent  is increased,  
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this wi l l  cause an  increase  in  c u r r e n t  at the double  
l ayer  (or t h rough  the  fi lm if i t  is adsorbed  and  a f -  
fects the film b a r r i e r ) .  In  order  tha t  a s teady state  
be ma in t a ined ,  the  po ten t ia l s  V t  and  V, m u s t  r e -  
adjust .  The  effect of this  is descr ibed m a t h e m a t i -  
cal ly by  Eq. [8], in  which  it  is shown tha t  the  ap -  
p a r e n t  order will be p multiplied by a fraction. 

Using Eq. [8a], it is possible to predict that low- 
ering arz~ will lower the apparent order. Since it 
was observed experimentally that the thicker the 
film the lower the a,zt coefficient for H + and O~ re- 
duction, it was assumed that this was due to a de- 
crease of arzt. Therefore a specimen was anodized 
to a light blue color (16 v) and reduction of Cu ++ 
was carried out with this electrode. The log a vs. 
log (i--to) slope was not linear, but in no portion of 
the curve was the slope greater than 0.3, as would 
be predicted qualitatively from Eq. [8a]. 

Alternatively the fractional orders may be ex- 
plained by the assumption of an adsorption isotherm 
such that the activity at the surface is not directly 
proportional to the activity in the bulk of the solu- 
tion. This however seems somewhat more arbitrary 
than the explanation involving the dual barrier. 
Also, one would have to assume that the same ad- 
sorption isotherm holds for H,O_o and Cu +§ since they 
both give about the same order. 

Equation [7] also predicts that the observed a,z, 
will generally be smaller than either a,z~ or atzt. 

The unusually low transfer coefficients observed in 
these experiments may be explained on this basis. 
Thus, if afzr ~ a~z~ ~ 0.5, a,z, will be 0.25. For O~ 
reduction, it is possible to calculate that a,z, = 1.2 
and atz t ~ 0.4, using the fact that the observed 
order, 0.75, ~ a,z,/(a,z,~-arzf) and the observed 
a,z,, 0.31, ~ (aaz,atzt)/(a,z,Ava,z,). Here  it is a r b i -  
t r a r i l y  assumed  tha t  oxygen  affects the  film bar r i e r .  
The e x p e r i m e n t a l  d e t e r m i n a t i o n s  of the a p p a r e n t  
order  and  the  a p p a r e n t  Tafe l  slope are, however ,  
no t  cons idered  precise  enough  to w a r r a n t  accura te  
ca lcula t ions  of a ,z ,  and  a,Zo. 

The second case tha t  migh t  occur in  this  sys tem 
is tha t  which  occurs w h e n  one of the reac t ions  is 
essen t ia l ly  at equ i l i b r ium.  In  this case a N e r n s t -  
l ike express ion  m a y  be used for the  po ten t i a l  of the  
ba r r i e r  at e q u i l i b r i u m  and  the  n o r m a l  ra te  equa t ion  
for the other. A s teady  po ten t i a l  across the  b a r r i e r  
at e q u i l i b r i u m  wi l l  be  achieved if the  act ivi t ies  a f -  
fect ing this ba r r i e r  r e m a i n  constant .  For  the  ba r r i e r  
at equ i l i b r ium,  we m a y  wr i t e  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

0 log i 

0 log a~ 

R T  ~ a~.o~ 
V~ = V~.o q- i n  [10] 

n F  ~r a~.ro~ 

The s t anda rd  ra te  equat ion ,  e.g., Eq. [4] or [5],  
a long wi th  the  r e l a t ion  V1 + V~ ~-- V~ gives: 

,r a~.o.  "~ 2_ -b az  V1 o - - a z  V ,  
i = K~(~r,ar ~*) ] ~ exp ' e x p -  

". ~r a'l.rod" k T  k T  

[11] 

The  fo l lowing de r iva t ives  are  ob ta ined  f rom Eq. 
[11]:  

O c t o b e r  1960 

p~ [12] 

and 

O log i a 
r - -  [13] 

a log a~.o~ n 

0 in  i ~z 
. . . .  [14] 

0 V~ k T  

Thus  it is possible  to o b t a i n  e i ther  u n i t  or f rac t iona l  
orders in  this  case d e p e n d i n g  on w h e t h e r  the  added 
cons t i tuen t  affects the b a r r i e r  at e q u i l i b r i u m  or not. 
It  mus t  be  emphas ized  tha t  the  added cons t i tuen t  
canno t  affect any  of the  o ther  act ivi t ies ;  o therwise  
Eq. [12] a nd  [13] are no t  val id .  

It  is the re fore  possible  for the  models  proposed 
here  to account  for the  f rac t iona l  orders  and  low 
values  of az w i thou t  r e so r t ing  to u n u s u a l  adsorpt ion  
isotherms.  F u r t h e r m o r e ,  the  pos tu la te  of two b a r -  
r iers  seems qui te  r easonab le  on f i lm-covered  elec-  
trodes of this  type. The re  is no t  enough e x p e r i m e n -  
tal  evidence,  however ,  to say fa i r ly  conclus ive ly  
tha t  these  models  are  val id,  or fu r the r  to give ex-  
pl ici t  mechan i sms  for the  r educ t ion  of the  var ious  
oxidizing agents.  The p r i m a r y  purpose  of the pres -  
en t a t ion  was  to show tha t  it  is possible  to ob ta in  
these effects f rom the  t w o - b a r r i e r  model .  

It  should  be po in ted  out  tha t  two of the  effects 
tha t  do no t  seem to c on f o r m to Case I can  be ex -  
p la ined  by  a s suming  tha t  Case II applies at low cur -  
r en t  densit ies.  Thus,  the  fact  tha t  u n i t  order  is ob-  
served wi th  oxygen  r educ t ion  at low c u r r e n t  dens i -  
ties can be exp la ined  by  a s suming  tha t  oxygen  is 
adsorbed at  the in te r face  and  tha t  the  r a t e - d e t e r -  
m i n i n g  step is the  t r ans fe r  of e lectrons t h rough  the 
film b a r r i e r  to the  O~ at  the  surface  wi th  the  u l t ima te  
fo rma t ion  of a nega t i ve ly  charged o x y g e n - c o n t a i n -  
ing species, perhaps  OH-. Charge  t r ans fe r  th rough  
the  surface  is effected by  a sl ight p e r t u r b a t i o n  of 
the e q u i l i b r i u m  OH (ads.) -b H~O* ~ 2H~O. The 
a m o u n t  of OH- adsorbed would  p r o b a b l y  be re la -  
t ive ly  cons tan t  since most  of the oxide ions exposed 
to so lu t ion  would  p r o b a b l y  react  to fo rm OH-. At  
h igh c u r r e n t  densi t ies  this  e q u i l i b r i u m  would  be 
polar ized and  Case I w ou l d  apply.  This e q u i l i b r i u m  
also agrees wi th  the  observed  pH dependence .  

S imi l a r ly  the  change  of the  Tafel  slope of Cu +§ 
reduc t ion  m a y  ind ica te  a change  f rom Case I to Case 
II  wi th  the  difference tha t  Cu ++ (aq.) m a y  not  be 
adsorbed bu t  m a y  affect on ly  the  outer  bar r ie r .  In  
both  of these  cases there  is no t  enough e x p e r i m e n t a l  
ev idence  to propose specific mechanisms .  

The  precise  m e c h a n i s m  of charge t r a n s f e r  t h rough  
the  film is open to specu la t ion  since l i t t le  is k n o w n  
concern ing  the s t ruc tu re  and  semiconduc t ing  p rop-  
ert ies of these films. For  the  reasons  descr ibed 
above, cracks or pores  we re  re jec ted  as a m e c h a n -  
ism for charge  t ransfer .  T u n n e l  effect should be ex-  
t r eme ly  d e p e n d e n t  on th ickness  and  its effects are 
p robab ly  sl ight  for the  s table  films p re sen t  af ter  a 
day 's  exposure  to O3. The  da ta  on H2 evolut ion,  how-  
ever, show large changes  in  c u r r e n t  at  cons tan t  
potent ia l .  I t  is suggested,  therefore ,  tha t  the in i t ia l  
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film presen t  on the samples  used  in  the H~ over -  
vo l tage  work  is r e l a t ive ly  t r a n s p a r e n t  to e lect rons  
because  of the  t u n n e l  effect. The  g rowth  of the 
oxide on the surface t hen  causes a sharp  r educ t ion  
in  the  r a t e  of t u n n e l i n g .  

In  order  for e lect rons  to be  t r a n s f e r r e d  t h r ough  
the  s table  films formed by  anodiz ing  or exposure  to 
O~, e lectrons mus t  s u r m o u n t  the b a r r i e r  imposed by  
the  field in  the film. This  of course resul t s  in  ve ry  
low ra tes  at  room t e m p e r a t u r e  and  even  at  88~ 
the  electrodes wi l l  reach ra tes  of abou t  10 -~ a m p /  
cm 2 at open circui t  af ter  severa l  days. The  i m p o r t -  
an t  p a r a m e t e r  here  is the re fo re  the  he ight  of the  
po ten t i a l  ene rgy  ba r r i e r  and  the ra te  of t r ans fe r  
should  therefore  no t  be  so sens i t ive  to changes  in 
thickness .  To a good a p p r o x i m a t i o n  therefore,  the  
r a t e  of t r ans fe r  wi l l  be g iven  by  i ~ K exp --  e V / k T  
where  eV  represen t s  the he ight  of the  po ten t i a l  
ene rgy  bar r ie r .  
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The  t i n - a c t i v a t e d  a l k a l i n e - e a r t h  p y r o p h o s p h a t e s  
h a v e  been  s tudied  by t h r ee  g roups  of w o r k e r s  (1-3)  15 
w i t h  the  d i scove ry  of s eve ra l  phosphors .  Calc ium,  12 
s t ron t ium,  and b a r i u m  p y r o p h o s p h a t e  occur  in po ly -  6 
m orph i c  modif ica t ions  and R a n b y  and  c o - w o r k e r s  17 

6 
(1) showed  tha t  s -mod i f i ca t i ons  w e r e  o r t ho rhom bic  9 
and p r o b a b l y  i somorphous .  I t  was  also sugges ted  12 
tha t  fl-Ca~P~O~ and fl-Sr~P20~ w e r e  p r o b a b l y  iso-  

26 
m o r p h o u s  a l though  no c ry s t a l l og raph i c  da ta  w e r e  
g iven.  Recen t  w o r k  (3) has shown  tha t  t h e r e  is a 
r e l a t i onsh ip  b e t w e e n  the  emiss ion  and pe rhaps  the  

8 
exc i t a t i on  spec t ra  of the  t h r ee  t i n - a c t i v a t e d  a -  
modif ica t ions  as w e l l  as a m a r k e d  s imi l a r i ty  b e -  

25 
t w e e n  the  exc i t a t ion  and emiss ion  spec t ra  of fl- 
Ca~P,,,OT: Sn and fl-Sr~P~OT: Sn. 

In  a r ecen t  publ ica t ion ,  C o r b r i d g e  (4) w o r k i n g  23 
w i t h  s ingle  c rys ta ls  of fl-Ca~P~O~ showed  tha t  i t  was  
t e t r a h e d r a l  w i t h  space g roup  P41, and cel l  d i m e n -  
sions: a = 6.66A and c = 23.86A. A s s u m i n g  a s imi -  8 
la r  t e t r a h e d r a l  un i t  cell  for  B-Sr2P20% it t u r n e d  out 
to be  a s t r a i g h t f o r w a r d  task  to index  its D e b y e -  
S c h e r r e r  p a t t e r n  resu l t ing  in a = 6.920A and c = 
24.79A. Tab le  I l ists the  obse rved  in tens i t ies  and the  

Table I. X-ray powder data for fl-Sr~P207 

12 

8 

11 

I d (obs) d (ca lc . )  h k l  

12 4.86 r 4.89 1 1 0 10 
\ 4.80 1 1 1 

5 4.54 4.55 1 1 2 10 
9 4.20 4.21 1 1 3 11 
8 3.544 3.548 1 0 6 

32 3.460 3.460 2 0 0 
44 3.427 3.427 2 0 1 12 
60 3.333 3.333 2 0 2 
25 3.193 3.192 2 0 3 5 

20 3.156 ( 3.157 1 1 6 ( 3.153 1 0 7 6 

5 0 8  6 100 3.099 ( 3.099 
\ 3.095 2 1 0 

45 3.076 3.071 2 1 1 6 

35 ( 3.023 3.021 2 0 4 
\ 3.006 3.003 2 1 2 

25 2.902 2.898 2 1 3 
22 2.870 2.869 1 1 7 
20 2.839 2.838 2 0 5 
11 2.772 2.769 2 1 4 
11 2.652 2.653 2 0 6 
15 2.626 2.625 2 1 5 

10 2.475 ( 2.477 2 1 6 
2.475 2 0 7 

Table I (Continued) 

2.439 2.435 2 2 1 
2.403 2.400 2 2 2 
2.344 2.346 2 2 3 
2.307 2.307 3 0 0 
2.273 2.276 2 2 4 
2.225 2.222 3 0 3 
2.186 2.188 3 1 0 

2.161 r 2.162 3 0 4 

( 2.155 3 1 2 
2.155 2 0 9 

2.110 f 2.115 3 1 3 
2.105 2 2 6 

2.063 r 2.066 5 1 2 
\ 2.064 3 1 4 

2.016 ; 2.015 2 0 10 
2.014 3 0 6 
2.013 2 2 7 

1.937 r 1.935 2 1 10 

( 1.934 3 1 6 
1.933 3 0 7 

1.924 1.920 2 2 8 
1.918 1.919 3 2 0 

1.901 f 1.903 1 1 12 
\ 1.897 3 2 2 

1.824 ( 1.833 3 2 4 
1.829 2 2 9 
1.822 2 1 11 

1.791 ( 1.790 3 2 5 
\ 1.788 3 1 8 

1.743 1.741 3 2 6 

1.678 r 1.678 4 1 0 
1.675 4 1 1 

1.667 1.666 4 0 4 

1.634 f 1.634 4 0 5 
\ 1.632 3 2 8 

1.594 1.596 4 0 6 

1.557 ( 1.555 4 1 6 
\ 1.554 4 0 7 

1.521 1.521 4 2 3 

s l igh t ly  ref ined  d-spacings ,  ( omi t t i ng  a v e r y  w e a k  
l ine  at  d = 3.30 wh ich  has been  found  to be  in 
e r ro r ) ,  f r o m  a r ecen t  pub l i ca t ion  (5) .  I t  is ev iden t  
tha t  the  ca lcu la ted  d - spac ings  based  on the  p ro -  
posed un i t  cel l  account  v e r y  wel l  for  t he  pa t te rn .  

The  sample  of fl-Sr_oP~O~ had been  p r e p a r e d  by 
hea t ing  S r H P O ,  for  s eve ra l  hours  at 650~ g iv ing  a 
m a t e r i a l  whose  analys is  agreed  g e n e r a l l y  w i t h  the  
t heo re t i c a l  compos i t ion  of Sr~P20~ (5) .  Assuming ,  as 
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w i t h  fl-Ca.~P~OT, 8 Sr~P207 g roups  p e r  un i t  ce l l  a 
t h e o r e t i c a l  d e n s i t y  of 3.91 g / c m  ~ resu l t s ,  in good 
a g r e e m e n t  w i t h  the  e x p e r i m e n t a l  v a l u e  of 3.86 g /  
cm ~ (5) .  In  v i ew  of the  m a r k e d  s imi l a r i t i e s  b e t w e e n  
the  fl-Ca~P~O~ and  fl-Sr~P~O~ p o w d e r  p a t t e r n s ,  i t  is 
l i k e l y  t h a t  t h e  c o m p o u n d s  h a v e  t h e  s ame  space  group ,  
n a m e l y  P41, a l t h o u g h  s ingle  c r y s t a l  w o r k  w o u l d  be  
r e q u i r e d  to de f in i t e ly  e s t ab l i sh  the  space  g r o u p  of 
fl-Sr2P~OT. 
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Technical ]Review 

The Structure and Relaxation of Dielectrics 

Charles P. Smyth 

Frick Chemical Laboratory, Princeton University, Princeton, New Jersey 

I t  is the  a im  of th is  p a p e r  to e x a m i n e  the  r ea sons  
for  the  b e h a v i o r  of s imp le  d i e l ec t r i c  m a t e r i a l s  a t  
h igh  f requenc ies ,  in  p a r t i c u l a r ,  in  r e l a t i o n  to t he i r  
s t ruc tu res .  I t  is a w e l l - k n o w n  fac t  t h a t  t he  d i e l ec -  
t r ic  cons t an t  and  loss of a s i m p l e  d i e l ec t r i c  m a t e r i a l  

d e p e n d s  on i ts  po l a r i z ab i l i t y .  F o r  m o l e c u l a r  m a t e -  
r ia ls ,  n o n p o l a r  m o l e c u l e s  g ive  low d i e l ec t r i c  con -  
s t an t  and  zero  loss, and  molecu le s  w i t h  p e r m a n e n t  
d ipo l e  m o m e n t s  g ive  d i e l ec t r i c  cons t an t s  to l iqu ids  
w h i c h  a r e  l a rge r ,  the  l a r g e r  t h e i r  m o m e n t s ,  and  the  
g r e a t e r  t h e i r  n u m b e r  p e r  u n i t  vo lume .  T h e  loss, 
w h i c h  n o r m a l l y  occurs  on ly  in  a ce r t a in  f r e q u e n c y  
region,  d e p e n d s  on the  s a m e  quan t i t i e s ,  as  w e l l  as 
on the  f r equency .  In  t he  r eg ion  of loss, t he  d i e l e c -  
t r ic  cons t an t  fa l l s  off r a p i d l y  w i th  i nc r ea s ing  f r e -  
quency .  This  b e h a v i o r  has  b e e n  d e s c r i b e d  and  e x -  
p l a i n e d  b y  the  f a m i l i a r  D e b y e  t h e o r y  (1) .  

In  o r d e r  t h a t  these  s imp le  r e l a t i o n s h i p s  m a y  hold ,  
t he  mo lecu le s  m u s t  have  f r e e d o m  to o r i en t  in t he  
a l t e r n a t i n g  e lec t r i c  field used  to  m e a s u r e  t h e  d i e l e c -  
t r i c  cons t an t  and  loss. I t  is for  th is  r ea son  t h a t  mos t  
m o l e c u l a r  sol ids  have  low d i e l ec t r i c  cons t an t s  and  
zero losses. H o w e v e r ,  m a n y  c r y s t a l l i n e  sol ids  c o m -  
posed  of s y m m e t r i c a l  m o l e c u l e s  h a v e  b e e n  f o u n d  
(2)  to b e h a v e  m u c h  l ike  l iqu ids  for  some d i s t ance  
b e l o w  the  m e l t i n g  po in t  in a s o - c a l l e d  " r o t a t o r  
s ta te , "  and  the  o r i e n t a t i o n a l  f r e e d o m  of t he  p o l a r  
s e g m e n t s  of l a r g e  mo lecu l e s  a n d  p o l y m e r s  m a y  r e -  
su l t  in s i m i l a r  behav io r .  

The  s ta t ic  or  l o w - f r e q u e n c y  d i e l ec t r i c  c o n s t a n t  is 
o b s e r v e d  w h e n  the  d i e l ec t r i c  m a t e r i a l  is in e q u i l i b -  
r i u m  w i t h  t h e  a p p l i e d  field. U n d e r  t he  inf luence  of 
t he  field, the  p o l a r  mo lecu le s  or  s egmen t s  r o t a t e  to -  
w a r d  an  e q u i l i b r i u m  d i s t r i b u t i o n  of m o l e c u l a r  o r i -  
e n t a t i o n  w i t h  a r e s u l t a n t  p o l a r i z a t i o n  of t he  d i e l ec -  
t r ic .  W h e n  the  p o l a r  mo lecu le s  a r e  v e r y  la rge ,  or  the  

viscosity of the material is very great, or the fre- 
quency of the alternating field is very high, the rotary 
motion of the molecules is not sufficiently rapid for 
the attainment of equilibrium with the field. The dis- 
placement current then acquires a conductance 
component in phase with the field, and dielectric 
loss occurs. The lag in the attainment of the equi- 
librium is termed dielectric relaxation, which may 
be defined as the exponential decay with time of the 
polarization when the applied field is removed. The 
phenomenon may be treated in terms of a relaxa- 
tion time, defined as the time in which polarization 
is reduced to i/e times its value at the instant the 
field was removed, e being the natural logarithmic 
base. This definition leads to the relationship that 
the relaxation time is the reciprocal of the critical 
angular frequency at which the loss is a maximum. 
The lag of the molecular dipoles behind the field 
increases with increasing frequency until the di- 
electric constant has decreased to a value which 
receives no contribution from dipole orientation. 

The formal relationships between dielectric con- 
stant, loss, relaxation time, and frequency of field 
are largely independent of the mechanism of re- 
laxation. The dielectric relaxation time is obtained 
by various methods from the measured values of 
dielectric constant and loss (I). If the dielectric is 
a dilute solution of polar molecules in a nonpolar 
solvent, the macroscopic relaxation time thus ob- 
tained may be regarded as the molecular relaxation 
time. If, however, each polar molecule is surrounded 
immediately by other polar molecules, the change 
in local internal field caused by the turning of one 
molecule requires the neighboring molecules to as- 
sume new orientations, with consequent longer re- 
laxation time for the dielectric as a whole, the 
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macroscop ic  r e l a x a t i o n  t ime .  No g e n e r a l l y  sa t i s -  
f a c t o r y  r e l a t i o n s h i p  b e t w e e n  the  two  r e l a x a t i o n  
t imes  has  as y e t  been  ob ta ined ,  b u t  an  a p p r o x i m a t e  
r e l a t i o n s h i p  d e r i v e d  i n d e p e n d e n t l y  b y  O ' D w y e r  a n d  
Sack  (3)  and  by  P o w l e s  (4)  r e q u i r e s  t he  r a t io  of 
the  mac roscop ic  to t he  m o l e c u l a r  r e l a x a t i o n  t i m e  
to l ie  b e t w e e n  1 and  1.5. E x p e r i m e n t  has  shown  (5) 
t ha t  t he  r a t io  l ies  w i t h i n  th is  r a n g e  for  a l a r g e  n u m -  
be r  of molecules ,  w h i l e  an  ex t ens ion  of the  r a n g e  
to 0.9-2.0 w o u l d  i nc lude  mos t  of t he  mo lecu le s  
w h i c h  h a v e  been  e x a m i n e d .  F o r  a p p r o x i m a t e  con-  
s i d e r a t i o n  of t he  m a g n i t u d e s  of t he  r e l a x a t i o n  t imes ,  
the  d i f fe rence  b e t w e e n  the  mac roscop i c  a n d  the  
m o l e c u l a r  va lue s  can  e v i d e n t l y  be  n e g l e c t e d  in mos t  
cases,  but ,  in d e t a i l e d  c o n s i d e r a t i o n  of s t r u c t u r a l  
effects,  account  shou ld  be  t a k e n  as f a r  as poss ib l e  of 
t h e  d i f ference .  In  his  e a r l y  t r e a t m e n t  (1)  D e b y e  
d e r i v e d  a m u c h  used  and  a b u s e d  e q u a t i o n  for  t he  
r e l a x a t i o n  t ime  �9 on the  a s s u m p t i o n  t h a t  the  o r i e n t -  
ing d ipo le  was  in a s p h e r i c a l  m o l e c u l e  of r a d i u s  a 
m o v i n g  in  a con t i nuous  v iscous  f luid of i n t e r n a l  
f r i c t i on  coefficient ~: 

47rna ~, 

kT  

w h e r e  k is the  gas  cons t an t  p e r  m o l e c u l e  and  T is 
t he  a b s o l u t e  t e m p e r a t u r e .  

When ,  in e a r l y  work ,  s e v e r a l  o b s e r v e d  va lue s  of 
t h e  r e l a x a t i o n  t i m e  a n d  the  mac roscop i c  v i scos i ty  
w e r e  s u b s t i t u t e d  in th i s  equa t ion ,  m o l e c u l a r  r a d i u s  
va lue s  of the  r i g h t  o r d e r  of m a g n i t u d e  w e r e  ob -  
t a ined ,  t he  a p p a r e n t  a g r e e m e n t  be ing  f a c i l i t a t e d  b y  
the  cube  roo t  r e l a t i o n s h i p  invo lved .  The  d e v e l o p -  
m e n t  of t he  e q u a t i o n  b y  P e r r i n  (6)  and  o the r s  in 
m o r e  e l a b o r a t e  fo rm  to m a k e  i t  a p p l i c a b l e  to e l l i p s -  
o ida l  mo lecu le s  gave  good a g r e e m e n t  w i t h  m e a s -  
u r e m e n t s  on aqueous  so lu t ions  of p r o t e i n s  (7) .  I t  is 
to be  no ted  tha t ,  in  t he se  solu t ions ,  the  so lven t  
mo lecu le s  a re  so s m a l l  in c o m p a r i s o n  w i t h  the  so l -  
u t e  as to give an  a p p r o x i m a t i o n  to the  con t inuous  
v i scous  f luid a s s u m e d  b y  Debye .  The  fu l l  s igni f i -  
cance  of these  r e su l t s  for  p r o t e i n  so lu t ions  is, h o w -  
ever ,  u n c e r t a i n  because  i t  has  been  shown  (8) t ha t  
p r o t o n  f luc tuat ions ,  r a t h e r  t h a n  m o l e c u l a r  o r i e n t a -  
t ion m a y  be  at  l eas t  p a r t i a l l y  r e s p o n s i b l e  for  t he  
o b s e r v e d  b e h a v i o r  (7) .  W h e n  the  r e l a x a t i o n  t imes  
of smal l ,  n e a r l y  s p h e r i c a l  mo lecu l e s  of k n o w n  
r a d i u s  w e r e  m e a s u r e d  and  used  to ca l cu l a t e  the  co-  
efficient  of i n t e r n a l  f r i c t i on  or  mic roscop ic  v iscos i ty ,  
t he  va lue s  found  for  t he  l a t t e r  w e r e  on ly  0.008-0.06 
of t he  macroscop ic  v iscos i ty ,  and  l i t t l e  p a r a l l e l i s m  
was  o b s e r v e d  b e t w e e n  the  i n t e r n a l  f r i c t ion  coeffi- 
c ien t  and  the  mac roscop ic  v i scos i ty  (9) .  The  e x -  
t r e m e  d e p a r t u r e  f r o m  p r e d i c t e d  b e h a v i o r  was  ob -  
s e rved  for  t - b u t y l  ch lo r ide  and  d i b r o m o d i c h l o r o -  
e t h a n e  in t he  " r o t a t o r "  c r y s t a l l i n e  s ta te ,  in w h i c h  
the  a p p a r e n t  coefficient  of i n t e r n a l  f r i c t i on  was  
l o w e r  t h a n  t h a t  of t he  subs t ance  in  the  l i qu id  s t a t e  
(10) .  In  these  cases, the  o r i en t i ng  p o l a r  mo lecu le s  
a r e  s u r r o u n d e d  b y  m o l e c u l e s  of  t he  s a m e  or  n e a r l y  
t he  s ame  size and  no t  b y  the  con t inuous  fluid p o s t u -  
l a t e d  b y  Debye .  

This  b e h a v i o r  m a y  be  f u r t h e r  i l l u s t r a t e d  b y  some 
r e c e n t  m e a s u r e m e n t s  and  ca l cu la t ions  (11) on so lu-  

t ions of s e v e r a l  p o l a r  molecules ,  which ,  for  the  
p r e s e n t  pu rpose ,  m a y  be  r e g a r d e d  as r ig id .  The  r e -  
l a x a t i o n  t i m e s  w e r e  c a l c u l a t e d  f r o m  the  m o l e c u l a r  
d ime ns ions  a n d  the  macroscop ic  v i scos i ty  b y  F i s -  
cher ' s  (12) modi f i ca t ion  of t he  P e r r i n  e q u a t i o n  (6) .  
The  c a l c u l a t e d  v a l u e  for  t - b u t y l  ch lo r ide  in hep t ane  
so lu t ion  is 25 t imes  the  o b s e r v e d  a t  20 ~ whi le ,  for  
the  so lu t ion  in Nujol ,  w h i c h  has  a macroscop ic  v i s -  
cos i ty  257 t imes  t ha t  of hep t ane ,  t he  c a l cu l a t ed  
v a l u e  is 3870 t imes  the  obse rved .  F o r  t he  s l igh t ly  
l a r g e r  c a m p h o r  molecule ,  t h e  r a t io  is 10.5 in h e p -  
t ane  and  2110 in Nujo l  so lu t ion  whi le ,  for  the  l a rge  
and  s o m e w h a t  flat  m o l e c u l e  of 1 - c h l o r o n a p h t h a l e n e  
the  r a t i o  is 4.4 in  h e p t a n e  a n d  188 in N u j o l  solut ion.  
The  mac roscop ic  v i scos i ty  is a lmos t  w i t h o u t  s ign i -  
f icance w h e n  the  p o l a r  m o l e c u l e  is sphe r i ca l  and  
can  r o t a t e  w i t h o u t  d i s p l a c e m e n t  of i ts  ne ighbors ,  
bu t  i n c r e a s e  in  m o l e c u l a r  a s y m m e t r y  and  size in -  
c reases  t he  e x t e n t  to w h i c h  the  p o l a r  m o l e c u l e  mus t  
d i sp l ace  i ts  n e i g h b o r s  in  o r d e r  to r o t a t e  and  so in -  
c reases  t he  d e p e n d e n c e  on viscos i ty .  The  long m o l e -  
cu le  of 4 - b r o m o b i p h e n y l ,  w h i c h  has  t he  d ipo le  in i ts 
long axis ,  has  a r e l a x a t i o n  t i m e  in N u j o l  so lu t ion  so 
long tha t ,  w h e n  m e a s u r e d  a t  a w a v e  l e n g t h  of 1.2 
cm, the  loss is v e r y  sma l l  and  the  d i e l ec t r i c  cons tan t  
is c lose to t he  op t ica l  d i e l ec t r i c  cons tan t ,  w h i c h  r e -  
ce ives  no c on t r i bu t i ons  f r o m  the  p e r m a n e n t  m o -  
l e c u l a r  m o m e n t .  F o r  the  Nu jo l  so lu t ions  of th is  
molecule ,  t he  c a l c u l a t e d  r e l a x a t i o n  t i m e  is 19.5 
t imes  the  o b s e r v e d  whi le ,  for  those  in hep tane ,  the  
r a t io  is d o w n  to 2.1. F o r  a l l  t hese  solu t ions ,  the  d e -  
p a r t u r e  of t he  c a l c u l a t e d  f r o m  the  o b s e r v e d  r e l a x a -  
t ion t imes  is less wide ,  the  l o w e r  the  v i scos i ty  and  
the  h i g h e r  t he  t e m p e r a t u r e ,  wh ich  causes  the  v i s -  
cos i ty  to be  lower .  These  r e su l t s  i n d i c a t e  t ha t  t he  
l a r g e r  t he  so lu te  molecu les  and  the  s m a l l e r  the  sol-  
vent ,  the  b e t t e r  the  a g r e e m e n t  b e t w e e n  t h e  ca lcu-  
l a t ed  and  the  o b s e r v e d  r e l a x a t i o n  t imes .  

M e a k in s  (13) has  r e c e n t l y  conc luded  f r o m  a n u m -  
b e r  of m e a s u r e m e n t s  tha t ,  w h e n  the  p o l a r  so lu te  m o l -  
ecule  is a t  l eas t  t h r e e  t imes  as l a rge  as t he  so lven t  
molecule ,  the  so lu t ions  g ive  good a g r e e m e n t  w i th  
the  unmod i f i ed  D e b y e  t he o ry .  M e a s u r e m e n t s  (14) 
on b e n z e n e  so lu t ions  of a l a r g e  d i s k - s h a p e d  p o r -  
p h y r a z i n e  m o l e c u l e  h a v i n g  abou t  10 t imes  the  vo l -  
u m e  of the  so lu te  m o l e c u l e  g ive  f a i r  a g r e e m e n t  w i th  
the  unmod i f i e d  D e b y e  theo ry ,  b u t  a sh i f t  of the  
m o l e c u l a r  d ipo le  f rom the  p l a n e  of t he  d i sk  to a 
d i r ec t ion  p e r p e n d i c u l a r  to i t  inc reases  t he  r e l a x a -  
t ion t i m e  to 2.5 t imes  the  va lue ,  an inc rease  not  
p r e d i c t e d  b y  the  unmodi f i ed  D e b y e  r e l a t ion .  I t  a p -  
pears ,  t he re fo re ,  t ha t  the  r e l a x a t i o n  t imes  of m o l e -  
cules  a t  l eas t  t h r e e  t imes  as l a r g e  as t he  molecu les  
s u r r o u n d i n g  t h e m  m a y  be  r o u g h l y  p r o p o r t i o n a l  to 
the  mac roscop ic  viscosi ty ,  b u t  d ipo le  d i r ec t i on  w i t h -  
in the  m o l e c u l e  and  m o l e c u l a r  shape  m u s t  be  t a k e n  
into accoun t  (5, 14). The  use of m u t u a l  v i scos i ty  
i n s t ead  of mac roscop ic  v i scos i ty  g ives  m u c h  worse  
a g r e e m e n t  for  these  so lu t ions  of l a r g e  molecules ,  
a l t hough  it  has  been  found  to lessen  t h e  d i s c r e p a n -  
cies b e t w e e n  t h e o r e t i c a l  a n d  o b s e r v e d  b e h a v i o r  for  
some so lu t ions  of s m a l l e r  mo lecu l e s  (15) .  

A l t h o u g h  d i e l ec t r i c  loss is p r o p o r t i o n a l  to the  
squa re  of t h e  p e r m a n e n t  d ipo l e  m o m e n t  of t he  
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mo lecu l e  (1) ,  the  d ipo le  m o m e n t  does no t  occur  in 
t he  s imp le  D e b y e  equa t ion  for  t h e  r e l a x a t i o n  t ime.  
H o w e v e r ,  the  d ipo le  m o m e n t  affects t he  r e l a x a t i o n  
t i m e  i n d i r e c t l y  t h r o u g h  its effect on the  i n t e r m o -  
l e cu l a r  fo rces  w h i c h  inf luence  the  v iscos i ty .  A t o m i c  
and  m o l e c u l a r  p o l a r i z a b i l i t y  e x e r t  s o m e w h a t  s i m i -  
l a r  effects upon  the  v i scos i ty  and,  hence,  upon  the  
r e l a x a t i o n  t ime.  The  D e b y e  e q u a t i o n  r e q u i r e s  p r o -  
p o r t i o n a l i t y  of  t he  r e l a x a t i o n  t i m e  to the  m o l e c u l a r  
vo lume ,  and  a v e r y  r o u g h  p r o p o r t i o n a l i t y  has  been  
o b s e r v e d  (16) .  The  a c t u a l  effect  of  c h a n g e  in  m o -  
l e cu l a r  v o l u m e  m a y  be  l a rge  b e c a u s e  of i ts  effect 
on v iscos i ty ,  in a d d i t i o n  to i ts  d i r ec t  effect  on the  
r e l a x a t i o n  t ime .  In  spi te  of t he  e x t r e m e  d e p a r t u r e s  
of r e l a x a t i o n  t imes  of so lu t ions  f rom p r o p o r t i o n a l i t y  
to v i scos i ty  w h i c h  have  been  p o i n t e d  out, a v e r y  
def in i te  t e n d e n c y  of t he  r e l a x a t i o n  t i m e s  of p u r e  
l iqu ids  to i nc rease  w i th  v i scos i ty  has  been  o b s e r v e d  
(17, 18), so m u c h  so t h a t  it  is f r e q u e n t  p r a c t i c e  in 
c o m p a r i n g  r e l a x a t i o n  t imes  to use  a s o - c a l l e d  r e -  
duced  r e l a x a t i o n  t ime,  ~/~, t he  r a t i o  of t he  r e l a x a -  
t ion t i m e  to t he  v iscos i ty .  

The  specific effects of m o l e c u l a r  s t r u c t u r e  and  
shape  m a y  be  i l l u s t r a t e d  b y  e x a m p l e s  (18) .  As  
shown b y  the  S t u a r t - B r i e g l e b  a tomic  mode ls ,  f luoro-  
b e n z e n e  and  p y r i d i n e  d e p a r t  on ly  a l i t t l e  f r o m  the  
fo rm of t he  s y m m e t r i c a l  benzene  molecu le ,  f luoro-  
benzene  showing  a s l ight  p r o t u s i o n  a t  t he  f luor ine  
a t o m  a n d  p y r i d i n e  a s l igh t  i n d e n t a t i o n  a t  t he  n i t r o -  
gen a tom.  The  r e l a x a t i o n  t imes  of t he se  mo lecu le s  
a re  n e a r l y  t he  same,  a l t h o u g h  the  m e a s u r e d  v i scos -  
i ty  of p y r i d i n e  is 47% l a r g e r  t h a n  t h a t  of f luoro-  
benzene .  A t t a c h m e n t  of a m e t h y l  g roup  to benzene  
lowers  t he  v i scos i ty  s l i gh t ly  f r o m  0.65 to 0.59 cen t i -  
poise,  w h i l e  a s imi l a r  s u b s t i t u t i o n  in t he  4 -p os i t i on  
of p y r i d i n e  l ower s  the  v i scos i ty  s t i l l  less.  The  p r o -  
t ru s ion  of t he  m e t h y l  g roup  ra i ses  t he  m o l e c u l a r  
r e l a x a t i o n  t i m e  of 4 - m e t h y l p y r i d i n e  83% above  
tha t  of p y r i d i n e .  I t  is h i g h e r  t h a n  t h a t  of the  s im-  
i l a r l y  s h a p e d  to luene  mo lecu l e  b y  56%, as c o m p a r e d  
to a d i f f e rence  of 59% in t h e  viscosi t ies .  The  sub -  
s t i t u t i on  of m e t h y l  g roups  on the  p y r i d i n e  mo lecu l e  
in the  2- and  6- and  in the  2-, 4-, and  6 -pos i t ions  
a l t e r s  the  v i scos i ty  on ly  s l i g h t l y  b u t  r a i se s  t he  r e -  
l a x a t i o n  t i m e  g rea t ly ,  so t h a t  2 , 4 , 6 - t r i m e t h y l p y r i -  
d ine  has  a m o l e c u l a r  r e l a x a t i o n  t i m e  a b o u t  6 t imes  
t ha t  of p y r i d i n e .  S u b s t i t u t i o n  on the  s ide  cha in  of 
the  t o l u e n e  m o l e c u l e  ra i ses  t he  v i scos i ty  b y  15% 
and  doub l e s  the  r e l a x a t i o n  t ime,  b u t  s u b s t i t u t i o n  of 
a second  m e t h y l  g roup  in t he  o r tho  pos i t i on  of t o l u -  
ene ra i ses  t h e  v i scos i ty  b y  37% and  the  r e l a x a t i o n  
t ime  b y  59%. The  v i scos i ty  of i - p r o p y l b e n z e n e  is 
16% h i g h e r  t h a n  t ha t  of e t h y l b e n z e n e ,  w h i l e  the  
r e l a x a t i o n  t i m e  is 42 % h igher .  

In  t he  m o n o h a l o g e n a t e d  benzenes ,  i nc r ea s ing  size 
of t he  h a l o g e n  and  consequen t  i n c r e a s e  in i ts  p o l a r -  
i zab i ] i ty  and  in the  i n t e r m o l e c u l a r  forces  inc rease  
bo th  t he  v i scos i ty  and  the  m o l e c u l a r  r e l a x a t i o n  
t ime.  B e n z o n i t r i l e  and  n i t r obenzene ,  w h e n  c o m -  
p a r e d  to t h e  m o n o h a l o g e n a t e d  benzenes ,  show 
s o m e w h a t  longe r  r e l a x a t i o n  t imes  t h a n  w o u l d  be 
e x p e c t e d  on the  bas is  of t h e i r  v i scos i t i es  and  m o -  
l e cu l a r  vo lumes .  T h e i r  l a r g e r  d ipo le  m o m e n t s ,  4.39 
x 10 -1~ for  b e n z o n i t r i l e  and  4.21 x 10 -18 for  n i t r o -  

benzene ,  m a y  account  for  th is  t h r o u g h  i n c r e a s e d  
i n t e r m o l e c u l a r  ac t ion  no t  a d e q u a t e l y  t a k e n  in to  a c -  
coun t  in t he  c a l c u l a t i o n  of the  m o l e c u l a r  r e l a x a t i o n  
t ime.  In  d i l u t e  so lu t ion  in  benzene ,  r e l a x a t i o n  t imes  
(10 -11 sec.)  h a v e  been  f o u n d  as  fo l lows :  c h l o r o b e n -  
zene,  0.75; b r o m o b e n z e n e ,  1.02; n i t r obe nz e ne ,  1.15. 
The  c o m p a r a t i v e l y  s m a l l  d i f fe rences  b e t w e e n  these  
va lue s  and  b e t w e e n  t h e m  and  the  v a l u e  for  t o luene  
show the  i m p o r t a n c e  of t he  l i qu id  v i scos i t i es  and  
the  d i p o l e - d i p o l e  i n t e r a c t i o n s  in caus ing  the  m u c h  
l a r g e r  d i f f e rences  b e t w e e n  the  p u r e  l i qu id s  w h i c h  
a r e  o b s e r v e d  (19) .  

I t  is n a t u r a l  to expec t  t ha t  a n o n s p h e r i c a l  m o l e -  
cu le  shou ld  h a v e  d i f f e ren t  r e l a x a t i o n  t i m e s  a r o u n d  
d i f fe ren t  axes  of ro t a t ion .  P e r r i n  (6)  has  c a l c u l a t e d  
tha t ,  for  an  e l l i p s o i d a l  m o l e c u l e  w i t h  i ts  p e r m a n e n t  
m o m e n t  a long  one axis ,  the  d i s p e r s i o n  is t he  s a m e  
as if t h e  m o l e c u l e  w e r e  spher ica l ,  a l t h o u g h  the  v a l u e  
of the  r e l a x a t i o n  t ime  is d i f ferent ,  whi le ,  for  an  
e l o n g a t e d  e l l i p so id  of r e v o l u t i o n  h a v i n g  a m o m e n t  
p e r p e n d i c u l a r  to t he  axis  of r evo lu t ion ,  t he  s ing le  
r e l a x a t i o n  t ime  is a lmos t  t he  s ame  as t h a t  for  a 
s p h e r e  of t he  s a m e  vo lume .  If,  h o w e v e r ,  the  p e r m a -  
nen t  m o m e n t  does  no t  l ie  in an  axis  of s y m m e t r y ,  
m o r e  t h a n  one  r e l a x a t i o n  t i m e  resu l t s .  The  loss 
p e a k s  a s soc ia t ed  w i t h  t he  d i f fe ren t  r e l a x a t i o n  t imes  
a re  n o r m a l l y  so close t o g e t h e r  t ha t  a s ingle  s o m e -  
w h a t  b r o a d e n e d  and  f l a t t ened  loss m a x i m u m  is o b -  
se rved .  I t  has  been  c o m m o n  p r a c t i c e  to r e p r e s e n t  
the  d e p e n d e n c e  of the  d i e l ec t r i c  loss on the  f r e -  
q u e n c y  b y  an  e q u a t i o n  g iv ing  a d i s t r i b u t i o n  of r e -  
l a x a t i o n  t imes  a r o u n d  a mos t  p r o b a b l e  v a l u e  (1 ) .  
In  t he  e q u a t i o n  of Cole (20) and  Cole t h e  e x t e n t  of 
t he  d i s t r i b u t i o n  is r e p r e s e n t e d  b y  an  e m p i r i c a l  con-  
s tant ,  w h i c h  is 0 w h e n  t h e r e  is b u t  a s ingle  r e l a x a -  
t ion  t i m e  and  1 w h e n  the  n u m b e r  of d i f fe ren t  r e -  
l a x a t i o n  t imes  a p p r o a c h e s  infini ty.  F o r  n e a r l y  
s p h e r i c a l  molecu les ,  the  cons t an t  is zero  or  c lose to 
it. V a r i a t i o n  in t he  e n v i r o n m e n t  of t he  p o l a r  m o l e -  
cules  m a y  r e s u l t  in  some d i s t r i b u t i o n  of r e l a x a t i o n  
t imes .  H o w e v e r ,  in t he  m i x e d  solvent ,  Nujo l ,  t he  
r o u g h l y  e l l i p s o i d a l  m o l e c u l e  of 4 - b r o m o b i p h e n y I  
shows (11) b u t  one r e l a x a t i o n  t ime ,  in c o n f o r m i t y  
w i t h  the  P e r r i n  theory ,  w h i c h  is f r e q u e n t l y  no t  
o b e y e d  so wel l .  

I t  is u s u a l l y  imposs ib l e  to d i s t i n g u i s h  e x p e r i -  
m e n t a l l y  b e t w e e n  the  d i f fe ren t  d i s t r i b u t i o n  f u n c -  
t ions.  T h e  d i e l e c t r i c  losses  of t he  p u r e  a l k y l  b r o -  
m i d e s  w e r e  s a t i s f a c t o r i l y  a n a l y z e d  in t e r m s  of a 
C o l e - C o l e  d i s t r i b u t i o n  (20) of r e l a x a t i o n  t i m e s  
a r o u n d  a mos t  p r o b a b l e  v a l u e  for  each  l i qu id  (21) .  
Recen t ly ,  h o w e v e r ,  P r o f e s s o r  K. Higas i  in t he  
w r i t e r ' s  l a b o r a t o r y  has  c a r r i e d  out  an  ana lys i s  in 
t e r m s  of a d i s t r i b u t i o n  of r e l a x a t i o n  t i m e s  b e t w e e n  
two  l i m i t i n g  v a l u e s  (22) ,  one c o r r e s p o n d i n g  to t h e  
r o t a t i o n  of t he  t e r m i n a l  CH~Br g roup  a r o u n d  i ts  
C-C  b o n d  and  the  o the r  to the  e n d - o v e r - e n d  r o t a -  
t ion  of t he  e n t i r e  m o l e c u l e  in i ts  e x t e n d e d  form.  
The  i n t e r m e d i a t e  r e l a x a t i o n  t imes  c o r r e s p o n d  to 
o r i e n t a t i o n  b y  t w i s t i n g  of s e g m e n t s  a r o u n d  the  o t h e r  
C-C  b o n d s  of t he  m o l e c u l a r  chain .  Th is  m e t h o d  of 
a n a l y s i s  is an  e q u a l l y  good r e p r e s e n t a t i o n  of t he  
e x p e r i m e n t a l  r e su l t s  and,  for  t he se  molecu les ,  is 
m u c h  m o r e  log ica l  f r o m  the  p o i n t  of v i e w  of s t r u c -  
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t u r e  t h a n  the Cole-Cole  d i s t r ibu t ion .  Dipole o r i en -  
t a t ion  in  po lymers  m a y  occur by  mechan i sms  re -  
s embl ing  those jus t  discussed for the  a lky l  b ro -  
mides,  bu t  the m u c h  g rea te r  sizes of the molecules  
p rov ide  a grea te r  va r i e t y  of possible  segmenta l  
o r i en t a t i on  w i th  consequen t  d i s t r i bu t ion  of r e l a xa -  
t ion  times, so tha t  the l o s s - f r equency  curves  com-  
m o n l y  ex t end  over v e r y  wide  f r e q u e n c y  ranges  and  
have  ex t r eme ly  flat max ima .  

The  presence  of m o v a b l e  polar  groups,  such as 
CH30, CH:C1, and  NH: in  o therwise  r igid  molecules  
provides  a poss ibi l i ty  of dipole o r i en ta t ion  by  a 
s ingle  i n t r a m o l e c u l a r  ro ta t ion  as wel l  as by  molecu-  
lar  ro ta t ion.  The r e l axa t i on  t imes  observed  for such 
subs tances  are n o r m a l l y  the  resu l t  of two ove r l ap -  
p ing  absorp t ion  regions,  which  can be c lear ly  dis-  
t i ngu i shed  only  by  m e a s u r e m e n t s  at severa l  f re -  
quencies  ex t end ing  in to  the  reg ion  of m i l l ime te r  
waves.  M e a s u r e m e n t s  at 3 m m  have  been  combined  
wi th  those at longer  w a v e  lengths  to show the ex-  
i s tence  of only  one dielectr ic  absorp t ion  region  for 
r ig id  po la r  molecules,  such as me thy lqu ino l ines ,  
whi le  alcohols show add i t iona l  absorp t ion  regions 
(23).  Wa te r  shows bu t  a s ingle  va lue  of the  r e l a x a -  
t ion  t ime  in  this  reg ion  w i th  no d is t r ibu t ion ,  bu t  
the h igh value,  6.0, of the  a p p a r e n t  opt ical  dielectr ic  
cons tan t  proves  the  presence  of f u r t h e r  cons idera -  
ble  absorp t ion  at shor ter  w a v e - l e n g t h s ,  a conclus ion 
at least  qua l i t a t i ve ly  cons is ten t  wi th  the  in f r a red  
absorp t ion  spec t rum.  

F r o m  the prac t ica l  po in t  of view, it  is ev iden t  
tha t  the  dielectr ic  loss of a mate r ia l ,  l ike the  die lec-  
tr ic constant ,  is greater ,  the  g rea te r  the n u m b e r  of 
polar  molecules  per  u n i t  v o l u m e  and  the la rger  
the i r  polari t ies ,  p rov ided  tha t  the  molecules  are 
f ree to or ient  in  an  appl ied  electr ic  field. The f re -  
q u e n c y  region  w i t h i n  which  the loss is cons iderable  
lies w i t h i n  a h u n d r e d f o l d  r ange  of f r equency  or two 
logar i thmic  decades w h e n  the  ma te r i a l  has a s ingle 
r e l axa t ion  time. W h e n  the re  is a d i s t r ibu t ion  of r e -  
l axa t ion  t imes,  the f r equency  reg ion  of loss is ex-  
t ended  and  the  m a x i m u m  loss is lowered.  The 
locat ion of the reg ion  of loss is moved  to h igher  
f requency ,  the  h igher  the  t empe ra tu r e ,  the  smal le r  

the molecules ,  and  the lower  the  res i s tance  to mo-  

l ecu la r  or polar  group rota t ion.  For  large molecules  
s u r r o u n d e d  by  small ,  the  m e a s u r e d  macroscopic  
viscosi ty ma y  give a fair  m e a s u r e  of this res is tance 
to or ienta t ion ,  but ,  for smal l  molecules,  the res is t -  
ance is much  lower  t han  ind ica ted  by  the  viscosity, 
which,  in  such cases, f r e q u e n t l y  has l i t t le  signifi-  
cance. Loss t hen  occurs at h igher  f requenc ies  t h a n  
those predic ted  f rom the viscosity.  
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ABSTRACT 

A s tudy has been made  of the discharge of AgO to de te rmine  why  only a 
par t  of the discharge capaci ty  of AgO is de l ivered  at the po ten t i a l  of the  AgO-  
Ag~O couple and to de te rmine  the role of oxygen in this  process. The difference 
in discharge capaci ty  of e lectrodes p roduced  by  cons tan t -cur ren t  and by  con- 
s t an t -po ten t i a l  anodizat ion also has been studied. A mechanism involv ing  the 
t ranspor t  of O= ions th rough  the e lect rode mate r i a l  and the reac t ion  of these 
ions wi th  the e lec t ro ly te  is presented.  

W h e n  a fu l ly  c h a r g e d  s i l v e r - z i n c  b a t t e r y  is d i s -  
cha rged ,  t he  v o l t a g e - t i m e  c u r v e  u s u a l l y  has  two  
leve ls  (Fig .  1). The  h i g h e r  of these  is g e n e r a l l y  a t -  
t r i b u t e d  to the  p r e s e n c e  of AgO in t he  s i lve r  e l ec -  
t rode .  H o w e v e r ,  t he  p rocesses  occu r r i ng  w h e n  A g O  
is d i s c h a r g e d  a re  not  we l l  unde r s tood .  The  c a p a c i t y  
d e l i v e r e d  at  th is  h i g h e r  l eve l  on d i s c h a r g e  is u s u a l l y  
bu t  a f r ac t i on  of t h a t  t h e o r e t i c a l l y  ava i l ab le .  F u r -  
t h e r m o r e ,  th is  c a p a c i t y  a p p e a r s  to  d e p e n d  on a 
v a r i e t y  of c i r cums tances ,  some  of w h i c h  a r e  u n -  
known.  In  r e c e n t  y e a r s  s e v e r a l  fac ts  h a v e  been  
b r o u g h t  to l i g h t  in connec t ion  w i t h  th is  capac i ty .  A 
good dea l  of t he  c a p a c i t y  a v a i l a b l e  as AgO on the  
e l ec t rode  is d e l i v e r e d  a t  a v o l t a g e  l eve l  c o r r e s p o n d -  
ing to t ha t  of Ag~_O (1, 2) .  The  e x a c t  a m o u n t  d e -  
l i v e r e d  at  th is  l o w e r  v o l t a g e  l eve l  d e p e n d s  on the  
c u r r e n t  dens i ty .  I t  a lso has  been  shown  t h a t  the  
c a p a c i t y  of AgO d e l i v e r e d  at  th is  h i g h e r  v o l t a g e  
l eve l  dec reases  on s t a n d  w i t h  no loss in t o t a l  c a p a c -  
i ty  (3) .  Recen t ly ,  W a l e s  and  B u r b a n k  (4)  have  
shown  tha t  d u r i n g  ce r t a i n  pe r iods  of d i s c h a r g e  the  
r e d u c t i o n  o f  AgO to Ag~O a n d  t ha t  of Ag~O to A g  
l i k e l y  p roceed  s i m u l t a n e o u s l y .  T h e i r  r e su l t s  fa i l  to 
g ive  a n y  ev idence  for  t he  p re sence  of sol id  so lu t ions  
of A g O  in Ag~O on d i scha rge .  

A second  p r o b l e m  assoc ia ted  w i t h  t he  ca thod ic  
b e h a v i o r  of AgO ar i ses  f r o m  the  fac t  t h a t  o x y g e n  
can  be  a d d e d  to AgO w i t h o u t  c h a n g i n g  the  emf  of 
t he  s u b s t a n c e  45). This  a d d e d  o x y g e n  does  no t  a l t e r  
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Fig. 1. Voltage-time curve for the discharge of an AgO-Zn- 
40% KOH cell at roam temperature. Percentages are dis- 
charge efficiencies. 

the  x - r a y  d i f f rac t ion  p a t t e r n  of A g O  excep t  to m a k e  
i t  m o r e  diffuse.  

The  p r e s e n t  w o r k  was  c a r r i e d  out  to ob t a in  m o r e  
i n f o r m a t i o n  on the  ca thod ic  b e h a v i o r  of AgO and  
to i n v e s t i g a t e  m o r e  t h o r o u g h l y  the  ro le  of o x y g e n  
in th is  process .  

Experimental and Discussion 

The  e x p e r i m e n t a l  t e c hn ique s  used  in th i s  w o r k  
w e r e  the  s a m e  as those  d e s c r i b e d  e a r l i e r  (5) .  W h e n  
e l ec t rodes  w e r e  to be  w e i g h e d  t h e y  w e r e  first  
soaked  in d i s t i l l ed  w a t e r  for  a t  l eas t  8 hr ,  t hen  
d r i e d  in a s t r e a m  of pur i f i ed  n i t r o g e n  a t  r o o m  t e m -  
p e r a t u r e ,  and  f ina l ly  p l a c e d  in a des i cca to r  for  at  
l eas t  24 hr .  A l l  these  o p e r a t i o n s  w e r e  c a r r i e d  out  in 
the  absence  of l ight .  A f t e r  this ,  t he  e l ec t rodes  w e r e  
w e i g h e d  and  the  change  in w e i g h t  was  cons ide red  
to be  due  to changes  in o x y g e n  content .  W h e r e  p o s -  
s ib le  t he  e l e c t r o d e  was  f ina l ly  r e d u c e d  to A g  and  
we ighed .  The  w e i g h t  of A g  at  th is  t ime  agreed ,  
w i t h i n  e x p e r i m e n t a l  e r ror ,  w i t h  the  w e i g h t  at  the  
b e g i n n i n g  of t he  c h a r g i n g  process .  

Oxygen content.--In t he  w o r k  r e p o r t e d  e a r l i e r  
(5) i t  was  shown  t h a t  w h e n  s i lve r  is t r e a t e d  a n o -  
d i ca l ly  in K O H  so lu t ions  t h e  a d d i t i o n  of o x y g e n  to 
f o r m  Ag_~O a n d  AgO fo l lows  F a r a d a y ' s  laws .  W h e n  
the  gass ing  p o t e n t i a l  is r e a c h e d  some o x y g e n  is s t i l l  
a d d e d  to t he  e lec t rode .  This  was  d e t e r m i n e d  b y  
w e i g h i n g  the  e l ec t rode  b e f o r e  and  a f t e r  such g a s -  
s ing t r e a t m e n t .  A t  c o n s t a n t - c u r r e n t  c h a r g i n g  the  
o x y g e n  a d d e d  d u r i n g  gass ing  of ten  c o r r e s p o n d e d  to 
abou t  10% of t he  c u r r e n t  passed .  A p p a r e n t  c u r r e n t  
dens i t i e s  of 0.25 to 2.5 m a / c m  "~ w e r e  used,  y e t  t h e r e  
was  no s to i ch iome t r i c  e v i d e n c e  for  c o m p l e t e  t r a n s -  
f o r m a t i o n  of a l l  the  A g  to AgO even  t h o u g h  these  
e l ec t rodes  w e r e  a l l o w e d  to r e m a i n  at  the  gass ing  
p o t e n t i a l  for  pe r i ods  of up  to 10 hr.  

Wi th  c o n s t a n t - p o t e n t i a l  cha rg ing ,  o x y g e n  also 
can be  a d d e d  to t he  s i lve r  e l e c t r o d e  even  w h e n  the  
p o t e n t i a l  is k e p t  b e l o w  t h a t  n e e d e d  for  gass ing.  
P r o d u c t s  h a v i n g  o x y g e n  con ten t s  c o r r e s p o n d i n g  to 
AgO~.~ h a v e  been  p r e p a r e d  in th i s  m a n n e r .  

The  ques t ion  t hen  a r i ses  w h e t h e r  t he  o x y g e n  
a d d e d  to t he  e l ec t rode  d u r i n g  gass ing  on c o n s t a n t -  
c u r r e n t  c h a r g i n g  or  d u r i n g  p r o l o n g e d  c o n s t a n t -  
p o t e n t i a l  c h a r g i n g  at  a p o t e n t i a l  a b o u t  !00 m v  
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be low the  gass ing  p o t e n t i a l  c o n t r i b u t e s  to the  d i s -  
cha rge  c a p a c i t y  of the  e lec t rode .  

To check  this ,  a c o m m e r c i a l l y  p r e p a r e d  s in t e r ed  
A g  e lec t rode ,  1.5 x 3.8 cm, w e i g h i n g  2.4 g, was  
c h a r g e d  at  0.1 a m p  in 40% KOH.  I ts  c a p a c i t y  was  
d e t e r m i n e d  b y  c h a r g i n g  up  to the  gass ing  p o t e n t i a l  
and  t hen  a l l o w i n g  i t  to s t a n d  20 h r  be fo re  be ing  
d i scharged .  The  d i s cha rge  c a p a c i t y  e x a c t l y  equa l ed  
the  cha rge  i n p u t  (0.68 a m p - h r ) .  The  e l ec t rode  t hen  
was  g iven  a ser ies  of cyc les  in w h i c h  i t  w a s  c h a r g e d  
at  the  s ame  r a t e  and  a l l o w e d  to r e m a i n  at  the  gas -  
s ing p o t e n t i a l  for  8 to 15 hr .  I t  was  d i s c h a r g e d  
i m m e d i a t e l y  a f t e r  each  of these  charges ,  and  the  
d i s c h a r g e  c a p a c i t y  was  on ly  3% l a r g e r  t h a n  the  
p r e v i o u s  cha rge  i n p u t  up  to t he  gass ing  po ten t i a l .  
Thus  w h i l e  p r o l o n g e d  gass ing  on c o n s t a n t - c u r r e n t  
c h a r g e  does  a d d  o x y g e n  to t he  e l ec t rode  as n o t e d  
above,  th is  o x y g e n  c o n t r i b u t e s  v e r y  l i t t l e  to t he  
d i s cha rge  capac i ty .  In  a l l  t hese  ins tances ,  howeve r ,  
t h e r e  was  no c o m p l e t e  conve r s ion  to AgO.  S ince  
this  e l e c t r o d e  accep t ed  0.68 a m p - h r  of charge ,  i ts  
compos i t i on  w h e n  c h a r g e d  c o r r e s p o n d e d  to abou t  
AGO05. S ince  t h e r e  de f in i t e ly  was  AgO presen t ,  as 
d e t e r m i n e d  b y  x - r a y  d i f f rac t ion  and  b y  o b s e r v a t i o n  
of the  d i s c h a r g e  v o l t a g e - t i m e  curve ,  f ree  s i lve r  also 
was  p resen t .  

W a l e s  and  B u r b a n k  (4)  o b s e r v e d  t h a t  p r o l o n g e d  
gass ing  on c o n s t a n t - c u r r e n t  cha rge  a p p e a r e d  to 
p r o d u c e  m o r e  p e r f e c t l y  c r y s t a l l i n e  AgO. This  sug-  
ges ts  t ha t  w h e n  the  e l ec t rode  r eaches  t he  gass ing  
p o t e n t i a l  on cha rge  the  su r f ace  has  not  been  c o m -  
p l e t e l y  c o n v e r t e d  to c r y s t a l l i n e  AgO. D u r i n g  gas -  
s ing m o r e  o x y g e n  is a d d e d  to the  surface ,  f o r m i n g  
more  c o m p l e t e l y  c r y s t a l l i n e  AgO. P e r h a p s  i t  is th is  
o x y g e n  t h a t  g ives  the  s m a l l  i nc rease  in d i s cha rge  
c a p a c i t y  w h i c h  is o b t a i n e d  on p r o l o n g e d  gass ing.  

This  oxygen ,  h o w e v e r ,  is no t  the  on ly  o x y g e n  
a d d e d  d u r i n g  the  gass ing  per iod .  The  w e i g h t  ga ined  
d u r i n g  gas s ing  is l a r g e r  t h a n  t h a t  c o r r e s p o n d i n g  to 
t he  e x t r a  d i s c h a r g e  capac i ty .  Ea r l i e r  w o r k  (6)  has  
shown  tha t ,  w h e n  an e l ec t rode  is c h a r g e d  at  con-  
s t a n t - c u r r e n t  and  is a l l o w e d  to cha rge  at  the  ga s -  
s ing p o t e n t i a l  for  s e v e r a l  hours  or more ,  a p p r e c i a b l e  
amoun t s  of o x y g e n  can  be  added .  This  o x y g e n  is 
he ld  f i rmly  by  the  e l ec t rode  ma te r i a l ,  b u t  i t  does  
not  add  c o r r e s p o n d i n g l y  to the  d i s cha rge  capac i ty .  
Moreove r ,  th i s  o x y g e n  is r e l e a s e d  on d i scharge .  F o r  
e x a m p l e ,  a s i n t e r ed  A g  e lec t rode ,  3.8 cm squa re  and  
w e i g h i n g  6.2 g, was  c h a r g e d  at  a c o n s t a n t - c u r r e n t  
of 0.04 a m p  in 15% K O H  for  3 days .  I t  w a s  then  
soaked  in d i s t i l l ed  w a t e r  and  d r i e d  o v e r n i g h t  in an  
oven  at  60~ The  w e i g h t  ga in  c o r r e s p o n d e d  to a 
p r o d u c t  h a v i n g  the  compos i t i on  AgO .... This  e lec -  
t rode  was  s t o r ed  d r y  in t he  d a r k  for  2 y e a r s  and  
t hen  c h a r g e d  again ,  th is  t i m e  at  0.7 a m p  in 40% 
K O H  for  24 hr .  I t  was  gass ing  p r o f u s e l y  d u r i n g  the  
l a t t e r  p a r t  of  t h e  charge .  W h e n  it  was  soaked  in 
d i s t i l l ed  w a t e r  m u c h  gas  was  evo lved .  I t  was  t hen  
d r i e d  for  24 h r  a t  60~ T h e r e  was  a s l igh t  ga in  in 
we igh t ,  c o r r e s p o n d i n g  to less  t h a n  1% of t h e  c h a r g e  
app l i ed .  A f t e r  3~,/2 w e e k s  t h e  e l ec t rode  was  d i s -  
c h a r g e d  a t  0.1 a m p  in 42% KOH.  A f t e r  10 h r  the  
vo l t age  vs. Zn fe l l  b e l o w  1 v and  the  d i s c h a r g e  was  
t e r m i n a t e d  even  t h o u g h  t h e r e  was  s t i l l  v i s ib l e  ev i -  

dence  of ox ides  on the  p la te .  The  e l ec t rode  aga in  
was  soaked  in d i s t i l l ed  w a t e r  and  d r i e d  for  a d a y  
at  60~ The  loss in w e i g h t  was  0.57 g. A s s u m i n g  
t ha t  th is  loss was  due  to oxygen ,  th is  co r r e sponds  
to 1.9 a m p - h r .  Yet  on ly  1 a m p - h r  had  been  r e -  
m o v e d  du r ing  the  d i scharge .  A p p a r e n t l y ,  abou t  0.27 
g o x y g e n  escaped  as b u b b l e s  d u r i n g  the  d i s c h a r g i n g  
process ,  bu t  no a t t e m p t  was  m a d e  to obse rve  this .  

Changes  do occur  if the  e l ec t rode  is s to red  for  
some t ime.  S e v e r a l  e l ec t rodes  s im i l a r  to the  one 
just described were charged at constant-current 
and were stored dry for 1 to 2 years. None of them 
was completely converted to AgO, and none lost 
weight during this storage. With some, the open- 
circuit voltage (ocv) after storage was that asso- 
ciated with Ag~O. Others, however, gave an ocv 
associated with AgO. Thus, this dry storage does 
not necessarily lead to complete conversion of AgO 

to Ag~O (reaction [I]). 

AgO -~ Ag-~ Ag~O [i] 

This reaction does take place when electrodes are 
stored in electrolyte or even in water. Figure 2 is 
a picture of electrodes which had been partially 
discharged. The white portions are Ag whereas the 
darker portions are oxides of silver. One such elec- 
trode was placed in electrolyte, and after about 3 
weeks all the Ag had been oxidized to A~O. In such 
a situation, Eq. [I] represents the net effect of a 
local cell reaction consisting of a AgO cathode and 
a Ag anode. This reaction may take place rapidly 
at first, but as Ag_~O is produced the internal re- 
sistance of the local cell is increased and the re- 

action slows down. 
These electrodes did not deliver their total avail- 

able capacity after storage. After discharge, such 

Fig. 2. Partially discharged AgO electrodes 
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an electrode was  heav ie r  t h a n  it was before  be ing  
charged, i nd i ca t ing  that  d ischarge had not  r emoved  
all the oxygen  f rom the electrode mater ia l .  Wi th  
one charged electrode,  25% of the theore t ica l  dis-  
charge capaci ty  (ca lcu la ted  f rom oxygen  con t en t )  
was u n a v a i l a b l e  af ter  storage. This p h e n o m e n o n  
has been  noted  wi th  other  electrodes also. 

A n  a t t empt  was made  to fol low this  change  d u r -  
ing storage by  x - r a y  analysis .  F re sh ly  charged elec-  
trodes gave good sharp  pa t t e rns  for AgO. In  some 
electrodes there  were  also areas g iv ing  good Ag~O 
pat terns .  Af te r  d ry  storage for 1.5 years  the elec-  
trodes sti l l  gave  the  AgO pa t te rn ,  b u t  it was w e a k  
and  the l ines were  broader .  This  indicates  a de te r io -  
ra t ion  of the c rys t a l l i n i t y  of the  oxide s t ruc tu re  and  
is l ikely  due to diffusion of oxygen  ions to areas  of 
lower  oxygen  content .  There  was  no loss of oxygen.  
This  diffusion d u r i n g  storage a p p a r e n t l y  also affects 
the  cu r r en t  pa th  t h rough  the electrode, and  this  
m a y  be respons ib le  for the r educ t ion  in  capaci ty.  
The cu r r en t  pa th  is al tered,  as wil l  be no ted  later ,  
so tha t  some of the  oxygen  in  the in te r io r  of the  
electrode canno t  escape f rom the s i lver  latt ice.  

Wi th  c o n s t a n t - p o t e n t i a l  cha rg ing  (at  po ten t ia l s  
s l ight ly  be low the  gassing po ten t i a l )  la rge  a m o u n t s  
of oxygen  can be in t roduced  into the  s i lver  latt ice.  
This oxygen m a y  exceed the s toichiometr ic  ra t io  of 
AgO, and  ye t  m a n y  of the phys ica l  p roper t ies  are 
the  same as those of AgO (5).  I t  has been  suggested 
tha t  at  least  p a r t  of this oxygen  is phys ica l ly  ad-  
sorbed r a the r  t h a n  chemica l ly  bound.  This idea is 
consis tent  wi th  the  fo l lowing  results .  

A smal l  e lect rode was charged in  30% KO H  at  a 
cons tan t  po ten t i a l  of 350-400 m v  above the r eve r s i -  
ble  po ten t ia l  of Ag-Ag_oO. Af te r  charge its composi -  
t ion  was AgO0 .... Af te r  s t and ing  one week  it was 
discharged in  42% KOH at abou t  1 m a / c m  2. At  i n -  
te rva ls  the d ischarge  was in t e r rup ted ,  the electrode 
was dried, weighed,  and  x - r ayed .  Then  it was  i n -  
ser ted in  the cell and  the  d ischarge  cont inued .  The  
x - r a y  pa t t e rn s  showed the same var ia t ions  as have  
been  repor ted  ear l ie r  (4) .  Discharge resul t s  are  
g iven  on Fig. 1. The  electrode was  weighed  at  po in ts  
a, b, c, and  d. The  loss in  we igh t  was cons idered  
to be due to a loss of oxygen.  This was jus t i f iable  
since the we igh t  of the s i lver  on the electrode at the 
end of the d ischarge  was  w i t h i n  0.3% of t ha t  on 
the electrode at  the  b e g i n n i n g  of the exper imen t .  
The theore t ica l  we igh t  loss was ca lcula ted  f rom 
the a m p e r e - h o u r s  of discharge.  This va lue  d iv ided  
by  the ac tua l  we igh t  loss was cal led the d ischarge  
efficiency. The d ischarge  efficiency at poin t  a on 
Fig. 1 refers  to the  i n t e r v a l  f rom the b e g i n n i n g  of 
d ischarge to po in t  a, tha t  at po in t  b refers  to the 
i n t e rva l  b e t w e e n  a and  b, etc. Perhaps  as the  
electrode discharges,  adsorbed oxygen  escapes in  a 
mechan ica l  fashion  f rom the lattice.  On the basis  
of the efficiencies, this  is more  easi ly  accomplished 
toward  the end of the discharge.  

Three  o ther  e lectrodes  were  p repa red  on p l a t i -  
n u m  grids. They  were  made  by  pas t ing  the  gr id  
w i th  moist  Ag_~O, air  drying,  and  t h e r m a l l y  r e d u c -  
ing t h e m  at  550~ to Ag. T h e n  they  were  subjec ted  
to c o n s t a n t - p o t e n t i a l  cha rg ing  u n t i l  they  had  an  
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oxygen  conten t  g rea te r  t h a n  AgO. Two of t hem (A 
and  B) were  stored dry  for 3 m o n t h s  at room t e m -  
p e r a t u r e  and  the th i rd  was  stored d ry  for 1.5 years  
af ter  4 mon ths '  s torage in  the  da rk  in 30% KOH. 
None of these  e lectrodes  lost a ny  apprec iab le  
we igh t  over  this per iod  of t ime. This shows tha t  
the ex t ra  oxygen  is b o u n d  r a the r  f i rmly to the si l -  
ver. The i r  emf va lues  and  x - r a y  diffract ion pa t -  
t e rns  were  those of AgO. There  was no th ing  to 
ind ica te  a ne w  type of oxide, e.g. ,  Ag_oO~. 

Elect rodes  A and  B were  d ischarged  at a ve ry  
low c u r r e n t  dens i ty  in  28% KOH. Typica l  d ischarge 
curves  were  obta ined,  a l though  re l a t ive ly  l i t t le  
d ischarge capaci ty  (2% and  15% of the to ta l )  was 
ob ta ined  at the h igher  vol tage  level.  Elect rode C 
was d ischarged in  40% K O H  at an  11 hr  rate. No 
discharge  capaci ty  was  ob ta ined  at the vol tage  level  
cor responding  to AgO. The  ocv, however ,  was  1.9 
v vs .  Zn. 

The fact tha t  so l i t t le  d ischarge capaci ty  was ob-  
t a ined  at the h igher  level  in each case m a y  at first 
seem to be normal .  These  e lectrodes  stood for some 
t ime before  be ing  discharged,  and  it has been  shown 
tha t  s t and ing  reduces  the  a m o u n t  of capaci ty  de-  
l ivered  at the high vol tage  level  bu t  does not  reduce  
the tota l  d ischarge  capaci ty  (3) .  This  has been  a t -  
t r i b u t e d  to the fact tha t  on s t and  reac t ion  [1] takes 
place (4).  If this is the case, there  mus t  have  been  
more  t han  a t race of unox id ized  s i lver  p resen t  in 
the charged electrodes.  I t  fol lows then  t ha t  con-  
s t a n t - p o t e n t i a l  charg ing  does not  b r ing  about  com- 
ple te  convers ion  to AgO even  though  the composi-  
t ion of the ma te r i a l  can be r ep resen ted  by  AgO .... 
It can be a rgued  tha t  r eac t ion  [2] takes  place at 
the p l a t i n u m  

2AGO--> Ag~O q- 1/2 O2 [2] 

grid and  tha t  the f o r ma t i on  of the Ag20 increases  
the i n t e r n a l  res i s tance  of the electrode so tha t  the  
discharge vol tage  is polar ized  to the  AgoO-Ag level. 
This  reac t ion  then  wou ld  take  place in the dry  state 
since these electrodes were  s tored dry. Ohse (7) 
no ted  a lack of ev idence  for this  reac t ion  in 1N 
KOH. 

A compar i son  was  made  of the capaci ty  ob ta ined  
to tha t  theore t ica l ly  avai lable .  The theore t ica l  
capaci ty  was ca lcu la ted  on the  basis  of bo th  s i lver  
and  Oxygen content .  Resul t s  are g iven  in  Table  I. 

It  is obvious tha t  all  the  oxygen  p resen t  in  these 
electrodes was not  usefu l  for d ischarge  purposes.  
This also follows f rom the  fact  t ha t  wi th  e lect rode 
C, e.g. ,  the loss in  we igh t  of oxygen  d u r i n g  dis-  
charge was 130% of tha t  co r respond ing  to the ac-  
tua l  capaci ty  obta ined.  Some of this oxygen  was 
a p p a r e n t l y  re leased f rom the electrode d u r i n g  dis-  

Table I. Capacity of "AGO" electrodes 

% Theoret ical  capaci ty  
on basis  of 

Electrode Composit ion O~ Ag++ Ag+++ 

A AgOl.~ 56 91 60 
B AgO1 ~ 55 85 57 
C AGO,..- 23 27 18 
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charge without entering into the discharge reaction. 
The small value for per cent theoretical capacity is 
due to the prolonged storage of this electrode, as 
noted earlier in this paper. Since electrode C had a 
4 month wet stand it is very possible that reaction 
[i] proceeded to a significant extent. This could 
build up sufficient Ag~O to increase the internal 
resistance of the electrode, alter the current path 
within it, and thus bypass some of the oxide during 
the discharge reaction. 

If one assumes that the silver present in the elec- 
trode was all in the divalent state, then the actual 
discharge capacity still is less than theoretical. At 
the current densities used one would expect prac- 
tically 100% discharge/charge efficiency. The fact 
that the actual discharge capacity is less than theo- 
retical supports the idea that some unoxidized silver 
was present in the charged electrodes. It also makes 
unnecessary the suggestion that trivalent silver is 
present in the electrodes. These results support the 
idea that divalent silver is the highest oxidation 
state of silver in the charged electrodes. Further- 
more, even prolonged constant-potential charging 
fails to convert all the silver to the divalent state. 

It follows from these results that the oxygen con- 
tent of the electrodes charged by the constant-po- 
tential method is no measure of the oxidation state 
of the silver. This method of charging may be rather 
inefficient. Although the weight of oxygen added to 
the electrode follows Faraday's laws (5), the dis- 
charge of such an electrode does not necessarily give 
a capacity equal to the oxygen content. This oxygen 
is strongly held and not readily released from the 
dry solid at room temperature. On discharge it 
appears to be released as the positive charge on the 
silver atoms (ions) is decreased. It may be forced 
out of the electrode as the lattice changes from AgO 
to Ag_~O. As this reduction takes place the silver 
ions move closer together leaving less room for oc- 
cluded oxygen. Furthermore, the reduced charge on 
silver ions decreases the power to attract or adsorb 
oxygen atoms. 

With constant-current cycling the discharge ca- 
pacity generally equals the charge input up to the 
gassing potential (8). The weight of oxygen added 
during charge at moderate rates follows Faraday's 
laws (5). Prolonged gassing does result in the addi- 
tion of oxygen and a small increase in discharge 
capacity. This indicates that the oxygen added dur- 
ing normal charging is a good measure of the state 
of oxidation of silver. With prolonged gassing, how- 
ever, much of the oxygen added appears to be merely 
physically adsorbed. 

Polarization.--One of the questions in connection 
with the discharge of AgO is the extent of polariza- 
tion. Less than half the discharge capacity of an 
electrode usually is delivered at the higher voltage 
level. This raises the possibility that the AgO-~Ag~O 
process is polarized to such an extent that it operates 
at the lower potential of Ag20-~Ag. 

The  e x t e n t  of th is  p o l a r i z a t i o n  was  s t u d i e d  b y  an 
i n t e r r u p t e r  m e t h o d  (9 ) .  E l ec t rodes  in w h i c h  the  
su r f ace  is a l m o s t  c o m p l e t e l y  AgO showed  v e r y  l i t t l e  
p o l a r i z a t i o n  in t he  in i t i a l  s tages  of d i scharge .  A r a p i d  

inc rease  in p o l a r i z a t i o n  was  no ted  as the  A g O  was  
c o n v e r t e d  to Ag20 and  th i s  p o l a r i z a t i o n  a t  t imes  was  
so g rea t  t h a t  i t  caused  the  d i s cha rge  of AgO to t a k e  
p lace  at  a p o t e n t i a l  b e l o w  t h a t  of Ag~O (9) .  A f t e r  
th is  the  p o t e n t i a l  rose  to t ha t  of t he  Ag~O~Ag 
process .  The  p o i n t  a t  w h i c h  the  vo l t a ge  d rops  to 
t ha t  of t he  Ag~O~Ag l eve l  seems  t hen  to be  d e t e r -  
m i n e d  b y  the  c u r r e n t  d e n s i t y  on the  su r f ace  l a y e r  
of AgO. W h e n  this  exceeds  a ce r t a in  v a l u e  the  p o -  
t e n t i a l  drops .  This  d r o p  in p o t e n t i a l  a lso is inf lu-  
enced b y  the  f o r m a t i o n  of i nc reas ing  a moun t s  of 
Ag~O. This  h i g h l y  r e s i s t i ve  m a t e r i a l  m a y  b r i n g  abou t  
an IR d r o p  in t he  e l e c t r o d e  i tself .  

W i t h  s m a l l  w i r e  e l ec t rodes  on w h i c h  b u t  th in  
fi lms of ox ide  w e r e  p r o d u c e d ,  abou t  40% of the  d i s -  
cha rge  was  o b t a i n e d  at  t h e  h i g h e r  vo l t a ge  l eve l  over  
a modes t  r a n g e  of c u r r e n t  dens i t ies .  C o n c e i v a b l y  
this  fac t  can  be  used  to ind ica t e  t ha t  t he  fa l l  of 
p o t e n t i a l  f r o m  the  h i g h e r  to  t he  l o w e r  l eve l  is d e -  
t e r m i n e d  m o r e  b y  the  r e s i s t a n c e  of the  Ag~O f o r m e d  
than  b y  the  inc rease  of c u r r e n t  de ns i t y  on the  AgO. 
Since on ly  th in  f i lms of o x i d e  a re  p roduced ,  the  r e -  
s i s tance  of t he  Ag20 is no t  as g r e a t  as w i t h  t h i cke r  
films. U n d e r  these  cond i t ions  t he  fa l l  in p o t e n t i a l  
occurs  at  a l a t e r  s t age  in t he  d i scharge .  I t  a lso m a y  
be t ha t  a g r e a t e r  f r ac t i on  of the  AgO p r e s e n t  is on 
the  su r face  and  t h e r e f o r e  t he  h ighe r  v o l t a g e  leve l  
on d i s cha rge  las t s  r e l a t i v e l y  longer .  

In  Fig.  2 t he  p a t t e r n  of the  s i lver  spots  is t he  
same  as t h a t  of t he  g r id  of t h e  e lec t rode ,  i nd ica t ing  
the  i m p o r t a n c e  of the  c u r r e n t  p a t h  in t he  d i scha rge  
process .  F u r t h e r m o r e ,  th is  sugges ts  t ha t  t he  e l ec t r i -  
cal  r e s i s t ance  is an i m p o r t a n t  f ac to r  in th is  process .  

This p o l a r i z a t i o n  a lso  is due  in p a r t  to t he  e l ec t ro -  
lyte .  This  was  shown b y  v a r y i n g  the  K O H  concen-  
t ra t ions .  A t  an  a p p a r e n t  c u r r e n t  d e n s i t y  of abou t  
1 m a / c m  2 the  p o l a r i z a t i o n  a m o u n t e d  to 3, 6, and  32 
m v  in 1N, 0.5N, and  1.0N KOH,  r e spec t i ve ly .  These  
va lues  a r e  co r r ec t ed  for  t he  IR drop  in t h e  solut ion.  

Mechanisms . - - In  discuss ing  poss ib le  m e c h a n i s m s  
for  t h e  ca thod ic  b e h a v i o r  of AgO one shou ld  k n o w  
w h e t h e r  t he  d i s c h a r g e  r e a c t i o n  p roceeds  f rom the  
g r id  to t he  e l e c t r o d e - e l e c t r o l y t e  i n t e r f ace  or  in t he  
oppos i te  d i rec t ion .  The  d i s c h a r g e  r eac t i on  is the  r e -  
m o v a l  of O= ions  f r o m  the  e l ec t rode  m a t e r i a l .  To 
d e t e r m i n e  w h e r e  in t he  e l e c t r o d e  this  p rocess  begins ,  
the  s i lve r  ox ides  w e r e  p r e s se d  into pe l l e t s  a b o u t  
1.25 cm d i a m e t e r  and  0.65 cm thick.  T h e y  w e r e  d i s -  
c h a r g e d  in a cel l  shown  on Fig.  3. O n l y  a sma l l  

Ag pellet 

she  I 
~ ~ e l e c t r o l y t e  

~-Zn 

Fig. 3. Cell for use with pelletized electrodes 
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grid ~ ' -F  : 

AOaO 

Fig. 4. Mechanism for the reduction of AgO 

surface area was exposed to the  electrolyte ,  and  the  
gr id  ( the Ag sheet)  was comple te ly  outs ide  the  cell 
case. The e lec t ro ly te  did seep in to  and  p e n e t r a t e  the  
pellet .  

Pel le ts  of bo th  Ag20 and  AgO were  p r e p a r e d  and  
discharged at 35 m a / c m  ~, cons ider ing  on ly  the su r -  
face area exposed to the  b u l k  electrolyte .  In  e i ther  
case the m a t e r i a l  was reduced  to Ag d u r i n g  dis-  
charge and  gave the capaci ty  ca lcula ted  f rom its 
weight ,  i.e., 231 m a - h r / g  of Ag~O and  432 m a - h r / g  
of AgO. W h e n  the  ma te r i a l  was  d ischarged  on ly  
long enough  to de l iver  about  ha l f  the d ischarge  
capaci ty  of the  mater ia l ,  it was found  tha t  wi th  the 
Ag~O pel le t  the reduced  Ag was at the grid and  not  
at the  electrolyte .  Wi th  the AgO pel le t  the same 
th ing  occurred.  In  fact, there  was a lmos t  a p l ane  
surface tha t  separa ted  the Ag f rom the u n r e d u c e d  
oxide. This  p l ane  was  prac t ica l ly  a t  the  m i d - p o i n t  
of the pellet .  F u r t h e r m o r e ,  the u n r e d u c e d  oxide was 
AgO and not  Ag~O. This  was d e t e r m i n e d  by  x - r a y  
analysis,  and  it is possible tha t  smal l  a m o u n t s  of 
Ag~O were  present .  However ,  the  b u l k  of the m a t e -  
r ia l  was AgO. This  suggests t ha t  on discharge the  
r emova l  of O= ions proceeds f rom the gr id t oward  
the  e lec t rode-e lec t ro ly te  in te r face  (Fig. 4). More-  
over, no large a m o u n t s  of Ag~O need  be p roduced  
du r ing  the d ischarge  of the  AgO. 

D u r i n g  the  d ischarge  of AgO smal l  a m o u n t s  of 
Ag~O m a y  be fo rmed  a t  the e lec t rode-e lec t ro ly te  
in te r face  as the  O: ions are r emoved  f rom the  elec-  
t rode  by  the  e lectrolyte .  X - r a y  ev idence  (4) i nd i -  
cates tha t  this  occurs, and  the ex t en t  of this  Ag~O 
fo rma t ion  wou ld  depend  on the  c u r r e n t  rate.  This  
Ag~O wil l  be  fo rmed  then  because  O: ions are r e -  
moved  f rom the  surface at a fas te r  ra te  t h a n  they  
are  t r anspor t ed  t h rough  the  e l ec t rode  mate r ia l .  
The cu r r en t  pa th  ava i l ab le  is a s ignif icant  factor  
since the  O = ions beg in  to mig ra t e  f rom the  areas 
where  the c u r r e n t  en te rs  the electrode (Fig. 2). 

Because the  po la r iza t ion  of AgO is d e t e r m i n e d  to 
some ex ten t  by  the concen t ra t ion  of the KOH, it is 
appa ren t  tha t  some so lvent  or solute  species are  i n -  
vo lved  in  this  cathodic process. The species ava i l -  
able  are OH-, K § and  H~O. 

The cathodic process involves  the  r emova l  of O: 
ions f rom the  oxide. As the  s i lver  is r educed  these  
ions are e jected f rom the  electrode mater ia l .  I t  is 
u n l i k e l y  tha t  the  n e g a t i v e l y  charged OH- ions w ou l d  
be respons ib le  for this  r emova l  of the  n e g a t i v e l y  
charged oxygens.  They  would,  no doubt ,  be  repe l led  
f rom the electrode.  

I t  is possible tha t  the  f ree  H~O molecules  are  i n -  
vo lved  in  this  process. D u r i n g  discharge  the  H pa r t  
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of the  molecule  wou ld  be or ien ted  toward  the  elec- 
t rode  and  then  the fo l lowing  process could occur 

Ag = O H 

+ O + 2 e -~ Ag~O -t- 2 OH- [3] ] 
Ag = O H 

If this  e xp l a na t i on  is correct,  t hen  the cathodic 
po la r iza t ion  should increase  wi th  increase  in  K O H  
concent ra t ion .  In  a d i lu te  so lu t ion  more  H~O mole -  
cules would  be ava i l ab le  for react ion.  However ,  as 
no ted  above, no such effect was observed.  

Since, as ind ica ted  ear l ier ,  it is u n l i k e l y  tha t  the 
OH- ions are involved ,  one is left  wi th  the K + ions 
as the  reac t ing  species. These ions are h y d r a t e d  in 
solut ion,  p r o b a b l y  K(.H~O)~ § (10).  Conce ivably ,  
these ions are  d r a w n  to the electrode wi th  t h e  H 
a toms or ien ted  t o w a r d  the  electrode sur face  and  
then  reac t ion  [3] takes  place. The  charge on the K § 
ion aids in  a t t r ac t ing  the  O= ions of the solid. I t  also 
weakens  the O --  H bonds  in the H~O. Thus  the H~O 
molecules  b o u n d  to the  K § ions are more  reac t ive  
t h a n  the  u n c o m b i n e d  H~O molecules.  A t t e m p t s  were  
made  to d e t e r m i n e  the  effect of subs t i t u t i ng  Na § 
ions for K § ions by  us ing  0.1N NaOH solut ions  and  
also 7M solut ions  of NaC,H,O~ and  KC~H,O~. How-  
ever,  a ny  differences obse rved  were  w i t h i n  the  l imi ts  
of e x p e r i m e n t a l  error .  

In  s u m m a r y ,  the  cathodic reac t ion  of AgO in -  
volves the r e mova l  of O= ions f rom the la t t ice  by  the  
H~.O molecules  tha t  a re  b o u n d  to the  K + ions. This  
reac t ion  occurs at the  e lec t rode-e lec t ro ly te  i n t e r -  
face. The a m o u n t  of in te r rac ia l  area is ex tens ive  
because  the K O H  solu t ion  pe rmea tes  the  b u l k  AgO 
so thoroughly .  As reac t ion  proceeds,  O= ions f rom 
the in te r io r  of the la t t ice  mig ra t e  to this interface.  
Thus  there  are two factors  respons ib le  for the po-  
la r iza t ion  of the  AgO: (a) the reac t ion  of O= ions 
wi th  h y d r a t e d  K § ions;  and  (b)  the  t r a n spo r t  of O= 
ions t h rough  the e lec t rode  mater ia l .  If: the second 
process is no t  as fast  as the first one, t h e n  the  O= 
ion concen t r a t i on  at  the  e l ec t rode -e l ec t ro ly te  i n t e r -  
face is reduced  and  the  emf  of the e lect rode de-  
creases.  
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Passivity in Cr-Ni-Fe Alloys 
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ABSTRACT 

Critical current  densities for passivity were measured for single phase 
Cr-Ni-Fe  alloys as a function of Cr content  for 20%, 40%, 50% and 60% Ni 
compositions. Major discontinuities in slope approximate the ratio 12/88 for 
Cr to Fe in the 20 and 40% Ni alloy series, and 14/86 for Cr to Ni in the 50 
and 60% Ni alloy series. These ratios correspond to observed critical composi- 
tions for passivity in the Cr-Fe and Cr-Ni b inary  systems. Addit ional  discon- 
t inuit ies occur at the critical b inary  Cr to Fe ratio in the 50 and 60% Ni series. 
This behavior is in terpreted in terms of separate electron interact ion in the 
te rnary  system between Cr and Fe distinct from interact ion between Cr and 
Ni. Flade or activation potentials become more active with increasing Cr 
content, corresponding to increased stability of passivity. In  accord with 
greater stability, average time for breakdown of passivity increased exponen- 
tially with Cr content. 

The aus ten i t i c  C r - N i - F e  s ta inless  steels are pas -  
sive alloys of which  the 18% Cr, 8% Ni, ba lance  Fe 
a l loy (18-8) is an i m p o r t a n t  example .  These alloys, 
i nc lud ing  the  fer r i t ic  and mar t ens i t i c  C r - F e  s t a in -  
less steels, mus t  con ta in  a m i n i m u m  of 12% Cr in  
order  to exh ib i t  o p t i m u m  pass iv i ty  or corrosion 
resis tance.  This  cr i t ical  concen t ra t ion  of Cr has 
been  re la ted  to the  t e n d e n c y  of an  "unf i l led"  d bancl 
(or uncoup led  d orb i ta l s )  of Cr to fill (or become 
coupled)  wi th  e lec t rons  dona ted  by Fe, a process 
which  is a ssumed  to be j u s t  comple te  at 12%. La rge r  
a m o u n t s  of a l loyed Cr cor respond to res idua l  u n -  
coupled e lec t rons  or vacancies  in  surface a toms of 
Cr accoun t ing  for an al loy best  able  to chemisorb  
its e n v i r o n m e n t ,  e.g., O.., ~- H.,O, and  become passive 
in a m a n n e r  s imi la r  to pure  ch romium.  Below 12% 
Cr, the  d orb i ta ls  of Cr are coupled and  the a l loy 
has chemical  proper t ies  more  n e a r l y  r e sembl ing  Fe, 
i.e., it is not  passive.  S imi la r  e lec t ron  in te rac t ion  
occurs in other  b i n a r y  t r ans i t i on  meta l  alloys, a 
s u m m a r y  of k n o w n  re la t ions  h a v i n g  been  p resen ted  
r ecen t l y  by  one of us (1).  

E lec t ron  i n t e r ac t i on  in  r e l a t ion  to pass iv i ty  has 
also been  descr ibed for the t e r n a r y  M o - N i - F e  and  
q u a t e r n a r y  C r - F e - N i - M o  passive alloys (2).  I t  was 
in the in te res t  of exp lor ing  this  ma t t e r  f u r t he r  us ing  
r e l a t ive ly  pu re  t e r n a r y  alloys ins tead  of commerc ia l  
composi t ions  tha t  this  inves t iga t ion  was in i t ia ted .  
The  C r - F e - N i  sys t em is idea l ly  sui ted to such a 
s tudy  because  the phase d i ag ram shows (3) tha t  the 
alloys at low t e m p e r a t u r e s  (650~ are solid so lu-  
t ion, f ace -cen te red  cubic, over  a wide  r ange  of com-  
posit ion.  Meta l lographic  e x a m i n a t i o n  of severa l  

alloys prepared for the present investigation con- 
firmed that they were single-phase. 

Measurement  of Passivity 

Passive behav io r  of the alloys was eva lua ted  by  
me a su r i ng  cr i t ical  anodic  c u r r e n t  densi t ies  to pro-  
duce passivi ty .  Data  of this  k ind  p rov ide  a be t t e r  
c r i te r ion  of the r e l a t ion  be t w e e n  al loy composi t ion 
and  pass iv i ty  t han  do corrosion rates,  as was dis-  
cussed p rev ious ly  by  Bond and  Uhl ig  (4) .  A discon-  
t i nu i t y  in  slope of cr i t ical  c u r r e n t  dens i ty  plot ted 
with composition, or minima in values of current 
density are observed at a relatively specific alloy 
composition. This critical composition has been found 
to be insensitive to pH or temperature of environ- 
ment in the case of the Cr-Fe alloys (5), or to pH 
in the case of the Cr-Ni alloys (4), whereas similar 
alloy compositions corresponding to discontinuities 
in slope or to minima in corrosion rates tend to 
shift with environment. The discontinuity in slope 
of critical current densities for the Cr-Fe alloys, for 
example, comes at 10-12% Cr. This is also the criti- 
cal composition derived from corrosion rate meas- 
urements of these alloys in water or in the atmos- 
phere, but in acids or alkalis, passivity occurs at 
lower or higher Cr percentages. 

The electrochemical mechanism of passivation 

(6-8) makes it clear why this is so. It has been 
shown, for example, that stainless steels achieve 
passivity whenever the anodic current density ac- 
companying corrosion reaches or exceeds the criti- 
cal current density. The same relation is expected 
to hold for other passive alloys. But the cathodic 
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r eac t ion  ra te  var ies  w i th  e n v i r o n m e n t  and  shifts 
the corrosion ra te  accordingly ,  t he r eby  induc ing  
pass iv i ty  at h igher  or lower  a l loy composi t ions  de-  
pend ing  on the ac tua l  ra te  and  the va lue  of the 
cr i t ical  cu r r en t  dens i ty  in  a pa r t i cu l a r  e n v i r o n m e n t .  
The inf luence  of the cathodic reac t ion  is e l imina t ed  
by re ly ing  ins tead  on cr i t ical  c u r r e n t  densi t ies  as a 
measu re  of the ease or difficulty w i th  which  an  al loy 
becomes passive. In  addi t ion,  cons tan t  r e n e w a l  of 
the al loy surface  by  anodic  d issolu t ion  d u r i n g  meas -  
u r e m e n t s  avoids composi t iona l  changes  caused for 
example  by redepos i t ion  of ions in  solut ion.  

The imlSortant cons idera t ion  f rom the  p resen t  
s t andpo in t  is tha t  d i scont inu i t i es  in  the cr i t ical  cu r -  
r en t  dens i ty  for pass iv i ty  are  observed as a func t ion  
of Cr con ten t  in  the C r - N i - F e  al loy sys tem as for 
the  C r - F e  system. These  d i scont inu i t i es  can be 
in t e rp re t ed  in t e rms  of e lectronic  in t e rac t ion  be-  
tween  componen ts  of the  alloy, s imi lar  to i n t e r ac -  
t ions hypothes ized p rev ious ly  for the b i n a r y  Cr-Fe ,  
Cr-Ni ,  and  other  al loy sys tems (1) .  

Preparation of Alloys, Experimental Procedure 
Alloys  were  p r epa red  f rom elect rolyt ic  Fe and  Cr, 

and  f rom ca rbony l  Ni, me l t ed  in  v a c u u m  (10 -5 m m  
Hg) by  i nduc t ion  in  h i g h - p u r i t y  a l u m i n a  crucibles.  
No deoxidizers  were  added. Cast ing was car r ied  out 
in  a h e l i u m  a tmosphere  by  d r a w i n g  the  mel ts  into 
7 m m  Vycor tubes  and  quench ing  in  water .  The 
he l i um was purif ied by  passage over  t i t a n i u m  sponge 
at 800~ then  th rough  a l iquid  N2 cold t rap.  In  gen -  
eral, a s ingle  series of al loys was p repa red  by  w i t h -  
d r a w i n g  a por t ion  of the  in i t i a l  composi t ion mel t  
and  quench ing ,  then  add ing  add i t iona l  ca lcu la ted  
amoun t s  of Ni and  Fe for the nex t  composit ion,  
mel t ing ,  w i t h d r a w i n g  a por t ion,  etc. This  procedure  
was repea ted  several  t imes.  Ingots  were  h o m o g e n -  
ized in  silica tubes  in a h e l i u m  a tmosphere  at 1050~ 
for 20 to 50 hr. Chips were  t hen  m a c h i n e d  for 
chemical  analys is  of Ni and  Cr and  the  r e m a i n i n g  
al loy was  l igh t ly  co ld-swaged  to a p p r o x i m a t e l y  5 
m m  d iame te r  rods. The swaged rods were  annea l ed  
at 1050~ for 30 m i n  and  air-cooled.  Rep re sen t a t i ve  
analyses  of 16 alloys showed a ca rbon  con ten t  of 
0.01-0.02%, and  5 r ep re sen t a t i ve  samples  showed a 
n i t rogen  con ten t  of 0.007-0.008%. 

Electrodes  m e a s u r i n g  1 to 2 cm long by  3.4 m m  
d iamete r  were  m a c h i n e d  f rom the  a n n e a l e d  rods 
wi th  a smal l  d i ame te r  s tem at one end  to which  a 
n ickel  wi re  was s i lver -so ldered .  The wi re  was en -  
closed by  a P y r e x  tube,  wi th  a Teflon gasket  i n s u r -  
ing tha t  on ly  the al loy spec imen  came into contact  
wi th  the  electrolyte.  The  surfaces were  abraded,  
us ing  successively finer emery  paper  to 3/0 grit. 
Af te r  degreas ing  wi th  benzene ,  the electrode was 
inser ted  into the  cell, the  l a t t e r  be ing  a r r a n g e d  so 
tha t  p ick l ing  and  washing,  and  final i n t roduc t ion  of 
e lec t ro ly te  could be car r ied  out  w i thou t  exposing 
the electrode surface  to air. The pickle  was e i ther  
d i lu te  HNO, in  the case of low Cr alloys, or d i lu te  
H~SO4 in  the  case of h igh Cr alloys. Deaera ted  elec-  
t ro ly te  and  deaera ted  dis t i l led wa te r  for wash ing  
were  con ta ined  in 5-gal  carboys  connected  to the cell 
by  glass tub ing .  Deae ra t ion  was  accomplished by  
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b u b b l i n g  th rough  n i t rogen ,  first pur i f ied by pass ing 

over  copper t u r n i n g s  at 450~ Af te r  p ick l ing  of the  
electrode,  the  cell was filled and  empt ied  3 t imes 
wi th  wa te r  and  twice wi th  electrolyte' .  The  elec- 
t rode  was f inal ly  p ickled anod ica l ly  for 10 m i n  wi th  
e lec t ro ly te  in the cell us ing  abou t  1 /20th  to 1/10th  
the c u r r e n t  dens i ty  r equ i r ed  for pass ivat ion.  Meas-  
u r e m e n t  of cr i t ical  c u r r e n t  dens i ty  fol lowed im-  
media te ly .  

The cell was  a l l -g lass  wi th  s ea l ed - in  glass elec-  
t r ica l  connect ions,  separa ted  into two halves  by  a 
g round  glass joint .  It  con ta ined  two Pt  cathodes 
spaced equa l ly  on e i ther  side of the  test  e lectrode to 
i n su re  u n i f o r m  c u r r e n t  densi ty .  The test  e lectrode 
fitted into the  cell by me a ns  of a g round-g la s s  joint .  
The  re fe rence  cell was  Ag-AgC1 in  0.1N KCI, con-  
nec ted  to a salt  b r idge  filled w i th  H~SO, the  t ip  of 
which  (asbestos fiber sealed in  glass) was located 
n e a r  the  electrode surface.  

The e lec t ro ly te  for all  m e a s u r e m e n t s  was de-  
ae ra ted  1.28N H~SO, whose pH was about  0.4. Meas-  
u r e m e n t s  were  car r ied  out  in  a cons tan t  t e m p e r a -  
t u r e  room m a i n t a i n e d  at 25 ~ • 0.5~ 

Cri t ical  c u r r e n t  densi t ies  we re  d e t e r m i n e d  by  
m e a s u r i n g  t imes to reach a s teady  pass ive  po ten t i a l  
for a series of c u r r e n t  densit ies,  each above  the cr i t -  
ical value.  The reciprocal  of these  t imes  1/t were  
t hen  plot ted  wi th  c u r r e n t  densi t ies  i in  accord wi th  
the  re la t ion :  

i --  i (Cri t . )  ~ K/ t  

where  K is a cons tan t  equa l  to the  coulombs re -  
qu i r ed  for pass iva t ion  and  i (Cri t . )  is the  cr i t ical  
c u r r e n t  dens i ty  for pass iv i ty  be low which  pass iv i ty  
is not  achieved no m a t t e r  how long the  t ime. A p -  
pl ied c u r r e n t  was ob ta ined  f rom 30 d ry  cells oper -  
a t ing  th rough  a high res is tance  so as to m a i n t a i n  a 
cons t an t  value .  The c u r r e n t  densi t ies  chosen were  
w i t h i n  a factor  of 2 or 3 t imes the cr i t ical  c u r r e n t  
densi ty ,  over which  range  the above equa t ion  is 
k n o w n  to hold. 

Po ten t ia l s  were  also m e a s u r e d  in  1.28N H~SO, at 
wh ich  pass iv i ty  decays spon taneous ly  to an  act ive  
po ten t i a l  on shu t t i ng  off the anodic  cur ren t .  These 
are  cal led "ac t iva t ion"  or F lade  potent ia ls .  A typica l  
decay curve  for the  4.8% Cr, 20% Ni, ba lance  Fe 
alloy, as recorded by a h i g h - i n p u t - r e s i s t a n c e  r e -  
corder,  is shown in Fig. 1. In  genera l ,  decay curves  
were  ob ta ined  by  first po la r iz ing  the  electrodes to 
the  passive region  and  hold ing  for 1/z to 1 m i n  in 
order  to a l low the  passive fi lm to form. If insuffi-  
c ient  t ime  was al lowed,  no F lade  po ten t i a l  was  ob-  
served. Based on m a n y  me a su r e me n t s ,  it was found  
tha t  the  F lade  po ten t i a l  was i n d e p e n d e n t  of t ime  
held  at the  pass ive  po ten t ia l ;  however ,  t ime  to reach 
the  F lade  po ten t i a l  a f ter  shu t t i ng  off the  c u r r e n t  
increased  the longer  the e lect rode was  m a i n t a i n e d  
in  the passive state. F lade  (9) also observed  m u c h  
ear l ie r  that ,  w h e n  i ron was  held in  the passive s tate  
for a long period, the t ime  observed  for decay t ended  
to be longer .  

Results 

Crit ical  c u r r e n t  densi t ies  for 15 al loys all  con t a in -  
ing 20% Ni (average  ---- 20.1% wi th  a m a x i m u m  
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-I 8 It i i i i 1 1 of  0 . 6 % )  a n d  6 0 %  (av .  = 6 0 . 0 % ,  m a x .  d e v i a t i o n  of 
- Noble 0 . 7 % )  N i  a l l o y s  a r e  s h o w n  in  F ig .  3, 4 a n d  5. M a j o r  

-1:6 c h a n g e s  in  s l o p e  o c c u r  as f o r  20% Ni  a l loys ,  b u t  
| 14! w i t h  s o m e  a d d i t i o n a l  s m a l l e r  c h a n g e s  in s l ope  also 
o a p p a r e n t .  A p o s s i b l e  c a u s e  f o r  t h e s e  s m a l l e r  c h a n g e s  

- I.z - " w i l l  be  d i s c u s s e d  l a t e r .  
- I . o -  F l a d e  p o t e n t i a l s  fo r  20 a n d  60% Ni  a l l o y s  a r e  

_ - o . a -  _ s u m m a r i z e d  in  F ig .  6, e a c h  p o i n t  r e p r e s e n t i n g  an  
a v e r a g e  of  s e v e r a l  d e t e r m i n a t i o n s .  V a l u e s  fo r  40 

~ - 0 . 6  - 
; a n d  50% Ni  s h o w  a s i m i l a r  s c a t t e r ,  w i t h  a l l  v a l u e s  

z -0.4--  Flade Pot X f o r  l o w  C r  a l l o y s  s t a r t i n g  a t  a b o u t  - -0 .45 v to  t h e  
g - 0 . 2 -  | n o r m a l  H2 e l e c t r o d e  a n d  e n d i n g  a t  a b o u t  0 to --0.15 
z 
o v fo r  1 5 - 2 0 %  Cr  a l loys .  T h e  v a l u e  fo r  t h e  F l a d e  L > o -  p o t e n t i a l  EF of  F e  in  H~SO, of  p H  0.4, as c a l c u l a t e d  

+ o . 2 ~  xct ive - f r o m  t h e  r e l a t i o n  (5)  EF = - -  0.63 q- 0.059 pH,  is 
FI I I I' I I 

T i m e  
500 T , , ~ I ' ' ' ' I ' ' ' ' E ' ' 

F ig .  1. R e c o r d e d  p o t e n t i a l  d e c a y  o f  p a s s i v a t e d  4 . 8 %  Cr ,  
2 0 %  N i ,  b a l a n c e  Fe a l l o y  in  d e a e r a t e d  ] . 2 8 N  H~SO,,  2 5 ~  c ~ x ~  - 
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Fig.  2 .  C r i t i c a l  c u r r e n t  d e n s i t i e s  f o r  p a s s i v i t y  o f  2 0 %  N i  ~ ~ ~ i I = ~ ~ ~ I ~ ~ t ~ I , L 
a l l a y s  in  1 . 2 8 N  d e a e r a t e d  HeSO4, 2 5 ~  o 5 IO 15 

Wt .  P e r c e n t  Cr 

d e v i a t i o n  of  0 . 6 % )  a n d  v a r i a b l e  C r  a n d  F e  a r e  s h o w n  Fig. 3. Critical current densities for passivity of 40% Ni 
in F ig .  2. I t  is n o t e d  t h a t  a l l o y s  w i t h i n  t h e  l o w  Cr  alloys in 1.28N deaerated H=50,, 25~ 

r a n g e  r e q u i r e  c u r r e n t  d e n s i t i e s  in  t h e  o r d e r  of  100- 
300 m a / c m  ~ fo r  p a s s i v a t i o n ,  w h e r e a s  f o r  a l l oys  of  5oc . . . .  ~ , , ' t ' ~ i , 

g r e a t e r  t h a n  10.5% Cr ,  c u r r e n t  d e n s i t i e s  o n l y  a b o u t  
1 / 1 0 0 t h  as l a r g e  a r e  r e q u i r e d .  O p t i m u m  c o n d i t i o n s  
fo r  p a s s i v i t y  can  be  sa id  to  i n i t i a t e ,  t h e r e f o r e ,  a t  a ~oc 
m i n i m u m  of 10.5% Cr.  A l t h o u g h  t h e  c o r r o s i o n  r a t e  
c o r r e s p o n d i n g  to a c r i t i c a l  c u r r e n t  d e n s i t y  of  2 m a /  ~e 
c m  "~ is a p p r o x i m a t e l y  5,000 m d d ,  w h i c h  is a h i g h  
r a t e ,  in  m o r e  d i l u t e  acids ,  of  course ,  t h e  c r i t i c a l  c u r -  
r e n t  d e n s i t y  a n d  c o r r e s p o n d i n g  c o r r o s i o n  r a t e  w o u l d  ~ r c 
be  m u c h  l o w e r .  I t  s h o u l d  a lso  be  n o t e d  t h a t  t h e  c u r -  
r e n t  d e n s i t y  r e q u i r e d  to  m a i n t a i n  p a s s i v i t y ,  c o r r e -  
s p o n d i n g  to t h e  s t e a d y - s t a t e  c o r r o s i o n  r a t e  of  p a s -  
s i v e  a l loys ,  is m u c h  less  t h a n  t h e  c r i t i c a l  c u r r e n t  
d e n s i t y .  T h e  i m p o r t a n t  c o n s i d e r a t i o n  is t h a t  as  C r  
c o n t e n t  i nc r ea se s ,  t h e  c r i t i c a l  c u r r e n t  d e n s i t y  f a l l s  ~ 

"2- C r / N ,  ~ , ~  
m a r k e d l y  and,  a t  10.5% Cr ,  a c h i e v e s  r e l a t i v e l y  l o w  ~, 
v a l u e s  w h i c h  r e m a i n  l o w  f o r  h i g h e r  Cr  c o m p o s i t i o n s .  
T h i s  is t y p i c a l  of  t h e  b e h a v i o r  of  C r - F e  a n d  o t h e r  
a l l o y s  as  t h e y  p r o g r e s s  f r o m  t h e  a c t i v e  to  t h e  p a s -  

I I I ~ t I , I I I I I I s i v e  r a n g e  of  c o m p o s i t i o n .  T h e  v a l u e  10.5% Cr,  , , , k 5 ,o 15 
t h e r e f o r e ,  is a u n i q u e  o r  c r i t i c a l  c o m p o s i t i o n ,  wt Percent cr 

S i m i l a r  d a t a  f o r  40% (av .  = 40 .1%,  m a x .  d e v i a -  Fig.  4 .  C r i t i c a l  c u r r e n t  d e n s i t i e s  f o r  p a s s i v i t y  o f  5 0 %  N i  

t i o n  of  0 . 5 % ) ,  50% (av .  = 50 .0%,  m a x .  d e v i a t i o n  alloys in 1.28N deaerated H250,, 25~ 
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Fig. 5. Critical current densities for passivity of 60% Ni 
alloys in 1.28N deaerated H~S04, 25~ 

equal  to --0.61 v. The less noble values  for the a l -  
loys indicate  tha t  their  pass iv i ty  is more s table  than 
that  of iron. The s tandard  Flade  potent ia l  (pH = 0) 
for Cr, by way  of example ,  is +0.2 v. Some poten-  
t ials of Fig. 6 fal l  off the best  curve through all  the 
points. I t  may  not be coincidence that  these marked  
deviat ions occur most ly  at al loy compositions corre-  
sponding to discontinuit ies  in slope of cr i t ical  cur-  
rent  densi ty  as observed in Fig. 2 and 5. The extent  
to which the two sets of da ta  can be corre la ted  is 
not en t i re ly  clear, however,  and any a t t empt  in this 
direct ion would p robab ly  requi re  addi t ional  meas-  
urements  on al loys of composit ion fal l ing in be tween  
present  compositions. 

The ove r -a l l  shape of the F lade  potent ia l  curves 
in Fig. 6, a l lowing for deviat ions ment ioned above, 
are s imilar  to those repor ted  for the C r - F e  alloys in 
H~SO, by Rocha and Lennar tz  ( I0 ) .  There  is a 
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Fig. 6. Activat ion or Flade potentials of Cr-Ni-Fe alloys in 
1.28N deaerated H~S04, 25~ 
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Fig. 7. Relation of Cr content of Cr-Fe-Ni alloys to t ime for 
breakdown of passivity in ] .28N deaerated H=SO~, 25~ 

bending of the curve both at low and high Cr com- 
positions wi th  re la t ive ly  steep rise in the region of 
the cri t ical  Cr composition. 

Time to in seconds requi red  for pass ivi ty  to b reak  
down increases wi th  Cr content,  as Fig. 7 shows, in 
accord with the approx ima te  re la t ion  log to = 0.2 
(% Cr) + 1.15. The recorded da ta  are for the 20, 
40, and 50% Ni al loy series where  the t ime held at 
the  passive potent ia l  in each instance was 15-20 sec. 
Values for the 60% Ni series also fal l  on the best  
s t ra ight  l ine through all the points  but  wi th  grea ter  
scat ter  in the 1 to 3% Cr range. It is concluded tha t  
wi thout  any Cr, the median l ife of the passive film 
in 1.28N H~SO~ is about 14 sec, which is consistent 
wi th  the observed behavior  of passive iron, inc lud-  
ing p robab ly  also the Fe -Ni  alloys. The prolonged 
life of the  passive film as Cr content  increases is 
consistent  wi th  the more act ive values  of the Flade  
potent ia l  for h igher  Cr alloys, which, as ment ioned 
before, para l le l  increased s tabi l i ty  of passivi ty.  

Discussion 
Major  changes in the slope of cr i t ical  cur rent  

densi t ies  plot ted with  respect  to per  cent Cr p r e -  
sumably  can be in te rp re ted  in te rms of a more pro-  
tect ive oxide film ini t ia t ing at  the  cri t ical  Cr com- 
positions, or a l t e rna t ive ly  in te rms of a s t ronger  
bond between discharged OH- (or O~) and the base 
metal ,  leading in e i ther  case to a passive film. A 
s t ronger  bond between adsorbate  and adsorbent  
would be expected to occur for compositions in 
which the d orbi ta ls  of Cr are  uncoupled.  Under  
such conditions, corresponding to Cr compositions 
above the cr i t ical  value, the observed cri t ical  cur-  
ren t  densi ty  is low and tends to change only s l ight ly  
wi th  increasing % Cr, as shown in Fig. 2 through 5. 
For  compositions corresponding to coupled d orb i -  
tals  of Cr, cr i t ical  cur rent  densi t ies  are much higher  
and the change with  al loy composit ion is greater .  

Al though a passive film hypothesized to consist of 
meta l  oxide may  meet  the  immedia te  qualitative 
requi rements  for an explanat ion  of cr i t ical  Cr com- 
positions in the  stainless steels, no quant i t a t ive  
evaluation has been offered by proponents of this 
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Table I. Calculated values for critical % Cr for passivity 
in Cr-Ni-Fe alloys 

Donor electrons from 
% Ni  Fe  on ly  Ni  on ly  Fe  and  Ni  

20 9.6% 3.3% 12.5 
40 7.2 6.5 12.9 
50 6.0 8.2 13.2 
60 4.8 9.8 13.4 

v iewpoin t .  On the o ther  hand,  an e v a l u a t i o n  is pos-  
sible in  t e rms  of the e lec t ron conf igura t ion  theory  
which  proposes tha t  the vacan t  surface d orbi ta ls  of 
Cr should be comple te ly  coupled by  e lec t rons  f rom 
Fe at 12 wt  % Cr or less in  the C r - F e  alloys, or 
w h e n  the weight  ra t io  of C r / F e  equals  12/88. As -  
s u m i n g  tha t  this rat io is m a i n t a i n e d  in  the C r - N i - F e  
alloys, the  fo l lowing express ion  is de r ived  for c r i t i -  
cal per  cent  Cr for pass iv i ty  a s suming  e lect rons  
dona ted  only  by  Fe:  Crit. % Cr ~ 12/88 ( 1 0 0 -  
Crit. % C r - -  % Ni) or Crit. % Cr = 0.120 ( 1 0 0 - -  
% Ni) .  

On the other  hand,  if the surface d orbi ta ls  of Cr 
are coupled by  e lect rons  dona ted  f rom Ni only, the  
cor responding  va lue  is: Crit. % Cr = 14/86 (% Ni) ,  
where  14/86 is the empi r ica l  ra t io  for pass iv i ty  ob-  
served for the Cr -Ni  al loys based on observed cr i t i -  
cal c u r r e n t  densi t ies  (4) .  A th i rd  case can  be con-  
s idered for which  e lec t rons  are dona ted  both  f rom 
Fe and  Ni. Using the  same empir ica l  rat ios for C r /  
Fe and  Cr /Ni ,  this leads to: Crit.  % Cr = 14/86 
(% Ni) + 12/88 (100 --  Crit. % Cr --  % Ni) = 
0.023 (% Ni) + 12.0. 

The ca lcu la ted  va lues  for cr i t ical  Cr composi t ions  
are  s u m m a r i z e d  in Tab le  I, and  are also indica ted  
for the  first 2 cases cited above on Fig. 2 th rough  5. 

For  20% Ni alloys, it  is seen in  Fig. 2 tha t  the 
ma jo r  pred ic ted  change  of slope at 9.6% Cr for the 
case of donor  e lect rons  f rom i ron  comes close to the 
observed  change  in  slope at abou t  10.5% Cr. There  
is no observed change  in slope at 3.3% Cr for the 
case of donor  e lect rons  f rom Ni. For  40% Ni, the 
pred ic ted  change  of slope at 7.2% Cr for donor  elec- 
t rons  f rom Fe aga in  comes close to the  observed 
va lue  at 7.6% Cr. Because of the  r ap id ly  chang ing  
slope in  this  region,  it  is no t  possible  to observe  
whe the r  a change  in  slope also resul ts  f rom donor  
e lect rons  f rom Ni pred ic ted  to occur at 6.5% Cr. 
F u r t h e r m o r e ,  it is no t  cer ta in  tha t  the  s l ight  d iscon-  
t i n u i t y  in  slope observed at 5% Cr is real.  

For  50% Ni alloys, the  observed change  in  slope 
at about  10% Ni lies to the  r igh t  of the  predic ted  
va lues  based on donor  e lect rons  f rom e i ther  Fe or 
Ni. The observed value ,  however ,  comes closer to 
the  pred ic ted  va lue  based  on donor  e lect rons  f rom 
Ni equa l  to 8.2% Cr t h a n  i t  does to the va lue  based 
on e lect rons  f rom Fe. In  this connect ion,  some sig- 
nif icance m a y  a t tach  to the fact tha t  al loys at 50% 
Ni con ta in  more  Ni t h a n  Fe. It  should be no ted  in  
Fig. 4 tha t  a s l ight  change  in slope also occurs close 
to the  va lue  of 6% Cr predic ted  for donor  electrons 
f rom Fe. This  sl ight change  of slope becomes more  

p ronounced  in  the 60% Ni al loy series in  Fig. 5 
where  the  change  can no longer  be ascr ibed to pos- 
sible va r ia t ions  of m e a s u r e m e n t .  The predic ted  
change  based on donor  e lec t rons  f rom Fe is at 4.8% 
Cr compared  to an  observed va l ue  of 4.5 to 5% Cr. 
The ma jo r  change  of slope at abou t  9.5% Cr now 
comes close to the  pred ic ted  va l ue  of 9.8% Cr based 
on donor  e lec t rons  f rom Ni. It  appears ,  therefore,  
tha t  in  al loys con ta in ing  less t h a n  50% Ni, the 
ma jo r  cr i t ical  composi t ion cor responds  to electrons 
dona ted  to Cr f rom Fe, whereas  above 50% Ni, the 
cr i t ical  composi t ion  corresponds  to e lect rons  dona ted  
by  Ni. 

There  is no s t rong evidence  tha t  donor  electrons 
come f rom both  Fe and  Ni, even  though this  migh t  
be  expected on f u n d a m e n t a l  grounds .  The  predic ted  
va lues  of cr i t ical  per  cent  Cr for donor  electrons 
f rom both  meta l s  lie def ini te ly  to the r igh t  of the 
observed ma j o r  changes  in slope. I t  should be noted 
tha t  any  smal l  changes in  slope of cr i t ical  cu r r en t  
dens i ty  as a func t ion  of composi t ion in  this h igher  
c h r o m i u m  range  fall  w i th in  the  e x p e r i m e n t a l  errors  
of m e a s u r e m e n t  since the m a x i m u m  change  on the 
logar i thmic  scale as plot ted a m o u n t s  to on ly  a few 
m a / c m t  The  same s i tua t ion  does not  app ly  to 
changes  of slope in  the lower  c h r o m i u m  composi t ion 
r ange  where  dev ia t ions  f rom a smooth  curve  th rough  
the  observed points  a m o u n t  to tens  or h u n d r e d s  of 
m a / c m t  

The p r i m a r y  fea tures  of the  cr i t ical  c u r r e n t  den -  
si ty curves  are descr ibed r ea sonab ly  well,  therefore ,  
by  the separa te  e lec t ron in t e rac t ion  be t w e e n  Cr and 
Fe dis t inc t  f rom in te rac t ion  b e t w e e n  Cr and  Ni. 
F u r t h e r m o r e ,  the cr i t ical  composi t ions  in the  t e r n a r y  
sys tem a p p r o x i m a t e  in each case the  cr i t ical  com- 
posi t ion typica l  of the cor responding  b i n a r y  system. 
F u r t h e r  e xpe r i me n t s  are  needed  to es tabl ish  whe the r  
s imi la r  r e l a t ions  can be expected in  other  passive 
a l loy systems. 
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Dissolution of Iron in Sulfuric Acid and Ferric Sulfate Solutions 
A. C. Makrides 1~ 
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Division oS Union Carbide Corporation, Niagara Falls, Ne~  York 

ABSTRACT 

Dissolution of i ron in  sulfuric acid solutions containing ferric sulfate is 
described by the superposit ion (without  distortion) of the part ial  processes of 
hydrogen evolution, reduct ion of ferric ion, and anodic dissolution of iron. Re- 
duction of ferric ion occurs at a diffusion-l imited rate. Derived relations be-  
tween electrode potent ial  and the concentrat ion of ferric sulfate, the l inear  
flow velocity, and t ime are verified. A comparison of po ten t ia l -cur ren t  density 
curves obtained by polarization and from addition of ferric sulfate suggests 
that adsorption of ferric ion, if any, has no appreciable effect on iron dis- 
solution 

Corros ion or d issolut ion of me ta l s  in  e n v i r o n -  
men t s  found  in  prac t ice  of ten  invo lves  a reac t ion  
proceed ing  at  a ra te  l imi ted  by  diffusion. For  ex-  
ample,  the corrosion ra te  of i ron  in  n e a r l y  n e u t r a l  
ae ra ted  salt  solut ions  is de te rmined ,  to a large ex-  
tent ,  by  the ra te  of diffusion of oxygen  to the  i r o n -  
so lu t ion  interface.  S imi la r ly ,  d isso lu t ion  of n icke l  in  
acid so lu t ion  is accelera ted  by  oxygen  which  ap -  
p a r e n t l y  is r educed  as fast  as it  diffuses to the  
in terface .  A s tudy  of such sys tems is of in te res t  
therefore  no t  on ly  in  genera l  e lec t rochemica l  theory  
bu t  also in  deve loping  methods  for m i n i m i z i n g  cor-  
ros ion  in  i n d u s t r i a l  processes. 

I t  is essent ia l  in  a s tudy  of a he te rogeneous  reac -  
t ion  proceeding  at a d i f fus ion- l imi ted  ra te  to cont ro l  
mass  t r an spo r t  to the  in te r face  precise ly  and  r e -  
p roducib ly .  The  ro t a t ing  cy l inde r  e lectrode (1-3)  
meets  these  r e q u i r e m e n t s  and  possesses the  a d v a n -  
tage  of a u n i f o r m  mass t r a n s p o r t  ra te  over  the  
whole  of its l a t e ra l  surface.  A n  app l ica t ion  of the 
ro t a t ing  electrode to d issolu t ion  of i ron  in  ferr ic  
sul fa te  solut ions  is p resen ted  here.  The  r e s u l t s  are 
discussed on the  basis  of the W a g n e r - T r a u d  pos tu -  
la te  of superpos i t ion  of pa r t i a l  processes toge ther  
w i th  e l e m e n t a r y  h y d r o d y n a m i c  considera t ions .  

Electrochemistry  of Iron Dissolution 

I ron  dissolves in  aqueous  acid solut ions  t h rough  
an  e lec t rochemical  m e c h a n i s m  (4-6) .  In  m o d e r a t e l y  
concen t ra t ed  acid solut ions  and  in  the  absence of 
r educ ib le  subs tances  other  t h a n  h y d r o g e n  ions, the  
pa r t i a l  processes a re  descr ibed  by  

io 
n~ = --  bolog . for 2H § -t- 2e---> H~ [1] 

~ov 

and  i~ ~ = b~ log . for Fe-~ Fe  § -{- 2e- [2] 
~oa 

w h e r e  the  n's are overpo ten t i a l s  associated w i t h  
c u r r e n t  densi t ies  i~ and  i~ and  the  io'S are  exchange  
c u r r e n t  densit ies.  At  the s teady state, 

i ~ = i o = i  .... [3] 
1~ P r e s e n t  addres s :  Resea rch  D e p a r t m e n t ,  Socony  Mob i l  Oil  Com-  

pany ,  Inc. ,  Dal las ,  Texas .  

at  a common  electrode potent ia l .  The  cor respond ing  
overpo ten t i a l s  are  

~- - - -E  .... --E/~ [4] 

where  E ..... is the  corrosion or d isso lu t ion  po ten t i a l  
a nd  E '~ the  revers ib le  po ten t i a l  for each pa r t i a l  
process. 

If a no t he r  r educ ib le  subs tance  is i n t roduced  in  
the  solut ion,  the  pa r t i a l  cathodic c u r r e n t  is the  sum 

i~ = i H  + in [6] 

where  ix is the  pa r t i a l  c u r r e n t  of h y d r o g e n  evo lu -  
t ion  a nd  i~ the  r educ t ion  c u r r e n t  of the added oxi-  
dant .  On ly  the  case where  i~ is equa l  to the  l imi t ing  
diffusion cur ren t ,  i~, is cons idered  here.  

E q u a t i o n  [6] expresses  the  basic a s sumpt ion  of 
this  deve lopment ,  viz., t ha t  the pa r t i a l  processes 
t ak ing  place d u r i n g  d issolu t ion  can be super imposed  
wi thou t  in te r fe rence .  The  on ly  res t r ic t ion  imposed  
is t ha t  at the  common  e lec t rode  po ten t i a l  the  sum 
of all  cathodic processes equals  the  sum of all  anodic  
processes. A n  e lec t rochemica l  descr ip t ion  of dis-  
so lut ion based on this a s sumpt ion  was  g iven  first by  
Masing  (7) and  in  de ta i l  by  W a g n e r  and  T r a u d  (8) .  

Dependence of the dissolution potential on i~ . - -The 
diffusion c u r r e n t  depends  on the  concen t r a t i on  of 
ox idan t  a nd  its diffusion coefficient, and  on the  flow 
rate.  I t  is s imi la r  to an  anodic  c u r r e n t  appl ied  ex-  
t e r n a l l y  s ince it is i n d e p e n d e n t  of the electrode 
potent ia l .  This  ana logy  is developed below. 

If is > >  i~, t hen  
i~ ~ is [7] 

and  the  corrosion c u r r e n t  for an electrode d issolv ing 
u n d e r  these  condi t ions  is g iven  by  the  diffusion cur -  
rent ,  wh i l e  the  po ten t i a l  is d e t e r m i n e d  by  the anodic  
po la r i za t ion  cu rve  (Eq. [2 ] ) .  Formal ly ,  

is = i .... = i~ 
a nd  

is 
y~ = E - -  E a  r e v  : b~ log . 

%oa 
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or  
~~ 

E = bolog . + E,  ~'~ [8]  

The re fo re ,  i t  is poss ib l e  to o b t a i n  t he  anod ic  
p o l a r i z a t i o n  c u r v e  for  t he  e l e c t r o d e  b y  d e t e r m i n i n g  
E as a func t ion  of ix. 

If  i~ ~ i~, bo th  h y d r o g e n  d i s c h a r g e  a n d  o x i d a n t  
r e d u c t i o n  m u s t  be  cons ide red .  P r o c e e d i n g  s i m i l a r l y  
to  t he  a b o v e  

(~x + / ~ )  
E ---- bo log + E~ ' ~  [9]  

~oa 

w i t h  iHa  func t ion  of po t en t i a l .  E q u a t i o n  [9]  r educes  
to [8]  a t  suff ic ient ly  pos i t i ve  p o t e n t i a l s  w h e r e  i .  
becomes  neg l ig ib le .  

D e p e n d e n c e  o] p o t e n t i a l  o n  c o n c e n t r a t i o n . - - I f  the  
d e p e n d e n c e  of ix on the  c o n c e n t r a t i o n  of ox idan t ,  
Cox (moles  cc-~), is known ,  w e  can i m m e d i a t e l y  
w r i t e  d o w n  E as  a func t ion  of Co~. S ince  u n d e r  mos t  
cond i t ions  ix > ~  iz, Eq. [8]  r a t h e r  t h a n  [9]  is used  
in  w h a t  fo l lows.  

The  d i f f u s i o n - l i m i t e d  c u r r e n t  is 

dj 
ix ~ n F  ~- n F k C o .  [10] 

d t  

Here ,  j is the  n u m b e r  of m o l e s  of o x i d a n t  t r a n s -  
p o r t e d  across  a un i t  a r ea  of m e t a l - s o l u t i o n  in te r face ,  
t t he  t ime  in seconds,  n t he  n u m b e r  of e q u i v a l e n t s  
p e r  mo le  of o x i d a n t ,  F F a r a d a y ' s  cons tan t ,  a n d  k 
t he  r a t e  cons t an t  in cm/sec .  F o r  t u r b u l e n t  flow, and  
in  excess  of an  ind i f f e r en t  e l e c t r o l y t e  ( c o n s t a n t  
ionic s t r e n g t h ) ,  k m a y  be  a s s u m e d  i n d e p e n d e n t  of 
Co~ (9) .  F r o m  Eq. [8]  and  [10] 

n F k  
E = b ~ l o g C o ~ + b o l o g  . + E ~  "~ [11] 

~'aa 

There fo re ,  a t  cons t an t  k and  i~,, the  p o t e n t i a l  is a 
l i nea r  func t ion  of the  l o g a r i t h m  of t he  c o n c e n t r a -  
t ion  of d e p o l a r i z e r  w i t h  a s lope  e q u a l  to t h e  Ta fe l  
s lope  of the  anod ic  p o l a r i z a t i o n  curve .  

T i m e  d e p e n d e n c e  o f  t h e  d i s s o l u t i o n  p o t e n t i a l . -  
The  change  of E w i t h  t i m e  can  be  c a l c u l a t e d  f r o m  
Eq. [8]  and  [10] .  The  p o t e n t i a l  of an  e l ec t rode  i m -  
m e r s e d  in  a so lu t ion  o r i g i n a l l y  Co. in o x i d a n t  moves  
in  a ca thod ic  ( ac t i ve )  d i r e c t i o n  as o x i d a n t  is d e -  
p l e t e d  b y  reac t ion .  The  r a t e  a t  w h i c h  o x i d a n t  is 
u sed  is g iven  b y  Eq. [10].  F r o m  Eq. [8]  

d E  b~ d ( i , )  

d t  2.30 (ix) d t  

w i t h  ioo i n d e p e n d e n t  of t ime .  N o t i n g  t h a t  

V~d(Co~) 
dj= 

A 

w h e r e  V, is t h e  so lu t ion  v o l u m e  and  A the  su r f ace  
a r e a  of t h e  e lec t rode ,  w e  h a v e  f r o m  Eq. [10]  for  
cons t an t  k ( f ixed  f low) ,  

d ( i x )  _ n F k  d(Co~) A - -  - -  n F k  ~ - -  Co~ 
d t  d t  V~ 

S u b s t i t u t i n g  a b o v e  and  us ing  Eq. [10] 

d E  - - A  
- -  - -  - - k b ~  [ 1 2 ]  
d t  2.30V, 

The  p o t e n t i a l  is t h e r e f o r e  a l i n e a r  f u n c t i o n  of t i m e  
w i t h  a s lope  g iven  b y  Eq. [12] .  I f  d E / d t  and  b~ a re  
known ,  k can  be  o b t a i n e d  f r o m  Eq. [12] .  

D e p e n d e n c e  o f  p o t e n t i a l  o n  h y d r o d y n a m i c  f l o w  
c o n d i t i o n s . - - E q u a t i o n s  [8]  and  [10] y i e l d  a r e l a t i o n  
b e t w e e n  E a n d  k f r o m  w h i c h  w e  m a y  de r ive  t he  
d e p e n d e n c e  of the  p o t e n t i a l  on v a r i o u s  h y d r o d y -  
n a m i c  p a r a m e t e r s .  S o m e  use fu l  r e l a t i o n s  a r e  g iven  
be low.  

The  r a t e  cons t an t  of a d i f fus ion -con t ro l l ed ,  r e a c -  
t ion  occu r r ing  at  a c y l i n d r i c a l  e l e c t r o d e  in t u r b u l e n t  
f low is 

D 
k = ~ = (C1) V ( R , )  -p ( P r )  -~ [13]  

w h e r e  D (cm~/sec)  is t he  d i f fus ion coefficient  of t he  
o x i d a n t ,  $ ( cm)  the  e f fec t ive  t h i c k n e s s  of t he  b o u n d -  
a r y  l aye r ,  and  V ( c m / s e c )  t he  l i n e a r  ve loc i ty .  Rx is 
R e y n o l d s  n u m b e r ,  d ~ V / v  w i t h  d~ ( cm)  the  d i a m e t e r  
of t he  e l ec t rode  and  v (cmVsec)  t h e  k i n e m a t i c  v i s -  
cosi ty ,  a n d  P r  is P r a n d t l ' s  n u m b e r ,  v / D .  Equa t ion  
[13] is b a s e d  on an  e x t e n d e d  R e y n o l d s  m o m e n t u m -  
mass  t r a n s f e r  a n a l o g y  ( the  C h i l t o n - C o l b u r n  a n a l -  
ogy)  a n d  is in good a g r e e m e n t  w i t h  e x p e r i m e n t s  
[2]  w i t h  C1 = 0.079, 9' = 0.644, and  fl = 0.2 to 0.3. 
As n o t e d  p r e v i o u s l y  (3 ) ,  fl d e p e n d s  on the  r a n g e  of 
R e y n o l d s  n u m b e r s  a n d  on the  r o u g h n e s s  of the  e l ec -  
t rode .  F o r  h y d r o d y n a m i c a l l y  r o u g h  su r faces  fl a p -  
p r o a c h e s  zero,  w h i l e  for  smoo th  e l ec t rodes  fl ------- 0.3 
at  s m a l l  R e y n o l d s  n u m b e r  (-~ 10 ~) a n d  ~ 0.2 at  
l a r g e  R e y n o l d s  n u m b e r s  (N 10g). 

Two  use fu l  r e l a t i o n s  can be  d e r i v e d  f rom Eq. 
[13] .  A t  cons t an t  Cox, f rom Eq. [8]  and  [10] 

n F  Cox 
E = b .  l o g k + b ~ l o g - - +  E.  ~ 

ioa 
A n d  f r o m  Eq. [13] 

E ---- b, log V C~-p~ + ( C o n s t a n t )  [14] 

There fo re ,  t he  p o t e n t i a l  va r i e s  l i n e a r l y  as the  log -  
a r i t h m  of t he  v e l o c i t y  at  a n y  cons t an t  C,,~ w i th  a 
s lope  of b~ (1 - -  fl) .  

A t  cons t an t  po t e n t i a l ,  f r om Eq. [8] ,  

i~ ---- ix ---- const  

A n d  f r o m  Eq. [10] a n d  [13] 

( C o n s t a n t ) l  = n F k  Co, = n F  (Constant)_~ V ~-"~ Cox 

R e a r r a n g i n g ,  

- -  log Co~ = (1-- f l )  log V + ( C o n s t a n t )  [15] 

T h e  v a l u e  of fl for  a p a r t i c u l a r  e x p e r i m e n t a l  a r -  
r a n g e m e n t  can be  o b t a i n e d  f rom a l o g - l o g  p lo t  of t he  
o x i d a n t  c o n c e n t r a t i o n  aga ins t  the  l i n e a r  ve loc i ty  at  
cons t an t  po t en t i a l .  

Re l a t i ons  [1] ,  [2] ,  [8] ,  [10],  [11] ,  [12],  [14] ,  
and  [15] have  b e e n  ver i f i ed  for  i r on  e l ec t rodes  in 
f e r r i c  su l f a t e  so lu t ions  0.5N in su l fu r i c  acid.  

Experimental 
The  e x p e r i m e n t a l  a r r a n g e m e n t  r e p o r t e d  p r e v i -  

ous ly  (3)  was  mod i f i ed  to r e d u c e  the  concen t r a t i on  
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Fig. 1. Reaction cell 

of o x y g e n  in so lu t ion  and  to m a k e  i t  eas ie r  to v a r y  
the  r o t a t i o n a l  speed.  

The  cel l  is s h o w n  in Fig.  1. The  e lec t rode ,  g e n -  
a u u t ~ b  c m  e r a l l y  a ~ . . . . . . .  1 cm m ~ ,  . . . .  ~1 and  4 

long,  was  a t t a c h e d  to a s t a in less  s tee l  shaf t  i so l a t ed  
f r o m  the  so lu t ion  w i t h  a g lass  tube .  A Teflon w a s h e r  
g a v e  a w a t e r - t i g h t  sea l  a t  t h e  p o i n t  of a t t a c h m e n t  
of spec imen  to shaf t  a n d  also i so la ted  the  top  s u r -  
face  of the  c y l i n d e r  f r o m  solut ion .  A t  the  o t h e r  end  
of t he  cy l inde r ,  a Teflon b e a r i n g  r i d ing  in a g lass  
cup fused  to t he  cel l  m i n i m i z e d  eccen t r i c  mo t ion  
and  at  t he  s a m e  t ime  i so la ted  the  l o w e r  su r f ace  of 
t he  c y l i n d e r  f r o m  solut ion.  S m a l l e r  e lec t rodes ,  a b o u t  
1 cm ~ in su r f ace  a rea ,  w e r e  used  in  p o l a r i z a t i o n  
s tudies .  In  these  cases, t h e  Teflon w a s h e r  a t  t he  top  
was  e x t e n d e d  to l e a v e  on ly  a b o u t  0.3 cm of t h e  e l ec -  
t r o d e  exposed  to t he  solu t ion .  

The  s tee l  sha f t  e n d e d  in an  i n v e r t e d  s tee l  cup 
w h i c h  r o t a t e d  in m e r c u r y  and  sea led  the  s y s t e m  
f rom the  a t m o s p h e r e .  E l ec t r i c a l  con tac t  to the  e l ec -  
t r o d e  was  m a d e  t h r o u g h  the  m e r c u r y  pool .  

Hydrogen ,  pur i f i ed  ove r  c o p p e r  a t  500~ and  
t h r o u g h  s o d i u m  p l u m b a t e ,  c o n c e n t r a t e d  su l fu r i c  
acid,  t r i p l y  d i s t i l l ed  w a t e r ,  a d r y i n g  tower ,  a n d  a 
cold  t r ap ,  w a s  p a s s e d  t h r o u g h  t h e  so lu t ion  p r i o r  to  
a r u n  and  ove r  t he  so lu t ion  d u r i n g  a run .  

P o t e n t i a l s  w e r e  m e a s u r e d  a g a i n s t  S.C.E. and  p l a t -  
in ized  p l a t i n u m  w i t h  a h igh  i m p e d a n c e  L&N p H  
m e t e r  connec t ed  to a m u l t i p l e  r ange ,  a d j u s t a b l e  
zero, D y n a m a s t e r  Br i s to l  r eco rde r .  A l t e r n a t i v e l y ,  a 
Rub icon  p o t e n t i o m e t e r  was  used  t o g e t h e r  w i t h  a 
g a l v a n o m e t e r  of 0.007 /~a /mm sens i t iv i ty .  A c a p i l -  
l a r y  p r o b e  w i t h  a b r i d g e  f i l led w i t h  so lu t ion  of the  
s ame  ac id  c o n c e n t r a t i o n  w a s  used  in  p o l a r i z a t i o n  
m e a s u r e m e n t s .  The  b r i d g e  l ed  to an  e x t e r n a l  S.C.E. 
A grease less ,  c losed,  s topcock  p r e v e n t e d  m i x i n g  of 
( a i r - s a t u r a t e d )  so lu t ion  ou t s ide  t he  cel l  w i t h  so lu -  
t ion  in t he  cell ,  b u t  h a d  suff icient  c o n d u c t i v i t y  w h e n  
w e t t e d  w i t h  so lu t ion  to m a i n t a i n  e l ec t r i ca l  contact .  
C o n s t a n t  c u r r e n t  was  o b t a i n e d  t h r o u g h  a p p r o p r i a t e  
r e s i s t ances  f r o m  two  b a n k s  of t h r e e  45 -v  b a t t e r i e s  
a r r a n g e d  in ser ies  to g ive  135 v. 

G re a se l e s s  g r o u n d  glass  jo in t s  w e r e  used  to avo id  
poss ib l e  c o n t a m i n a t i o n  f r o m  lub r i c a n t .  A l t h o u g h  
some  a i r  p r o b a b l y  d i f fused  in to  t h e  cell ,  a n y  c o n t r i -  
b u t i o n  f r o m  d i s so lved  o x y g e n  to t h e  ca thod ic  c u r -  
r e n t  was  ne g l i g ib l e  ( see  b e l o w ) .  

E l ec t rodes  w e r e  r o t a t e d  w i t h  a Bod ine  m o t o r  at  
speeds  c o n t i n u o u s l y  v a r i a b l e  up  to 4000 rpm.  The  
m o t o r  was  e l e c t r i c a l l y  i n s u l a t e d  f r o m  the  e l ec t rode  
b y  a sho r t  B a k e l i t e  s leeve,  f r i c t i o n - f i t t e d  on the  
u p p e r  p a r t  of the  sha f t  (F ig .  1).  R o t a t i o n a l  ve loc i -  
t ies  w e r e  m e a s u r e d  to 0.2% w i t h  b o t h  a J a q u e t  
t a c h o m e t e r  (v i a  a n  a u x i l i a r y  sha f t  d r i v e n  t h r o u g h  
an  18:1 r e d u c t i o n  g e a r )  and  a s t roboscope .  

T h r o u g h  a g r o u n d  glass  j o i n t  (no t  shown  in Fig.  
1) s m a l l  a m o u n t s  of a c o n c e n t r a t e d  so lu t ion  of 
Fe~(SO,)8 w e r e  a d d e d  to t he  so lu t ion  f r o m  a p rec i s ion  
(-----0.01 ml )  b u r e t  e q u i p p e d  w i t h  a g rease l e s s  Teflon 
s topcock.  

A n a l y t i c a l  r e a g e n t - g r a d e  f e r r o u s  su l f a t e  was  r e -  
c r y s t a l l i z e d  twice ,  w a s h e d  w i t h  a b s o l u t e  a lcoho l  and  
a n h y d r o u s  s p e c t r o s c o p i c - g r a d e  e ther ,  and  dr ied .  
F e r r i c  su l f a t e  was  p r e p a r e d  f r o m  f e r r o u s  su l f a t e  b y  
o x i d a t i o n  w i t h  hot,  c o n c e n t r a t e d  su l fu r i c  acid.  F e r -  
r ic  su l f a t e  so lu t ions  also w e r e  p r e p a r e d  f rom r e -  
c r y s t a l l i z e d  C.P. f e r r i c  su l fa te .  W a t e r  was  t r i p l y  
d i s t i l l ed ,  one  d i s t i l l a t i o n  b e i n g  c a r r i e d  out  of d i lu te ,  
a l k a l i n e  p o t a s s i u m  p e r m a n g a n a t e .  The  r e a c t i o n  v e s -  
sel a n d  a l l  g lass  p a r t s  w e r e  c l eaned  w i t h  a s a t u r a t e d  
so lu t ion  of p o t a s s i u m  d i c h r o m a t e  in  c o n c e n t r a t e d  
su l fu r i c  ac id  ( c l ean ing  so lu t ion)  and  r i n s e d  w i t h  
t r i p l y  d i s t i l l ed  w a t e r  p r i o r  to use.  W a t e r  d r a i n e d  
u n i f o r m l y  and  w i t h  zero con tac t  ang le  f r o m  glass  
su r faces  c l e a n e d  in  th i s  way .  

E l e c t rode s  w e r e  p r e p a r e d  f rom F e r r o v a c  E i ron  
(99.92-~ i ron ) .  T h e y  w e r e  a b r a d e d  w i t h  2 /0  e m e r y  
pape r ,  w a s h e d  w i t h  r e a g e n t - g r a d e  ca rbon  t e t r a -  
ch lor ide ,  l e f t  to  d ry ,  e t ched  in 1:3 HNO~, w a s h e d  
w i t h  d i s t i l l ed  w a t e r ,  e t ched  in 1 : 3 H~SO,, and  w a s h e d  
aga in .  

C o n c e n t r a t i o n s  of v a r i o u s  so lu t ions  w e r e  d e t e r -  
m i n e d  b y  ana lys i s .  The  cel l  was  t h e r m o s t a t e d  at  
30.0 _ I~  

Results and Discussion 

Dissolution in Sulfuric Acid 

In  0.52N H~SO, t h e  s t e a d y - s t a t e  d i s so lu t ion  p o -  
t e n t i a l  c h a n g e d  b y  less  t h a n  0.2 m y  on v a r y i n g  t h e  
speed  f r o m  zero to 4000 r p m  (200 c m / s e c ) .  Co ncen -  
t r a t i o n  o v e r p o t e n t i a l s  t h e r e f o r e  w e r e  ne g l i g ib l e  for  
bo th  p a r t i a l  processes .  Also  i t  m a y  be  i n f e r r e d  t h a t  
t he  p a r t i a l  c u r r e n t  for  r e d u c t i o n  of a n y  t r a c e  of 
o x y g e n  p r e s e n t  in so lu t ion  was  n e g l i g i b l e  in c o m -  
p a r i s o n  w i t h  t he  cor ros ion  cu r ren t .  1 

M e t a l  d i s so lu t ion  in ac id  a lone  is d e s c r i b e d  b y  
Eq. [ 1 ] - [ 5 ] ,  i.e., b y  spec i fy ing  the  e x c h a n g e  c u r r e n t  
a n d  Ta fe l  s lope  fo r  h y d r o g e n  e v o l u t i o n  a n d  for  
m e t a l  ox ida t ion .  T h e s e  p a r a m e t e r s  w e r e  not  a l w a y s  
r e p r o d u c i b l e  w i t h  i ron.  In  genera l ,  e l ec t rodes  b e -  
l onged  to one  of two  sets:  ( i )  t he  s t e a d y - s t a t e  co r -  
ros ion  p o t e n t i a l  was  a b o u t - - 0 . 5 1 0  to --0.520 v vs. 

1 It was suggested (3) tha t  an  observed dependence of potential  
on rotat ional  speed in solutions wh ich  were though t  to be air-free 
was at t r ibutable  to an  electrokinetic effect. It is apparen t  tha t  some 
dissolved oxygen mus t  have  been present  in these  solutions. As wi th  
other  oxidants,  the  part ial  cur ren t  for oxygen  reduct ion i n c r e a s e s  
and the dissolution potential  becomes more  positive w h e n  the  flow 
velocity is increased. 
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S.C.E., the  cor ros ion  c u r r e n t  about  400 ~ a / c m  ~, b~ = 
0 . 0 5 0  to 0.060 v, and  bo = 0 . 0 9 5  to 0.105 v;  (ii)  the  
cor ros ion  po t en t i a l  was  --0.495 to --0.505 v vs. S.C.E., 
the  cor ros ion  c u r r e n t  about  2200 ~ a / c m  ~, b~ = 0.030 
to 0.040 v and  bo = 0.095 v. The  h y d r o g e n  e x c h a n g e  
c u r r e n t  was  cons ide rab ly  l a rge r  t h a n  in ( i)  (see 
b e l o w ) .  

The  t i m e  d e p e n d e n c e  of the  cor ros ion  po t en t i a l  
d i f fered for  ( i)  and ( i i ) .  Fo r  set ( i ) ,  E .... i nc reased  
f r o m  a b o u t - - 0 . 5 5 0  to --0.515 in abou t  3-4 h r  and 
r e m a i n e d  e s sen t i a l ly  cons tan t  at abou t  this  va lue .  
For  set ( i i ) ,  the  d r i f t  cont inued ,  a l t hough  at a 
sma l l e r  ra te ,  for  at  leas t  24 hr. T h e  cor ros ion  c u r -  
r en t  inc reased  du r ing  this  t ime  to the  v a l u e  g iven  
above.  

The  cause of these  d i f ferences  is obscure.  The  
r a t h e r  w ide  v a r i a t i o n  in resul t s  ob ta ined  in e l ec t ro -  
chemica l  s tudies  (4-6, 9-12) w i t h  i ron  and  o the r  
me ta l s  of Group  VIII ,  no t ab ly  nickel ,  has  been  
ascr ibed  v a r i o u s l y  to impur i t i e s  in solut ion,  i m p u r i -  
t ies  in the  meta l ,  or  to solut ion of h y d r o g e n  in the  
m e t a l  (10, 11). I t  is possible  t ha t  some impur i t i e s ,  
e.g., ca rbon  and sulfur ,  h a v e  a p r o n o u n c e d  effect on 
the  k ine t ics  of d issolu t ion  even  if p r e sen t  in v e r y  
smal l  quant i t ies .  S ince  the  sys tem was  des igned  p r i -  
m a r i l y  for  the  s tudy  of d issolut ion in solut ions  w i t h  
oxidants ,  r esu l t s  for  d isso lu t ion  in acid a lone  a re  
l imi ted .  The  w o r k  r e p o r t e d  for  acid solut ions is 
cons idered  p r e l i m i n a r y  to a m o r e  e x t e n s i v e  s tudy  
w i t h  a m o r e  su i tab le  e x p e r i m e n t a l  a r r a n g e m e n t .  

T h e  v a r i a b i l i t y  of b~ m a d e  it  necessa ry  in most  
cases to ob ta in  po la r i za t ion  cu rves  p r io r  to a r u n  
in o rde r  to c o m p a r e  anodic  slopes obse rved  d i r ec t ly  
and by  addi t ion  of f e r r i c  sulfate .  In  o ther  cases, the  
cor ros ion  r a t e  and corros ion  po ten t i a l  w e r e  used to 
cha rac t e r i ze  the  e lec t rode .  

F i g u r e  2 g ives  anodic  and ca thodic  po la r i za t ion  
cu rves  typ ica l  of e l ec t rodes  be long ing  to set ( i ) .  
The  r e v e r s i b l e  H+/H~ po ten t i a l  was  --0.275 v vs. 
S.C.E. H y d r o g e n  ove rpo t en t i a l s  w e r e  

io 
no = - - (0 .105)  log [16] 

2.2 • 10 -" 

w i t h  i~ in a m p / e r a  ". F r o m  b~ = 2.30 R T / a ~ F ,  t he  
t r a n s f e r  coefficient a~, is 0.57. Fo r  the  anodic  p o l a r i -  
za t ion  c u r v e  

- ~ 4 0 0  ' ' ' ' ' ' ' ' i  ' ' ' ' ' ' ' ' I  ' ' ' ' 

" ' ~ 1 7 6 1 7 6 1 7 6  bo = .060v 

~soo ~ . . _ . . . _ _ ~ o /  
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-,600 I~ll%o 
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Fig. 2.  P o l a r i z a t i o n  d i a g r a m  f o r  i r o n  in  0 . 5 2 N  H~SO, a t  
30~ The diagram is typical of set (i). The electrode was in 
solution for ]0 hr E . . . .  = - - 0 . 5 ] 5  v. 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  N o v e m b e r  1 9 6 0  

E = - - 0 . 3 2 0  -t- 0.060 log i v s .  S.C.E. [17] 

The  r e v e r s i b l e  po ten t i a l  for  F e / F e  ++ was  no t  known,  
since ac t iv i ty  coefficients for  fe r rous  su l fa te  w e r e  
not  ava i lab le .  The  s t anda rd  po ten t i a l  for  F e / F e  ++ is 
E" = - -  0.68 vs. S.C.E. W i t h  an  e s t ima te  of E/~v ~- 
--  0.80 (aF~so, ~-- 10-4), i~ ~ 10 -8 a m p / c m  ~ at this 
FeSO4 concen t ra t ion .  

The  d issolu t ion  r a t e  m a y  be  ob ta ined  by  e x t r a p o -  
la t ion  of e i the r  the  anodic  or ca thodic  po la r iza t ion  
curves  to the  d issolu t ion  po t en t i a l  (6) .  A t  E ---- --  
0.515 v, v~ = --  0.240 v and f r o m  Eq. [16] 

i~ = i .... ~ 4.1 X 10 -4 a m p / c m  ~ 

A s imi la r  e x t r a p o l a t i o n  of t he  anodic  cu rve  to 
E = --  0.515 v y ie lds  i~ ---- i .... = 5.6 X 10 -4 a m p / c m  ~. 
A l t e r n a t i v e l y ,  fo l lowing  W a g n e r  and T r a u d  (8) 
and S t e r n  (12),  i .... m a y  be  d e t e r m i n e d  f r o m  the  
slope of t he  E vs. i~,p, c u r v e  at  smal l  v a l u e s  of i~,~,. 
If, for  example ,  t he  e l ec t rode  is po la r i zed  ca thod i -  
ca l ly  

i ~ ,  = io ~ i~ [18] 

For  conven ience ,  the  s t e a d y - s t a t e  d issolu t ion  po-  
t en t i a l  ( ins tead  of the  r e v e r s i b l e  po ten t i a l )  m a y  be 
t aken  as the  r e f e r ence  po t en t i a l  so tha t  

io = i .... exp  (--2.30 E/bo)  

i~ = i .... exp  (+2 .30  ~/b~)  [19] 

w h e r e  e = E --  E ..... Subs t i t u t i ng  [19] in [18] 

. . . . .  . . . .  

E x p a n d i n g  a round  ~ = 0, neg lec t ing  h ighe r  t e rms  
for smal l  e, and r e a r r a n g i n g  we  obta in  the  equa t ion  
g iven  by S t e r n  (12) 

b~b~ 
i . . . .  = [21] 

2.30 (b. + ha) (e/i . . . .  ) 

F i g u r e  3 shows a plot  of e vs. i.~,~ a t  smal l  E, f rom 
wh ich  i .... = 4.1 X 10 -4 a m p / c m  ". 

F i g u r e  4 g ives  resu l t s  typ ica l  of e lec t rodes  be -  
longing  to set  ( i i ) .  The  cu rves  d r a w n  t h r o u g h  the  
open t r i ang l e s  w e r e  ob ta ined  4 hr  a f t e r  i m m e r s i o n  
of the  e l ec t rode  in the  solution,  wh i l e  the  curves  
t h rough  the  fu l l  tr iangle.s w e r e  ob ta ined  24 hr  a f te r  
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Fig. 3. Polarization data at smell applied current densities 
in 0.52N H2SO4 at 30~ 
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Fig. 4. Polarization diagram for iron in 0.52N H~SO4 at 
30~ The diagram is typical of set (it). Curves through open 
points were obtained 4 hr after the electrode was in solution, 
and those through the full points after 20 hr in solution. 

Hyd  . . . . . . . . . . .  -'-'~ *^- *" . . . . . .  
cases are  

i 
no : --0.096 log 

2 • 10 -~ 
and 

i 
~o = --0.094 l o g  

1 • 10 -~ 

The  anodic  po la r i za t ion  c u r v e  was  essen t i a l ly  u n -  
a l t e red  du r ing  this t ime.  The  two  sets of resu l t s  a re  
descr ibed  by  

E = --0.385 -t- 0.038 log i vs. S.C.E. 

which  y ie lds  on assumpt ions  s imi la r  to those  m a d e  
above,  to, ~ 10 ~1 a m p / c m  ~. There fo re ,  t he  shif t  of 
the  cor ros ion  po ten t i a l  to m o r e  noble  va lues  and 
the inc reased  corros ion r a t e  r e su l t  e ssen t ia l ly  f r o m  
the inc rease  of the  h y d r o g e n  exchange  cur ren t .  

Dissolut ion  in  Ferr ic  Su l fa t e  So lu t ions  

The  b e h a v i o r  of i ron e lec t rodes  in fe r r i c  su l fa te  
solut ions pa r a l l e l ed  tha t  on anodic  polar iza t ion .  
Da ta  w i t h  e lec t rodes  be long ing  to set  (i)  a re  p r e -  
sented  in Fig. 5 w h i c h  shows the  d e p e n d e n c e  of 
po ten t ia l  on the  concen t r a t ion  of fe r r i c  su l fa te  over  
the  r ange  of  ve loc i t i es  50 to 200 cm/sec .  The  p o t e n -  
t ia l  is a l i nea r  func t ion  of the  l o g a r i t h m  of fe r r ic  ion 
concen t r a t ion  at po ten t i a l s  suff ic ient ly r e m o v e d  
f r o m  the  corros ion  potent ia l .  Acco rd ing  to Eq. [11], 
the  slope of the  l inea r  sect ions of these  plots  should 
be equa l  to b~. Va lues  of b~ d e t e r m i n e d  in this  w a y  
r a n g e  f r o m  0.057 to 0.066 v wh i l e  0.060 v was  m e a s -  
u red  d i r ec t ly  (see  Fig.  2) .  

Ra te  cons tan t s  at va r ious  ve loc i t i es  a re  r e q u i r e d  
for  compa r i son  of resu l t s  f r o m  anodic  po la r i za t ion  
and f r o m  add i t ion  of f e r r i c  sulfate .  R a t e  cons tants  
w e r e  d e t e r m i n e d  by  w i t h d r a w i n g  5 ml  por t ions  of 
the  solut ions  at' va r ious  t imes  and ana lyz ing  for  iron. 
Equa t i on  [10] was  used in the  i n t e g r a t e d  f o r m  
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Fig. 5. Electrode potential as a function of ferric sulfate 
concentration at various linear velocities. The slopes ore, 
from left to right, 0.057, 0.058, 0.062, 0.066, and 0.066 v. 
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Fig. 6. First order rate constants as a function of velocity 

in 0.52N HeSO~ at 30~ Values shown by open circles were 
calculated from the change (determined by analysis) of fer- 
ric ion concentration with time using Eq. [ 22 ] ;  solid circles 
were obtained from the time dependence of the dissolution 
potential and from the anodic Tafel slope (b~ ~ 0.060 v) 
using Eq. [12 ] .  

2.30 V, 
k -- - -  log (C~  [22] 

A t  

Resul t s  are  shown in Fig. 6. Ra te  cons tants  cannot  
be  compu ted  f r o m  Eq. [13] s ince  the  diffusion con-  
s tan t  of fe r r i c  ion in 0.5N H:SO, so lu t ion  is not  
known.  F r o m  e x p e r i m e n t a l  va lues  of k, w i t h  f~ = 
0.20 (see b e l o w ) ,  and v = 0.87 • 10 -~ cm2/sec, we  
find f r o m  Eq. [13] D ~ 3 • 10 -6 cm: /sec .  The  es t i -  
m a t e d  e q u i v a l e n t  th ickness  of the  b o u n d a r y  l aye r  
is t hen  8 = D / k  ~- 0.5 • 10 -~ cm at  V = 100 cm/sec .  

P o t e n t i a l - c u r r e n t  dens i ty  cu rves  ob ta ined  by  an -  
odic po la r i za t ion  and f r o m  add i t ion  of fe r r i c  su l fa te  
a r e  c o m p a r e d  in Fig.  7. Po in t s  ob ta ined  by the  two  
me thods  differ  by  less than  10 m v  at any  c u r r e n t  
densi ty .  

Dependence  of Dissolut ion  Ra te  and Po ten t ia l  
on F l o w  Ve loc i t y  

Accord ing  to [15], a p lo t  of log C vs. log V at 
cons tan t  po t en t i a l  is l i nea r  w i t h  a s lope of ( l - - B ) .  
Da ta  f r o m  Fig.  7 are  p lo t t ed  in Fig.  8 at E ---- const  
-- --  0.420 v vs. S.C.E. O v e r  t h e  l imi t ed  r a n g e  of  
ve loc i t i es  used  (50-200 c m / s e c ) ,  ( l - -B)  = 0.80 or 
fl : 0.20. Us ing  this  v a l u e  for  fl, i t  is expec t ed  f r o m  
Eq. [14] t ha t  a p lo t  of log V vs. E at  cons tan t  C is 
l i nea r  w i t h  a s lope of 0.80 b,. F i g u r e  9 g ives  such 
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Fig. 7. Comparison of anodic curves obtained directly and 
by addition of Fe2($O4)~ for electrodes of set (i). 
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Fig. 8. Plot from data given in Fig. 5 at constont potent ial  

plots for an  electrode h a v i n g  a m e a n  va lue  of b= 
0.060 v (E .... ~ - - 0 . 5 2 1 )  at 34.6, 46.1, and  67.5 
mequ iv /1  of Fe=(SO,)~. The  observed m e a n  slope of 
0.044 is in  good a g r e e m e n t  wi th  a ca lcula ted  va lue  
of 0.048 v. 

Time Variation of Potentia~ 

The  change  of po ten t i a l  wi th  t ime  at var ious  flow 
velocit ies is g iven  in  Fig. 10. F r o m  the  slope, dE/dr, 
and  wi th  b= ---- 0.060 v, r a t e  cons tan t s  were  ob ta ined  
f rom Eq. [12]. These are shown as solid circles in  
Fig. 6. The good a g r e e m e n t  wi th  k's found  by  a n a l y -  
sis confirms the  va l id i ty  of Eq. [12].  

Electrodes o] set ( i i ) . - - F i g u r e  11 shows the de-  
pendence  of po ten t i a l  on ferr ic  ion concen t ra t ion  
for electrodes be long ing  to set  ( i i ) .  The slope of the  
l i nea r  sect ion of the  curve  is 0.040 v. Resul ts  were  
s imi la r  to those descr ibed above. The  smal l e r  Tafel  
slope of the  anodic  curve  led howeve r  to r e l a t ive ly  
smal le r  changes  of po ten t ia l .  

G e n e r a l  D i s c u s s i o n  

A l t h o u g h  the  anodic  reac t ion  for d issolu t ion  of 
i ron  in  su l fur ic  acid so lu t ion  fol lowed a Tafe l  r e l a -  
t ion, bo th  the  slope and  the  exchange  c u r r e n t  va r ied  
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Fig. 9. Dependence of electrode potent ial  on veloci ty at 
constant Fe~(SO4)3 concentration in 0.52N H~SO~ at 30~ 
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Fig. 10. Change of potential wi th t ime at various f low 
velocities. 

w i t h i n  r a the r  wide  l imits.  As no ted  above,  Tafe l  
slopes were  gene ra l l y  e i ther  abou t  0.035 or 0.060 v;  
exchange  c u r r e n t s  were  smal le r  by  10 ~ for elec- 
t rodes hav ing  the  fo rmer  slope. 

Repor ted  Tafe l  slopes for the F e / F e  +§ couple also 
v a r y  widely.  Roitar ,  Jura ,  and  P o l u j a n  (13) found  
for "e lect rolyt ic  i ron"  in 1.25M FeSO,, ba : 0.060 
or 0.075 v, d e p e n d i n g  on the h i s to ry  of the electrode, 
wi th  io --~ 3 • 10 -~ a m p / c m  ~. S t e r n  and  Roth (14) 
repor ted  b~ = 0.068 v in  4% NaC1 at pH of 1.5. 
Okamoto,  Nagayama ,  and  Sato (11) found  b~ : 0.10 
wi th  Armco  i ron  in  0.3N H~SO4. Hoar  and  H u r l e n  
(15) d e t e r m i n e d  bo -~ 0.030 and  io ~ 3 • 10 -~ a m p /  
cm ~ in  0.5M FeSO, + 0.1M NaHSO,.  Bonhoeffer  and  
Heus le r  (16) ob ta ined  b~ : 0.030 in  perch lora te  
solutions,  a v a l u e  also repor ted  b y  Kaesche  (17) in 
s imi la r  solut ions.  

P r o n o u n c e d  t ime  dependence  of the anodic  po la r i -  
za t ion  cu rve  is also gene ra l ly  observed and  is f re -  
q u e n t l y  associated w i th  an open hysteres is  loop 
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Fig.  12. R o t e  o f  h y d r o g e n  e v o l u t i o n  as a f u n c t i o n  o f  
Fe~(SO~)~ c a l c u l a t e d  f r o m  Eq. [ 2 8 ] .  P o i n t s  o r e  e x p e r i m e n t a l  
o v e r a g e  ro tes  g i v e n  in re f .  ( 2 l ) .  

(6, 11). The  c u r v e  t r a c e d  on d e c r e a s i n g  the  c u r r e n t  
d e n s i t y  fa l l s  b e l o w  the  cu rve  o b t a i n e d  on i nc rea s ing  
the  cu r ren t ,  t h e  cor ros ion  p o t e n t i a l  b e i n g  d i s p l a c e d  
a f t e r  a cyc le  to a m o r e  n e g a t i v e  va lue .  A s i m i l a r  
d r i f t  t o w a r d  l o w e r  ove rpo t en t i a l s ,  p a r t i c u l a r l y  at  
h igh  c u r r e n t  dens i t ies ,  was  o b s e r v e d  here .  In  o b -  
t a in ing  anod ic  p o l a r i z a t i o n  curves ,  each  c u r r e n t  
se t t ing  was  he ld  for  a b o u t  1 m i n  d u r i n g  w h i c h  t i m e  
the  p o t e n t i a l  d e c r e a s e d  b y  a b o u t  1 mv. T h e  e lec -  
t rode  r e t u r n e d  to a p o t e n t i a l  10-15 m v  m o r e  n e g a -  
t ive  t h a n  E . . . .  a f t e r  anod ic  p o l a r i z a t i o n  and  d r i f t e d  
to w i t h i n  a few mi l l i vo l t s  of E . . . .  in  a b o u t  15 rain.  

A n u m b e r  of h y p o t h e s e s  h a v e  been  a d v a n c e d  to 
account  for  t h e  anodic  b e h a v i o r  of i ron.  I t  has  been  
sugges t ed  r e p e a t e d l y  (4, 11, 18) t h a t  t he  e x t e n t  of 
a d s o r p t i o n  of  a tomic  h y d r o g e n  on the  su r f ace  of an  
i ron  e l ec t rode  dec reases  w i t h  i nc rea s ing  ( m o r e  
nob l e )  po ten t i a l .  I t  is poss ib l e  to accoun t  for  some 
of these  effects on the  a s s u m p t i o n  t h a t  an  a d s o r b e d  
f i lm of h y d r o g e n  i n t e r f e r e s  w i t h  t h e  r a t e  of the  

F e - *  F e  § reac t ion .  A l t e r n a t i v e l y ,  a d s o r p t i o n  of h y -  
d r o x y l  ion and  i ts  v a r i a t i o n  w i t h  p o t e n t i a l  (19) h a v e  
been  pos tu l a t ed .  

A n o d i c  o v e r p o t e n t i a l s  for  i ron  a r e  r e l a t i v e l y  la rge ,  
the  e x c h a n g e  c u r r e n t  be ing  of t he  o r d e r  of 10 -~ 
- -10 -11 a m p / c m  2. I t  is p r o b a b l e  t ha t  s m a l l  a m o u n t s  
of i m p u r i t i e s  have  a p r o n o u n c e d  effect on d i s so lu -  
t ion  k ine t ics .  One  e x p e c t s  d i s so lu t ion  to proceed 
m a i n l y  a t  s i tes  w h e r e  m e t a l  ca t ions  a r e  in  s ta tes  of 
h i g h e r  e n e r g y  t h a n  a t  t he  res t  of t he  su r f a c e  (20) .  
These  m a y  be  at  s u b g r a i n  bounda r i e s ,  d i s loca t ions ,  
edges  of i n c o m p l e t e  l aye r s ,  etc. As  ions f r o m  such 
si tes d issolve ,  n e a r  n e i g h b o r s  a r e  p l a c e d  in pos i t ions  
e n e r g e t i c a l l y  f a v o r e d  for  d i sso lu t ion .  H o w e v e r ,  these  
s i tes  a r e  p r o b a b l y  also p r e f e r r e d  for  a d s o r p t i o n  of 
impur i t i e s .  I t  is t hus  p r o b a b l e  t h a t  i m p u r i t i e s  in 
q u a n t i t y  f a r  less  t h a n  a m o n o l a y e r  m a y  h a v e  a l a r g e  
effect on the  anodic  p a r t i a l  reac t ion .  Some  i m p u r i -  
t ies  m a y  be  i n t r o d u c e d  f r o m  the  d i s so lv ing  e lec -  
t rode .  Okamoto ,  N a g a y a m a ,  a n d  Sa to  (11) ,  for  e x -  
ample ,  sugges t  t h a t  sulf ide ions p r o d u c e d  f r o m  
su l fu r  inc lus ions  in  A r m c o  i ron  m a y  be  r e spons ib l e  
for  t h e  anod ic  hys t e r e s i s  loop.  I t  is p r o b a b l e  t h a t  
the  d i v e r g e n t  r e su l t s  quo ted  a b o v e  a r e  a conse -  
quence  of e x t r a n e o u s  i m p u r i t i e s  and  a re  not  c h a r -  
ac t e r i s t i c  of  c l ean  i r on  e lec t rodes .  I t  shou ld  b e  noted ,  
h o w e v e r ,  t h a t  i m p u r i t i e s  p r e s e n t  in q u a n t i t i e s  suffi- 
c ient  to affect  t he  anod ic  p a r t i a l  r e a c t i o n  m a y  have  
a r e l a t i v e l y  s m a l l  or  even  n e g l i g i b l e  effect  on 
processes ,  such  as r e d u c t i o n  of f e r r i c  ion, w h i c h  
p roc e e d  ove r  e s sen t i a l l y  the  w h o l e  of t h e  e l ec t rode  
sur face .  

Dissolution in Ferric Sulfate Solutions 

P r e v i o u s  w o r k  (1, 3) has  s h o w n  t h a t  r e d u c t i o n  of 
f e r r i c  ion on i r on  a n d  m i l d  s tee l  in  ac id  so lu t ion  
p r o c e e d s  at  a d i f f u s i o n - l i m i t e d  ra te .  T h e  first  o r d e r  
k ine t ics ,  t he  d e p e n d e n c e  of t he  r a t e  on flow ve loc i ty ,  
and  t h e  a b s o l u t e  m a g n i t u d e  of the  r a t e  cons tan t s  
( ~  10 -~ - -  10 -~ c m / s e c )  a r e  a l l  in accord  w i t h  t he  
a s s u m p t i o n  t ha t  d i s so lu t ion  is l i m i t e d  on ly  b y  the  
r a t e  of d i f fus ion of f e r r i c  ion to  the  in t e r face .  

I t  is in g e n e r a l  pos s ib l e  to d e t e r m i n e  the  anodic  
p a r t i a l  c u r v e  f r o m  t h e  d e p e n d e n c e  of p o t e n t i a l  on 
the  c o n c e n t r a t i o n  of o x i d a n t  w h e n  t h e  o x i d a n t  is 
r e d u c e d  a t  a d i f f u s i o n - l i m i t e d  r a t e  (Eq. [ 1 1 ] ) .  The  
ques t ion  to be  a n s w e r e d  e x p e r i m e n t a l l y  is w h e t h e r  
t he  o x i d a n t ,  f e r r i c  ion  in th i s  case, modif ies  t he  
anodic  p a r t i a l  c u r v e  or  the  r e d u c t i o n  k ine t i c s  for  
h y d r o g e n  evo lu t ion .  

The  anodic  p a r t i a l  c u r v e  is no t  c h a n g e d  b y  f e r r i c  
ion. A l t h o u g h  the  anod ic  s lope  was  v a r i a b l e ,  v a l u e s  
o b t a i n e d  w i t h  the  s a m e  e l e c t r o d e  b y  anodic  p o l a r i -  
za t ion  and  f r o m  the  d e p e n d e n c e  of p o t e n t i a l  on the  
f e r r i c  ion c o n c e n t r a t i o n  co inc ided  c losely .  I t  m a y  be  
conc luded  t h a t  f e r r i c  ion has  no specific effect on the  
anod ic  p a r t i a l  curve .  

The  a bse nc e  of specific effects is no t  su rp r i s ing .  
I f  r e d u c t i o n  occurs  a t  a r a t e  l i m i t e d  b y  diffusion,  a 
c o n c e n t r a t i o n  g r a d i e n t  of an  e q u i v a l e n t  t h i cknes s  
is e s t a b l i s h e d  in  t h e  s t e a d y  s t a te2  I f  suff ic ient  i n -  

2 The  e q u i v a l e n t  t h i c k n e s s  of t he  b o u n d a r y  l aye r  is o b t a i n e d  b y  
a s s u m i n g  t h a t  t he  c o n c e n t r a t i o n  of the  d i f fu s ing  species  changes  
l i n e a r l y  w i t h  d i s t ance  f r o m  a v a l u e  of zero a t  t he  i n t e r f a c e  to  i t s  
b u l k  c o n c e n t r a t i o n  a t  6. The  p h y s i c a l  t h i c k n e s s  of t he  b o u n d a r y  
l aye r  m a y  be  a p p r o x i m a t e d  w i t h  suff ic ient  a ccu racy  for  t he  p u r p o s e  
of th i s  d i scuss ion  b y  ~. 
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di f ferent  e lec t ro ly te  is present ,  changes  of ionic 
s t r eng th  caused by  ferr ic  ion m a y  be neglected.  
Fe r r i c  ion could t h e n  inf luence  the  k ine t ics  of me t a l  
d issolu t ion  or of hyd rogen  r educ t i on  e i ther  by  ad -  
sorp t ion  in  the  fixed pa r t  of the  e lectr ical  double  
l aye r  or t h rough  reac t ion  w i th  some i n t e r m e d i a t e  
fo rmed  in  e i ther  process. 

The re  is no  a p p a r e n t  i n t e r m e d i a t e  in  the  anodic  
process wi th  which  ferr ic  ion could in teract .  At  the  
same t ime, adsorp t ion  of ferr ic  ion is u n l i k e l y  since 
it is prec ise ly  in  the region  of the  Helmol tz  l ayer  
tha t  its concen t r a t i on  approaches  zero (C ~ ( 1 0  -~ 
C~u,~)--~ 10 -~ to 10 -~ equiv /1) .  The  concen t ra t ion  
g r ad i en t  for fe r rous  ion is, of course, opposite to 
tha t  for ferr ic  ion. However ,  the  resul t s  show tha t  
the local excess of fe r rous  ion had  l i t t le  effect on the  
anodic  curve.  

Fe r r i c  ion could modi fy  the  h y d r o g e n  evo lu t ion  
reac t ion  (h.e.r .)  by  reac t ing  wi th  adsorbed h y d r o -  
gen  a toms fo rmed  w h e n  h y d r o g e n  is discharged.  
In t e r f e r ence  effects, if any,  wi l l  be  s ignif icant  in the 
ne ighborhood  of the  corrosion potent ia l .  At  more  
posi t ive  po ten t ia l s  the  h.e.r, r eac t ion  becomes n e g -  
l igible.  

The  two most  l ike ly  mechan i sms  for the h.e.r, on 
i ron are  slow discharge  and  the  adsorbed  h y d r o g e n -  
hyd rogen  ion react ion.  ~ These m a y  be w r i t t e n  as 

H~O + + e ~  H,~  + H.O [23] 
and  

H,O ~ + H,~ + e-~ H~ + H.20 [24] 

wi th  
[25] H.~O + H,d, + Fe +++-~ H.,O + + Fe ~+ 

possible in the presence of ferric ion. 

If we denote the rate by v, and if [23] is rate con- 
trolling, i.e., v2 > 10 v~, the over-all rate of h.e.r, is 
unaffected by [25] in the range ix ~ V~ ~ Vh ...... 
Similarly, if [24] is slow and [23] fast, again [25] 
is negligible for Vh ..... --- Vs. In either case, the sta- 
tionary concentration of H,d~ is not changed to any 
appreciable extent by reaction [25]. Only if [23] 
and [24] are comparable in rate will reaction [25] 
have an appreciable effect on the h.e.r. It is shown 

below that no effect was detected. 
It must be emphasized that the possible effects on 

the h.e.r, discussed above are in addition to the ex- 
pected decrease in rate at the more positive poten- 
tials in ferric sulfate solutions. This decrease is, of 
course, allowed for in superposing partial processes. 

It has been proposed (21) that ferric ion reduc- 
tion and hydrogen evolution are competitive not be- 
cause of indirect reduction (process [25] above) 
but through competition between ferric and hydro- 
gen ions for available adsorption sites. The sugges- 
tion was based on an interpretation of the dissolu- 
tion r a t e  of mi ld  steel in  s t a g n a n t  ferr ic  sul fa te  
so lu t ions  (21) .  

Let  us e x a m i n e  the  dependence  of the d issolu t ion  
ra te  of ferr ic  ion concen t ra t ion ,  p a r t i c u l a r l y  in  the 
r a n g e  i~ ~. is. The  d isso lu t ion  ra te  ( e q u i v / c m V s e c )  
is 

(d issolu t ion  ra te )  F = is = ix + i H  

8 I t  is no t  l i k e l y  t h a t  a c o m b i n a t i o n  of  a b s o r b e d  h y d r o g e n  a toms  is 
t h e  s low  step for  the  h.e.r,  on i ron  since t he  Tafe l  s lope is a b o u t  
0.1 v .  
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If we choose the d issolu t ion  po ten t ia l  in  the  absence 
of ferr ic  ion as the re fe rence  potent ia l ,  t h e n  

i~ ---- i . . . .  exp (2.30 ~/b~)  [26] 
o r  

= bolog ( i J i  . . . .  ) 

w he r e  i . . . .  is the  d isso lu t ion  ra te  in acid alone. Bu t  
f rom i~ = ix + ill, 

io = ix + i . . . .  exp (--2.30 e / b e )  [27] 

and  subs t i t u t i ng  [26] into [27] 

i~ = ix + i . . . .  ( i  . . . .  / i~ )  ~lb~ 

f rom which  

i a - -  i . . . .  ( i  . . . .  / i , )  b"/bc = ix = n F k  CF . . . .  [28] 

Poss ib le  in t e r f e rence  effects ma y  t h e n  be looked 
for (a) in  the  ra te  of r educ t ion  of ferr ic  ion as a 
func t ion  of C~ .... and  (b)  in  the  r a t e  of hydrogen  
evo lu t ion  as a func t ion  of CF ..... We have  a l ready 
shown (22) tha t  w i t h i n  the  r ange  0.01 to 0.467 
equiv/1  for which  da ta  are g iven  in  (21),  the ra te  
of ferr ic  ion reduc t ion  is p ropor t iona l  to the  ferric 
ion concen t r a t i on  wi th  an  average  ra te  cons tan t  of 
1.75 X 10-' cm/sec . '  

The ra te  of hydrogen  evo lu t ion  is g iven  in Eq. 
[28] by  the  second t e r m  on the l e f t - h a n d  side. F r o m  
(21),  i .... = 0.39 ma /cm"  and  b~ = 0.060 v. The 
curve  g iven  in  Fig. 12 was  ca lcu la ted  us ing the 
va lue  of k g iven  above and  assuming  bo = 0.100 v. 
The poin ts  shown are e x p e r i m e n t a l  va lues  g iven in  
Table  II of ref. (21). The cu rve  lies somewha t  above 
a "least  squares"  l ine  bu t  is in  fa i r ly  good agree-  
m e n t  w i th  the  average  ra tes  of h y d r o g e n  evolu t ion  
found  in  (21)2  

E q u a t i o n  [27] can be used  to d e t e r m i n e  whe the r  
the  cathodic pa r t i a l  r eac t ions  are addi t ive.  At  any  
g iven  concen t r a t i on  of ferr ic  ion, the  r a t e  of hydro -  
gen evo lu t ion  can be ca lcu la ted  if it  is assumed,  as 
above, t h a t  the  two processes are i ndependen t .  F ig -  
u re  11 shows the resul t s  of this calcula t ion.  Here, 
i .... = 390 ~ a / c m  ~ at  E .... = --0.500 vs. S.C.E., and  
be = 0.100 v. For  each concen t r a t i on  ix was  calcu-  
la ted  f rom the  ra te  cons t an t  (k = 3.1 • 10 -~ cm/sec)  
and  i~ was  ob ta ined  f rom the  second t e r m  on the 
r.h.s, of Eq. [27].  Anodic  cu r ren t s  ob ta ined  in this 
w a y  were  conver ted  to e q u i v a l e n t  concen t ra t ions  of 
ferr ic  ion a nd  are  shown as open circles on the  same 
figure. They  fall, w i t h i n  e x p e r i m e n t a l  error ,  on the 
l ine  ex t rapo la ted  f rom high concen t ra t ions  of ferr ic  
ion (ix > >  i~). I t  m a y  be concluded tha t  hydrogen  
evo lu t ion  and  ferr ic  ion reduc t ion  do not  in te r fe re  
wi th  each other.  

Conclusions 
A n  ana lys i s  of changes  of e lectrode po ten t i a l  w i th  

concen t r a t i on  and  flow ve loc i ty  shows tha t  the  Tafel  
l ine  for the  F e / F e  ~+ couple is unaf fec ted  by  ferr ic  
ion. Specific effects expected  if adsorp t ion  of ferr ic  
ion took p lace  are not  found.  The  ove rpo ten t i a l  curve  

For  the  e x p e r i m e n t a l  cond i t i ons  e m p l o y e d  in  (21), a dependence  
of t he  r e d u c t i o n  r a t e  on  (Cr~+++)s/~ is expec t ed  (23). H o w e v e r ,  
e x p e r i m e n t a l  sca t t e r  m a d e  i t  i m p o s s i b l e  to d i s t i n g u i s h  be tween  a 
5/4 p o w e r  a n d  l i n e a r  d e p e n d e n c e  (see (22)). 

a A decrease  of  t h e  rate  of h y d r o g e n  e v o l u t i o n  w i t h  t ime  was  
o b s e r v e d  in  (21). The  e x p e r i m e n t a l  po in t s  s h o w n  are,  therefore ,  
a v e r a g e  ra tes  ove r  5 hr.  
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for hyd rogen  evo lu t ion  is also a p p a r e n t l y  unaffec ted  
bu t  the e x p e r i m e n t a l  ev idence  is less ex tens ive  in  
this case. These conclus ions  m a y  be e x t e n d e d  to 
other  sys tems where  r educ t ion  occurs at a ra te  
l imi ted  by  diffusion. In  general ,  it is u n l i k e l y  tha t  
the ox idan t  wi l l  have  a specific effect, e i ther  on the 
anodic reac t ion  or on h y d r o g e n  evolut ion,  since its 
concen t ra t ion  approaches  zero at the  interface.  
Specific effects m a y  appear  howeve r  if the r educ t ion  
products  adsorb  on the electrode. 
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Inhibition of Metal Dissolution by Ferric Sulfate 
A. C. Makrides and Milton Stern 

Metals Research Laboratories, Union Carbide Metals Company, 

Division o] Union Carbide Corporation, Niagara Falls, New York 

ABSTRACT 

I ron-chromium alloys are passivated in  acid solution at a critical ferric 
sulfate concentrat ion which depends on acid normal i ty  and flow velocity. 
Smaller  concentrat ions of ferric ion increase the dissolution rate of active elec- 
trodes by providing a cathodic part ial  process occurring at a diffusion-limited 
rate. Once passivity is achieved, however, considerably less than  the critical 
ferric ion concentrat ion is required to main ta in  the electrode passive. The de- 
pendence of the electrode potential  on the concentrat ion of ferric ion is 
quant i ta t ively  related to the anodic polarization curve of the electrode. 
Polarizat ion curves obtained in the active region coincide with curves derived 
from studies with ferric ion. The inhibi tor  concentrat ion required  to produce 
passivity is directly proport ional  to the anodic critical cur rent  density, while 
the pr imary  passive potential  is not changed by ferric ion. These results sug- 
gest that  adsorption of ferric ion is not responsible for inhibi t ion by this ion. 

A n u m b e r  of oxidiz ing subs tances  inh ib i t  me t a l  
d issolut ion by  induc ing  a t r ans i t i on  f rom the  act ive 
to the  pass ive  s tate  (1) .  A charac ter i s t ic  e lec t ro-  
chemical  dif ference b e t w e e n  the  act ion of these sub -  
stances and  tha t  of nonox id iz ing  inh ib i to r s  is the  

change  of e lec t rode  po ten t i a l  which  they  produce.  
Oxid iz ing  inh ib i to r s  displace the  mi xe d  po ten t i a l  
in  the posi t ive (nob le )  d i rec t ion  by  about  1 v, whi le  
nonox id iz ing  inh ib i to r s  p roduce  changes which  m a y  
be of e i ther  s ign and  which  r a r e ly  exceed 0.1 v. 
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Fig. 1. Schematic polarization curve typicat of iron-chro- 
mium alloys (series 400 stainless steels). Dashed curve shows 
transition to oxygen evolution with constant current source. 
Full curve is obtained in a potentiostatic experiment. E,p is 
the primary passive potential and i,-,.~t the critical current 
density. Arrows at left indicate decreasing current with time 
in this potential region. 

I t  is gene ra l l y  agreed  tha t  nonox id iz ing  inh ib i to rs  
reduce  the  d issolu t ion  ra te  by  fo rming  an  adsorbed 
film at the  m e t a l - s o l u t i o n  in ter face  (2) .  Confl ict ing 
m e c h a n i s m s  have  been  proposed for i nh ib i t i on  by  
oxidiz ing substances .  I t  has been  suggested (3) tha t  
oxidiz ing inh ib i to rs  induce  pass iv i ty  by  adsorpt ion.  
It  is possible  howeve r  to give an  account  of i n h i b i -  
t ion  in  which  specific effects, such as expected f rom 
a model  pos tu la t ing  adsorpt ion,  are no t  assumed  
(1).  A s tudy  of i nh ib i t i on  by  ferr ic  ion was car r ied  
out to d e t e r m i n e  w h e t h e r  specific effects are, in fact, 
present .  As shown below, the resul ts  are cons is ten t  
wi th  the  genera l ized  descr ip t ion  g iven  in  (1) .  It  
m a y  therefore  be conc luded  tha t  i nh ib i t i on  is no t  
re la ted  to adsorp t ion  of ferr ic  ion. 

Pass i va t ing  i n h i b i t o r s . - - T h e  anodic po la r iza t ion  
curve  of a n u m b e r  of common meta l s  and  alloys 
(1, 4, 5) is of the genera l  type  shown in Fig. 1. The 
ful l  cu rve  is the r e su l t  of a potent ios ta t ic  and  the  
dashed curve  of a ga lvanos ta t i c  exper imen t .  

Wi th  no appl ied  cur ren t ,  the electrode dissolves at  
some ra te  i,o,. cor respond ing  to a m ixed  po ten t i a l  
E ...... If the  electrode is polar ized anodica l ly  wi th  
a cons tan t  cu r r en t  source, the ra te  of the anodic  
pa r t i a l  reac t ion  increases  smoothly  wi th  po ten t i a l  
un t i l  at  some c u r r e n t  i~ a large,  d i scon t inuous  p o t e n -  
t ia l  j u m p  occurs ( f rom E,~, to E' on the  d i a g r a m ) .  
Oxygen  evo lu t ion  takes  place at E'. However ,  if 
a po la r iza t ion  curve  is ob ta ined  by  con t ro l l ing  the  
po ten t ia l  and  a l lowing  the c u r r e n t  to vary ,  po ten t ia l s  
i n t e rmed ia t e  b e t w e e n  E,~, the  p r i m a r y  pass ive  po-  
t en t i a l  (6) ,  and  E' are a t ta inable .  At  first, the  
s t eady- s t a t e  c u r r e n t  decreases in this  po ten t i a l  r e -  
gion. Af te r  some low va lue  is reached,  it becomes 
more  or less i n d e p e n d e n t  of po ten t i a l  over  an  i n -  
t e rva l  of severa l  t en th s  of a volt.  Oxygen  is aga in  
evolved at  suff icient ly posi t ive  potent ia ls .  

I n  genera l ,  severa l  hour s  are r equ i r ed  to achieve 
a s teady state  at  po ten t i a l s  more  posi t ive  t h a n  E,,,. 
In  some cases t i m e  d e p e n d e n t  resul t s  are also ob-  
served at po ten t ia l s  somewha t  more  nega t ive  t h a n  
E p v .  

The revers ib le  po ten t i a l  of a redox couple whose 
oxidized fo rm is an  i nh i b i t o r  lies in  the pass ive  
po ten t i a l  region.  S ince  a m i x e d  po ten t ia l  in  the 
passive reg ion  can be m a i n t a i n e d  wi th  such redox 
couples, s table  inh ib i t ion  ( smal l  d issolut ion ra te )  is 
observed w h e n  the meta l  is pass iva ted  e i ther  ex-  
t e r n a l l y  or by  the  added  redox  couple. The  redox 
couple  m a y  displace the  po t en t i a l  to the passive 
reg ion  w h e n  its r educ t ion  ra te  exceeds some cur -  
r en t  equ iva l en t  i / .  

A specific effect by  an  i nh ib i t o r  can be detected 
e x p e r i m e n t a l l y  by  compar ing  anodic  po la r iza t ion  
curves  wi th  and  wi thou t  inh ib i tor .  If the inh ib i to r  
a l ters  the anodic  reac t ion  in  some specific way,  then  
at a ny  g iven  po ten t i a l  the  anodic  pa r t i a l  cu r r en t  
wi l l  be less t h a n  tha t  ind ica ted  by  the anodic curve  
d e t e r m i n e d  in  the  absence of inhib i tor .  If this  is the 
case, one expects  i~ to differ f rom i~'. Fur the r ,  the 
potent ia l ,  say E~',  at which  the  inh ib i to r  induces  a 
t r ans i t ion  to a passive s ta te  should  also differ f rom 
E~. If, on the  cont rary ,  the  inh ib i to r  has no specific 
effect, the anodic  pa r t i a l  c u r r e n t  wi l l  depend  only  
on the potent ia l .  Therefore ,  i~' ~ i,, as wel l  as E~'  
= E~. This s tudy  was  d i rec ted  toward  d e t e r m i n i n g  
these quan t i t i e s  wi th  and  wi thou t  ferric sulfate.  

Experimental 
Previous  work  (7, 8) es tab l i shed  that  ferr ic  ion 

is reduced  on i ron and  mi ld  steel at a ra te  l imi ted  
on ly  by  diffusion. Since it appeared  p robab le  tha t  
this  would  also be t rue  for the  i r o n - c h r o m i u m  al loy 
used here,  it was essent ia l  to control  the  ra te  of 
mass t r anspo r t  to the in te r face  precisely and  re -  
producibly .  A rota t ing ,  cy l indr i ca l  electrode was 
chosen since it satisfied these  r e q u i r e m e n t s  and  pos-  
sessed the a dva n t a ge  of a u n i f o r m  m a s s - t r a n s p o r t  
ra te  over  the  whole  of its l a t e r a l  surface. 

The e x p e r i m e n t a l  a r r a n g e m e n t  was descr ibed in  
deta i l  p r ev ious ly  (8) .  Briefly, electrodes of var ious  
projec ted  surface  areas were  ro ta ted  at equ iva l en t  
l inear  velocit ies up to 200 cm/sec  in h y d r o g e n -  or 
a r g o n - s a t u r a t e d  su l fur ic  acid solutions.  Smal l  
amoun t s  of a concen t ra t ed  so lu t ion  of ferr ic  sulfa te  
were  added f rom a precis ion bure t .  

On ly  glass and  Teflon were  in  contact  wi th  solu-  
tion. Greaseless  g round  glass jo in ts  were  used to 
avoid possible c o n t a m i n a t i o n  f rom lubr ican t .  

Fer r ic  su l fa te  was p r epa red  f rom ferrous  sulfate  
by  oxida t ion  w i th  hot, concen t ra t ed  su l fur ic  acid. 
Solut ions  were  also p r epa red  f rom recrys ta l l ized  
C. P. ferr ic  sulfate.  Wate r  was  t r ip ly  disti l led, one 
d is t i l la t ion  be ing  f rom di lute ,  a lka l ine  po tass ium 
p e r m a n g a n a t e .  The reac t ion  vessel  and all  glass 
par t s  were  c leaned  wi th  a sa tu ra t ed  solut ion of po-  
t a ss ium d ichromate  in  concen t r a t ed  su l fur ic  acid 
(c lean ing  so lu t ion)  and  r insed  wi th  t r ip ly  dis t i l led 
wa te r  pr ior  to use. W a t e r  d r a i ne d  u n i f o r m l y  and  
wi th  zero contact  angle  f rom glass surfaces c leaned 
in  this  way.  

Poten t ia l s  were  m e a s u r e d  aga ins t  S.C.E. and  
p la t in ized  t h r ough  a high i mpe da nc e  L&N pH me te r  
connected  to a m u l t i p l e - r a n g e ,  ad jus tab le -ze ro ,  Dy-  
n a m a s t e r  Br is to l  recorder .  A l t e rna t i ve ly ,  a Rubicon  
po t en t iome te r  was used toge the r  wi th  a g a l v a n o m -  
eter  of 0.007 t , a / m m  sens i t iv i ty .  A capi l la ry  probe  
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wi th  a br idge  filled w i t h  so lu t ion  of the  same acid 
concen t ra t ion  was used in  po la r iza t ion  m e a s u r e -  
ments .  The br idge  led to an  e x t e r n a l  S.C.E. A 
greaseless,  closed stopcock p r e v e n t e d  mix ing  of 
( a i r - s a t u r a t e d )  so lu t ion  outs ide the  cell  wi th  so lu-  
t ion  in  the  cell, bu t  had  sufficient conduc t iv i ty  w h e n  
wet ted  wi th  solut ion to m a i n t a i n  e lectr ical  contact.  
Cons tan t  cu r r en t  was ob ta ined  t h rough  appropr ia te  
res is tances  f rom two banks  of bat ter ies ,  each con-  
s is t ing of th ree  45 v cells a r r a n g e d  in  series to 

give 135 v. 
Poten t ios ta t ic  m e a s u r e m e n t s  were  conducted  wi th  

an A n a l y t i c a l  I n s t r u m e n t s  C o m p a n y  potent ios ta t ,  
an  e lec t romechan ica l  device. I t  was  necessary  to 
use the  same m a t e r i a l  for the  test  e lectrode and  
for a po ten t ios ta t  re fe rence  electrode and  to place 
the two electrodes in  the  same solut ion,  since this  
po ten t ios ta t  does no t  opera te  p rope r ly  if a h igh  
impedance  exists  b e t w e e n  the electrodes.  A u x i l i a r y  
electrodes of the same m a t e r i a l  as the test  e lectrode 
were  placed d i rec t ly  in  the cell. Electrodes  were  
cut f rom a ba r  of an  i r o n - c h r o m i u m  al loy (s ta inless  
steel 410) of the fo l lowing per  cent  composi t ion:  
12.39 chromium,  0.09 carbon,  0.44 manganese ,  0.024 
phosphorus ,  0.022 sul fur ,  0.27 silicon, 0.24 nickel ,  
0.07 m o l y b d e n u m ,  and  0.12 copper. They  were  
ab raded  wi th  2/0 e m e r y  paper ,  washed  wi th  r e -  
a g e n t - g r a d e  ca rbon  te t rachlor ide ,  left  to dry,  etched 
in 1:3 HNO~, washed  wi th  conduc t iv i ty  water ,  
etched in  1:3 H~SO,, and  washed  again.  

Concen t r a t ions  of va r ious  solut ions  were  de te r -  
m ined  by  analysis .  The  cell was the rmos ta t ed  at 
30 ~ ___ I~ 

Results ond Discussion 

General observations.--Electrodes were active in 
hydrogen-saturated sulfuric acid solutions with po- 
tentials in the neighborhood of --0.490 v vs. S.C.E. 
The corrosion potential increased with time at first, 
but drift became negligible (< 2 mv/hr) after about 
3 hr of immersion. Electrodes were aged therefore 

for at least 3 hr before a run. 

1.05 N H2$04 51 era/sic 
V ,  ~05 ~ 4  tO2 

- 300 I 

I 

I 

- 4 0 0  

~ ,o' ;2~ ~o, ~o ~o ~o 
v= zoocmx,*r I I I 

- 2o0 I I I 
o~3N I ,osN I 2 1 0 N  315N I 

I I H2S% I 
I I 

--30Q I I I 
I I a 

-400 I ~  

- 500 , , , i , , 
io 20 30 40 50 60 

Fa z (so 4) (mel lu,v/ i  } 

Fig. 2. Electrode potential as a function of ferric sulfate 
concentration at (top figure) various velocities in solutions of 
constant acidity and (bottom figure) in solutions of varying 
acidity at constant velocity. Dashed lines indicate discontin- 
uous transition to potentials about -I-0.4 v vs. S.C.E. Transi- 
tions to passive potentials were irreversible (see text). 
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The po ten t i a l  moved  in  the  anodic  d i rec t ion  w h e n  
ferr ic  su l fa te  was added (Fig. 2). A bou t  a m i n u t e  
was  r equ i r ed  to es tabl ish  a s teady state  af ter  each 
i n c r e m e n t  in  ferr ic  ion concen t ra t ion .  A d i s c on t i nu -  
ous t r ans i t i on  f rom act ive  to nob le  po ten t i a l s  oc- 
cu r red  at  a cr i t ical  ferr ic  ion concent ra t ion .  The 
increase  of po ten t i a l  was abou t  0.8 v. The cr i t ical  
concen t r a t i on  var ied  wi th  flow veloci ty  and  acid 
n o r m a l i t y  as shown in  Fig. 2. 

Once pass iv i ty  (noble  po ten t i a l )  was produced,  
the electrode r e m a i n e d  pass ive  w h e n  the flow veloc-  
i ty  was decreased.  In  the cases s tudied  here,  the  
e lect rode r e m a i n e d  passive even  w h e n  the  ro ta t iona l  
veloci ty  was  r educed  to zero. 

Pass ive  specimens  could be ac t iva ted  by  cathodic 
polar iza t ion.  The c u r r e n t  r equ i r ed  for ac t iva t ion  i n -  
creased wi th  the  a m o u n t  of ferr ic  ion in  solut ion and  
wi th  ro t a t iona l  velocity.  

Deta i led  s tudies  of the act ive  region,  of the t r a n s i -  
t ion  to a pass ive  potent ia l ,  and  of the pass ive  po-  
t en t i a l  reg ion  are  p resen ted  below. 

Active potential region.--Anodic polar iza t ion  
curves  were  ob ta ined  wi th  a cons tan t  c u r r e n t  source, 
wi th  a potent ios ta t ,  and  by  fo l lowing the  po ten t i a l  
as a f unc t i on  of ferr ic  ion concen t ra t ion .  

For  an electrode d issolv ing at a ra te  i ..... in  a h y -  
d r o g e n - s a t u r a t e d  acid so lu t ion  

i a = i H = i  .... [1] 

Here  i, is the  pa r t i a l  anodic  c u r r e n t  cor responding  
to me ta l  d issolu t ion  and  i ,  the  pa r t i a l  cathodic cu r -  
r en t  cor responding  to h y d r o g e n  evolut ion.  Both  i.~ 
and  i~ are  func t ions  of potent ia l .  

If the  electrode is polar ized anodica l ly  by  a con-  
s t an t  c u r r e n t  source, t hen  

i, = i,,,1 § i~ [2] 

at a po ten t i a l  E more  posi t ive  t h a n  the corrosion 
potent ia l ,  E ..... Since iK decreases e x p o n e n t i a l l y  
wi th  potent ia l ,  at sufficiently posi t ive  po ten t ia l s  

i o ~ i  .... [32 
w he r e  i~,, is the e x t e r n a l l y  appl ied  cur ren t .  At  suf -  
f icient ly posi t ive  potent ia ls ,  therefore ,  an  anodic  
po la r iza t ion  curve  ob ta ined  wi th  a cons tan t  c u r r e n t  
source coincides w i th  the  anodic  pa r t i a l  cu rve  for 
the  metal .  

The same r e ma r ks  app ly  to a po la r iza t ion  curve  
ob ta ined  wi th  a potent ios ta t ic  device in  this  po-  
t en t i a l  region.  

If ano the r  reduc ib le  subs tance  is i n t roduced  in 
the  solution,  the  cathodic pa r t i a l  cur ren t ,  i~, is the  
sum of the  hyd rogen  evo lu t ion  c u r r e n t  and  of the  
r educ t ion  c u r r e n t  of the  added  oxidant .  If  r educ t ion  
of ox idan t  occurs at a d i f fus ion- l imi ted  rate,  t hen  

i~ = ie = iR + id [4] 

where  id is the  l imi t ing  diffusion c u r r e n t  and  is 
i n d e p e n d e n t  of potent ia l .  A t  la rge  flow veloci t ies  
and  large  concen t ra t ions  of oxidant ,  id > >  i ,  and  

i, = io ~ i~ [5] 

A plot  of po ten t i a l  aga ins t  i~ u n d e r  these  condi -  
t ions  yie lds  the  anodic  pa r t i a l  cu rve  for the  metal .  
Specific effects a t t r i b u t a b l e  to the  ox idan t  (or to 
its r educ t ion  p roduc t )  m a y  be detec ted  by  c o m p a r -  
ing anodic  pa r t i a l  curves  ob ta ined  in this  w a y  wi th  
curves  m e a s u r e d  d i rec t ly  (Eq. [3 ] ) .  
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Fig. 3. Polarization curves with a constant current source 
in solutions of varying acidity. Dashed lines indicate transitions 
to potentials where oxygen is evolved (> +1.0  vs. S.C.E.). 
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Fig. 4. Potential as a function of ferric sulfate concentra- 
tion in N H~SO~ at vorious velocities. 

Polarization curves obtained with a constant cur- 
rent source are shown in Fig. 3. Results were not 

time dependent in the active region, even at poten- 
tials close to the primary passive potential. Elec- 

trodes polarized for long periods (30 rain) at a 
current density only 0.2 ma/cm ~ less than the criti- 
cal did not show any tendency to become passive 
and the potential did not drift. In general, each 

current setting was held for 3 rain, the same time 
interval used in runs with the potentiostat. 

Figure 4 shows the dependence of the potential 
on concentration of ferric ion in the active region. 

The curves are similar to the polarization curves of 
Fig. 3. The primary passive potential, taken as the 
most positive potential observed before a transition 
to a passive state occurred, was essentially that 
found with a constant current source. 

The reduction current for ferric ion must be 
known as a function of concentration and flow ve- 

locity in order to compare results of Fig. 4 with 
those of Fig. 3. If ferric ion is reduced at a diffusion- 

limited rate (see below) 

n F V  , d c  
i~ - -  - -  - -  n F k C o ~  [6] 

A d t  

H e r e  n is the  n u m b e r  of  e q u i v a l e n t s  pe r  m o l e  of 
oxidant ,  F F a r a d a y ' s  constant ,  Co~ the  c o n c e n t r a t i o n  
of oxidant ,  A the  (p ro j ec t ed )  su r face  area,  Vs the  

-39o I I 

-40O l 
-410 

-~20 

-~30 g 

-440 W 
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-46i 
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- 4 8 q  i I i I i i i i I i i 
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Fig. 5. Comparison of polar izat ion curves obtained with o 
constant current source (triangles) and indirectly from the 
dependence of potential on Fe2(SO4)a concentration (circles). 
In the latter case, current densities were calculated from Ea. 
[6]. 
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Fig. 6. Crit ical Fe~(SO,)~ concentration required for  passivity 
in N H2S04 as a funct ion of velocity. Points shown were ob- 
tained with six d i f ferent  electrodes. 

v o l u m e  of solut ion,  t the  t ime, and k a ra te  constant .  
The  ra te  cons tan t  depends  on va r ious  h y d r o d y n a m i c  
p a r a m e t e r s  bu t  is i n d e p e n d e n t  of t he  n a t u r e  of the  
e lec t rode  since the  diffusion g r a d i e n t  is en t i r e ly  
w i th in  the  l iqu id  phase.  Reac t ion  ra te  cons tants  
used  here  w e r e  d e t e r m i n e d  for  the  same e x p e r i -  
m e n t a l  condi t ions  f r o m  the  d issolu t ion  ra te  of i ron  
e lec t rodes  in f e r r i c  su l fa te  solut ions (see ref.  8). 

Anodic  po la r i za t ion  curves  in N H2SO, ob ta ined  
w i t h  a cons tan t  c u r r e n t  source  and  f rom Eq. [5] 
and [6], us ing  cons tan ts  g iven  in ref .  (8),  a re  c o m -  
pa red  in Fig. 5. Essen t i a l ly  the  same cu rve  is ob-  
t a ined  by e i the r  method .  

T r a n s i t i o n  t o  a p a s s i v e  p o t e n t i a l . - - A  d i scon t inu -  
ous t rans i t ion  to a po ten t i a l  in the  pass ive  r eg ion  
occurs  at a f e r r i c  ion concen t ra t ion  wh ich  depends  
on acid n o r m a l i t y  and flow veloc i ty .  The  cr i t ica l  
f e r r i c  ion c o n c e n t r a t i o n  in N H2SO, is p lo t t ed  as a 
func t ion  of flow ve loc i t y  in Fig. 6. 

If  the  cr i t ica l  c u r r e n t  dens i ty  r e q u i r e d  for  pas -  
s iva t ing  the  e l ec t rode  is i n d e p e n d e n t  of the  f e r r i c  
ion concen t ra t ion ,  t hen  f r o m  Eq. [6] 

i p ' =  n F k C ~ r ~ ,  ---- ( cons tan t )  [6a]  
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Table I. Comparison of the equivalent critical current density 
for passivity calculated from mass transfer and measured by 

anodic polarization 

Type 410 stainless steel in N H~SO4 at 3 0 • 1 7 6  

C r i t i c a l  Fee (SO~) 3 
V e l o c i t y ,  c o n c e n t r a t i o n ,  
c m / s e c  m e q u i v / 1  
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ion and  differs by  less t h a n  10% f rom the  cri t ical  
c u r r e n t  dens i ty  found  by  anodic  polar iza t ion.  The 
ra te  cons tan t s  used in  ca lcu la t ing  i /  were  de te r -  
m i n e d  in  0.5N H~SO~. Rate  cons tants  in  N H~SO, are 
p r o b a b l y  smal ler ,  m a i n l y  because  of a decrease of 

C a l c u l a t e d  
e q u i v a l e n t  the ac t iv i ty  coefficient of ferr ic  ion. The h igher  

c r i t i c a l  current m e a n  va lue  of i / i s  p r o b a b l y  due to somewha t  l a rger  
k* density, i~', ra te  cons tan ts  in  0.5 t h a n  in  N H~SO~. 

c m / s e c  m a / c m  ~ 
The conclus ions  d r a w n  f rom Table  I were  con-  

2.8 29 f i rmed by  anodica l ly  pass iva t ing  electrodes in  so lu-  
3.2 31.5 t ions con ta in ing  less t h a n  the  cr i t ical  ferr ic  ion con-  
3.2 28 
4.0 25.5 cen t ra t ion .  If ferr ic  ion has no specific effect, the 
4.6 31.5 sum of the  e q u i v a l e n t  r educ t ion  c u r r e n t  for ferr ic  
5.7 30 ion and  of the  appl ied  c u r r e n t  should  be cons tan t  
6.4 35 and  equa l  to the  cr i t ical  cu r ren t .  Table  II shows 
6.6 39 this to be t rue  and  also shows tha t  the p r i m a r y  pas-  7.6 32 
8.8 30:5 sive po ten t i a l  is not  changed  by  ferr ic  ion (see also 
9.3 37 Table  I ) .  
9.4 39 Table  III  compares  equ iva l en t  c u r r e n t  densi t ies  

10.0 29 for pass iv i ty  wi th  ferr ic  sul fa te  to cr i t ical  cu r r en t  
10.4 34 
10.5 31.5 densi t ies  d e t e r m i n e d  by  anodic  po la r iza t ion  for 

Average 32 _ 3 var ious  acid normal i t i es .  P r i m a r y  pass ive  po ten t ia l s  
are also given.  

Passive potential region. - -When the  cr i t ical  ferr ic  
ion concen t r a t i on  is exceeded, the electrode becomes 
passive w i th  a mixed  po ten t i a l  posi t ive w i th  respect  
to S.C.E. The po ten t i a l  depends  on the  ferr ic  ion 
concen t ra t ion  and  to a smal l  ex ten t  on the  n o r m a l i t y  
of H~SO4, but is independent of flow velocity. It 
drifts slowly to more positive values, reaching a 
steady state after about i00 hr. At concentrations of 
the order of 0.010 equiv/l, the mixed potential is 
negative to the reversible Fe+++/Fe ++ potential, but 
it essentially coincides with the reversible potential 
at larger ferric ion concentrations (0.I0 equiv/l). 

The time dependence of the mixed potential in 
the passive region is probably caused by a decrease 

55 107 
58 102 
58 90 
67 66 
75 71 
90 55 

100 57 
103 61 
120 44 
148 36 
161 41 
162 43 
182 30 
190 34 
194 31 

Measured critical anodic current,  i, 
by constant current  polarization: 31, 31, 28, 27, 32 

Average 30 _ 2 
In  all  cases E~ = E ~ / ~  --0.395 • 0.005 vs. S.C.E. 

* I n  0 .5N H~SO4 so lu t i ons .  

where Co~,t is the concentration of ferric ion re- 
quired to produce passivity. 

For turbulent flow, the rate constant is given by 
[see ref. (8) ] 

k : (Cons tan t )  V (R~) ~ (Pr) -~ [7] 

Here  V is the  l i nea r  flow veloci ty,  R~ is Reyno lds  
Vd, 

n u m b e r ,  - - ,  w i th  d, the d i ame te r  of the electrode 
V 

and  ~ the k inema t i c  viscosity, and  Pr is P r a n d t l ' s  
n u m b e r ,  , /D,  wi th  D the diffusion coefficient of f e r -  
ric ion. For  the condi t ions  employed  here  [see ref. 
( 7 ) ]  

k ~ (cons tan t )  V ~ 
S u b s t i t u t i n g  in  Eq. [6a] 

C . . . .  : (Const .)  V . . . .  [8] 

A log-log plot  of Co,le agains t  the  ve loc i ty  (Fig. 
7) has a slope of --0.79 in  good a g r e e m e n t  wi th  Eq. 
[8]. E q u i v a l e n t  c u r r e n t  densi t ies  r equ i r ed  for pas -  
s iv i ty  were  ca lcula ted  f rom Eq. [6a]  and  are g iven  
in  Tab le  I. The e q u i v a l e n t  c u r r e n t  dens i ty  for pa s -  
s iv i ty  is i n d e p e n d e n t  of the concen t r a t i on  of ferr ic  

2 0 C  

IOC 

io 2 0  3 0  4 0  6 0  e o  ioo  2 0 0  3 o u  
"v- ( e ra /sac )  

Fig. 7. Critical Fe2(SO4)~ concentration for passivity as a 
function of velocity plotted according to Eq. [8 ] .  The slope 
of the log-log plot is - -0.79.  
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Fig. 8. Cathodic polarization curves of ferric sulfate on pas- 
sive electrodes. Arrows indicate the reversible potential for 
the Fe+§ § couple measured with a platinized platinum 
electrode. Curves ] and 2 were obtained with solutions 
0.0011M in ferrous ion and respectively 0.0138M and 
0.0288M in ferric ion. For curve 3, [Fe § : 0 .005M and 
[Fe § z 0.066M. Exchange currents are (from 1 to 3) 3.3, 
4.3, and 8.1 x t0  -7 amp/cm ~ while the Tafel slope is for all 
cases 0.155 v. The solution was N in H~SO4. 
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Table II. Comparison of measured critical anodic current density to the sum of the current density 
equivalent to ferric ion reduction and the applied anodic current 

Type 410 stainless steel at 30 _ I~  

V ~ 100 cm/sec; k = 6.4 cm/sec 

E q u i v a l e n t  S u m  of e q u i v a l e n t  Measu red  
Fed (SO4) a Fes (SO~) 8 A p p l i e d  a n o d i c  and  app l i ed  c r i t i ca l  anod ie  P r i m a r y  pass ive  

concen t r a t i on ,  r e d u c t i o n  cu r ren t ,  c u r r e n t  dens iy ,  c u r r e n t  densi t ies ,  c u r r e n t  d e n s i ~ ,  po t en t i a l ,  E ~ ,  
H2SO~ m e q u i v / 1  m a / c m 2  m a / c m e  m a / c m  e m a / c m  2 vs. SCE 

0.63N 8.0 5 12 17 --0.405 
16.0 10 10 20 ___0.005 
29.5 19 0 19 16 

6.4 4 17 21 
12.8 8 12 20 --0.410 
19.2 12 9.5 21.5 ___0.005 
25.5 16 6.0 22 
35.0 22 0 22 20 

Table III. Comparison of the equivalent critical current density for passivity calculated from 
mass transfer and measured by anodic polarization at various H~SO~ concentrations 

Type 410 stainless steel at 30 ~1  ~ 

C a l c u l a t e d  P r i m a r y  pass ive  
Cr i t i ca l  e q u i v a l e n t  A v e r a g e  m e a s u r e d  P r i m a r y  pa s s ive  p o t e n t i a l  f r o m  

C o n c e n t r a t i o n  Fe2 (SOD 8 c r i t i ca l  c u r r e n t  c r i t i ca l  cu r r en t  p o t e n t i a l  w i t h  anodic  
H2SO~, Veloci ty ,  concen t r a t ion ,  dens i t y  i p ' ,  dens i t y  i~, f e r r i c  su l fa te ,  po la r i za t ion ,  

/V cm/sec  m e q u i v / 1  m a / c m ~  m a / c m  2 v v s .  S.C.E. v vs.  S.C.E. 

0.225 - -  - -  - -  
0.63 50 82 18 

75 43 20 
100 30 19 
150 26 22 

1.05 50-200 - -  32* 
2.10 105 72 47 

155 54 48 
200 47 49 

3.15 75 108 50 
105 97 64 

13.5 - -  --0.440 

18 --0.415 --0.410 
30* --0.395 --0.395 

43 --0.370 --0.360 

55 --0.345 --0.350 

* A v e r a g e s  f r o m  Tab le  I. 

in the  r a t e  of ox ida t ion  of the  pass ive  e lec t rode .  In  
s imi la r  s tudies  w i t h  type  304 s ta inless  s tee l  i t  was  
found  (9) t ha t  the  ox ida t ion  r a t e  at  cons tan t  po-  
t en t i a l  was  i n v e r s e l y  p ropo r t i ona l  to t ime.  This  ob-  
s e rva t ion  sugges ted  a l oga r i t hmic  ox ida t ion  l aw  for  
t he  increase  in th ickness  of the  pass ive  film. I t  is 
be l i eved  tha t  t ype  410 s ta inless  s tee l  behaves  s imi -  
lar ly ,  a l t hough  no de ta i l ed  obse rva t ions  w e r e  made .  

Cathodic  po la r i za t ion  cu rves  for  r educ t ion  of f e r -  
r ic ion on pass ive  e lec t rodes  w e r e  d e t e r m i n e d  a f te r  

b 

i 0 - 1  JO "~ 10 - t  10-3 jO.~ jO-I 

i l amps / cm  z ) 

Fig. 9. Superposition of reduction curves for ferric ion and 
of the anodic polarization curve of Type 410 stainless steel 
in N H2504. Reading from curve 1 to 3, 0.010M Fe +++ at 55 
cm/sec, 0.066FA Fe *§247 at 55 cm/sec, and 0.066M Fe § at 
100 cm/sec. The upper sections of the reduction curves were 
determined by cathodic polarization on passive electrodes, 
while the solid lines at lower right are l imiting diffusion cur- 
rents obtained from Eq. [6 ]  (see text). The dashed lines con- 
necting the two are extrapolated from the passive region. 

the  e l ec t rode  had r eached  a s t eady  state.  Curves  
for  va r i ous  fe r r ic  ion concen t ra t ions  are  g iven  in 
Fig. 8. A t  any  g iven  po t en t i a l  the  c u r r e n t  increases  
w i t h  f e r r i c  ion concent ra t ion .  The  Tafe l  slope is 
0.155 v and is i n d e p e n d e n t  of f e r r i c  ion concen t r a -  
t ion. The  Tafe l  curves  m e a s u r e d  h e r e  are  s imi lar  to 
the  ones r epo r t ed  by S t e rn  (10) for  304 stainless 
steel.  

Potentiostatic curves.--Figure 9 g ives  a po ten t io -  
s tat ic  anodic  po la r i za t ion  cu rve  for  t y p e  410 s ta in-  
less s teel  in N H~SO,. The  p r i m a r y  pass ive  po ten t ia l  
is --0.380 v;  the  cr i t ica l  cu r r en t  dens i ty  28 ma/cm'-'. 
These  are  to be c o m p a r e d  w i t h  --0.395 v and 30 
m a / c m  ~ d e t e r m i n e d  by  po la r i za t ion  w i t h  a constant  
c u r r e n t  source  (see Tab l e  I ) .  At  each  po ten t i a l  se t -  
t ing  pos i t ive  to Ep~, the  cu r r en t  dec reased  r ap id ly  at 
first and t h e n  changed  s lowly  w i t h  t ime.  The  points  
shown  w e r e  t aken  at  3 - m i n  i n t e r v a l s  at  wh ich  t ime  
the  in i t i a l  rap id  change  had come to an end. 

Po l a r i za t i on  cu rves  for  r educ t ion  of fe r r ic  ion 
are  also shown in Fig. 9. The  e x p e r i m e n t a l l y  m e a s -  
u r e d  cu rves  are  connec ted  w i t h  dashed  l ines  ca lcu-  
l a ted  f r o m  the  Tafe l  cons tants  (s lope and exchange  
c u r r e n t )  and f r o m  the  m e a s u r e d  l i m i t i n g  diffusion 
cur ren t .  I t  should be no ted  tha t  the  diffusion c u r -  
r en t  is i n d e p e n d e n t  of the  n a t u r e  of the  e lec t rode  
and is a func t ion  only  of the  concen t r a t i on  and f law 
condi t ions.  

Genera l  Discussion 

Resul t s  shown in F i g u r e  9 account  com p le t e ly  for  
both  the  acce le ra t ing  and the  i nh ib i t i ve  effect of 
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ferr ic  ion. S ta r t ing  wi th  a spec imen f ree ly  corroding 
in  acid solut ion,  the  figure indicates  tha t  ferr ic  ion 
in  concen t r a t i on  less t h a n  the cr i t ical  increases  the 
d issolu t ion  ra te  by p rov id ing  an  add i t iona l  cathodic 
reac t ion  which  occurs at  a ra te  l imi ted  by  diffusion. 
The d isso lu t ion  ra te  increases  wi th  inc reas ing  con-  
cen t r a t i on  and  flow veloci ty  un t i l  some cr i t ical  cu r -  
rent ,  i / ,  is exceeded. This  c u r r e n t  is the same as 
the cr i t ica l  cu r r en t  f ound  by anodic  po la r iza t ion  
(e i ther  po ten t ios ta t i ca l ly  or f rom a cons t an t  cu r -  
r en t  source) .  W h e n  this  cr i t ical  c u r r e n t  is exceeded, 
the e lect rode becomes passive wi th  a d issolu t ion  
ra te  of abou t  10 -U to 10 -7 a m p / c m  ~. 

At  smal l  concen t ra t ions  and  flow veloci t ies  two 
mixed  potent ia ls ,  ind ica ted  by points  a and  b on 
"Fig. 9, are  stable.  The po ten t i a l  a s sumed  by  the 
sys tem on  addi t ion  of ferr ic  ion depends  on its p r e -  
vious state.  Thus,  if the  e lect rode is o r ig ina l ly  ac-  
tive, fe r r ic  ion displaces the  po ten t i a l  to (a ) ,  whi le  
if the  spec imen  is a l r eady  passive,  po ten t i a l  (b)  is 
stable.  These  observa t ions  account  for the  wide ly  
di f ferent  concen t ra t ions  r equ i r ed  to p roduce  and  
to m a i n t a i n  passivi ty .  Thus, ferr ic  ion causes a 
transition to a passive state only if its reduction rate 
exceeds i~, which is in this case about 3 x i0 ~ 
amp/cm ~. However, the reduction current necessary 
to maintain the electrode passive is only about 10 -4 
amp/cm ~, and decreases with time to probably less 
than 10 -7 amp/cm ~. 

An electrode in state (a) may be displaced to 
state (b) by polarization with an external source. 
When the sum of the applied anedic current and 
the equivalent reduction current exceed i~ (see 
Table II), the electrode undergoes a transition to 
a passive state which is maintained, since it is 
stable, even when the applied current is reduced to 
zero. Similarly, if the electrode is at potential (b), 
it may be activated by a cathodic current and re- 
mains active at (a) even after the applied current 
is reduced to zero. However, when the reduction 
rate of ferric ion exceeds the critical current den- 
sity, the system is no longer bistable. In this case, 
the only stable mixed potential is in the passive 

region. 
Figure 9 describes adequately the stainless steel- 

ferric sulfate system both at potentials more active 
than Epp and in the neighborhood of the reversible 
Fe+++/Fe §247 potential. No experimental information is 
available, however, for ferric ion reduction at po- 
tentials between E,~, and about ~-0.I v vs. S.C.E. 
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A n  ex t rapo la ted  curve  is shown  in  this po ten t i a l  r e -  
gion in  Fig. 9. This  ex t r apo la t ion  is on ly  a p p r o x -  
ima te  since the  Tafel  p a r a m e t e r s  for r educ t ion  a r e  
p robab ly  no t  the  same on pass ive  and  act ive  s u r -  
faces. I t  is l ike ly  tha t  on act ive surfaces the  ex -  
change  c u r r e n t  is severa l  powers  of t en  l a rger  t h a n  
on passive electrodes.  A n  increase  in  exchange  cu r -  
r e n t  shifts  the  r e duc t i on  curve  for fe r r ic  ion to the  
right,  i.e. to lower  overpo ten t ia l s  at a ny  g iven  cu r -  
r en t  densi ty .  The  dashed l ine  mus t  therefore  be 
considered as g iv ing  a lower  l imi t  for the  c u r r e n t  
at a ny  g iven  potent ia l .  The l imi t ing  c u r r e n t  d e n -  
sities ind ica ted  by  ver t ica l  solid l ines in  Fig. 9 are, 
of course, i n d e p e n d e n t  of the  surface s tate  of the 
electrode;  the i r  m a g n i t u d e s  were  d e t e r m i n e d  in  
separa te  exper imen t s .  

The s t a r t i ng  po in t  of this  i nves t iga t ion  was the  
a t t empt  to d e t e r m i n e  w he t he r  adsorp t ion  of an  ox-  
idiz ing inh ib i tor ,  such as ferr ic  ion, p layed  a sig-  
nif icant  role in  inh ib i t ion .  If i nh ib i to r  ions are  spe-  
cifically adsorbed,  changes  in  the composi t ion of the  
surface state of the  me ta l  b rough t  about  by  adsorp -  
t ion  wil l  be man i f e s t  in  the  anodic  po la r iza t ion  curve  
of the  metal .  The  resul t s  above c lear ly  show tha t  
ferr ic  ion produces  no de tec tab le  change  in  the anodic  
behav ior  of s ta in less  steel 410. It  m a y  be concluded 
tha t  adsorp t ion  of ferr ic  ion is u n r e l a t e d  to i n h i b i -  
t ion by  this  ion. 
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Correction 
On page 666 of the  Augus t  1960 issue of the  JOUR- 

NAL in  the  paper  by  S. Uno F a l k  " Inves t iga t ions  on 
the Reac t ion  Mechan i sm of the N i c k e l - C a d m i u m  

dE/dT d E J d T  

Pocket  Pocket  
cells cells 

--0.00030 --0.00006 
S in te red  S in t e red  

cells cells 
--0.00018 --0.00014 

Cell," the a p p r o x i m a t e  va lues  of the t e m p e r a t u r e  
coefficients of the  emf and  the electrode po ten t ia l s  
should be: 

dE~/dT 

Pocket  
cells 

--0.00024 
S in t e red  

cells 
--0.00004 v / ~  
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ABSTRACT 

A laboratory invest igat ion of the influence of gas pressure on the electr ical  
b reakdown of thin oil, as used in oil-fil led cables, was carr ied out at gas pres-  
sure be tween  about 5 x 10 -~ mm Hg and 1000 mm Hg. The test cell consisted 
of a glass container enclosing a p la t inum sphere gap (0.5 ram). Tests were  
carried out at ambient  temperature .  The results  of this invest igat ion showed 
that  the dielectric s t rength of the oil is absolutely independent  of the gas pres-  
sure, provided a perfect  equi l ibr ium is reached between the gas dissolved in 
the oil and the free gas remaining in the cell  above the oil surface. 

The  inf luence  of d i sso lved  gas on the  d ie lec t r ic  
s t r eng th  of oil has been  discussed of ten  and some 
da ta  h a v e  been  pub l i shed  g iv ing  the  r e l a t ion  be -  
t w e e n  oil  d ie lec t r ic  s t r e n g t h  and gas p r e s su re  (1, 2). 
These  e x p e r i m e n t a l  resul ts ,  of course,  r e f e r  only 
to gas d i sso lved  in the  oil and not  to gas in the  
f o r m  of bubbles  or films. 

This  m a t t e r  is not  on ly  of scientific bu t  also of 
p rac t i ca l  in t e res t  w i t h  r e g a r d  to the  p r o b l e m  of 
degass ing  oils used  as i m p r e g n a n t s  of h i g h - v o l t a g e  
e lec t r ica l  equ ipmen t .  Pub l i shed  data,  howeve r ,  w e r e  
not  ob ta ined  u n d e r  condi t ions  of most  in te res t  to 
the  p re sen t  au thors  and they  t h e r e f o r e  u n d e r t o o k  
this s tudy.  For  p rac t i ca l  reasons  it was  decided to 
s tudy  the  b e h a v i o r  of t h in  m i n e r a l  oil as used  in 
oi l - f i l led  cables  u n d e r  50-cycles  stress and to use 
d ry  air  in the  r ange  of 5 x 10 -6 m m  Hg to about  
1000 m m  Hg. 

Fig. 1. Testing apparatus. A, magnetic stirrer; F, electric 
heater; S, sphere gap cell (platinum hemispheres 10 mm di- 
ameter, 0.5 mm gap); R, condenser; r, reflux condenser; V, 
Dewar vessels containing solid CO=; T1, Ts, cold traps; V~, Vs, 
vacuum tight valves. 

Fig. 2. Sphere gap cell 

The  appa ra tus  is shown schem a t i ca l l y  in Fig. 1. 
De ta i l  of the  sphere  gap cel l  S is g iven  in Fig. 2. 

Preparation of Tests 
F r o m  the  first tes t  it a p p e a r e d  ev iden t  tha t  to ob-  

t a in  sufficiently consis tent  resu l t s  a ce r ta in  c l ean l i -  
ness of the  oil was  necessary .  To this  end 55 cm ~ of 
clean,  d ry  oil w e r e  i n t roduced  into  the  sphere  gap cell. 
This  oil had  been  f i l te red  p r e v i o u s l y  unde r  v a c u u m  
t h r o u g h  a glass filter. The  sphere  gap cell  t hen  was  
connec ted  to the  r e m a i n d e r  of the  tes t ing  appara tus .  
The  oil was  degassed  by h e a t i n g  and s t i r r ing  u n d e r  
v a c u u m  at l l 0 ~  To avo id  f r ac t iona t ion  of the  
oil wh i l e  it  was  be ing  degassed,  t he  condenser  R 
and  the  ref lux condense r  r w e r e  in t roduced  into the  
v a c u u m  ci rcui t  b e t w e e n  the  sphere  gap cell  S and  
the  v a c u u m  t r aps  T. 

T h e  evacua t ion  of the  sphere  gap cell  was  ca r r i ed  
out  by  means  of a diffusion p u m p  for  p ressures  
b e l o w  10 -8 m m  Hg  and w i t h  a m e c h a n i c a l  pump,  for  
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higher  pressures .  The absolu te  p ressure  was me a s -  
u red  by means  of a MacLeod gauge d i rec t ly  con-  
nec ted  to the appa ra tu s  t h rough  a cold trap.  To 
m a k e  sure  tha t  no mois tu re  was  p re sen t  in  the  oil, 
the oil was  degassed t ho rough ly  and  then  sa tu ra t ed  
w i th  d ry  air  before reach ing  the des i red p ressure  
by p u m p i n g .  

Each p ressure  was  ob ta ined  and  kept  cons tan t  
during the test by means of a vacuum limiter in- 

serted in the vacuum circuit. 

Test  Results 

The oil sub jec ted  to the i nves t iga t ion  was the  
NJ  2 t h in  oil p roduced  by  I t a l i an  S t a n d a r d  Oil, 
hav ing  a viscosi ty of 25 cent is tokes  at 20~ 50- 
cycle a -c  dielectr ic  s t r eng th  m e a s u r e m e n t s  were  
made  as a func t ion  of the abso lu te  p ressure  s t a r t ing  
f rom 6 x 10 -~ m m  Hg, which  was the  highest  v a c u u m  
ob t a inab l e  wi th  the  p re sen t  e q u i p m e n t ,  up  to a t -  
mospher ic  pressure .  The vol tage  was  appl ied  s t a r t -  
ing f rom 10 kv  and  t h e n  inc reas ing  it  in  steps of 
10 k v / m i n .  

F r o m  the  first test  it  became ev iden t  tha t  a con-  
s iderab le  spread of resul t s  was ob ta ined  unless  the 
grea tes t  care was  t aken  to m a k e  sure  tha t  the  gas 
dissolved in  the  oil was in  comple te  e q u i l i b r i u m  
wi th  the  free gas p re sen t  in  the  sphere  gap cell 
above the  oil surface.  If the s a t u r a t i o n  p ressure  of 
the  oil was  h igher  t h a n  the  p re s su re  of the  free gas, 
the  dielectr ic  s t r eng th  resu l t s  ob t a ined  were  con-  
s ide rab ly  lower  t h a n  the resul t s  ob ta ined  w h e n  a 
per fec t  e q u i l i b r i u m  was reached.  To overcome this  
difficulty, af ter  the desired abso lu te  p ressure  va lue  
was  reached,  the oil was  left  to cool down to the  
a m b i e n t  t e m p e r a t u r e  and  kept  u n d e r  the desired 
p ressure  va lue  wi th  con t inuous  s t i r r ing  for about  
24 hr  before  m a k i n g  a n y  dielectr ic  s t r eng th  test. 

To l imi t  to as m u c h  as possible  the  inf luence  of 
the  stat ic head of the  oil, the  oil level  was kept  at 
the m i n i m u m  va lue  necessa ry  to ob ta in  complete  
cover ing  of the p l a t i n u m  spheres.  This r e q u i r e -  
m e n t  d e t e r m i n e d  the a m o u n t  of 55 cm 3 of the  oil 
which  was m e n t i o n e d  before. The stat ic  head above 
the  cen te r  point  of the gap was 30 mm.  

The resul t s  ob ta ined  are shown in  the  d i ag r a m of 
Fig. 3, in  which  average  va lues  and  spread  of r e -  
sults  are  indicated.  For  each p ressure  10 di f ferent  
tests were  made.  No subsequen t  tests were  made  on 
an oil sample  af ter  the first discharge.  This  was done 
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Fig. 3. A-C dielectr ic strength of  th in coble oil vs. absolute 
Qir pressure. 
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to avoid t roub le  due  to gas evo lu t ion  f rom the oll 
fo l lowing  b r e a k d o w n  since this  could a l te r  the  p re s -  
sure  equ i l i b r i um.  As can be seen, the  average  dl -  
e lectrm s t r eng ths  lie on a s t ra igh t  l ine  pa ra l l e l  to 
the  abscissa, h a v i n g  on o rd ina te  va lue  of 400 k v / c m  
rms.  Al l  tests  were  car r ied  out  at  a m b i e n t  t e m p e r -  
a tu re  ( 1 8 ~ 1 7 6  

In terpreta t ion  of Results 
The va lues  ob ta ined  for the  ave rage  dielectr ic  

s t r eng th  of abou t  400 k v / c m  r ms  are  lower  t h a n  
the  resul t s  ob ta ined  by  o ther  inves t iga to rs  on pu re  
l iqu id  h y d r o c a r b o n s  u n d e r  cont ro l led  phys ica l  con-  
di t ions  (3, 4).  However ,  the cons is tency  of the  r e -  
sults  ob ta ined  in  the  tests descr ibed  in  the  p re sen t  
paper  indica tes  tha t  the  tests  were  ce r t a in ly  gov-  
e rned  by  a w e l l - d e t e r m i n e d  b r e a k d o w n  mechan i sm.  
The conc lus ion  could be tha t  this  m e c h a n i s m  differs 
f rom the  b r e a k d o w n  m e c h a n i s m  r u l i n g  the  tests 
descr ibed  by  the  a b o v e - m e n t i o n e d  inves t iga tors .  

It  seems to the  au thors  tha t  an  e x p l a n a t i o n  m a y  
be found  in  the  fact  tha t  the b r e a k d o w n  m e c h a n i s m  
of abso lu te ly  pu re  dielectr ic  l iquids  p r o b a b l y  is 
ru l ed  on ly  by  the  m o v e m e n t  of e lectrons,  accel-  
e ra ted  by  the  e lectr ical  field, which  ionize the oil 
molecules ;  on the  o ther  h a n d  the  b r e a k d o w n  mech -  
a n i sm  wi th  which  the  tests descr ibed  above  are con-  
ce rned  p r o b a b l y  is ru l ed  by  par t ic les  m u c h  b igger  
t h a n  e lec t rons  such as molecu la r  aggregates  or sub -  
microscopic  impur i t i es ,  s t i l l  acce lera ted  by  the  elec-  
t r ica l  field b u t  u n a b l e  to ionize the  oil molecules .  

Two facts are of grea t  impor t ance  in  u n d e r s t a n d -  
ing these  tests:  (a) the  b r e a k d o w n  is p rac t i ca l ly  
i n d e p e n d e n t  of the  s a tu ra t ion  p ressure  of the  oil 
p rov ided  a perfect  e q u i l i b r i u m  is reached  b e t w e e n  
the  gas dissolved in  the oil and  the  free gas above 
the  oil surface;  and  (b)  the  b r e a k d o w n  s t r eng th  is 
lowered  w h e n  the s a tu ra t ion  p ressure  is h igher  t h a n  
the  p r e s su re  of the  free gas. 

These two facts, combined  wi th  the  a s sumpt ion  
made  above  tha t  par t ic les  m u c h  b igger  t h a n  elec-  
t rons  are r e spons ib le  for the  b r e a k d o w n  of oils as 
used in  i n d u s t r i a l  appara tus ,  have  suggested  the  
fo l lowing theory :  

A charged  par t ic le  in  suspens ion  in  the  oil is 
accelera ted by  the  e lectr ical  field and  t ends  to cav i -  
rate the  l iqu id  in  its wake ;  if the  s a t u r a t i o n  p res -  
sure  of the  gas dissolved in  the  oil is equa l  to the  
p ressure  of the  free gas ac t ing  on the  oil surface,  
this t e n d e n c y  is ve ry  much  reduced.  B r e a k d o w n  oc- 
curs  w h e n  the  m o v e m e n t  of the  pa r t i c le  becomes 
quick  enough  to create  a cav i t a t ion  in  wh ich  gase-  
ous ion iza t ion  m a y  take  place. 

W i t h i n  the  condi t ions  of the  p re sen t  i nves t iga t ion  
it can be conc luded  that ,  w h e n  this  p a r t i c u l a r  s tate  
is reached,  ioniza t ion  occurs w h a t e v e r  the  p ressure  
of the gas dissolved in  the  oil, p rov ided  this  is not  
h igher  t h a n  a p ressure  a p p r o x i m a t e l y  equa l  to the  
a tmospher ic  pressure .  

Tests no t  r epor t ed  in  this  pape r  ind ica te  t ha t  
w h e n  the  gas p ressure  is h igher  t h a n  a tmospher ic  
the  b r e a k d o w n  s t r eng th  does no t  r e m a i n  cons tan t  
bu t  t ends  to r ise above 400 k v / c m  rms. This  suggests 
tha t  in  this  condi t ion  gaseous ion iza t ion  does no t  
follow i m m e d i a t e l y  w h e n  the  cav i t a t ion  onset  l eve l  
is a t t a ined  b u t  tha t  a h igher  field is r equ i r ed  to p ro -  
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duce bubb l e s  of such a d imens ion  to cause ion iza-  
t ion  of the  gas evolved in  the  cavi ty.  
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Electropolishing in Cyanide Electrolytes 
F. Sullivan and E. H. Newton 

Arthur D. Little, Inc., Cambridge, Massachusetts 

ABSTRACT 

Mirrorl ike polished surfaces can be obtained on silver, sterl ing silver, gold 
alloys, copper, and brass by electropolishing in  cyanide electrolytes. The op- 
t imum current  density and agitation rate to obtain a br i l l iant  polish varies 
widely with the metal  being polished. For silver and silver plate a current  
density range of 1.1-2.8 ASD at 45 c m / m i n  is necessary; for copper and brass 
the range is 2-8 ASD at 1300-2600 cm/min.  Agitat ion is not critical in gold alloy 
electropolishing because the very high current  density (~250 ASD) induces 
copious gassing. Rapid periodic movement  of s ter l ing silver into and out of the 
polishing bath  wi th in  a current  density range of 10-16 ASD is required to 
mirror  polish this alloy. 

A n y o n e  who has observed the  anodes  in  a copper 
or s i lver  cyanide  p la t ing  b a t h  m a y  have  noted  the 
di f ferent  appea rance  they assume at  var ious  t imes,  
du l l  and  etched, b r igh t  or fi lmed. These surface 
changes  r ep re sen t  the th ree  condi t ions  i m p o r t a n t  in  
charac te r iz ing  the events  t ak ing  place at  the anode 
d u r i n g  electropol ishing,  tha t  is, the  e tching  region,  
the  po l i sh ing  region,  and  the p e r m a n e n t  film re -  
gion of the  v o l t a g e - c u r r e n t  dens i ty  re la t ionship .  

This paper  covers detai ls  of the  commerc ia l  elec- 
t ropol i sh ing  of s i lver  p la te  and  pi lot  p l a n t  s tudies  
on the e lec t ropol ish ing of s ter l ing.  L a b o r a t o r y  elec- 
t ropol i sh ing  of gold alloys, copper,  and  brass  is 
also discussed. All  of the s tudies  were  car r ied  out  
in  cyan ide  electrolytes.  

The re la t ionsh ip  be tween  mos t  of the  opera t ing  
va r i ab les  encoun te r ed  in  po l i sh ing  cyan ide  soluble  
meta l s  in  cyan ide  e lec t ro ly tes  is mos t  c o n v e n i e n t l y  
expressed in  the form of v o l t a g e - c u r r e n t  dens i ty  or 
pol i sh ing  curves.  The i n f o r m a t i o n  necessa ry  to con-  
s t ruc t  a pol i sh ing  curve  is ob ta ined  by  no t ing  the  
c u r r e n t  pass ing  th rough  the  cell and  the  appea rance  
of the anode  whi le  inc reas ing  the  vol tage  at 0.2 v 
inc rements .  In  order  to s tar t  w i th  a u n i f o r m  surface, 
a l ight  etch is first p roduced  on the  anode.  The 
anode is r emoved  at each vol tage  step and  the  de-  
gree of etch or polish de t e rmined .  

Electropolishing of Silver Plate 
One series of expe r imen t s  des igned  to de t e r mi ne  

the  effect of ag i ta t ion  ra te  on the  shape of the  
pol i sh ing  curve  was car r ied  out  in  a ba th  which  

was  0.3M wi th  respect  to s i lver  cyanide ,  free po tas -  
s ium cyanide,  and  po tass ium ca rbona te  (1).  The 
anode  was a s i l ve r -p l a t ed  copper pane l  ro ta ted at  
va r ious  speeds. 

F i g u r e  1 shows typica l  po l i sh ing  curves  for s i lver  
p la te  at  three  ag i ta t ion  rates.  The  pol i sh ing  zone is 
ind ica ted  by the dot ted  l ines at the  le t te r  P. In  this  
area  the  anode was m i r r o r  b r igh t  al l  over. Below 
the  pol i sh ing  zone the  s i lver  sur face  was  dul l  and  
etched. Above  the  po l i sh ing  zone, the  anode as-  
sumed  a cloudy b lue  appearance .  The  broades t  po l -  
i sh ing  r ange  occurred at the i n t e r m e d i a t e  ag i ta t ion  
rate.  Wi th  no ag i ta t ion  the po l i sh ing  r a nge  was ve ry  

r 
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/ - - P =  POUSHING RANGE 

I 2 :5 

CURRENT DENSITY ( A M P S / D M  2 ) 

Fig. 1. Typical polishing curves for silver plate at various 
agitation rates. Bath composition: silver (as metal), 32.4 g/ I ;  
KCN (free), 19.S g/I; K~CO3, 42 g/I. 
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n a r r o w  and  o p e r a t i n g  in th is  r a n g e  was  imprac t i ca l .  
A t  the  h ighe r  a g i t a t i o n  r a t e  the  po l i sh ing  r a n g e  also 
n a r r o w e d .  

T e m p e r a t u r e s  r a n g i n g  f rom 10~176  h a d  on ly  
m i n o r  effects on the  po l i sh ing  r e su l t s  ob ta ined .  In  
gene ra l ,  the  h i g h e r  the  t e m p e r a t u r e  t he  h i g h e r  t he  
c u r r e n t  d e n s i t y  at  a g iven  vo l tage .  This  w o u l d  be  e x -  
p e c t e d  f rom the  i n c r e a s e d  conduc t iv i ty .  W h i l e  good 
po l i shes  cou ld  be  o b t a i n e d  at  h i g h e r  t e m p e r a t u r e s ,  
t h e  r e su l t s  showed  no i m p r o v e m e n t  ove r  those  o b -  
t a i n e d  at  r oom t e m p e r a t u r e .  A t  t he  h ighe r  t e m p e r a -  
tu res ,  po l i sh ing  was  m o r e  diff icult  to con t ro l  b e c a u s e  
of s l igh t  e t ch ing  ac t ion  a f t e r  t he  c u r r e n t  had  been  cut  
off. C y a n i d e  b r e a k d o w n  was  m o r e  r a p i d  a t  h i g h e r  
t e m p e r a t u r e s .  A t  low t e m p e r a t u r e s ,  t h r o w i n g  p o w e r  
a p p e a r e d  s o m e w h a t  i m p r o v e d .  

Commercial electropolishing of silver plate.--Sil- 
ve r  p l a t e  has  been  e l ec t ropo l i shed  c o m m e r c i a l l y  b y  
s e v e r a l  l a r g e  s i lve r  compan ie s  on bo th  con t inuous  
a n d  b a t c h  i n s t a l l a t i ons  (2) .  E l e c t r o p o l i s h e d  su r faces  
of h igh  q u a l i t y  h a v e  been  p r o d u c e d  on such m a t e -  
r i a l s  as cos tume  j e w e l r y ,  nove l t i es ,  ho l loware ,  and  
f l a tware .  The  e l e c t r o p o l i s h i n g  so lu t ion  mos t  g e n -  
e r a l l y  used  c o m m e r c i a l l y  is s h o w n  in Tab le  I (3) .  
The  ca thodes  m a y  be  e i t he r  s i lve r  or  s t a in less  s tee l  
w i t h  an  a r e a  at  l eas t  twice  t h a n  of t he  anodes .  The  
w o r k  shou ld  pass  t h r o u g h  the  b a t h  b y  e i t he r  
s t r a i g h t  l ine  or  r e c i p r o c a l  m o t i o n  at  a r a t e  of a p -  
p r o x i m a t e l y  45 c m / m i n .  The  vo l t age  is g e n e r a l l y  
b e t w e e n  2.5 a n d  3.5, b u t  t he se  l im i t s  m a y  be  e x -  
t e n d e d  in e i the r  d i r ec t ion  w h e r e  condi t ions  d e m a n d .  
The  c u r r e n t  d e n s i t y  is in the  r a n g e  of 1.1-2.8 
a m p / d m  ~ (4) .  

W h e n  the  co r rec t  po l i sh ing  condi t ions  exis t ,  a 
u n i f o r m  b r o w n  f i lm fo rms  on the  anode  r e m a i n i n g  
t h e r e  t h r o u g h o u t  t he  po l i sh ing  cycle.  The  ag i t a t i on  
m u s t  be smooth  to p ro t ec t  th is  anod ic  f i lm w h i c h  is 
e s sen t i a l  for  o p t i m u m  l eve l ing  and  b r igh tnes s .  I t  
is b e l i e v e d  t h a t  th i s  po l i sh ing  f i lm p e r m i t s  the  se-  
l ec t ive  d i s so lu t ion  of the  p r o j e c t i o n s  or  i r r e g u l a r i t i e s  
in the  p l a t e  thus  p r o d u c i n g  l eve l ing  and  b r i g h t e n -  
ing. 

In  the  con t inuous  f l a twa re  p rocess  used  b y  a l a r g e  
s i lve r  company ,  spoons,  forks ,  and  o the r  a r t i c l e s  
a r e  m o u n t e d  in r a c k s  and  c o n v e y e d  t h r o u g h  a t y p i -  
cal  c l ean ing  and  p l a t i n g  cyc le  (5) .  A f t e r  t he  p l a t -  
ing r inse  and  p r e - d i p  ope ra t ions ,  t h e y  pass  t h r o u g h  
an e l ec t ropo l i sh ing  b a t h  of t h e  compos i t ion  p r e -  
v ious ly  desc r ibed .  The  w o r k  moves  t h r o u g h  the  
b a t h  at  a p p r o x i m a t e l y  45 c m / m i n  and  r e m a i n s  in 
t he  so lu t ion  abou t  20 sec. Rinse  and  p r e - d i p  cycles  
a r e  adv i sab le ,  because  w i t h o u t  these,  the  d r a g - i n  
of s i lve r  p l a t i n g  so lu t ion  wi l l  r a p i d l y  change  the  

Table h Bath composition and conditions for electropolishing 
sliver plate 

Composi t ion G r a m s / l i t e r  

Silver  (as meta l )  32.8 
F ree  potass ium cyanide  19.5 
Potass ium carbonate  41.5 

Pol i sh ing  condi t ions  

Voltage 2.5-3.5 
Current  dens i ty  1.1-2.8 a m p / d m  '~ 
Agi ta t ion ra te  45 cm/min  
Tempera tu re  ambien t  

E L E C T R O P L A T I N G  I N  C Y A N I D E  E L E C T R O L Y T E S  887 

compos i t i on  of the  po l i sh ing  b a t h  and  neces s i t a t e  
f r e q u e n t  ana lys i s  and  a d j u s t m e n t .  

HoIloware.--Silver-plated holloware has also 

b e e n  success fu l ly  e l e c t r o p o l i s h e d  b y  s e v e r a l  l a r g e  
s i lve r  companies .  A r t i c l e s  such as  t r ays ,  coffee pots ,  
c r eamers ,  P a u l  R e v e r e  bowls ,  b a b y  cups,  and  m a n y  
o the r  i t ems  h a v e  been  po l i shed  c o m m e r c i a l l y  w i t h  
e x c e l l e n t  resu l t s .  In  gene ra l ,  po l i sh ing  cond i t ions  
a r e  e s s e n t i a l l y  the  same  as those  for  po l i sh ing  f ia t -  
wa re ,  excep t  the  po l i sh ing  t ime  u s u a l l y  r anges  f r o m  
1 to 11/2 m i n  and  the  ag i t a t i on  shou ld  be  rec ip roca l .  
A r t i c l e s  to be  e l e c t r o p o l i s h e d  shou ld  be  r a c k e d  so 
as to a l l ow the  leas t  r e s i s t ance  or  t u r b u l e n c e  as t h e y  
pass  t h r o u g h  the  ba th .  

In  a r t i c l e s  such as deep  bowls ,  i t  m a y  be  neces -  
s a r y  to a d j u s t  t he  d i s t ance  b e t w e e n  the  ca thodes  
and  a n o d e  to ob t a in  m a x i m u m  t h r o w i n g  power .  In  
some ins t ances  i n t e r n a l  anodes  a r e  n e c e s s a r y  for  
po l i sh ing  d e e p l y  r eces sed  surfaces .  

In  a few cases, " t h i eves "  have  been  used  to p r o -  
t ec t  c e r t a i n  a r e a s  f r o m  r ece iv ing  too m u c h  cu r r en t .  
These  po in t s  of h igh  c u r r e n t  dens i ty ,  un le s s  
sh ie lded ,  w i l l  have  a s m o k y  b lue  a p p e a r a n c e .  

Advantages and Limitations.---Let us cons ide r  a 
few of t he  a d v a n t a g e s  of e l e c t r o p o l i s h i n g  s i lver .  
H a n d  buffing is a s low, expens ive ,  d i r t y  ope ra t ion .  
By e l ec t ropo l i sh ing ,  w h e e l  f in ishing costs  can be  
r e d u c e d  f r o m  20 to 100% d e p e n d i n g  on the  class of 
the  a r t i c le .  The  100% f igure  m a y  sound  a b i t  s t r a n g e  
b u t  in c o s tume  j e w e l r y  and  some spec ia l  l ines  w h e e l  
f in ishing has  been  e l i m i n a t e d  comple t e ly .  E l e c t r o -  
po l i sh ing  is idea l  for  i n t r i c a t e  shapes  or  f i lagree  
w o r k  w h e r e  buffing is e x t r e m e l y  diff icult  or  i m p o s -  
sible.  The  sav ing  in re f in ing  costs  c o m p a r e d  to the  
sav ings  r ea l i zed  b y  ref in ing  of buffing dus t  is a p -  
p r ec i ab l e .  The  s i lve r  r e m o v e d  f rom the  w o r k  p la t e s  
out  on the  ca thodes  and  is r e c o v e r e d  in p u r e  m e t a l -  
l ic fo rm.  

E l e c t r o p o l i s h i n g  in  c y a n i d e  is a sho r t  ope ra t ion ,  
and  m a n y  p ieces  can be p roces sed  at  one t ime.  
F i n i s h e d  a r t i c l e s  h a v e  m o r e  s i lve r  m o r e  u n i f o r m l y  
d i s t r i b u t e d  on t h e m  t h a n  t h e i r  buf fed  c o u n t e r p a r t s .  
If  p r o p e r l y  c a r r i e d  out,  i t  is pos s ib l e  to ob t a in  as 
h igh  a l u s t e r  b y  the  r e m o v a l  of 2% of t he  s i lve r  
depos i t  as w o u l d  be  poss ib le  b y  r e m o v i n g  5-10% 
b y  h a n d  buffing. 

One  of t he  o u t s t a n d i n g  a d v a n t a g e s  in e l e c t r o -  
po l i sh ing  h o l l o w a r e  is t he  e x c e l l e n t  b r i g h t n e s s  
w h i c h  r e su l t s  in diff icult  to buff  a r e a s  such as t he  
ins ide  of hand les .  The  sav ing  in f in ishing costs and  
the  o t h e r  a d v a n t a g e s  p r e v i o u s l y  m e n t i o n e d  in the  
e l e c t r o p o l i s h i n g  of f l a t w a r e  also a p p l y  to ho l loware .  

A l t h o u g h  in c e r t a i n  a pp l i c a t i ons  a s a l eab le  f inish 
can  be  p r o d u c e d  d i r e c t l y  f rom the  t ank ,  e l e c t r o -  
po l i sh ing  does  not  n e c e s s a r i l y  e l i m i n a t e  a l l  f in ish-  
ing ope ra t ions .  E l ec t ropo l i sh ing  canno t  e x a c t l y  
d u p l i c a t e  a f in ished buf fed  surface .  In  the  field of 
f l a tware ,  for  ins tance ,  es the t ic  r e q u i r e m e n t s  o f ten  
d e m a n d  t h a t  the  b r i l l i a n t  e l e c t ropo l i she d  g l i t t e r  be  
t o n e d  d o w n  or  sof tened .  This  w o u l d  neces s i t a t e  a 
w h e e l  ope ra t ion .  

T h e  q u a l i t y  of t he  p l a t e  and  the  cond i t ions  of 
the  bas is  m e t a l  have  a m a r k e d  inf luence  on the  r e -  
su l t ing  pol ish.  The  a m o u n t  of s i lve r  r e m o v e d  is 
g e n e r a l l y  so s m a l l  t h a t  i m p e r f e c t i o n s  in t h e  base  
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are not eliminated. In fact, the high luster tends to 
accentuate flaws. Good pre-plate finishing and a 
smooth electrodeposit are prerequisites for good 

electropolishing. 
There was considerably more interest in electro- 

polishing silver plate ten years ago than at the 
present time. The popularity of electropolishing 
now appears to have diminished appreciably due 
to the advent of several of the modern proprietary 
bright silver plating baths. Electropolishing does, 
however, have its place in certain applications such 
as the continuous production of silver flatware 
where control of the polishing bath is not as critical 
as the control of the bright plating bath. 

Sterl ing Silver 

In  the  l a b o r a t o r y  s te r l ing  s i lve r  has  been  e l ec t ro -  
l y t i ca l ly  po l i shed  to a specu la r  b r igh tness  in a cy-  
an ide  bath.  M i r r o r  b r igh t  pol ishes  h a v e  been  ob-  
t a ined  on f la tware ,  ho l loware ,  cos tume  j e w e l r y ,  and 
o the r  c o m m e r c i a l l y  p roduced  s te r l ing  ar t ic les  (6) .  
Because  of ce r t a in  difficulties w h i c h  wi l l  be dis-  
cussed la ter ,  the  e lec t ropo l i sh ing  of s te r l ing  has  not  
ye t  p rogressed  beyond  the  p i lo t  p l an t  stage. 

The  ba th  compos i t ion  was  only  s l igh t ly  d i f fe ren t  
f r o m  tha t  used  for  e l ec t ropo l i sh ing  s i lver  pla te ,  but  
the  f o r m  and speed of ag i ta t ion  dif fer  g rea t ly .  The  
r e c o m m e n d e d  ba th  is shown in Tab le  II and was  
ope ra t ed  at room t e m p e r a t u r e .  The  anode,  or work ,  
was  ag i ta ted  by r e p e a t e d  immer s ions  and w i t h -  
d r awa l s  f r o m  the  solution.  The  cycle  of anode  m o v e -  
m e n t  m a y  be t e r m e d  a s troke,  and the  w o r k  was  
l i f ted  c lear  of the  solut ion w i t h  each stroke.  This  
had  the  effect of cu t t ing  the  c u r r e n t  on and off. The  
best  pol i sh ing  occur red  at c u r r e n t  densi t ies  b e t w e e n  
10 and 16 a m p / d m  ~ at a po ten t i a l  of f rom 2.5 to 12 
v. The  ag i ta t ion  was  at least  20 s t r o k e s / m i n  and 
the  po l i sh ing  t i m e  a p p r o x i m a t e l y  11/z rain. Ar t i c les  
w e r e  pos i t ioned  on the  racks  so as to p roduce  the  
least  tu rbu lence .  

The  exac t  reason  for  the  m a r k e d  i m p r o v e m e n t  
in the  pol i sh ing  of s t e r l ing  s i lve r  w h e n  r e p e a t e d l y  
r e m o v e d  f r o m  the  solut ion is not  known.  E x p o s u r e  
of the  film to air  m a y  a l low the  cupr ic  ion f o r m e d  
by evo lu t ion  of o x y g e n  du r ing  the  anodic process  
to be r educed  by  the  cyan ide  to the  more  s table  
cuprous  state.  R e m o v a l  of the  w o r k  f r o m  the  ba th  
and the  consequen t  d ra in ing  of excess cyan ide  
could  assist  in r ee s t ab l i sh ing  the  po l i sh ing  film. The  
film f o r m e d  on copper  dur ing  po l i sh ing  in cyan ide  
solut ions  is not  as r e ad i l y  d isso lved  as t he  fi lm 
f o r m e d  on si lver .  Consequen t ly ,  t he  r a t e  of ag i t a -  
t ion dur ing  the  po l i sh ing  of al loys con ta in ing  copper  

Table II. Both composition and conditions for e,lectropolishing 
sterling silver 

Composi t ion  G r a m s / l i t e r  

32.8 
26-32 
41.5 

2.5-12 
10-16 a m p / d m  2 
20-100 strokes/rain 
ambient  

Si lver  (as metal)  
Free  potassium cyanide 
Potassium carbonate 

Pol i sh ing  condi t ions  

Voltage 
Current  density 
Agitat ion rate 
Tempera ture  

November 1960 

oy/ /A.,, . 
8" 

.J 

2 e .  

4-  

2- 

24 26 28 
CURRENT DENSITY (AMPS/DM 21 

Fig. 2. Polishing curves for sterling silver at various agita- 
tion rotes. - - P = polishing range; length of stroke = 26 r 
Agitation rate: �9 10 strokes/rain; F1, 20 strokes/rnin; A, 
4• strokes/min; e, 60 strokes/rain; [] 80 strokes/rain; , ,  
100 strokes/rain. 

must be considerably higher than during the polish- 
ing of pure silver to increase the cyanide ion con- 
centration of the anodic film. Agitation in the solu- 
tion without the dunking action is not sufficient to 
polish sterling. Figure 2 shows typical polishing 
curves for sterling silver at various agitation rates. 
Good polishing was noted only in the dotted areas 
designated by the letter P. Below this area is the 
etch region and above is the permanent film zone. 
At the higher agitation rates, the polishing range is 
extremely broad. 

Interrupting the current without withdrawal of 
the anode from the solution will result in semi- 
bright etched surfaces. For example, a piece of 
sterling with an area of 24 cm ~ was immersed in a 
bath at 5 v, and the current was turned on and off 
at a rate of 30 times/rain. A brown film appeared 
and disappeared with the current. At the end of 
2 rain the sample was semi-bright and etched. 
Turning the current on and off 60 times/rain did 
not improve the brightness. 

A series of experiments was carried out to de- 
termine the behavior of sodium and potassium salts 
in sterling silver polishing baths. Three composi- 
tions were investigated: (a) containing mixed so- 
dium and potassium salts, (b) containing all sodium 
salts, and (c) containing all potassium salts. Figure 
3 shows the effect of these cations on the shape and 
position of the polishing curve. The potassium bath 
(No. 3) polished at a lower voltage but higher current 
density than the other two solutions. The composi- 
tion containing all sodium ions produced the poorest 
polish. The best polish was noted in the straight 

potassium bath. 
An interesting application is in controlling the 

weight of sterling while polishing takes place. In 
the laboratory seven sterling silver soup spoons 
were suspended from a rack and repeatedly im- 
mersed and withdrawn from the polishing bath at 
a rate of 30 times/rain. Five volts was applied at a 
current density of 15 amp/din ~. The original weight 
of the spoons was 304.3 g, but after several minutes 
of operation the weight was reduced to 278.3 g. The 
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CURRENT DENSITY (AMPS / DM 2) 

Fig. 3. Polishing curves for sterling silver in various both 
compositions; polishing above line, etch region below line; 
agitation, 60 strokes/min. Composition (g/I): bath 1, 2, 3, 
AgCN, 40.2; bath 3, KCN, 26; bath 1,2, NaCN, 19.6; bath 
1,3, K=CO3, 41.5; bath 2, Na.2CO3, 31.8. 

spoons were all very bright and required no me- 
chanical buffing to attain further brilliance. 

The sterling silver polishing bath will remove fire 
scale. This method has many obvious advantages 
over the nitric acid solution commonly used for this 

purpose. 
Pilot plant studies.--In a 100-gal sterling polish- 

ing bath installed at one of the large sterling silver 
companies, thousands of pieces of flatware and hol- 
loware were electropolished to determine the utility 
of the bath. The brightest polishes were obtained 
on flatware, and more than 5000 pieces were proc- 
essed. Although bright polishes could be obtained, 
difficulty was encountered in pit removal. For ex- 
ample, in manufacturing flatware from heavy 
wrought material the forming hammer closes up 
many defects present in the stock. Electropolishing 
tends to open up these defects. In polishing hol- 
lowar.e, the immersing and withdrawing operation 
sometimes created drainage and racking problems. 
However, after a 6-month operating period, the 
bath was still performing well, a fact which indi- 
cates that there was no stability problem. 

As a result of this study and subsequent labora- 
tory work, it is felt that the process is most suitable 
for polishing specialty items such as trays or coffee 
pots and small articles such as costume jewelry. 
Approximately 1 hr of finishing time could be saved 
by electropolishing large sterling trays, and 20 rain 
could be saved by electropolishing coffee pots. Since 
only a few hundred of these items were made per 
year, the savings from electropolishing these ar- 
ticles did not justify installing the process. Other 
applications which appear more promising are 
weight reduction and the removal of fire scale. 

Other Metals 
Electropo~ishing of gold a~oys.--The i nves t iga -  

t ion  into the  e lec t ropol i sh ing  of gold al loys was  
carr ied  out  as pa r t  of a gene ra l  p r o g r a m  for de-  
t e r m i n i n g  the  anodic  behav io r  of meta l s  in  cyanide  
solutions.  Most of the  w o r k  was done in  3N potas -  
s ium cyan ide  solut ions  to avoid compl ica t ing  reac-  

tions. No a t t e m p t  was  made  to develop a prac t ica l  
pol i sh ing  bath .  

Al l  the tests were  r u n  in  2-1 beakers  con t a in ing  
1 1 of solut ion;  a n e w  solu t ion  was  used for each ex -  
pe r imen t .  F o u r  sheet  copper cathodes 8.3 cm x 6.4 
cm were  h u n g  s y m m e t r i c a l l y  a r o u n d  the  sides of 
the beaker .  The samples  used were  s i lve r -go ld  and  
copper -gold  b i n a r y  alloys, (18, 16, 12, and  10 k a r a t ) .  
Al l  of the copper -go ld  al loys looked l ike copper.  
The s i lver  al loys va r i ed  in  color f rom the  b r igh t  
ye l low brass  of the  18 ka r a t  to the  s i lvery  color of 
the  10 kara t .  Anodes  were  2.54 x 5.08 x 0.16 cm. 
The cathode to anode  ra t io  was a p p r o x i m a t e l y  8:1. 
The cathode to anode  d is tance  was  4.3 cm. 

For  most  of the  tests the  sample  was  ro ta ted  at 
22 r p m  in  a circle of 4.45 cm d iame te r  which  cor-  
responds  to a l i nea r  speed of a p p r o x i m a t e l y  310 
c m / m i n .  

The po ten t i a l  was  increased  s tepwise f rom 0 to 
20 v. Each vol tage  was appl ied  for 30 sec, and  r ead -  
ings were  t a k e n  on the  a m m e t e r  at the  s tar t  and  
af ter  e q u i l i b r i u m  had  been  reached.  Af te r  every  
few poin ts  the  vo l tage  was dropped  to the  e tching  
region  and  a v e r y  l ight  etch g iven  to the  surface  
so tha t  the p rev ious  condi t ion  of the  surface  wou ld  
no t  inf luence  the  resul ts .  In  the  ve ry  high c u r r e n t  
dens i ty  regions (220-330 a m p / d m  ~) the  t ime  at each 
poin t  was shor tened  to 20 sec so the sample  wou ld  
not  be dissolved too rapidly .  A smal l  microscope 
l amp was used to i l l u m i n a t e  the spec imen whi le  
in the bath. The sample was removed from the 
bath, washed, and dried at each point when any 
change was observed. 

Complete polishing over the whole surface of 
the samples was obtained only at the higher volt- 
ages and current densities. (16-20 v, 240-350 amp/ 
dm~). All the alloys polished like pure gold in 
3N potassium cyanide. No good polishing was ob- 
served in the voltage range where copper or silver 
are ordinarily polished. 

Voltage-current density curves on these alloys 
showed only slight differences. With the copper al- 
loys at a given voltage, slightly higher current 
densities were obtained with decreasing gold con- 
tent. With the silver alloys the curves showed no 
correlation with gold content. Figure 4 shows a 
typical polishing curve for a binary gold alloy. 

Individual cases varied somewhat, but to reach 
the polishing range the general pattern as the volt- 
age was increased was as follows: I, Linear rise 
of the current with voltage. No films are present in 
this region and the surface of the anode is etched; 
2, polarization point at which film formation be- 
gins; 3, polarizing region in which soluble or 
loosely adherent films are present. In this region the 
anode has an etched surface with or without edge 
polishing; 4, more sloping, less polarized region 
usually accompanied by soluble films with the sur- 
face of the anode partly polished; 5, second etch 
region with no films and a linear rise of current 
with voltage; 6, partly polished region with no 
films and a linear rise of current with voltage; 7, 
polishing region. Surface of the anode is completely 
polished. Vigorous gassing is present in this region 
at both the cathode and anode. 
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Fig. 4. Typical polishing curves for binary gold alloys; both 
composition, 3N KCN; agitation rate, 310 cm/min. Appear- 
ance of gold surface: 1, etch; 2, start of film formation; 3, 
etch and/or edge polishing; 4, part polish, part etch; 5, etch; 
6, part polish, part etch; 7, polish. 

Agi ta t ion  of the  w o r k  was not  critical.  Compar i -  
sons of data  ob ta ined  in expe r imen t s  in  which  the  
work  was not  ag i ta ted  wi th  expe r imen t s  in which  
the work  was ro ta ted  in  one d i rec t ion  at 310 c m / m i n  
showed only  sl ight  differences.  

A l though  all  the tests were  s ta r ted  at room t e m -  
pera tu re ,  no a t t emp t  was  made  to control  t e m p e r -  
a tu re  so by  the  t ime  a comple te  curve  was  plotted,  
the solut ion had been  w a r m e d  up  to abou t  45~ 
One e x p e r i m e n t  was  car r ied  out in  the reverse  order  
s t a r t ing  wi th  20 v at  room t e m p e r a t u r e  and  end ing  
at the low vol tage  and  h igher  t empera tu re .  No sig- 
nif icant  difference was noted  b e t w e e n  the  curve  
p repared  f rom this da ta  and  the p rev ious ly  de-  
scr ibed curve.  This indica tes  tha t  t e m p e r a t u r e s  
f rom 20 ~ to 45~ have  l i t t le  or no effect on the 
pol ishing curve.  

A l though  most  of the work  was car r ied  out  in  
3N po tass ium cyanide  solutions,  concen t ra t ions  of 
0.3N, 1N, and  7N were  also studied.  None of these 
polished as wel l  as the 3N solution.  

E x p e r i m e n t s  were  also pe r fo rmed  wi th  3N sodium 
cyanide  and  3N b a r i u m  cyan ide  ins tead  of po tas -  
s ium cyanide.  The sod ium cyanide  gave a s l ight ly  
improved  polish at h igh c u r r e n t  densi t ies  and  vo l t -  
age. The b a r i u m  cyan ide  solut ion pol ished s imi lar  
to the po tass ium cyan ide  bath.  C u r r e n t  dens i ty -  
vol tage  curves  for these  cyanides  closely re sembled  
the 3N po tass ium cyan ide  curve.  

Very  l i t t le  change  in  the qua l i ty  of polish or 
cu r r en t  dens i t y -vo l t age  curves  was ob ta ined  by  
adding  the fo l lowing ma te r i a l s  to the 3N po tass ium 
cyanide  bath :  add i t iona l  po tass ium gold cyanide,  
copper cyanide,  po ta s s ium fer rocyanide ,  po tass ium 
fer r icyanide .  However ,  the  addi t ion  of 30 g/1 po tas -  
s ium t a r t r a t e  shif ted the  pol i sh ing  r ange  to a lower  

Table III. Bath composition and conditions for electropolisbing 
copper and brass 

B a t h  c o m p o s i t i o n :  G r a m s / l i t e r  

Copper cyanide 31 
Zinc cyanide 47 
Potassium cyanide 126 

P o l i s h i n g  c o n d i t i o n s :  

Voltage 1.8-3.4 
Current  density 2-8 amp/d in  ~ 
Agitation rate 400-2600 c m / m i n  
Temperature  25 o_30 o C 

voltage.  B e t w e e n  5 and  10 v a nd  at  55-110 a m p / d m  ~, 
a good polish was  ob ta ined  over  the  whole  surface.  
Wi th  the 3N po tass ium cyan ide  ba th  alone, no polish 
or on ly  par t  po l i sh -pa r t  e tch was  ob ta ined  in  this 
range.  At  h igher  voltages and  c u r r e n t  densit ies,  the 
t a r t r a t e - p o t a s s i u m  cyan ide  b a t h  acted the  same as 
p l a in  po tass ium cyanide.  

Brass and copper polishing.--In the l abo ra to ry  
copper and  brass  have  been  e lect ropol ished to m i r -  
ror  b r igh tness  in  cyanide  po l i sh ing  baths.  The most  
b r i l l i an t  finishes were  p roduced  on brasses con t a in -  
ing 70% or more  copper. Leaded  brass  could not  
be polished sat isfactori ly.  

The e lect ropol ishing so lu t ion  which  we have  
found  most  effective is shown  in  Table  III. Po l i sh -  
ing was carr ied  out  at a c u r r e n t  dens i ty  of 2-8 a m p /  
dm ~ at  ag i ta t ion  ra tes  r a n g i n g  f rom 1300-2600 
c m / m i n .  The e x t r e m e l y  h igh  ra te  of ag i ta t ion  was  a 
ma j o r  problem.  On a cu rved  surface  where  there  is 
s t r eaml ined  flow, mechan ica l  ag i ta t ion  was  pos-  
sible. However ,  wi th  flat surfaces  and  odd shaped 
items, very  fast  hand  ag i ta t ion  was necessary  to 
produce  good polishing.  We were  unsuccess fu l  in 
our  a t t empts  to dupl ica te  the  hand  ag i ta t ion  by  
mechan ica l  means .  

F igure  5 shows the effect of th ree  ag i ta t ion  ra tes  
on the pol ishing curves  ob ta ined  by  e lec t ropol ish-  
ing short  l engths  of red  brass  pipe in  the above 
bath.  The in i t i a l  "free cyan ide"  was about  50 g/1 
and  the pH was 12. The pipe was  agi ta ted  by  ro t a t -  
ing it in a c i rcu la r  pa th  7.6 cm in d iameter .  No 
pol ishing occurred  at the  lowest  ag i ta t ion  rate.  The 
best  m i r ro r l i ke  polish was ob ta ined  at 2600 c m / m i n  
at the knee  of the  curve,  t ha t  is, be tween  2.3 and  

__L_ 

CURRENT DENSITY (AMPS / DM 2 )  

Fig. 5. Polishing curves for red brass at three agitation 
rates. Bath composition: copper cyanide, 31 g/I; zinc cyanide, 
47 g/I; potassium cyanide, 126 g/I ;  agitation rate: Q 400 
cm/min; �9 1300 cm/min; dotted square 2600 cm/min; 
temperature, 27~ 
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Table IV. Bath composition and conditions for electropolishing 
70/30 brass 

Bath composi t ion:  

Potassium cyanide 75 g/ l  
Potassium tartrate  20 g/1 
Potassium ferrocyanide 20 g/1 
Potassium dihydrogen phosphate 20 g/1 
Conc. ammonium hydroxide 4 ml/1 

Opera t ing  condit ions:  

Voltage 5-6 
Current  density 25-50 amp/dm ~ 
Agitation rate very  fast hand 
Temperature  50 ~176 
Time 3-5 rain 

2.5 v at  abou t  4 a m p / d m  ~. U n d e r  these condi t ions  
68% of the  me ta l  lost  f rom the pol ished anode 
p la ted  out on the copper cathodes.  

P u r e  copper m a y  also be pol ished in  the  above 
bath.  A n  add i t iona l  s tab i l i ty  p rob l em was enc oun -  
tered because  the  copper  t ended  to bu i ld  up  in  the  
solut ion whi le  the zinc was  be ing  depleted.  The 
add i t ion  of a zinc anode  r emed ied  this, p e r m i t t i n g  
brass  to p la te  out  d u r i n g  the  e lec t ropol ish ing oper-  
ation, thus  m a i n t a i n i n g  the  desired solut ion balance.  
Occasional  r e a d j u s t m e n t s  of the  copper and  zinc 
concen t ra t ion  and  close control  of "f ree  cyan ide"  
were  necessary  for con t inued  opera t ion  of the bath.  

The qua l i t y  of an  e lect ropol ished surface de-  
pended  to a grea t  ex t en t  on the  g ra in  size of the 
metal .  The effect of g ra in  size of 70/30 brass  on the 
re su l t ing  polish was no ted  in  a series of expe r imen t s  
carr ied  out  in the pol i sh ing  ba th  shown in  Tab le  
IV. The composi t ion of this  so lut ion depar ted  con-  
s iderab ly  f rom tha t  used in  prev ious  research  and  
was s imi la r  to the t ype  of ba th  used in  b r i g h t e n i n g  
or s t r ipp ing  solid gold r ings  (7) .  The  ba th  was 
opera ted  at a h igher  t e m p e r a t u r e  and  cu r r en t  d e n -  

2, D .  

3. S. 
4. S. 

5. D. 
6. F. 

7. J. 

s i ty t h a n  the  ba th  descr ibed prev ious ly .  Brass did 
no t  p la te  out  at the cathode so per iodic  ana lys i s  of 
the  ba th  was  necessary  for con t inued  operat ion.  

F ive  pane ls  of 70/30 brass  w i th  g ra in  sizes v a r y -  
ing f rom 0.010 to 0.075 m m  a nd  hardnesses  r ang ing  
f rom u hard,  1/4 hard,  and  soft were  pol ished for 
3 to 5 rain us ing  ve ry  fast h a n d  agi ta t ion.  A u n i -  
fo rm polish could be p roduced  only  on pane l s  tha t  
we re  b e n t  in to  a semicircle.  A l though  all  pane ls  
were  pol ished to some degree,  ro l l ing  m a r k s  were  
no t  comple te ly  r emoved  in  a n y  case. The pane ls  
w i th  the  smal les t  g ra in  sizes were  pol ished to a 
m i r r o r  b r igh t  state. The polish on the  la rger  g ra in  
size brass  samples  was dec idedly  infer ior .  The 
ha rdness  of the pane ls  had  no effect on the qua l i t y  
of the polish. 
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Particle Growth during Zinc Sulfide Phosphor Preparation 
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ABSTRACT 

The influence of processing conditions, such as t ime and temperature,  and 
the effect of fluxing agents on the particle size and concomitant  properties ob- 
served dur ing  zinc sulfide phosphor prepara t ion  are reported. The particle size 
increases exponent ia l ly  with the reciprocal firing tempera ture  and as the 
square root of the firing t ime when phosphors are prepared in open boats; the 
activation energy and f requency constant  depend on the flux employed. A 
particle size anomaly is observed when  zinc sulfide powder containing zinc 
chloride is processed near  1000~ in sealed quartz vials. This anomaly, which 
can be ascribed to the Hedvall  effect, is accompanied by anomalies in chloride 
re tent ion and crystal structure.  

Commerc ia l  zinc sulfide phosphors  are u sua l l y  
p repa red  by  heat  t r e a t m e n t  of the  host  ma te r i a l  in  
the p resence  of an  ac t iva tor  and  a coact iva tor  (1) .  
The average  par t ic le  size of the  zinc sulfide c rys ta l -  
lites increases  d u r i n g  this  t r e a t m e n t ,  and  the  f inal  
par t ic le  size depends  on the  process ing condi t ions  

1 P resen t  address :  Republic  Avia t ion  Corp., Fa rmingda le ,  N. Y. 

and  the  addi t ives .  Tiede a nd  Schleede (2) observed 
that  the f luxing agent  p romotes  crys ta l  g rowth  at 
low t e m p e r a t u r e s  by  lower ing  the  me l t i ng  po in t  of 
the  base mate r ia l .  A few years  la te r  Schleede and  
Gan tzckow (3) proposed tha t  a t h i n  film of the  
f luxing agen t  dissolves smal l  par t ic les  of the  base  
mater ia l ,  and  tha t  subsequen t  p rec ip i t a t ion  takes  
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p lace  on l a r g e  pa r t i c l e s  w i t h  c o n c o m i t a n t  i nc rease  
of t he  a v e r a g e  p a r t i c l e  d i a m e t e r .  

W o r k  and  Ode l l  (4) d i scussed  p a r t i c l e  size and  
the  g r o w t h  m e c h a n i s m  d u r i n g  h e a t  t r e a t m e n t  of 
zinc sulf ide  p o w d e r  a n d  o b s e r v e d  t h a t  t he  d e v e l o p -  
m e n t  of p i g m e n t  p r o p e r t i e s  of zinc sulf ide is c lose ly  
r e l a t e d  to changes  in p a r t i c l e  size. The  au tho r s  i n -  
d i ca t ed  t h a t  t h e i r  e x p e r i m e n t a l  d a t a  a g r e e  qu i t e  
w e l l  w i t h  t he  t h e o r y  of g r o w t h  b y  v a p o r i z a t i o n ;  
t h e y  also p o i n t e d  out  t h a t  t he  t h e o r e t i c a l  c o n s i d e r a -  
t ions  a r e  qu i t e  s im i l a r  for  p a r t i c l e  g r o w t h  b y  d i s -  
so lu t ion  a n d  s u b s e q u e n t  r e p r e c i p i t a t i o n .  T h e y  found  
t h a t  the  p a r t i c l e  size is p r i m a r i l y  a func t ion  of t he  
p rocess ing  t e m p e r a t u r e ,  a n d  on ly  s e c o n d a r i l y  of 
t ime.  L e v e r e n z  (5)  e s t a b l i s h e d  t h a t  zinc sulf ide 
c rys t a l s  g r o w  in a p p r o x i m a t e  p r o p o r t i o n  to exp  
(--E/kT),  w h e r e  E is the  ac t i va t i on  e n e r g y  con-  
nec t ed  w i t h  t he  g r o w t h  process .  The  g r o w t h  r a t e  
dec rea se s  w i t h  i nc rea s ing  t i m e  because  t he  c r y s t a l s  
a p p r o a c h  a size d i s t r i b u t i o n  t h a t  is d e t e r m i n e d  
l a r g e l y  b y  the  t e m p e r a t u r e  and  b y  the  n a t u r e  and  
sizes of t he  in i t i a l  pa r t i c l e s .  Bube  (6)  conf i rms t ha t  
the  p a r t i c l e  size va r i e s  e x p o n e n t i a l l y  w i t h  the  r ec i -  
p roca l  of t he  p rocess ing  t e m p e r a t u r e  and  finds an  
a c t i va t i on  e n e r g y  of 1.3 ev for  t he  hos t  m a t e r i a l  
w i t h o u t  add i t ives .  S h i o n o y a  and  A m a n o  (7) showed  
tha t  t h e  change  of t he  p a r t i c l e  v o l u m e  w i t h  p roces s -  
ing t i m e  is p r o p o r t i o n a l  to t he  r e c ip roca l  p rocess ing  
t e m p e r a t u r e .  The  p r o p o r t i o n a l i t y  c o n s t a n t  is con-  
s i de r ed  to con ta in  the  ac t i va t i on  ene rgy ,  w h i c h  is 
n e a r l y  t h r e e  t imes  as h igh  w i t h o u t  as w i t h  t he  f lux-  
ing agent .  T h e y  found  t ha t  the  inc rease  of t he  p a r -  
t i c le  v o l u m e  w i t h  t i m e  t is c o n s t a n t  a t  c o n s t a n t  t e m -  
p e r a t u r e ,  w h i c h  is no t  in  a g r e e m e n t  w i t h  our  r e -  
sul ts  (8)  w h i c h  l e ad  to a fib dependence ,  as e x -  
p l a i n e d  in t he  d iscuss ion  sect ion.  

The  p r e s e n t  p a p e r  dea l s  w i th  the  inf luence  of 
t ime  and  t e m p e r a t u r e  of hea t  t r e a t m e n t  and  the  
effects of v a r i o u s  a d d i t i v e s  on p a r t i c l e  size, c ry s t a l  
s t ruc tu re ,  and  l uminescence  of zinc sulf ide p ow de r .  
This  i nc ludes  p rocess ing  in open boa t s  and  sea led  
q u a r t z  v ia ls ,  s t u d y  of t h e  f inal  p roduc t ,  and  e luc i -  
da t i on  of t he  g r o w t h  m e c h a n i s m  as a func t ion  of e x -  
p e r i m e n t a l  condi t ions .  The  i m p l i c a t i o n s  of t he  e x -  
p e r i m e n t a l  d a t a  as to the  inf luence  of t he  v a r i ous  
p rocess ing  p a r a m e t e r s  on p a r t i c l e  g r o w t h  and  r e -  
l a t ed  p r o p e r t i e s  a r e  d iscussed .  

Experimentol 
The  zinc sulf ide p o w d e r  and  the  a d d i t i v e s  used  in 

these  e x p e r i m e n t s  w e r e  e s s e n t i a l l y  f r ee  of h e a v y  
m e t a l s  to t he  l imi t  of s p e c t r o g r a p h i c  de t ec t ab i l i t y .  
The  zinc sulf ide p o w d e r  con t a ined  a b o u t  0.45% b y  
w e i g h t  of su l f a t e  and  less t h a n  0.002% of chlor ide .  

The  s a m p l e s  a r e  k e p t  in t r a n s p a r e n t  q u a r t z  boa ts  
and  h e a t e d  in t r a n s p a r e n t  q u a r t z  c o m b u s t i o n  tubes  
in an  a t m o s p h e r e  of h e l i u m  d u r i n g  o p e n - b o a t  p r o c -  
essing;  t he  l i n e a r  flow r a t e  was  a b o u t  1 c m / m i n .  
A n o t h e r  ser ies  of e x p e r i m e n t s  was  c o n d u c t e d  w i t h  
sea led  e v a c u a t e d  q u a r t z  v ia l s  con t a in ing  the  base  
m a t e r i a l  and  t h e  source  of t h e  coac t iva to r .  The  p u r -  
pose  of us ing  sea led  v ia l s  was  to k e e p  the  f lux con-  
c e n t r a t i o n  cons t an t  d u r i n g  the  h e a t  t r e a t m e n t .  

A s impl i f i ed  gas  a d s o r p t i o n  me thod ,  mic roscop ic  
count ing ,  x - r a y  ana lys i s ,  and  e l ec t ron  p h o t o m i c r o -  

g r a p h y  w e r e  e m p l o y e d  in d e t e r m i n i n g  the  p a r t i c l e  
size and  the  c r y s t a l  s t ruc tu re ,  as d i scussed  p r e v i -  
ous ly  (9) .  The  s a m e  p u b l i c a t i o n  (9)  also desc r ibes  
a s e m i - q u a n t i t a t i v e  m e t h o d  w h i c h  was  e m p l o y e d  in 
t he  p r e s e n t  i n v e s t i g a t i o n  to o b t a i n  a m e a s u r e  of 
p h o t o l u m i n e s c e n c e  in tens i ty .  The  d e t e r m i n a t i o n  of 
ch lo r ide  has  b e e n  d i scussed  in some de t a i l  in a p r e -  
v ious  p u b l i c a t i o n  (10) .  This  m e t h o d  p e r m i t s  one to 
d e t e r m i n e  q u a n t i t a t i v e l y  a m o u n t s  of 0.001% b y  
w e i g h t  of c h l o r i d e  in 1 g of zinc sulfide; r e su l t s  
have  been  f o u n d  to be  r e p r o d u c i b l e  and  accura te .  

Results 
P a r t i c l e  g r o w t h  s tud ies  a r e  of i n t e r e s t  b y  t h e m -  

se lves  and  a r e  a first  s tep  in con t ro l l i ng  the  p a r t i -  
cle size so t h a t  p h o s p h o r s  of a g iven  p a r t i c l e  size 
can  be  p r e p a r e d .  F o r  ins tance ,  a g iven  p a r t i c l e  size 
can be  a t t a i n e d  b y  p rocess ing  the  p o w d e r  at  low 
t e m p e r a t u r e  for  a long  t ime  or  a t  h igh  t e m p e r a t u r e  
for  a shor t  t ime ;  p r o p e r  se lec t ion  of p rocess ing  con-  
d i t ions  wi l l  d e p e n d  on o the r  r e q u i r e m e n t s  on the  
f inal  p roduc t .  

W h i l e  t he  p rocess ing  cond i t ions  a r e  i m p o r t a n t  
w i t h  r e spec t  to p a r t i c l e  g rowth ,  i t  is we l l  u n d e r -  
s tood tha t  t h e  i n i t i a l  p a r t i c l e  size and  the  size d i s -  
t r i b u t i o n  also h a v e  to be cons idered ,  espec ia l ly ,  
w h e n  zinc sulf ide  p o w d e r  is p roces sed  at  low t e m -  
p e r a t u r e  a n d / o r  for  v e r y  shor t  t imes .  F o r  th is  r e a -  
son, our  e x p e r i m e n t a l  condi t ions  have  been  se lec ted  
in such a m a n n e r  t h a t  the  in i t i a l  p a r t i c l e  size can  
e s sen t i a l l y  be  n e g l e c t e d  w i th  r e spe c t  to the  f inal  
size. In  the  p r e s e n t  s t u d y  t h e  a v e r a g e  in i t i a l  p a r t i -  
cle d i a m e t e r  was  0.02 ~, and  the  f inal  d i a m e t e r  w a s  
at  l eas t  t en  t i m e s  as  la rge .  

In  o r d e r  to s t u d y  the  inf luence of t he  f lux and  
p rocess ing  cond i t ions  w i t h o u t  a d d i t i o n a l  c o m p l i c a -  
t ions,  a c t i va to r s  w e r e  not  added .  The  e x p e r i m e n t s  
and  resu l t s  a r e  a r r a n g e d  in two sect ions.  The  first  
pa r t  p r e s e n t s  p h o s p h o r  p rocess ing  in open  boats ,  
w h i l e  the  second  p a r t  dea l s  w i t h  t he  s t u d y  of m a -  
t e r i a l  p r e p a r a t i o n  in sea led  qua r t z  v ia ls .  

Phosphor Preparation in Open Quartz Boats 
Zinc sulf ide p o w d e r  w i t h o u t  f lux add i t i on  was  

p rocessed  at  t e m p e r a t u r e s  f rom 200 ~ to 1250~ for  
up  to 40 h r  in  open  boats .  I t  was  found  t ha t  the  
a v e r a g e  p a r t i c l e  size inc reases  e x p o n e n t i a l l y  w i t h  
t h e  r e c i p r o c a l  of the  p rocess ing  t e m p e r a t u r e ,  as is 
imp l i c i t  for  a t y p i c a l  case in Fig.  1. In  a n o t h e r  ser ies  
of e x p e r i m e n t s ,  t he  p rocess ing  t e m p e r a t u r e  was  
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Fig. 2. Increase of average particle diameter with process- 
ing time. 

kept  cons tan t  and  the processing t ime was varied.  A 
typical  resu l t  of this  s tudy  is p re sen ted  in  Fig. 2. 
The curve  corresponds  to the hypothes is  tha t  the  
par t ic le  size increases  wi th  the square  root of the  
processing time. Accordingly ,  the average  par t ic le  
d i ame te r  X can be expressed ~ as a func t ion  of p roc-  
essing t e m p e r a t u r e  T and  t ime t by  the equa t ion :  

X ~ A t  lt~ exp ( - - a / T )  [1] 

Equa t ion  [1] conta ins  the constants  A and  a, which  
are found  to be A = 3 . 1 5  x 10 ~ mic ron  hr  -1~ a nd  
a = 1.25 x 104 ~ w h e n  no coact ivator  is added. 

X - r a y  diffract ion ana lys i s  indica tes  tha t  the or igi -  
na l ly  cubic zinc sulfide powder  is t r a n s f o r m e d  into 
the hexagona l  form w h e n  processed above l l 0 0 ~  
At  processing t e m p e r a t u r e s  be low 900~ the proc-  
essed ma te r i a l  is cubic, whi le  amoun t s  of hexagona l  
phase tha t  increase  wi th  the t e m p e r a t u r e  are found  
in  the i n t e r m e d i a t e  in te rva l .  The samples  exhib i t  
some luminescence  if they  are  processed above 
1000~ 

In  ano the r  series of exper iments ,  var ious  amoun t s  
and  k inds  of fluxes were  added. It  was  found  tha t  
the  f luxing agent  changes  the  cons tants  A and  a in  
Eq. [1]. Effective f luxing agents  lower  the  va lue  of 
a, which  m a y  be i n t e rp r e t ed  as a decrease in  the  
ac t iva t ion  ene rgy  needed  for the  g rowth  process. 
F igure  3 represen ts  da ta  tha t  are in  good ag re e me n t  
wi th  Eq. [1] ;  the  e x p e r i m e n t a l  points  are  p lot ted  
for zinc sulfide w i thou t  flux and  wi th  2% by  weigh t  
of NaCI processed for 2 hr  at var ious  t empera tu res .  
The cons tants  in  Eq. [1] are A = 2 x 108 mic ron  
hr  -~/~ and  a = 7.5 x 10 ~ ~ w h e n  2% NaC1 is used as 
the addit ive.  The same Eq. [1] is obeyed w h e n  5% 
by  weight  of zinc chlor ide or 0.8% of coprec ip i ta ted  
chloride are p resen t  (see also Fig. 3). 

Phosphor  Prepara t ion  in  Sealed  Quar t z  Vials  

In  order  to keep the  concen t ra t ion  of the f luxing 
agent  constant ,  zinc sulfide powders  w i th  flux add i -  
t ion  were  h e a t - t r e a t e d  in  sealed quar tz  vials. In  
one series of expe r imen t s  a cons tan t  a m o u n t  of 
var ious  hal ides  was added before  processing for 3 
hr  at 850~ The purpose  of this  s tudy  was to com- 
pa re  qua l i t a t i ve ly  the  inf luence  of va r ious  ha l ide  
anions  and  of the cat ions zinc and  sod ium on p a r -  
t icle g rowth  and  a t t e n d a n t  proper t ies .  F igu re  4 
shows pho tomicrographs  of zinc sulfide processed 
wi th  0.007 g ram a tom of hal ide  per  mole zinc su l -  

-~The l e f t  s ide  of EO. [1] is  e q u a l  to (X 2 -- Xoe)l/2 w h i c h  h a s  
b e e n  a p p r o x i m a t e d  by  X s ince  X > Xo. 
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Fig. 3. Dependence of average particle diameter on recipro- 
cal processing temperature; f lux ing agent as the parameter. 

fide. Zinc sulfide w i th  sod ium ha l ide  leads  to a 
g rowth  habi t  in  the form of t r i a n g u l a r  plates,  whi le  
zinc hal ides lead to spher ica l  polyhedra ,  s imi la r  to 
those observed wi thou t  coact ivator .  Table  I p resen t s  
da ta  on these samples.  It  is seen tha t  the  average  
par t ic le  d i ame te r s  of samples  w i th  sod ium ha l ide  
addi t ion  are l a rger  t h a n  those wi th  zinc ha l ide  add i -  
tion. The sodium hal ides  favor  the fo rma t ion  of 
cubic s t ruc tu re ;  however ,  one also observes  t ha t  the  
cubic samples  are  la rger  in  par t ic le  size t h a n  the 
pa r t i a l l y  hexagona l  samples.  It  appears  tha t  flux 
act ion lead ing  to la rge  par t ic les  r equ i res  tha t  the  
sodium hal ide  be l iquid.  Whi l e  the re  are cons ider -  
able  va r i a t ions  f rom sample  to sample  in  va r ious  
propert ies ,  the zinc hal ides  are  essen t ia l ly  as effec- 
t ive as the sodium hal ides  wi th  respect  to the  photo-  
l uminescence  in tens i ty .  

A n o t h e r  series of e xpe r i me n t s  y ie lded  qui te  u n -  
expected  resul ts ,  w h e n  0.25% by  weigh t  of zinc 
chlor ide was  phys ica l ly  a dmi xe d  to zinc sulfide in  
sealed vials  which  were  s u b s e q u e n t l y  h e a t - t r e a t e d  
for va r ious  t imes  and  t empera tu re s .  Equa t i on  [1] is 
not  va l id  in  this  case, because  one observes  a peak  
in par t ic le  size as a f unc t i on  of processing t e m p e r a -  
tu re  n e a r  1000~ as shown in  Fig. 5. The curve  in  
Fig. 5 shows the  dependence  of the  par t ic le  size on 
the  t e m p e r a t u r e  of process ing f rom 800 ~ to 1200~ 
for a processing t ime of 4 hr;  the  curves  for 2, 8, and  
16 hr, which  are not  shown, v a r y  in  abso lu te  p a r -  
ticle size whi le  the i r  gene ra l  shape  is the same. The  
anomalous  peak  n e a r  1000~ is accompanied  by  
anoma lous  behav io r  w i th  respect  to the  c rys ta l  
s t ruc tu re  and  the a m o u n t  of r e t a i n e d  vo lume  chlo-  
ride, '~ as shown in  Fig. 5. It  was  found  tha t  these  

s See  d e f i n i t i o n  of " v o l u m e  c h l o r i d e "  in  r e f .  (10) .  

Table I. Some properties of zinc sulfide powders with 0.007 g 
atom of halide per mole of zinc sulfide added, and processed 

in sealed, evacuated quartz vials for 2 hr at 8S0~ 

A v e r a g e  B l u e  p h o t o -  
p a r t i c l e  l u m i n e s -  M e l t i n g  

H a l i d e  d i a m e t e r ,  R a t i o  of cence ,  p o i n t  of  
a d d e d  ~ h e x . :  c u b i c  r e l a t i v e  h a l i d e ,  ~ C 

NaF 1 1:9 44 992 
NaC1 10 0:10 680 801 
NaBr 14 0:10 647 755 
NaI 8 0:10 357 651 
ZnF~ <1 2:8 2 872 
ZnCI~ 1 2:8 765 262 
ZnBr~ < 1 3: 7 790 394 
ZnI2 3 0:10 753 446 
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domness  whi le  the  diffusion or incorpora t ion  of 
chloride is lowered.  I t  is also possible  tha t  chlor ide 
is incorpora ted  by  diffusion a lone  a nd  tha t  the d i f -  
fus ion  ra tes  in  he xa gona l  and  cubic  zinc sulfide m a y  
differ. In  tha t  case one would  expect  to find the  
larges t  a m o u n t  in  the  smal les t  par t ic les  because  of 
the i r  large surface  area  and  in  those of hexagona l  
s t ruc tu re  because  of the i r  open s t ruc ture .  These ob-  
serva t ions  appear  to be closely connec ted  wi th  the  
fact tha t  chlor ide  inf luences the  c ub i c - he xagona l  
s t ruc tu re  e q u i l i b r i u m  (12).  

Fig. 4. Zinc sulfide powders with 0.007 g atom of halide 
per mole of zinc sulfide added and processed for 3 hr at  
850~ in sealed quartz vials; the added halides are: a, NoF; 
b, NaCI; c, NaBr; cl, Nal ;  e, ZnF~; f, ZnCh; g, ZnBr~; and 
h, Znl2. 
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Fig. 5. Anomalous particle growth and at tendant  chloride 
retention and crystal structure in sealed quartz vials. 

zinc sulfide phosphors  con ta in  some hexagona l  s t ruc -  
t u r e  even  at  process ing t e m p e r a t u r e s  be low 950~ 
whi le  the  pu re  hexagona l  s t ruc tu re  occurs above 
1050~ and  p u r e  cubic s t ruc tu re  is found  in  the i n -  
t e rmed ia t e  range.  The a m o u n t  of r e t a ined  vo lume  
chlor ide  is lowest  in  the  reg ion  of the  anoma lous  
peak. It  appears  tha t  the a n o m a l y  nea r  1000~ can be 
exp la ined  as be ing  due to the  Hedva lF  effect (11), 
since one observes  a cons iderab le  a m o u n t  of r a n -  
domness  in  the  crys ta l  s t ruc tu re  of zinc sulfide c rys-  
tals (espec ia l ly  for those of cubic  s t ruc tu r e )  tha t  
are a n n e a l e d  at this t e m p e r a t u r e  (12).  The  degree  
of r a n d o m n e s s  was found  to be e n h a n c e d  cons ider -  
ab ly  d u r i n g  a n n e a l i n g  in  the presence  of ha l ide  
w h e n  compared  wi th  samples  con ta in ing  no addi -  
tives. A series of samples  w i thou t  addi t ives  was  
used as a b l a n k ;  in  this  case the  anoma lous  g rowth  
peak  was  absent .  

I t  appears  tha t  the  r a n d o m n e s s  in the  crys ta l  
s t ruc tu re  seems to faci l i ta te  c rys ta l  g rowth  n e a r  
1000~ whi l e  the  degree  of inco rpora t ion  of chlor ide 
is a c tua l l y  decreased.  One m a y  also conc lude  tha t  
the low concen t r a t i on  of v o l u m e  chlor ide in p a r t i -  
cles processed n e a r  1000~ can be i n t e rp r e t e d  by  
a s suming  tha t  the  g rowth  ra te  is increased  by  r a n -  

T h e  H e d v a l l  e f f ec t  a s c r i b e s  s i m i l a r  a n o m a l i e s  to  t h e  i n c r e a s e d  
c h e m i c a l  r e a c t i v i t y  n e a r  a t r a n s i t i o n  p o i n t .  

Summary and Discussion 
As pa r t  of commerc ia l  phosphor  p r e pa r a t i on  zinc 

sulfide powder  is submi t t ed  to a heat  t r e a t m e n t  
process du r ing  which  the par t ic le  size increases.  The 
average  par t ic le  d i ame te r  is found  to increase  wi th  
the square  root  of the processing t ime  and  e x p o n e n -  
t ia l ly  wi th  the  rec iprocal  of the t e m p e r a t u r e  d u r i n g  
phosphor  p r e p a r a t i o n  in open boats.  The  g rowth  
process is re la ted  to the t a rn i sh ing  react ion,  corro-  
s ion processes, and  s imi lar  d i f fus ion- l imi ted  g rowth  
p h e n o m e n a  (13).  For  ins tance,  the  same e x p o n e n -  
t ia l  dependence  of the  growth  ra te  on the t e m p e r a -  
t u r e  has been  f ound  by  Keck  (14) for the g rowth  of 
s e l en ium films in  vacuum.  The  t ime dependence  of 
par t ic le  g rowth  w i th  t lj2 has been  found,  for i n -  
stance,  for Ba(OH)~  on BaO b y  Jahoda  (15) and  for 
g e r m a n i u m  oxide films by  Lukes  (16).  

The  g rowth  Eq. [1] can be der ived  theore t ica l ly  
if one considers  the par t ic le  g rowth  as a quas i -  
chemical  r eac t ion  (17).  The der iva t ion ,  which is no t  
discussed here,  leads to an express ion  for a diffu-  
s ion - l imi t ed  process. Cons tan t  a i n  Eq. [1] can be 
i n t e rp re t ed  as be ing  equa l  to the  ac t iva t ion  ene rgy  
E for the  g rowth  process d ivided b y  the B o l t z m a n n  
cons tan t  k. The cons tan t  A is t h e n  found  to be p ro -  
po r t iona l  to the  concen t ra t ion  of molecules,  ions, or 
a toms in  the gaseous phase a nd  inve r se ly  p ropor -  
t iona l  to the  concen t r a t i on  of mobi le  molecules  in 
the  solid subs tance .  These concen t ra t ions  and  the 
ac t iva t ion  e n e r g y  m a y  be modified by  the  presence  
of addit ives,  so tha t  one would  expect,  in  a g r eemen t  
wi th  our  ~experiments, a va r i a t i on  in  a and  A wi th  
the  k i n d  of add i t i ve  employed.  S ince  addi t ives  tha t  
are solids at the  processing t e m p e r a t u r e  do no t  
affect the  pa r t i c le  g rowth  s igni f icant ly  (see N a F -  
addi t ion  in  Tab le  I ) ,  one ma y  assume tha t  the vapor  
p ressure  of the  addi t ive  mus t  be fa i r ly  h igh in  
order  to be effective in  s t i mu l a t i ng  par t ic le  growth.  
The concen t r a t i on  of the addi t ive  appears  not  to be 
critical,  because  in open boats a cons ide rab le  a m o u n t  
of the  addi t ive  is lost (10) wi th  process ing t ime and  
t empera tu re ,  a nd  the  values  of a and  A in  the  
g rowth  Eq. [1] do not  change,  as can be seen in  
Fig. 3. 

It  is i n t e re s t ing  to find tha t  Sh ionoya  and  A m a n o  
(7) ob ta ined  ac t iva t ion  energies  w i t hou t  an  addi t ive  
and  wi th  2% NaC1 added, which  are about  2 to 3 
t imes l a rger  t h a n  our  values.  The  exp lana t ion  of 
this  d i sc repancy  is qui te  simple, since one finds tha t  
they  consider  the  par t ic le  vo lume  r a the r  t h a n  the  
d iameter .  In  this  case the g rowth  Eq. [1] is essen-  
t i a l ly  ra ised to the th i rd  power,  so tha t  the ac t iva -  
t ion  ene rgy  for v o l u m e  growth  should  be th ree  t imes  
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t h a t  for  l i n e a r  g rowth .  A c c o r d i n g  to Eq. [1]  t h e  
v o l u m e  shou ld  be  p r o p o r t i o n a l  to if/2, w h i l e  S h i o n o y a  
a n d  A m a n o  (7)  f o u n d  a l i n e a r  d e p e n d e n c e  b e t w e e n  
p a r t i c l e  v o l u m e  and  the  p rocess ing  t i m e  t. I t  a p -  
p e a r s  t ha t  the  d i f fe rence  in t i m e  d e p e n d e n c e  can  be  
a sc r ibed  to t he  l i m i t e d  r a n g e  of e x p e r i m e n t a l  con-  
d i t ions  t h a t  S h i o n o y a  and  A m a n o  (7)  cons idered .  

The  o the r  ser ies  of e x p e r i m e n t s  in  sea led  q u a r t z  
v ia l s  w h i c h  l ed  to t h e  obse rva t i ons  of t h e  a n o m a l o u s  
b e h a v i o r  n e a r  1000~ has  been  d i scussed  in the  
r e su l t  sect ion.  The  H e d v a l l  effect (11) offers a pos -  
s ib le  e x p l a n a t i o n  for  t he  g r o w t h  a n o m a l y ;  howeve r ,  
t h e r e  has  to be some a d d i t i o n a l  inf luence  a n d / o r  
i n t e r a c t i o n  to accoun t  for  the  a n o m a l i e s  in c r y s t a l  
s t r u c t u r e  and  ch lo r ide  i n c o r p o r a t i o n  in  the  case  of 
sea led  vials ,  because  none  of t he  a b o v e  t h r e e  a n o m -  
a l ies  has  been  o b s e r v e d  w h e n  p rocess ing  was  con-  
duc t ed  in open boats .  

I t  is qu i t e  a p p a r e n t  t ha t  m a n y  p r o b l e m s  in th is  
field r e q u i r e  f u r t h e r  s tudy .  The  p r e s e n t  e x p e r i -  
m e n t a l  i nves t i ga t i on  has  l ed  to a g r o w t h  e q u a t i o n  
w h i c h  e x p l a i n s  c e r t a i n  resul t s .  On t h e  o the r  hand ,  
i t  is also c l ea r  t h a t  the  g r o w t h  Eq. [1]  can on ly  be  
cons ide red  to be  an  a p p r o x i m a t i o n  w h i c h  does  no t  
a p p l y  in ce r t a in  cases. I t  is e x p e c t e d  t ha t  f u t u r e  
i nves t i ga t i ons  wi l l  l e a d  to a b e t t e r  u n d e r s t a n d i n g  of 
the  a n o m a l o u s  behav io r ,  the  g r o w t h  process  and  
p h o s p h o r  p r e p a r a t i o n  w h i c h  m a y  f ina l ly  c o n t r i b u t e  
to t he  syn thes i s  of n o v e l  or  i m p r o v e d  p h o s p h o r  m a -  
te r ia l s .  
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Electroluminescence Maintenance 
W. A. Thornton 

Lamp Division, Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

The main tenance  of severa l  e lec t ro luminescent  phosphors,  ma in ly  of the  
ZnS: Cu,C1 type, has  been invest igated.  Data  are  given i l lus t ra t ing  its depend-  
ence on phosphor  proper t ies ,  such as copper  and chlorine addit ions,  firing 
t empe ra tu r e  and par t ic le  size, on condit ions of operat ion,  and on lamp con- 
struction.  Changes in proper t ies  o ther  than  l ight  emission and recent  ma in t e -  
nance improvements  are described.  

E l e c t r o l u m i n e s c e n c e  (1, 2) shows  a c h a r a c t e r i s t i c  
s low dec rease  in l i gh t  emiss ion,  in c o m m o n  w i t h  a l l  
o t h e r  p r a c t i c a l  l i gh t  sources ,  ove r  long  pe r i ods  of 
o p e r a t i o n  of t h e  l amp .  I m p r o v e m e n t s  in  t h e  m a i n t e -  
n a n c e  of e l e c t r o l u m i n e s c e n c e  h a v e  k e p t  pace  w i t h  
inc reases  in b r i g h t n e s s  a n d  efficiency and  h a v e  r e -  
q u i r e d  k n o w l e d g e  of the  d e p e n d e n c e  of e l e c t r o l u m i -  
nescence  m a i n t e n a n c e  on p h o s p h o r  p rope r t i e s ,  con-  
d i t ions  of ope ra t i on ,  and  l a m p  cons t ruc t ion .  I t  is 
the  p u r p o s e  of th is  p a p e r  to de sc r ibe  t he  inf luence  
of t he se  fac to rs  on e l e c t r o l u m i n e s c e n c e  m a i n t e n a n c e .  
E l e c t r o l u m i n e s c e n t  p h o s p h o r s  h a v e  no t  c h a n g e d  
b a s i c a l l y  f r o m  the  t y p e  d i s cove red  b y  D e s t r i a u  (3, 

4) in 1936, and  consis t  t y p i c a l l y  of zinc sulf ide ac t i -  
v a t e d  b y  coppe r  a n d  ch lor ine .  T h e  ZnS:Cu ,C1  and  
ZnS:  Cu,Mn,C1 p h o s p h o r s  a r e  in mos t  g e n e r a l  use, 
and  i t  is to t hese  t h a t  t he  d a t a  to  fo l low p r i m a r i l y  
re fe r .  

Electroluminescence maintenance has been the 
subject of three previous papers. Observations on 
photoluminescence, dark capacitance and conduct- 
ance, photoeonduction, wave form, and low-tem- 
perature deterioration of light emission were related 
by Thornton (5) (Paper I) to the typical mainte- 
nance (brightness-time) curve by assuming field- 
diffusion of traps or donors within the phosphor 
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crystal .  Roberts  publ ished a paper  (6) (Pape r  II)  
based in pa r t  on resul ts  obta ined much e a r l i e r  (7),  
in which he gives an empir ica l  re la t ion accura te ly  
describing typica l  b r igh tness - t ime  behavior ,  gives 
some data  on vol tage and f requency dependence of 
maintenance,  and also concludes tha t  de ter iora t ion  
is due to physical  processes wi th in  the  phosphor 
grain.  Deep t raps  appear ing  in the phosphor  crys ta l  
during de te r iora t ion  are ascr ibed by  Thornton (8) 
(Paper  I I I )  to incoming oxygen ions; the presence 
of the deep t raps  was indicated by  the rmolumines -  
cence measurements  and by the fact  that  b r igh tness -  
vol tage changes wi th  de ter iora t ion  could be r ep ro -  
duced by firing into the phosphor  d e e p - t r a p - p r o -  
ducing impur i t ies  such as In, Cd, and Ga, and could 
be removed t empora r i ly  s imply by  heat ing the de-  
te r iora ted  lamps. That  oxygen is involved was in-  
dicated by s imi lar  thermoluminescence  behavior  of 
oxygen (9) in ZnS, by the fact that  the br igh tness -  
vol tage changes with de ter iora t ion  could also be 
reproduced by firing small  amounts  of ZnO into the 
ZnS phosphor,  and by the appearance  of free zinc 
(10) on the phosphor crystals  during e lec t ro lumi-  
nescence deter iorat ion.  

Most of the data  presented  in this paper  were  ob- 
ta ined from conventional  e lect roluminescent  lamps 
which consist of phosphor powder  dispersed in a 
plastic dielectr ic  mater ia l  (po lyv iny l  chloride ace- 
ta te)  at room tempera ture .  When organic mater ia l s  
are used as the dielectric,  the lamp is subjected to 
t empera tu res  no grea ter  than 50 ~ to 100~ There-  
fore, all  the  data presented  here  are character is t ic  
of e lect roluminescent  phosphor powders  as prepared.  
In the case of ceramic lamps, which are  subjected to 
processing t empera tu res  in the neighborhood of 
600~176 profound changes occur in the phos-  
phor  dur ing this processing and its e lec t ro lumines-  
cence properties are altered; no consideration is 
given here to the ceramic type of electroluminescent 
lamp. 

I I. Results 
A. Dependence of Maintenance on Phosphor 

Properties 

1. Copper and chlorine additions.--ZnS:Cu,C1 
phosphors showing blue electroluminescence are 
known to have much poorer  maintenance  charac-  
terist ics than s imilar  phosphors of the same type 
which show green emission. I t  is of interest ,  p rac t i -  
cally, to de te rmine  the dependence  of e lec t ro lumi-  
nescence main tenance  on the propor t ions  of added 
copper and chlorine in phosphors ~ made at constant 
firing temperature and covering a wide range of 
copper and chlorine additions. The phosphor sam- 
ples, about forty in all, were sprayed on conducting 
glass. The phosphor/plastic (Ucilon ~) weight ratio 
was unity, gross thickness of the finished lamps was 
about two mils, and they were coated with evapo- 
rated aluminum to form the rear electrode. The 
lamps were mounted in good thermal contact with 
a massive metal base and operated together, from 
a single power supply and simultaneously, in an air- 

�9 S u p p l i e d  by  W. L e h m a n ~ .  
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condit ioned room ( t empera tu re  about  70~ R.H. 
about  30%).  The t empe ra tu r e  of the lamps did not 
rise significantly above room tempera ture .  The de-  
te r iora t ion  to be descr ibed is the " intr insic"  de-  
te r iora t ion  character is t ic  of the phosphor ra the r  
than that  due to its environment .  Light  output  
measurements  dur ing  de ter iora t ion  were  made with  
an RCA 931-A photomul t ip l ie r  and ba t t e ry  box for 
long-time stability. No spectral shift with deterio- 
ration was detected (see Section D-3). Initial 
brightness measurements were made in a castor-oil 
cell, 60 ~ thick, using the Ultrasensitive Spectra 
Brightness Meter? Cell thickness reproducibility is 
better in the oil cells than in the sprayed lamps, 
although brightness readings among the sprayed 
lamps agreed well with those obtained with the oil 
cell. Al l  of these measurements  were  made  at 4000 
cps, the f requency at which e lect roluminescent  
maintenance  was determined.  

The percentages  of added impur i t ies  are plot ted 
as ordinate  and abscissa, respect ively,  on logar i thmic 
scales in Fig. 1. In this figure are p lot ted  contours of 
equal  maintenance,  in per  cent of in i t ia l  brightness,  
af ter  operat ion at 150 v, 4000 cps. Contours plot ted 
for short  and long periods of operat ion show the 
same configuration. Electroluminescence main te -  
nance improves r a p i d l y  wi th  increase of both copper 
and chlorine addit ions.  The contours are roughly  
symmetr ica l  about  the  line of equal  copper and 
chlorine addit ions;  this is the  line of uni ty  slope in 
Fig. 1. Fur the rmore ,  again roughly,  a schematic 
representa t ion  of these contours m a y  be given as 
in the inset of Fig. 1. This implies that ,  for a given 
maintenance  character is t ic ,  cer tain equal  addit ions 
of copper and chlor ine  are required.  For  example,  
for 10% maintenance,  an addit ion of 0.5 mole % of 
copper and 0.5 mole % of chlor ine is required.  
Fu r t he r  addit ions of chlorine (at  constant  copper)  
or of copper (at  constant  chlorine) wi l l  not improve 
the maintenance;  instead a grea ter  addi t ion of both 
is required.  Since the contours show no sign of clos- 
ing, it may be assumed that  fu r the r  maintenance  
improvement  may  be real ized by grea te r  impur i ty  
addition. This is of in teres t  p rac t ica l ly  only if ma in -  
tenance is the only requirement .  To a marked  
degree, there  is a corre la t ion be tween  be t te r  m a i n -  

M a n u f a c t u r e d  by  P h o t o  R e s e a r c h  C o r p o r a t i o n ,  H o l l y w o o d ,  Ca l i f .  
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Fig. 1. Dependence of maintenance (solid curves, per cent 
of init ial brightness, 150 v, 4000 cps) and visual color (dashed 
curves) on copper and chlorine additions. Inset: schematic 
diagram of same data. 
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Fig. 2. Dependence of maintenance (dashed lines, per 
cent of initial brightness, 150 v, 4000 cps) and brightness 
(solid lines, oil cell, 200 v, 4000 cps, arbitrary units) on 
copper and chlorine additions. 

t enance  and  l onge r  w a v e - l e n g t h  emiss ion,  as shown 
in Fig.  1. H e r e  a r e  p l o t t e d  the  m a i n t e n a n c e  con tours  
and  also v i sua l  color  con tours  which ,  a l t h o u g h  s u b -  
j ec t ive ,  a r e  cor rec t  in t h e i r  g r a d a t i o n  f r o m  a p p a r e n t  
sho r t e r  to l onge r  w a v e  lengths .  The  m a i n t e n a n c e  
and  color  con tours  a r e  no t  co inc iden t .  This  means ,  
for  e x a m p l e ,  t ha t  t h e r e  is a def in i te  p r o c e d u r e  for  
o b t a i n i n g  a g r e e n - e m i t t i n g  p h o s p h o r  of o p t i m u m  
m a i n t e n a n c e  ( in  th is  case, b y  e x t r a p o l a t i o n  to 10 
mo le  % copper  and  2 m o l e  % ch lo r ine  a d d e d ) .  
W h i l e  t he  b l u e - e m i t t e r s  a re  a l w a y s  p o o r e r  in m a i n -  
t enance ,  Fig .  1 d e m o n s t r a t e s  s imple  m a t c h i n g  of a 
r e q u i r e d  color  to o p t i m u m  m a i n t e n a n c e  and  hence  
the  bes t  b l u e  e m i t t e r  is chosen  eas i ly .  Note  t ha t  the  
color  con tours  of Fig.  1 fo l low the  s imp le  schemat i c  
d i a g r a m  even  m o r e  c losely ,  and  hence  the  same  
d i scuss ion  appl ies .  

The  t h i r d  i m p o r t a n t  c h a r a c t e r i s t i c  is b r igh tness .  
Con tour s  of equa l  b r i g h t n e s s  ( in  a r b i t r a r y  un i t s  
p r o p o r t i o n a l  to f t - L )  a r e  g iven  in Fig .  2. I n i t i a l  
b r i gh tne s s  con tours  (no t  shown)  for  the  s p r a y e d  
cel ls  w h i c h  w e r e  d e t e r i o r a t e d  h a d  the  s ame  config-  
u ra t ion ;  the  p lo t t ed  b r i g h t n e s s  d a t a  w e r e  o b t a i n e d  
f rom oil  cells.  F i g u r e  2 inc ludes  t h e  m a i n t e n a n c e  
con tours  a l r e a d y  desc r ibed .  In  t he  b lue  reg ion ,  t he  
b r i g h t n e s s  and  m a i n t e n a n c e  con tours  a r e  a p p r o x i -  
m a t e l y  co inc iden t ;  t ha t  is, m a x i m u m  b r i g h t n e s s  and  
m a x i m u m  m a i n t e n a n c e  for  a c e r t a i n  color  occur  a t  
abou t  the  same  point .  In  the  g reen  a n d  y e l l o w -  
g reen  reg ions  the  con tours  a r e  not  a t  a l l  co inc ident ,  
bu t  a t  l eas t  t he  h igh  b r i g h t n e s s  con tours  a r e  e lon -  
g a t e d  in the  d i r ec t ion  of bes t  m a i n t e n a n c e  so t ha t  
not  m u c h  b r i g h t n e s s  is sacr i f iced in r ea l i z ing  good 
m a i n t e n a n c e .  B r igh tnes s  and  m a i n t e n a n c e  a r e  o f ten  
e q u a l l y  i m p o r t a n t ,  and  the  t o t a l  l igh t  e m i t t e d  
t h r o u g h o u t  t h e  o p e r a t i n g  l i fe  of t h e  l a m p  ( l u m e n -  
hours )  is t he  c r i t e r ion .  P e a k  " l u m e n - h o u r s "  is ob -  
t a i n e d  in t he  g reen  a n d  fa l l s  off b y  a f ac to r  of 
t w e n t y  t o w a r d  the  y e l l o w ;  hence,  t he  effect is due  
n e i t h e r  to dec r ea s ing  l u m i n o s i t y  ( s ince  l u m i n o s i t y  
r ises  s l i g h t l y  in  th is  r ange ,  5200-5650A) nor  to 
poo re r  m a i n t e n a n c e  b u t  is a m a r k e d  p h y s i c a l  effect. 
In  the  b l u e  regions ,  f o r t u n a t e l y ,  a r i d g e  occurs  at  
a b o u t  1 mo le  % coppe r  a long  w h i c h  m a x i m u m  
l u m e n - h o u r s  can  be  chosen  for  a g iven  color.  

As  d i scussed  in Sec t ion  III ,  d e n s i t y  of t r a p p i n g  
si tes is t h o u g h t  to be  r e l a t e d  to t he  m a i n t e n a n c e  of 
a phosphor .  F o r  th is  reason ,  t he  t h e r m o l u m i n e s c e n c e  
of each  p h o s p h o r  in th is  ser ies  was  m e a s u r e d  b y  
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Fig. 3. Dependence of integrated thermoluminescence 
( - -195~  to room temperature, arb i t rary units) on copper 
and chlorine additions. 

i n t e g r a t i n g  the  t h e r m a l  glow, b e t w e e n  - -195~  and  
r o o m  t e m p e r a t u r e ,  fo l l owing  e q u a l  i r r a d i a t i o n  at  
365 m~ a t  t he  l o w e r  t e m p e r a t u r e .  In  Fig .  3 the  t o t a l  
l igh t  o u t p u t  due  to t h e r m o l u m i n e s c e n c e  ( r e l e a s e  of 
t r a p p e d  e l ec t rons  fo l lowed  b y  r e c o m b i n a t i o n )  is 
p l o t t e d  in a r b i t r a r y  uni ts .  

As  a m a t t e r  of in te res t ,  the  y e l l o w - e m i t t i n g  ZnS:  
Mn,Cu,C1 p h o s p h o r s  show s imi l a r  con tours  and  as 
w i d e  a m a i n t e n a n c e  v a r i a t i o n  as the  ZnS:Cu,C1 
t y p e  de sc r ibed  above ,  d e p e n d i n g  also on coppe r  and  
ch lo r ine  addi t ions .  F o r  s amples  of y e l l o w  phospho r s  
of th is  t y p e  w i t h  v a r i o u s  copper  and  ch lo r ine  a d d i -  
t ions,  t he  t ime  to  ha l f  b r i g h t n e s s  at  4000 cps r a n g e d  
f r o m  4 to 350 hr.  The  in i t i a l  b r i g h t n e s s  of the  bes t  
m a i n t e n a n c e  p h o s p h o r  was  abou t  60% of t h a t  of the  
b r i g h t e s t  y e l l o w  phosphor .  

2. Firing t e m pe r a t u r e . - - A  ser ies  of b l u e - w h i t e  
ZnS:  Cu,C1 p h o s p h o r s  4 was  f i red at  va r i ous  t e m p e r a -  
tures .  The  e x p e r i m e n t a l  p r o c e d u r e  was  i d e n t i c a l  to 
t ha t  d e s c r i b e d  in t he  p r e v i o u s  sect ion.  The  m a i n t e -  
n a n c e  of those  p h o s p h o r s  f ired a t  h i g h e r  t e m p e r a -  
t u r e s  was  m u c h  b e t t e r  t h a n  the  m a i n t e n a n c e  of 
those  f i red a t  950~ and  b e l o w  (Tab l e  I ) .  The  
b r i g h t n e s s  un i t s  a r e  p r o p o r t i o n a l  to f o o t - l a m b e r t s ;  
m a i n t e n a n c e  is g iven  in pe r  cen t  of i n i t i a l  b r i g h t -  
ness a f t e r  24 h r  a t  150 v, 4000 cps. C o m p a r i n g  the  
v a r i a t i o n s  w i t h  f i r ing t e m p e r a t u r e  w i t h  t he  c o r r e -  
s p o n d i n g  con tours  of Fig.  1, t he  i nc r e a s ing  f i r ing 
t e m p e r a t u r e  a p p e a r s  to have  the  effect of caus ing  
i n c r e a s e d  r e t e n t i o n  of copper .  The  p r a c t i c a l  r e s u l t  
is a b l u e - w h i t e  p h o s p h o r  of m u c h  i m p r o v e d  m a i n t e -  
nance .  

P a r t  b u t  no t  a l l  of t he  m a i n t e n a n c e  i m p r o v e m e n t  
w i t h  i nc r e a s ing  f i r ing t e m p e r a t u r e  is u n d o u b t e d l y  
due  to t h e  inc rease  in  p a r t i c l e  size w i t h  i n c r e a s i n g  
t e m p e r a t u r e ,  as shown  in T a b l e  I. The  d e p e n d e n c e  
of m a i n t e n a n c e  c ha ra c t e r i s t i c s  on p a r t i c l e  size is 
d e s c r i b e d  in  t h e  n e x t  sect ion.  

3. Particle s i z e . - - A n y  a l t e r a t i o n  of t he  p h o s p h o r  
( i m p u r i t y  add i t ion ,  f i r ing t e m p e r a t u r e ,  etc.)  r e -  

S u p p l i e d  b y  A .  W a c h t e l .  

Table I. Phosphor characteristics as a function of firing temperature 

I n i t i a l  M a i n -  A v e r a g e  
F i r i n g  b r i g h t n e s s ,  t e n a n c e ,  p a r t i c l e  

t e m p ,  ~  B M ,  % B x M s i z e , / ~  

650 7.2 1.2 9 2.5 
800 5.3 1.2 6 2.5 
950 4.9 2.7 13 3 

1100 11.0 5.1 56 5 
1250 9.5 11.0 104 8 
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Table II. Phosphors for which effect of particle size on 
maintenance was determined 

B Blue ZnS: Cu, C1 
BG Blue-green  ZnS: Cu, C1 
Q Green ZnS: Cu, C1 
YG Yel low-green  ZnS: Cu, C1 
Y (1) Yellow ZnS: Cu, Mn, C1 
Y (2) Yellow ZnS: Cu, Mn, C1 

sults ,  in gene ra l ,  in a change  in  m e a n  p a r t i c l e  size 
also. Eff iciency (11) and  b r i g h t n e s s  (11, 12) have  
been  s h o w n  to d e p e n d  on m e a n  p a r t i c l e  size. The  
m a i n t e n a n c e  of o u t p u t  also d e p e n d s  on p a r t i c l e  size. 
T h e r e f o r e  an  o b s e r v e d  v a r i a t i o n  in m a i n t e n a n c e ,  for  
ins tance ,  canno t  be  a t t r i b u t e d  e n t i r e l y  to a ce r t a in  
a l t e r a t i o n  of the  p h o s p h o r  if a p a r t i c l e  size change  
also is i n d u c e d  b y  the  a l t e r a t i on .  This  sec t ion  d e -  
sc r ibes  a d e t e r m i n a t i o n  of t he  d e p e n d e n c e  of m a i n -  
t e n a n c e  on p a r t i c l e  size a lone,  in  o r d e r  t h a t  th is  
effect of p a r t i c l e  size m a y  be  a l l o w e d  for  in d e t e r -  
m i n i n g  t r u e  m a i n t e n a n c e  v a r i a t i o n  due  to p h o s p h o r  
a l t e r a t i on .  

F r o m  each  of t he  s ix  p h o s p h o r s  l i s t ed  in  Tab le  II  
five or  s ix  f r ac t ions  w e r e  s e p a r a t e d  out  b y  w a t e r  
se t t l ing .  S e v e r a l  p a r t i c l e  size d e t e r m i n a t i o n s  w e r e  
m a d e  b y  mic roscope  and  the  a p p a r e n t  m e a n  p a r t i c l e  
size a v e r a g e d  to ob t a in  t he  n o m i n a l  p a r t i c l e  d i a m -  
e t e r  u sed  in p lo t t i ng  the  da ta .  These  n o m i n a l  p a r t i -  
cle sizes a r e  v e r y  a p p r o x i m a t e ,  and  on ly  the  l a rge  
d i f fe rences  in the  m e a n  d i a m e t e r  of the  f rac t ions  
m a k e  the  d e t e r m i n a t i o n  m e a n i n g f u l .  A l t h o u g h  the  
n u m b e r  of p a r t i c l e s  c o n s i d e r a b l y  coa r se r  t han  the  
n o m i n a l  size was  neg l ig ib le ,  t h e r e  w e r e  s m a l l  n u m -  
be r s  of fines p r e s e n t  in the  coa r se r  f rac t ions .  The  
n o m i n a l  a v e r a g e  p a r t i c l e  sizes d e s i g n a t e d  a r e  e s t i -  
m a t e d  to be  w i t h i n  a b o u t  15% of t he  t r u e  a v e r a g e  
in the  case  of mos t  of t he  30 f r ac t ions ;  one or  two  
f rac t ions ,  howeve r ,  cons i s t ed  of p a r t i c l e s  of a p -  
p r o x i m a t e l y  two d i f fe ren t  d i ame te r s ,  and  these  
w e r e  d i s ca rded .  Each  f r ac t i on  a p p a r e n t l y  consists  
of a b e l l - s h a p e d  d i s t r i b u t i o n  s im i l a r  in shape  to t he  
o r ig ina l  phosphor .  Such  a d i s t r i b u t i o n  is we l l  su i t ed  
to th is  m a i n t e n a n c e  s tudy ,  s ince  a n y  a c t u a l  e l e c t r o -  
l u m i n e s c e n t  p h o s p h o r  of i n t e r e s t  p r a c t i c a l l y  wi l l  
h a v e  such a d i s t r i bu t ion .  

The  d e p e n d e n c e  of m a i n t e n a n c e  of the  phosphor s  
on p a r t i c l e  size is shown in Fig.  4. A l l  of the  curves  
a r e  seen  to e x t r a p o l a t e  a p p r o x i m a t e l y  t h r o u g h  the  
or igin .  The  d e p e n d e n c e  of the  b lue  p h o s p h o r  is 

~ 2o 

I0  
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Fig. 4. Dependence of maintenance (per cent of ini t ia l  
brightness, 120 v, 4000 cps) on particle diameter. 

n e a r l y  l i n e a r  to 12 F; i t  is c h a r a c t e r i s t i c  of t he  b lue  
phosphors ,  h a v i n g  r e l a t i v e l y  l ow copper  a n d  ch lo -  
r ine  add i t ions ,  t h a t  the  r a n g e  of p a r t i c l e  size is 
l imi ted .  The  d e p e n d e n c e  of t he  o the r  p h o s p h o r s  is 
also qu i t e  l i n e a r  to abou t  12 ~, a n d  t h e n  the  m a i n -  
t e na nc e  be c ome s  f a i r l y  cons t an t  a t  l a r g e r  p a r t i c l e  
size. The  s l i gh t  a p p a r e n t  dec rea se  in m a i n t e n a n c e  
of the  l a r g e s t  p a r t i c l e s  in some  cases  m a y  no t  be  
real ,  bu t  m a y  b e  due  to t he  p r e s e n c e  of a f ew  fine 
pa r t i c l e s  as a l r e a d y  noted.  

Thus,  the  p a r t i c l e  size effect is cons ide rab le .  On 
the  o the r  hand ,  p a r t i c l e  size is b y  no m e a n s  the  
m a j o r  c ons ide r a t i on  in e l e c t r o l u m i n e s c e n c e  m a i n t e -  
nance .  Modif ied  f i r ing p r o c e d u r e s  have  been  shown  
to l ead  to m a i n t e n a n c e  i m p r o v e m e n t  fac to rs  of as 
m u c h  as t w e n t y ;  no d i f fe rence  in  a v e r a g e  p a r t i c l e  
d i a m e t e r  of t he  o r ig ina l  a n d  such modi f ied  p h o s -  
phors  is a p p a r e n t  b y  microscope .  M a i n t e n a n c e  also 
has  been  s h o w n  to d e p e n d  v e r y  s t r o n g l y  on copper  
and  ch lo r ine  add i t i ons  d u r i n g  p h o s p h o r  p r e p a r a t i o n  
(Sec t ion  A - 1 . ) ;  in the  a r r a y  of s a mp le s  s tud ied ,  the  
m a i n t e n a n c e  of e l e c t r o l u m i n e s c e n c e  b r i g h t n e s s  v a r -  
i ed  b y  a f ac to r  of 50 w h i l e  t h e  p a r t i c l e  size r a n g e d  
ove r  a f ac to r  of 2 or  3. In  a m e t h o d  of m a i n t e n a n c e  
i m p r o v e m e n t  ove r  c o n v e n t i o n a l  b lue  p h o s p h o r s  b y  
use  of o the r  c oa c t i va to r s  (13) t he  m a i n t e n a n c e  d i f -  
fe rs  b y  a f ac to r  of 18 w h i l e  t h e  p a r t i c l e  d i a m e t e r  
r a t i o  is r o u g h l y  2. H i g h e r  f i r ing t e m p e r a t u r e s  i m -  
p r o v e  the  m a i n t e n a n c e  of a b lue  p h o s p h o r  b y  a fac -  
tor  of t en  w h i l e  t h e  p a r t i c l e  size is i nc r ea sed  b y  a 
f ac to r  of t h r e e  (Sec t ion  A - 2 ) .  Hence ,  in the  las t  four  
example s ,  t he  p a r t i c l e  size effect  on m a i n t e n a n c e  is 
a m i n o r  one, c o m p a r e d  to t he  o v e r - a l l  m a i n t e n a n c e  
v a r i a t i o n s  c i ted.  

4. Emission color variation wi th  particle diameter. 
- - I n  c e r t a i n  p h o s p h o r s  of t he  ZnS:Cu ,C1  t y p e  a 
def in i te  sh i f t  occurs  in emiss ion  color  w i t h  v a r i a t i o n  
of p a r t i c l e  size f r o m  the  s ame  p h o s p h o r  ba tch .  The  
emiss ion  s p e c t r a  of the  five p a r t i c l e  size f r ac t ions  of 
the  b l u e - g r e e n  p h o s p h o r  of T a b l e  II  a r e  g iven  in 
Fig.  5 t o g e t h e r  w i t h  m e a n  p a r t i c l e  d i a m e t e r  as d e -  
t e r m i n e d  b y  microscope .  The  shi f t  of emiss ion  
t o w a r d  the  b l u e  w i t h  i nc r e a s ing  p a r t i c l e  size is not  
cons i s t en t  w i t h  the  g e n e r a l  i m p r o v e m e n t  in m a i n t e -  
n a n c e  of p h o s p h o r s  the  longe r  w a v e  l eng th  t he i r  
emiss ion  color.  S m a l l  and  l a r g e  pa r t i c l e s  f r o m  the  
s a m e  b a t c h  a r e  a p p a r e n t l y  a c t i v a t e d  d i f fe ren t ly ,  and  
emiss ion  color  ind ica tes  t h a t  t h e  s m a l l e r  pa r t i c l e s  
a r e  m o r e  h i g h l y  ac t iva ted .  M a i n t e n a n c e  has  been  
shown to d e p e n d  v e r y  s t r o n g l y  on ac t i va t i on  (pe r  
cent  a d d i t i o n  of copper  and  ch lo r ine )  and  also to 
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Fig. 5. Variation of emission color with particle size from 
the same lot of phosphor. Blue-green ZnS:Cu, CI. 
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depend somewhat  on par t ic le  size. These depend-  
ences, as determined,  a re  s l ight ly  inaccura te  due to 
the in ter re la t ion  of act ivat ion and par t ic le  size. 

The emission color of the  blue and deep ye l low-  
green phosphors (near  the ext remes  of the color 
range  of ZnS:Cu,C1 class) does not va ry  with  pa r -  
ticle size, ve ry  l ikely  because (a)  the blue fine 
part icles  contain only act ive blue luminescence cen- 
ters and so the coarse par t ic les  can emi t  no bluer  
light, and (b) the coarse ye l low-green  par t ic les  
contain only act ive ye l low-green  luminescence cen- 
ters so the finer par t ic les  can emit  no ye l lower  light. 
The possibi l i ty  that  the ye l lower  emission from 
smal ler  par t ic les  might  be due to thei r  s t ronger  
absorpt ion of blue emission, was e l iminated  by  the 
following exper iment .  A l a rge -pa r t i c l e  f ract ion (20- 
30/z diameter ,  b lue -g reen  emission) was crushed to 
an average  d iamete r  of 1 or 2 F. No change in the  
electroluminescence emission spec t rum occurred 
wi thin  exper imenta l  e r ror  due to this mechanical  
reduct ion in par t ic le  size, and it differed significantly 
f rom the spec t rum of the or iginal  smal l -pa r t i c l e  
fract ion (4-6 F diameter ,  green emission) of the 
same phosphor  batch. 

B. Dependence of Maintenance on 
Conditions of Operation 

1. Frequency.- - I t  is wel l  known tha t  e lect ro-  
luminescent  phosphors de te r iora te  more r ap id ly  at 
higher  frequencies (5, 6). This behavior  is t rue  gen-  
erally,  wi th  no known exceptions.  I t  was suggested ~ 
that,  at least  approx imate ly ,  a un iversa l  de te r io ra -  
t ion curve resul ts  f rom plo t t ing  the per  cent of 
in i t ia l  br ightness  against  the to ta l  number  of cycles 
of operation, r a the r  than  the hours of operation.  
The va l id i ty  of such a un iversa l  de ter iora t ion  curve 
was de te rmined  for the phosphors  in Table  II. F ig -  
ure 6 shows the data  p lo t ted  in terms of cycles of 
operation. A universa l  curve can be d rawn approx i -  
mate ly  for frequencies h igher  than  1000 cps, but  at 
lower frequencies significant deviat ions f rom the 
universa l  curve occur. On the basis of these curves, 
a pa rame te r  useful  for descr ibing the maintenance  
proper t ies  of an e lect roluminescent  phosphor is the 
h igh- f requency  half - ] i re  under  d ry  conditions, de -  
fined as the number  of cycles of opera t ion  at  f re -  
quencies grea te r  than 1000 cps af ter  which l ight  

.~ B y  E. A. Sack,  W e s t i n g h o u s e  R e s e a r c h  Labora to r i e s ,  P i t t s b u r g h ,  
Pa.  
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Fig. 6. Dependence of maintenance (per cent of initial 
brightness) on total number of cycles of operation. Standard 
green phosphor, 200 v. Inset: Field distr ibut ion at (1) high 
and (2) low frequency. 

emission has been reduced to half  the ini t ia l  value.  
Al l  the phosphors showed low- f requency  devia -  

tions f rom the universa l  curve which sa t is fac tor i ly  
descr ibed deter iora t ion  above 1000 cps. These de-  
viat ions ranged f rom a factor  of two in ha l f - l i fe  for 
the phosphor wi th  blue emission to a factor  of ten 
wi th  the ye l low-green .  General ly ,  these deviat ions 
are in the direct ion of longer ha l f - l i f e  (in cycles) 
at lower f requency;  the blue phosphor,  however,  
showed a shorter  ha l f - l i fe  in cycles at  low f re-  
quency. The ye l low-emi t t e r s  showed low-f requency  
deviat ions which were  in te rmedia te  be tween the 
b lue  and ye l low-green .  

The f requency dependence of maintenance  is 
therefore  ve ry  strong, covering a range in ha l f - l i fe  
even grea ter  than  the range of f requencies  of oper-  
ation. 

I t  might  be expected tha t  if two ident ical  lamps 
are  operated,  one at a high f requency and one at a 
low f requency and at the same appl ied  voltage,  tha t  
the br ightness  of the h igh- f requency  lamp would 
in i t ia l ly  be much grea ter  than tha t  of the  l o w - f r e -  
quency lamp but  would eventua l ly  fal l  below; this 
would follow if the l umen-hour  capabi l i t ies  of the 
two lamps were  about equivalent .  It is observed,  
however ,  tha t  of two ident ical  lamps opera ted  at 
the  same vol tage and different  frequencies,  the 
br ightness  of the  l amp opera ted at  the  higher  f re -  
quency never  falls below tha t  of the lamp opera ted 
at  lower  frequency.  Lamps opera ted  at high f re-  
quency, a l though they have de te r io ra ted  to a small  
pe rcen tage  of ini t ia l  brightness,  a re  st i l l  b r igh te r  
than ident ical  low-f requency  lamps.  The br igh tness -  
t ime curves of these lamps approach each other  
more  and more  closely af ter  a per iod of operat ion 
but  appa ren t ly  do not cross even af ter  ve ry  long 
times. Such behavior  suggests f as t -de te r io ra t ion  and 
s low-de te r io ra t ing  components  of l ight  emission, 
the la t te r  being re la t ive ly  independent  of frequency.  
The presence of two components  is pa r t i cu la r ly  
marked  in the case of an improved-ma in tenance  
ye l low phosphor described in Section E and in Fig. 
14. 

2. Voltage (]~eld s t rength) . - - I t  is not unreason-  
able  to expect  t ha t  an increase in vol tage  and field 
s t rength  wil l  lead to more rap id  de te r iora t ion  of the 
phosphor  since the  l ight  output  is higher.  Roberts  
(6) repor ted,  however ,  tha t  the  main tenance  of 
cer ta in  lamps improved  s l ight ly  wi th  increase in 
field strength.  A de te rmina t ion  of the vol tage de-  
pendence of main tenance  was made  for blue and 
green ZnS:Cu,C1 phosphors and a ye l low-emi t t ing  
ZnS:Mn,Cu,C1 phosphor.  Some of the resul ts  are 
given in Table III. A t  low f requency (60 cps) the 
main tenance  of the blue phosphor  improves  wi th  
increasing field strength.  At  in te rmedia te  f requency 
(400-4000 cps) the blue and green phosphors de-  
t e r io ra te  s l ight ly  more r ap id ly  at h igher  field 
strengths,  and the yel low phosphor  shows no vo l t -  
age dependence wi thin  exper imenta l  error.  Thus, 
e lectroluminescence main tenance  does not  depend 
apprec iab ly  on the field s t rength  exper ienced by the 
phosphor.  The greates t  observed var ia t ion  in ha l f -  
life over the range of useful  vol tage  is no more 
than  a factor  of two or three;  this is to be compared 
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Table III. Dependence of maintenance (half-life) on applied 
voltage for various phosphors and frequencies 

I n i t i a l  
b r i g h t n e s s ,  I-Ials 
a r b .  u n i t s  V o l t a g e  h r  

1300 400 380 
700 310 290 

Blue 400 230 210 
60 cps 50 150 150 

8 75 180 

1600 370 1.0 
1300 340 1.3 

Blue 1050 300 1.3 
4000 cps 240 203 1.4 

9 95 1.1 

770 370 2.2 
580 340 3.5 

Green 320 300 2.6 
4000 cps 100 200 3.5 

6 92 5.0 

600 400 14 
380 360 14 

Yellow 250 317 14 
4000 cps 60 212 16 

2 97 12 

to the va r i a t i on  of 1000 to 1 due  to f requency .  There  
is l i t t le  d i sadvantage ,  therefore ,  in  opera t ing  a l amp 
close to b r e a k d o w n  in  order  to ob ta in  m a x i m u m  
br ightness ,  since the  m a i n t e n a n c e  is abou t  tha t  ob-  
served at  m u c h  lower  voltages.  Converse ly ,  m a i n -  
t enance  c a n n o t  a p p a r e n t l y  be i m p r o v e d  signifi-  
can t ly  by  reduc ing  the field s t r eng th  on the phos-  
phor.  

3. Temperature.--Electroluminescence de te r io ra -  
t ion  proceeds (5) at a r a t e  too slow to measu re  if 
the  phosphor  is m a i n t a i n e d  at l iqu id  n i t r ogen  t e m -  
p e r a t u r e  ( - -195~ On the  o ther  hand,  the  m a i n t e -  
n a n c e  is poorer  at t e m p e r a t u r e s  h igher  t h a n  room 
t e m p e r a t u r e  t h a n  it  is a t  room t empera tu r e .  This  
behav io r  is i l l u s t r a t ed  by  Fig. 7. 

4. Humidity .--I t  is wel l  k n o w n  gene ra l l y  in  elec- 
t r o luminescence  work  tha t  mois tu re  has a s t rong 
de le te r ious  effect on the  m a i n t e n a n c e  of output .  
A tmosphe r i c  wa t e r  vapor  is pe rhaps  the  most  i m -  
p o r t a n t  adverse  inf luence on e lec t ro luminescence  
m a i n t e n a n c e  f rom the  po in t  of v iew of prac t ica l  
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Fig. 7. Dependence of lifetime (time to half of initial 
brightness) on temperature. Standard green phosphor, 150 v, 
4000 cps. 
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Fig. 8. Dependence of lifetime (hours to half of initial 
brightness) for two green ZnS:Cu, CI, phosphors as a func- 
tion of per cent relative humidity. 4000 cps, PVCA dielectric, 
23 ~ 

appl icat ion.  Opera t ion  a t  zero h u m i d i t y  is ce r ta in ly  
the ideal  condi t ion  for ob t a in ing  i n f o r ma t i on  on the 
in t r ins ic  m a i n t e n a n c e  behav io r  of a phosphor,  and  
this  has been  done for much  of the tes t ing  repor ted  
in this  paper .  For  e x p e r i m e n t a l  unp ro t ec t ed  lamps,  
w h e n  the re l a t ive  h u m i d i t y  of the a i r - cond i t ioned  
l abora to ry  rose above 30% the  lamps were  a lways  
opera ted  in  a closed vessel of the  desiccator  type  at 
zero humid i ty .  The dependence  of l i fe t ime on per  
cent  re la t ive  h u m i d i t y  is shown in  Fig. 8 for a s t and -  
ard  and  an  improved  green  ZnS:Cu,C1 phosphor.  
The curves  shown were  ob ta ined  wi th  su l fur ic  acid 
solutions,  a nd  s imi la r  resul ts  were  ob ta ined  wi th  
sa tu ra ted  solut ions  of solid mater ia ls .  The  reduc t ion  
in  l i fe t ime f rom low to h igh h u m i d i t y  (exc lud ing  
100%) is by  a factor  v a r y i n g  f rom 2 to 10. The de-  
t e r io ra t ion  observed  w h e n  a phosphor  is operated 
in  a v a c u u m  (10 -~ m m  Hg) e i ther  wi th  or wi thou t  
plast ic  dielectric" is s imi lar  to wha t  is observed if a 
l amp is opera ted  in  air  at zero h u m i d i t y  or in  100% 
h u m i d i t y  so long as perfect  p ro tec t ion  f rom mois-  
tu re  is achieved;  the plast ic dielectr ic  a p p a r e n t l y  
serves on ly  to slow the ingress  of mois tu re  some-  
what .  Mois ture  has a p p a r e n t l y  no detec table  ad-  
verse  effect on the phosphor  so long as vol tage  is 
no t  appl ied;  if the phosphor  l ayer  is t ho rough ly  
dr ied before  operat ion,  the m a i n t e n a n c e  is u n a f -  
fected. S torage  of an a l ready  aged phosphor  u n d e r  
humi d  condi t ions,  or even  we t t i ng  it, wi l l  show no 
adverse  effects so long as the phosphor  is dr ied be-  
fore the  field is applied.  

Zinc se len ide  e l ec t ro luminescen t  phosphors  which  
emit  in  the red have been  found  to show far  be t te r  

As long  as  no  m o i s t u r e  is  p r e s e n t ,  t h e  n a t u r e  of t h e  d i e l e c t r i c  
m a t e r i a l  s e e m s  to  h a v e  no ef fec t  w h a t s o e v e r  on  t h e  m a i n t e n a n c e  
c h a r a c t e r i s t i c s  of  a g i v e n  p h o s p h o r .  V a r i o u s  w a x e s ,  e p o x y  r e s in ,  
n i t r o c e l l u l o s e ,  L u c i t e ,  p o l y v i n y l  c h l o r i d e  a c e t a t e  (PVCA)  w h i c h  
w a s  g e n e r a l l y  u s e d  in  t h e  l a m p s  d e s c r i b e d  in  th i s  r e p o r t ,  c a s to r  
oi l ,  a i r ,  a n d  v a c u u m  l e d  to  v e r y  s i m i l a r  r a t e s  of  d e t e r i o r a t i o n  so 
l o n g  as t h e  h u m i d i t y  w a s  l o w  or  zero .  T h i s  c o n c l u s i o n  does  n o t  
a p p l y  (a) to so l id  d i e l e c t r i c  m a t e r i a l s  w h i c h  a r e  no t  s t ab l e  w i t h  
t i m e ,  such  as p l a s t i c s  c o n t a i n i n g  v o l a t i l e  p l a s t i c i z e r s ,  or  (b) to  
g l a s s  d i e l e c t r i c s  d u r i n g  t h e  f i r i ng  of w h i c h  t h e  p h o s p h o r  is a l t e r e d  
b e c a u s e  of t h e  h i g h e r  t e m p e r a t u r e s  n e c e s s a r y .  
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m a i n t e n a n c e  t h a n  zinc sulfides.  I t  has  b e e n  found  
also t ha t  the  e l e c t r o l u m i n e s c e n c e  of a s e l en ide  p h o s -  
pho r  is r e m a r k a b l y  m a i n t a i n e d  in the  p r e s e n c e  of 
mois tu re .  

5. Two lifetimes from electroluminescent lamps. 
- - A n  e l e c t r o l u m i n e s c e n t  l a m p  d e t e r i o r a t e d  at  h igh  
f r e q u e n c y  a n d  low v o l t a g e  to a f r ac t ion  of i ts  i n i t i a l  
b r igh tnes s  m a y  show no ev idence  of d e t e r i o r a t i o n  
u n d e r  low f r e q u e n c y  and  h igh  vo l t age  exc i t a t ion .  
In  o the r  words ,  a l a m p  exc i t ed  to b r i g h t n e s s  Lo 
at  h igh  f r e q u e n c y  and  low vo l t age  ( H F L V )  can  be  
qu i t e  c o m p l e t e l y  d e t e r i o r a t e d  and  t hen  can be  e x -  
c i ted  to Lo a g a i n  b y  the  s a m e  L F H V  cond i t ions  w h i c h  
p r o d u c e d  an  e q u i v a l e n t  b r i gh tne s s  Lo in i t i a l l y .  W h e n  
exc i t ed  b y  the  low f r e q u e n c y  and  h igh  vo l tage ,  the  
p h o s p h o r  is as  f r e sh  as  i n i t i a l l y  and  an e n t i r e l y  n e w  
" l i f e t ime"  is begun .  The  first  d e t e r i o r a t i o n  has  l i t t l e  
or  no effect on the  r a t e  of  the  second d e t e r i o r a t i o n .  
Coarse  (15 ~) p a r t i c l e s  a n d  fine (3 ~) p a r t i c l e s  show 
the  same  b e h a v i o r ;  n a m e l y ,  d e t e r i o r a t i o n  at  a h igh  
f r e q u e n c y  is n o t  seen at  a much  l o w e r  frequel~cy as 
long as t he  o p e r a t i n g  vo l t age  is h ighe r  t h a n  t h a t  a t  
wh ich  t h e  d e t e r i o r a t i o n  took  p lace ;  this  wi l l  u s u a l l y  
be the  case  in p r a c t i c e  s ince  h i g h e r  v o l t a g e  is r e -  
q u i r e d  to r e p r o d u c e  a g iven  b r i g h t n e s s  a t  l o w e r  
f r equency .  A t y p i c a l  p a i r  of f r equenc ies  at  w h i c h  
the  two  " l i f e t i m e s "  m a y  be  o b t a i n e d  is 60 and  4000 
cps. S ince  n e w e r  coarse  p h o s p h o r  p o w d e r s  show 
v e r y  r e a s o n a b l e  m a i n t e n a n c e  at  f r equenc ie s  as h igh  
as 10,000 cps, t h e  first  h i g h - f r e q u e n c y  " l i f e t i m e "  
can  be  long  enough  to be  p r a c t i c a l l y  v a l u a b l e .  The  
p u r p o s e  of th is  sec t ion is to i l l u s t r a t e  th is  b e h a v i o r  
b y  m e a n s  of t h e  m a i n t e n a n c e  con tours  to be  d e -  
scr ibed,  and  to show t h a t  the  sequence  H F L V  fo l -  
l o w e d  b y  L F H V  o p e r a t i o n  is the  co r rec t  one to 
ob t a in  t he  two  " l i f e t i m e s "  f rom an e l e c t r o l u m i n e s -  
cent  l amp.  

One l a m p  m a d e  w i t h  s t a n d a r d  g r e e n  p h o s p h o r  
was  d e t e r i o r a t e d  for  400 h r  a t  h igh  f r e q u e n c y  (20 
kcps )  a n d  l o w  vo l t age  (60 v r m s )  to 20% of i n i t i a l  
b r igh tness .  This  o p e r a t i n g  po in t  is i n d i c a t e d  b y  the  
cross in Fig .  9, w h i c h  is a m a i n t e n a n c e  con tou r  in 
f r e q u e n c y  a n d  v o l t a g e  of t he  d e t e r i o r a t e d  l amp .  The  
h e a v y  l ines  and  p l o t t e d  po in t s  a r e  a p p a r e n t  m a i n -  
tenance ,  in p e r  cen t  of in i t i a l  l i gh t  ou tpu t ,  as m e a s -  
u r ed  u n d e r  f r e q u e n c y  and  vo l t age  cond i t ions  o the r  
t han  those  at  w h i c h  d e t e r i o r a t i o n  took  p lace ;  t h a t  
is, b r i g h t n e s s  was  m e a s u r e d ,  be fo re  and  a f t e r  d e -  
t e r io ra t ion ,  a t  each  c o m b i n a t i o n  of vo l t age  a n d  f r e -  
quency.  Note,  for  e x a m p l e ,  t ha t  th is  l a m p  shows  no 
sign of d e t e r i o r a t i o n  at  160 v, 60 cps and  t h a t  i ts  
l igh t  o u t p u t  u n d e r  these  condi t ions  is equa l  to the  
in i t i a l  l i g h t  o u p u t  be fo re  the  o r ig ina l  d e t e r i o r a t i o n  
at  H F L V .  

The  d a s h e d  l ines  of e q u a l  l igh t  emiss ion  i l l u s t r a t e  
the  w e l l - k n o w n  o b s e r v a t i o n s  (a)  t ha t  t he  f r e q u e n c y  
d e p e n d e n c e  of e l e c t r o l u m i n e s c e n c e  becomes  n e g l i g -  
ib le  a t  l ow  vo l tage ,  w h e r e  the  vo l t age  d e p e n d e n c e  of 
emiss ion  i s - s t rong ,  and  (b)  tha t  the  f r e q u e n c y  d e -  
p e n d e n c e  is s t r ong  at  h igh  vo l tage ,  w h e r e  t h e  v o l t -  
age  d e p e n d e n c e  is w e a k .  ~ A change  in o p e r a t i n g  
condi t ions  f r o m  H F L V  to L F H V  o p e r a t i o n  is more  
or  less p a r a l l e l  to  t he  e q u a l - b r i g h t n e s s  l ines ;  hence,  
l igh t  o u t p u t  u n d e r  t he  l a t t e r  condi t ions  can be  equa l  

An e x p l a n a t i o n  of these  i n t e r d e p e n d e n c e s  is g i v e n  in  ref .  (14). 
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Fig. 9. Apparent maintenance (solid lines, per cent of ini- 
tial brightness) at voltage and frequency other than that at 
which deterioration took place. Cross indicates conditions of 
deterioration (see text  for time of deterioration). Dashed 
lines are init ial brightness in arbitrary units. Standard green 
phosphor. 

to or  g r e a t e r  t h a n  the  in i t i a l  l i gh t  o u t p u t  a t  t he  con-  
d i t ions  u n d e r  w h i c h  d e t e r i o r a t i o n  took  place.  

A n o t h e r  l a m p  was  d e t e r i o r a t e d  at  a l o w e r  f r e -  
quency  (60 cps)  and  a h i g h e r  v o l t a g e  (150 v r m s ) .  
F o r  th is  case of i n i t i a l  L F H V  opera t ion ,  w h i c h  r e -  
su l t ed  in d e t e r i o r a t i o n  of e l e c t r o l u m i n e s c e n c e  to 
12% of in i t ia l ,  s u b s e q u e n t  o p e r a t i o n  u n d e r  t he  o p -  
pos i te  H F L V  cond i t ions  m a k e s  l i t t l e  d i f fe rence  in 
t he  o b s e r v e d  s t a t e  of d e t e r i o r a t i o n ,  and  no a d v a n -  
t age  is ga ined .  I m p r o v e m e n t  r e su l t s  on ly  b y  m o v i n g  
to l o w e r  f r e q u e n c y  or  h i g h e r  vo l t a ge  or  bo th  as in 
t he  p r e v i o u s  case, b u t  even  then  t h e  r e c o v e r y  is no t  
l a r g e  ( f r o m  12% to a b o u t  3 0 % ) .  

Reasons  based  on ly  on the  m e c h a n i s m  of e l e c t r o -  
l umine sc e nc e  h a v e  l ed  to t he  v i e w  (8) t h a t  an  i n -  
c rease  in f r e q u e n c y  of e x c i t a t i o n  l eads  to m o r e  
m a r k e d  loca l i za t ion  of t he  l i g h t - e m i t t i n g  and  d e -  
t e r i o r a t i o n  p rocesses  of e l ec t ro luminescence .  In  a 
s t u d y  of the  field q u e n c h i n g  of a l p h a  p a r t i c l e  sc in -  
t i l l a t ions ,  A l f r e y  and  his assoc ia tes  (15) have  ob -  
t a i n e d  f u r t h e r  and  i n d e p e n d e n t  ev idence  t ha t  l oca l i -  
za t ion  of the  e l ec t r i c  f ield is g r e a t e r  a t  h igh  f r e -  
quency .  I t  is g e n e r a l l y  accep ted  t ha t  low v o l t a g e s  
l e ad  to g r e a t e r  l oca l i za t i on  of the  h igh - f i e ld  r eg ion  
or, p u t  in a n o t h e r  way ,  t h a t  w i t h  inc rease  in  v o l t a g e  
the  h igh - f i e ld  r eg ion  e x t e n d s  f a r t h e r  and  f a r t h e r  
in to  the  c r y s t a l  (6) .  Such  b e h a v i o r  wi l l  l ead  to 
m a x i m u m  loca l i za t ion  of d e t e r i o r a t i o n  effects if e x -  
c i t a t ion  is at  h igh  f r e q u e n c y - l o w  v o l t a g e  ( H F L V ) ,  
to the  u p p e r  le f t  in  Fig .  9. F o l l o w i n g  d e t e r i o r a t i o n  
u n d e r  such condi t ions ,  m a r k e d  r e c o v e r y  t a k e s  p l ace  
if  f r e q u e n c y  is r e d u c e d  or vo l t a ge  i n c r e a s e d  or  both .  
This  is because  in  e i t he r  case  the  l i g h t - e m i t t i n g  
h igh - f i e l d  r eg ion  is e x t e n d e d  into  f r e sh  r eg ions  of 
t he  p h o s p h o r  c r y s t a l  and  the  d e t e r i o r a t i o n  becomes  
p r o p o r t i o n a l l y  less ev iden t .  In  fact ,  in the  v o l t a g e  
and  f r e q u e n c y  r eg ion  b e l o w  and  to the  r i g h t  of the  
100% l ine  in Fig.  9, t he  ac t ive  r eg ion  e x t e nds  so f a r  
in to  f r e sh  p a r t s  of the  c r y s t a l  t h a t  t he  r e d u c e d  
emiss ion  f rom the  o r ig ina l  sma l l  r eg ion  of e xc i t a t i on  
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Fig. 10. Change in brightness-voltage dependence with de- 
terioration (at 20,000 cps, 60 v, 15 hr). Standard green 
phosphor. 

is masked,  and  de te r io ra t ion  effects are no longer  
seen. Tha t  the  de te r io ra t ion  in  the o r ig ina l  ac t ive  
region  is n o n u n i f o r m  is suggested by  the obse rva -  
t ion tha t  f u r t h e r  local iza t ion of the  act ive region  by  
increas ing  the  f r equency  or r educ ing  the vol tage  
f rom the condi t ions  u n d e r  which  the de te r io ra t ion  
took place, leads to even  poorer  a p p a r e n t  m a i n t e -  
nance.  

6. Localization of the electric f ield.--Further evi -  
dence tha t  the exc i ta t ion  region  in  the phosphor  is 
con t rac ted  by  decrease in  vol tage  or an  increase  in  
the f r equency  and  expanded  by  an  increase  in 
vol tage  or a decrease  in  f r equency  appears  in  Fig. 
10. The l amp f rom which  the data  for this  f igure 
were  ob ta ined  was de te r io ra ted  at 20,000 cps and  
60 v for 15 hr. Fo l lowing  this, the v o l t a g e - b r i g h t -  
ness character is t ics  were  compared  at  10,000 cps 
and  at 100 cps w i th  those for the fresh lamp.  At  
10,000 cps the  effect of the de te r io ra t ion  is seen up 
to 400 v, bu t  at 100 cps the  effect is observed on ly  
up to 100 v. A p p a r e n t l y  the "ex ten t "  of the h igh -  
field (exc i ta t ion)  reg ion  coincides wi th  the  v o l u m e  
of the phosphor  c rys ta l  which  was  de te r io ra ted  at  
100 v, 100 cps and  at  400 v, 10,000 cps. 

7. Constant brightness operation.--In l amp ap-  
p l ica t ions  where  the re  is a b r igh tness  control  and  
where  the  des i red b r igh tnes s  is less t h a n  the m a x i -  
m u m  br igh tness  ob ta inab le ,  opera t ion  is expected 
to be at cons tan t  br ightness .  De te r io ra t ion  w i th  
opera t ion  is corrected for impl ic i t ly  by  rese t t ing  the 
b r igh tness  control  (vol tage)  to a d i f ferent  se t t ing  
as de te r io ra t ion  proceeds.  The ques t ion  was  ra ised ~ 
whe the r  a l amp  opera ted  at cons tan t  b r igh tnes s  
would  have  a longer  use fu l  life t h a n  an  ident ica l  

s B y  S. G o l d f a r b ,  W r i g h t  A i r  D e v e l o p m e n t  Center ,  Day ton ,  Ohio.  
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Fig. ] 1 (A). Maintenance characteristic for constant voltage 
operation (4000 cps). Standard green phosphor. 

Fig. 1 I(B). Maintenance characteristic for constant bright- 
ness operation (4000 cps). Standard green phosphor. 

l amp operated,  as usual ,  at  cons t an t  voltage.  The 
ques t ion is made  m e a n i n g f u l  on ly  if some res t r ic -  
t ion is made,  such as tha t  the  ra ted  vol tage of the 
l amp should no t  be exceeded. Inc reas ing  the vol tage  
du r ing  life should,  by  e x t e n d i n g  the exc i ta t ion  re-  
gion into f resh par t s  of the phosphor  crystal ,  resul t  
in longer  l ife (see Sect ion B-5 and  B-6) .  This  was 
confirmed by  the resul ts  shown  in Fig. 11. Opera t ion  
was at 4000 cps. Two s imi la r  l amps  were  used, in  
each case V be ing  the ra ted  vol tage at wh ich  the 
lamp br igh tness  was in i t i a l ly  50 f t -L.  The  "desi red"  
br igh tness  was chosen at 15 f t -L.  F igure  11 (A) 
represen ts  a l amp  opera ted  at cons tan t  ra ted  vol t -  
age V. This l amp de te r io ra ted  to 15 f t -L  af ter  about  
30 hr  of opera t ion  at  4000 cps, a typica l  m a i n t e -  
nance  figure for an ear ly  g r e e n - e m i t t i n g  ZnS:Cu,C1 
phosphor.  F i g u r e  11 (B) r ep resen t s  the o ther  l amp 
opera ted  a t  the  cons tan t  "des i red"  b r igh tness  of 15 
ft-L.  The appl ied  vo l tage  was about  0.6 v in i t i a l ly  
and rose to a va lue  of V in  about  120 hr. The  useful  
life of the cons tan t  b r igh tness  l amp was therefore  
about  four  t imes  tha t  of the  l amp  opera ted  at  con-  
s tant  voltage.  At  the end  of its "life" each l amp 
was opera t ing  at vol tage  V a nd  a b r igh tness  of 15 
f t -L.  In  one case the use fu l  l i fe  is t e r m i n a t e d  by  too 
low a b r igh tness  at r a ted  vol tage,  and  in  the  other  
case by too high a vol tage  to m a i n t a i n  ra ted  b r i gh t -  
ness. 

This  increase  in l i f e t ime  by  cons tan t  b r igh tness  
opera t ion was  confirmed" also at 400 cps. Different  
dielectr ic  ma te r i a l s  and  l amp  thicknesses  were  
tested. The dielectr ic  m a t e r i a l  had no effect. Lamp 
th ickness  does, however ,  have  a s t rong effect; the 
th icker  the  l amp  and  the  h igher  the b r e a k d o w n  
voltage, the smal le r  the  a dva n t a ge  in  cons tan t  
b r igh tness  operat ion.  The  reason  is as follows: At  a 

9 Data  f r o m  R. W. Wol l en t in .  
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given  r equ i r ed  b r igh tness  the  b r i g h t n e s s - v o l t a g e  
dependence  is s t ronger  for the th icker  l a m p  since 
the r equ i r ed  field s t r eng th  is lower.  There fore  the  
in i t i a l  vol tage  is a l a rger  f r ac t ion  of the final vo l t -  
age, the  vol tage  increase  d u r i n g  life is smal ler ,  and  
the u t i l i za t ion  of fresh phosphor  regions  due to the  
vol tage  increase  is less marked .  The effect on l i fe-  
t ime  is la rge  indeed,  since the th ick  l amps  las t  only  
twice as long as wi th  s t a n d a r d  ( cons t an t -vo l t age )  
operat ion,  whi le  the l i f e t ime  of the  t h i n n e r  l amps  is 
four  t imes as long. This effect is beneficial ,  since 
l amps  n o r m a l l y  wi l l  be opera ted  as n e a r  b r e a k d o w n  
as possible to real ize m a x i m u m  br igh tness  at m i n i -  
m u m  vol tage  ( th in  l amps) ,  and  such opera t ion  wil l  
lead to m a x i m u m  i m p r o v e m e n t  in  l i fe t ime due to 
cons tan t  b r igh tness  operat ion.  In  such a case, the 
m a x i m u m  vol tage  obvious ly  m u s t  no t  exceed the 
b r e a k d o w n  vol tage  of the lamp.  

8. External series impedance. - -The impedance  of 
e l ec t ro luminescen t  l amps  is d e p e n d e n t  on f r equency  
and  vol tage  of exc i ta t ion  (11, 16). The impedance  
of these l amps  increases  d u r i n g  life (see Sect ion D 
be low) ,  and  this effect is grea tes t  wi th  low f re -  
quency  and  high vol tage  operat ion.  The  impedance  
increase  occurs in the phosphor  powder  itself;  the 
dielectr ic  m a t e r i a l  does no t  change  its e lectr ical  
proper t ies  wi th  life if the l amp is p rope r ly  finished 
and  cured. Therefore ,  an  added fixed impedance  in 
series wi th  the l amp wi l l  d iv ide  the  vol tage  in  such 
a way  tha t  the  effective vo l tage  on the l amp wil l  
au toma t i ca l ly  increase  d u r i n g  l i fe  as the  impedance  
of the l amp (phosphor)  increases.  This  increase  in  
effective vol tage  wil l  t end  to compensa te  for the 
n o r m a l  decrease  in b r igh tness  w i th  life. Lamps  were  
made  wi th  a poor m a i n t e n a n c e  b lue  phosphor  in  
order  to ob ta in  the  resul t s  in a shor t  t ime,  and  were  
opera ted  at 400 cps. Table  IV identif ies the series 
e lement ,  the  to ta l  vol tage  appl ied  to the  l amp  and  
series impedance  combina t ion ,  and  the  t ime  in  hours  
for the b r igh tnes s  to decay to ha l f  the in i t i a l  b r i g h t -  
ness. S imi la r  expe r imen t s  have  been  conducted  at 
60 cp's and  increases  in  ha l f - l i f e  of about  five t imes 
have  resu l t ed  f rom the add i t ion  of a series resis tor  
equa l  t o  the in i t i a l  impedance  of the  lamps.  

I t  is i n t e re s t ing  to no te  tha t  opera t ion  of a l amp 
wi th  a series impedance  is i n h e r e n t l y  stable.  The 
impedance  of the l amp (phosphor )  decreases wi th  
increas ing  field s t rength .  Therefore ,  as the l amp 
impedance  increases  due to opera t ion  and  the effec- 
t ive  vo l tage  across the l amp  increases,  this  increase  
leads in  t u r n  to a r educ t ion  in  l amp (phosphor)  
impedance  at the  new  h igher  field s t rength .  The 
effect is a type  of nega t ive  feedback  ensu r ing  s tab i l -  

Table IV. Effect of series impedance on maintenance 

L a m p  E l e m e n t  To ta l  v o l t a g e  Ha l f - l i f e ,  hr 

1 None 300 11 
2 70 X 103 ohm 540 37 
3 100 X 10 ' ohm 640 43 
4 130 X 10 ~ ohm 750 80 (extrapolated) 

5 None 220 10 
6 0.006 mf 400 32 
7 0.003 mf 660 50 
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ity of opera t ion .  It  should be bo rne  in  m i n d  tha t  the 
dielectric e m b e d d i n g  ma te r i a l  i tself  acts as an  im-  
pedance  in  series w i th  the  phosphor  crystals .  A t  low 
phosphor concen t ra t ions  where,  on the average,  
each phosphor  crys ta l  is isolated in  the dielectric,  
the  m a i n t e n a n c e  is be t te r  t h a n  at h igh concen t r a -  
t ions  where  each crys ta l  is effect ively in  contact  
w i th  one  or more  others  and  the series impedance  
effect is absent .  U n d e r  cer ta in  condi t ions  the m a i n -  
t e n a n c e  is expected  to improve  u p o n  addi t ion  of a 
clear  coat, for the same reason.  These  effects are 
descr ibed  in  la ter  sections. 

9. Pre-aging eI~ects.---Pre-aging at  ra ted  vo l tage  
and  f r e q u e n c y  leads to appa ren t  i m p r o v e m e n t s  in  
m a i n t e n a n c e  since ear ly  de te r io ra t ion  is more  r ap id  
t han  la ter ,  and  the " in i t i a l "  b r igh tness  is then  de-  
f ined as tha t  a f ter  some de t e r io ra t ion  ( the  p r e -  
ag ing)  has t a ke n  place. P r e - a g i n g  is feas ible  so 
long as excess b r igh tness  is avai lable .  P r e - ag ing ,  at 
vol tages  and  f requenc ies  o ther  t h a n  those u n d e r  
which  the  l a m p  is to be run ,  can lead to the same 
m a i n t e n a n c e  i m p r o v e m e n t  in a m u c h  shor ter  t ime. 

A n  i m p r o v e m e n t  in  400 cps m a i n t e n a n c e  is as-  
sociated w i t h  a ce r t a in  cost in  in i t i a l  400 cps b r i g h t -  
ness. This  re la t ion  is g iven  rough ly  in Table  V, 
where  Lo is the  in i t i a l  b r igh tness  and  L~ is the 
b r igh tness  af ter  aging, both  measu red  u n d e r  oper -  
a t ing  condi t ions  r a the r  t h a n  p r e - a g i n g  condi t ions,  
and  holds a p p r o x i m a t e l y  regard less  of the  condi -  
t ions of p re -ag ing .  Var ious  p r e - a g i n g  condi t ions  
necessa ry  to achieve the  m a i n t e n a n c e  i m p r o v e m e n t  
in  1 and  2 of Tab le  V are g iven  in  Tab le  VI. Hence,  
for example ,  the  400 cps ha l f - l i f e  of a l amp  can be 

Table V. Relation of loss in initial brightness to half-life 
improvement by pre-aging 

B r i g h t n e s s  r a t i o  H a l f - l i f e  
La/Lo, 400 cps i m p r o v e m e n t  fac to r  

1 0.80 2 
2 0.60 5 
3 0.40 10 
4 0.20 25 

Table Yl. Pre-aging conditions for specified half-life improvement 

Frequency, 
cps  Vol tage  Time,  hr 

C o n d i t i o n  1, 80% of i n i t i a l  output ,*  d o u b l e d  h a l f - l i f e  

400 210 6 
400 80 130 

1200 240 3 
1200 100 40 
4000 280 1 
40O0 140 9 

12000 280 0.3 
12000 160 3 

C o n d i t i o n  2, 60% of i n i t i a l  ou tpu t*  5 x h a l f - l i f e  

400 160 130 
400 360 6 

1200 180 40 
1200 400 3 
4000 210 9 

12000 250 3 

* M e a s u r e d  u n d e r  the  a g i n g  cond i t ions  250 v ,  400 cps, r a t h e r  
t h a n  t he  p r e - a g i n g  cond i t ions .  
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i m p r o v e d  by  a factor  of five at a r educ t ion  of 40% 
in in i t i a l  b r igh tness  and  this p r e - a g i n g  can be ac-  
c o m p l i s h e d  in  t imes v a r y i n g  f rom 3 to 130 hr  de-  
p e n d i n g  on the  f r equency  and  vol tage  used for p r e -  
aging.  
C. Dependence of Maintenance on Lamp Construction 

1. Phosphor concentration.--It  has been  cus tom-  
a ry  to use a phosphor /p l a s t i c -d i e l ec t r i c  we igh t  ra t io  
which  yields  m a x i m u m  in i t i a l  b r igh tnes s  w i th in  
b r e a k d o w n  vol tage  r equ i r emen t s .  It  was  found  tha t  
this  we igh t  rat io also has an  effect on m a i n t e n a n c e  
and  so this factor  mus t  be cons idered  w h e n  a r r iv ing  
at an  o p t i m u m  ratio.  

A set of l amps  made  wi th  s t a n d a r d  green  phos-  
phor  and  PVCA dielectr ic  and  u t i l i z ing  a wide  range  
of phosphor /p l a s t i c  we igh t  ra t ios  (whi le  m a i n t a i n -  
ing cons tan t  l amp th ickness )  was  sub jec ted  to ac-  
ce lera ted  life test  at 4000 cps. At  low phosphor  con-  
cen t ra t ions  or weight  ratios, the m a i n t e n a n c e  is 
cons tant ,  i n d e p e n d e n t  of concen t ra t ion .  At  a cer ta in  
h igher  concen t ra t ion  the m a i n t e n a n c e  worsens  
r a t h e r  a b r u p t l y  and  then  r e m a i n s  cons tan t  at the  
poorer  va lue  for sti l l  h igher  phosphor  concen t r a -  
t ions. The  cor responding  ha l f - l i f e  is reduced  by  a 
factor  of two or th ree  at  h igh phosphor  c o n c e n t r a -  
t ions. Because of this  pecul ia r  resul t ,  these exper i -  
men t s  were  repea ted  by  sp ray ing  an  en t i r e ly  ne w  
series of lamps.  The resul t s  were  essent ia l ly  the 
same. The expe r imen t s  were  repea ted  for the th i rd  
t ime  to ob ta in  more  data  in  the t r ans i t i on  region.  
These  resul ts  are g iven  in  Fig. 12. The  cu rve  m a r k e d  
tl/2 is the  ha l f - l i fe  in  hours  t a k e n  f rom the ac tua l  
m a i n t e n a n c e  curve  for opera t ion  at 120 v, 4000 cps. 
The  t r ans i t i on  is con t inuous  as the phosphor /p la s t i c  
we igh t  ra t io  changes.  The curve  m a r k e d  Lo is the 
in i t i a l  b r igh tness  in  f t - L  at  120 v, 400 cps. Above  a 
ra t io  of 5.0 some arc ing  occurs. The  curve  m a r k e d  
Lot1/2 is the p roduc t  of Lo and  tl/2 and  is ind ica t ive  
of the  tota l  l ight  ou tpu t  d u r i n g  the  life of the lamp.  

2. Phosphor layer thickness.--I t  is i n t ended  only  
to r e - emphas i ze  here  tha t  the m a i n t e n a n c e  va r i a t ion  
due to different  appl ied  vol tages  on lamps  of con-  
s t an t  th ickness  is also to be  expected  w h e n  lamps  
of va r ious  th icknesses  are to be  opera ted  at a cer ta in  
p r e d e t e r m i n e d  voltage.  As shown in  the preceding  
and  fo l lowing sections, phosphor  concen t ra t ion  and  
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Fig. ] 2. Dependence of maintenance (hours to hal f  of initial 
brightness at 120 v, 4000 cps), in i t ia l  brightness (ft-L at 120 
v, 4000 cps) and the product of these, in arb i t rary units, on 
phosphor/plast ic weight ratio. Standard green phosphor, con- 
stant thickness lamps. 

Table VII. Dependence of maintenance on number of clear coats 

Hal f - l i f e ,  B r e a k d o w n  
No. c lear  Ha l f - l i f e ,  h r  a t  b r i gh tne s s ,  B r e a k d o w n  

c o a t s  cycles  400 cps arb.  u n i t s  vo l tage ,  v 

0 0.4 X 108 60 11 200 
1 0.41 60 16 240 
3 0.51 70 23 350 

10 0.7 100 22 500 
30 1.4 200 17 700 

100 2.4 330 - -  - -  

c lear  coat th ickness  mus t  be  iden t ica l  among  lamps 
in which  this  phosphor  l ayer  th ickness  or field 
s t r eng th  effect is to be u t i l ized or s tudied.  

3. Clear coat th ickness . - -A clear  coat is a layer  of 
clear die lectr ic  ma te r i a l  con ta in ing  no phosphor  and  is 
of ten appl ied  to a lamp before  or af ter  the  phos-  
pho r /p l a s t i c  l aye r  has b e e n  la id  down.  The  ha l f - l i fe  
of c o n v e n t i o n a l  sprayed  l amps  has been  observed 
to increase  wi th  the  n u m b e r  of clear coats up to a 
factor of six t imes  the ha l f - l i f e  of an  ident ica l  
phosphor  l ayer  wi th  no clear  coat. Iden t i ca l  l amps  
consis t ing on ly  of a t h in  phosphor /p l a s t i c  layer  
were  sprayed.  Some were  re se rved  as controls  and  
the others  were  sprayed wi th  f rom 1 to 100 ve ry  
th in  clear  coats of PVCA l a c q u e r - t h i n n e r  solution. 
All  l amps  were  opera ted  at 150 v, 4000 cps. Table  
VII  gives the  ha l f - l i fe  in  n u m b e r  of cycles to ha l f -  
br ightness ,  the b r e a k d o w n  br ightness ,  and  the 
breakdown voltage as a function of the number of 
clear coats applied over the identical phosphor- 
plastic base layer. This indicates that in the 
particular case where a certain brightness is 
desired and excess voltage is available, maximum 
maintenance is obtained by utilizing as high a volt- 
age as possible and increasing the clear coat to 
phosphor-layer ratio until the desired brightness is 
obtained. Previous indications that clear coats im- 
prove maintenance have sometimes been attributed 
to better moisture protection. The above experi- 
ments were carried out in an air-conditioned lab- 
oratory in about 30% relative humidity. The effect 
of elear coats on maintenance may also be that the 
clear coat behaves as a series impedance (primarily 
a capacitance) and the maintenance improvement 
may be the same as that observed when a series 
capacitor is connected to the lamp (see Section 

B-8) .  
D. Changes in Other Properties with Deterioration 

1. Electrical properties.--In the f resh e lectro-  
l u m i n e s c e n t  phosphor  layer ,  both  the capaci tance  
and  the conduc tance  increase  wi th  increas ing  vo l t -  
age (16).  This  behav ior  changes,  however ,  wi th  
de te r io ra t ion  of the l amp (Fig. 13). The  vol tage 
dependence  of both  capaci tance  and  conduc tance  in 
the f resh l amp  has la rge ly  d i sappeared  in  the de-  
t e r io ra ted  lamp,  and  this is observed over  a wide  
r ange  of f requenc ies  of m e a s u r e m e n t  and  of de te r i -  
orat ion.  The  reduc t ion  at h igh  vol tage  of conduc t -  
ance leads to a r educ t ion  in  power  diss ipat ion at 
high vol tage;  l i t t le  change  in  e i ther  is observed at 
low vol tage.  The  changes  in  power  absorp t ion  and 
l ight  emiss ion  du r ing  de te r io ra t ion  lead to dras t ic -  
a l ly  reduced  efficiencies at low voltage.  At high 
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Fig. 14. Comparison of ma in tenance  (per cent  of initial 
brightness) character is t ics  of s tondard phosphors (dashed 
curves) and improved phosphors (solid curves), 150 v, 4000 
cps. 

voltage the efficiency can remain  quite unchanged 
or can increase apprec iably ;  this effect is a shift of 
peak  efficiency toward  higher  vol tage due to de te r i -  
oration, and is another  manifes ta t ion of the local-  
ization of de ter iora t ion  effects in the phosphor  c rys-  
tal. 

The gradua l  decrease wi th  operat ion of the ca-  
paci tance (5, 6) and conductance of a phosphor 
l ayer  may  be re la ted  di rec t ly  to the e lec t ro lumin-  
escence process. Three  cells were  opera ted  singly 
while in a br idge circuit  for 120 hr  at  150 v, 4000 
cps. Cell  A was a conventional  sprayed  phosphor-  
plast ic  l ayer  of g reen-emi t t ing  ZnS:Cu,  C1 phos-  
phor. Cell  B was s imi lar  except  tha t  no plast ic  
dielectr ic  was present .  Cell C consisted of clear 
plast ic  dielectr ic  wi th  no phosphor,  and the e lec t r i -  
cal character is t ics  of this cell did not change with  
operation.  Components  of the capaci tance and of 
the conductance decrease roughly  in propor t ion  to 
the decrease in l ight  output  for both the conven-  
t ional  phosphor -p las t ic  sprayed  layer  and the 
wa te r - se t t l ed  layer  of phosphor  powder  alone. 

2. Frequency response.--High-frequency de te r i -  
orat ion depresses the l ight  output  more s t rongly in 
the f requency  region where  de ter iora t ion  took place 
than at lower  frequencies.  Low- f r equency  de te r io-  
ra t ion depresses the br ightness  about  equal ly  at all 
frequencies.  This observat ion also is re la ted  to the 
localization of electr ic  field wi th  increasing f re -  
quency discussed in Sections B-5 and B-6. 

3. Emission spectrum.--No change in emission 
spect rum of ZnS:Cu,  C1 phosphors wi th  de te r io ra -  
tion has ever  been observed. In the case of conven-  
t ional  g reen -emi t t ing  phosphors,  a quant i t a t ive  
search for such a spectra l  change was made and 
none found beyond slight discrepancies which could 
be a t t r ibu ted  to darken ing  of the plast ic  dielectr ic  
mater ia l .  The emission spectra of twelve  phosphors 
( including ZnS:Cu,  C1 emit t ing from the deep blue 
to ye l low-green ,  ZnSSe:Cu,C1 emit t ing in the ye l -  
low, red  ZnSe:Cu,  C1, b lue -g reen  ZnS:Cu,  Pb, C1, 
and ye l low ZnS:Cu,  Mn, C1) were  compared when 
fresh and af ter  long deter iora t ion  to a few per  cent 
of ini t ia l  brightness.  Only the ZnSe:Cu,  C1 phos-  
phor appeared  to shift  sl ightly,  t oward  longer  wave  

lengths. The other  phosphors  showed no detectable  
change in emission spectrum. 

D. Recent Maintenance Improvements 

The phosphors  descr ibed in this paper  are p r edom-  
inan t ly  convent ional  ZnS: Cu, C1 phosphors in which 
emission color shifts f rom the deep blue to the  
ye l low-green  as copper and chlorine addit ions are 
increased. The ye l low-emi t t ing  manganese -ac t i -  
vated ZnS:Cu,  Mn, C1 phosphors behave much l ike  
those wi thout  manganese  in thei r  main tenance  be-  
havior,  the manganese  serving p r imar i ly  to shift  the 
blue or green "normal"  emission to a r e la t ive ly  in-  
va r ian t  yel low (17). The maintenance  charac te r i s -  
tics of ear l ie r  s t andard  phosphors (dashed curves)  
are  summar ized  in Fig. 14, where  per  cent of in i t ia l  
br ightness  is p lo t ted  against  cycles of operat ion;  the 
data  were  obta ined at  150 v, 4000 cps, low humidi ty ,  
and the resul t ing  "universa l  curves" describe the 
maintenance  behavior  at frequencies of about 1000 
cps or h igher  (Section B - l ) .  Recent improvements  
in maintenance  of the same basic phosphors have 
been made possible by  a l tera t ions  in act ivat ion and 
by modified firing procedures.  These improved 
phosphors, covering the same range of emission 
color, are represen ted  by  the solid curves in Fig. 
14; the same opera t ing  conditions as above were  
used in obtaining the data. These main tenance  im-  
provement  s do not usual ly  sacrifice ini t ia l  b r igh t -  
ness. The old and new deep blue and greenish blue 
phosphors are about  equivalent  in brightness,  the 
improved-main tenance  green phosphors are often 
br igh te r  than  the original,  and the improved main -  
tenance ye l low in Fig. 14, for example,  has half  the 
ini t ial  br ightness  of the or iginal  ye l low shown, 
while  its ha l f - l i fe  is 100 t imes longer. This pa r t i cu -  
la r  phosphor involves only an increase in Cu-C1 
addi t ion in accordance wi th  Section A-1. The small  
losses in ini t ia l  br ightness  as maintenance  improves,  
as in the case of the ye l low phosphor,  are gradua l  
and a compromise can be made at any point;  how-  
ever, in tegra ted  l ight  output  over the life of the 
lamp ( lumen-hours )  improves  very  rap id ly  indeed 
as main tenance  improves.  In fact, it  is a p rope r ty  of 
some of the recent  phosphors that  a r e la t ive ly  high 
p la teau  of l ight  emission is reached after  long oper -  
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at ion,  as in t he  case of the  i m p r o v e d  y e l l o w  of  Fig.  
14. O b v i o u s l y  if the  p o i n t  of l eve l i ng  off is  n e a r  
50%, as in  th i s  e x a m p l e ,  t h e  ha l f - l i f e ,  or  t i m e  to 
ha l f  of i n i t i a l  b r igh tnes s ,  is n o t  a u se fu l  p a r a m e t e r  
for  m e a s u r i n g  m a i n t e n a n c e  s ince (a)  m i n o r  d i f fe r -  
ences in p h o s p h o r s  w o u l d  l e ad  to l a rge  v a r i a t i o n s  
in th is  q u a n t i t y ,  and  (b )  def in ing the  u s e f u l  l i fe  to 
i nc lude  d e t e r i o r a t i o n  to l eve l s  s o m e w h a t  less  t han  
50% of in i t i a l  w o u l d  i n c r e a s e  i t  b y  a l a rge  fac tor .  

T a k i n g  t h e  i m p r o v e d  g r e e n  p h o s p h o r  as  an  e x -  
ample ,  1000 cps o p e r a t i o n  l eads  to a h a l f - l i f e  of 
750 hr.  Because  the  h i g h - f r e q u e n c y  h a l f - l i f e  in 
cycles  is abou t  d o u b l e d  for  400 cps o p e r a t i o n  and  
r o u g h l y  t en  t imes  g r e a t e r  for  60 cps o p e r a t i o n  of 
th is  t y p e  of p h o s p h o r  (Sec t ion  B - l ) ,  the  c o r r e -  
spond ing  e x t r a p o l a t e d  h a l f - l i v e s  a r e  3750 h r  a t  400 
cps, and  12,000 h r  a t  60 cps;  such b e h a v i o r  r e q u i r e s  
good m o i s t u r e  p r o t e c t i o n  and  g r e a t  p a t i e n c e  to 
measu re .  

I I I .  Discussion 
The  i m p r o v e m e n t  in m a i n t e n a n c e  w i t h  i nc r e a s ing  

equa l  coppe r  and  c h l o r i n e  add i t i ons  can  be  e x -  
p l a i n e d  as fo l lows.  The  n o r m a l  t r a p p i n g  or  donor  
si tes  a re  a s soc ia t ed  w i t h  Cu-C1 cen te r s  in s t r o n g l y  
e l e c t r o l u m i n e s c e n t  Z n S : C u ,  C1 phosphors .  Excess  
ch lo r ine  ( l o w e r  r i g h t  h a n d  r eg ion  in Fig.  1-3)  l eads  
to p h o s p h o r e s c e n c e  and  d e e p e r  t r aps  w h i c h  a r e  
d e t r i m e n t a l  to e l e c t ro luminescence .  The  g r e a t e r  the  
c o p p e r - c h l o r i n e  a d d i t i o n  to t he  phosphor ,  t he  h i g h e r  
the  e x p e c t e d  c o n c e n t r a t i o n  of n o r m a l  t r a p s  or  Cu-  
C1 cen te rs ,  a n d  the  less  r a p i d  the  q u e n c h i n g  of 
e l e c t r o l u m i n e s c e n c e  e i t he r  b y  a g iven  r a t e  of i n -  
coming  d e e p e r  t r a p s  (8)  or  dep l e t i on  of n o r m a l  
t r a p s  b y  o u t w a r d  d i f fus ion (5) .  Tha t  the  d e n s i t y  of 
n o r m a l  t r a p s  and  good m a i n t e n a n c e  a r e  s t r o n g l y  
c o r r e l a t e d  is shown  b y  Fig.  3, even  t hough  the  deep  
t raps ,  c o n t r i b u t i n g  to p h o s p h o r e s c e n c e  and  no t  to 
e l ec t ro luminescence ,  confuse  i n t e r p r e t a t i o n  in the  
l o w - c o p p e r  h i g h - c h l o r i n e  r eg ion  ( l o w e r  r i g h t )  of 
the  figure.  As  the  c o n c e n t r a t i o n  of Cu-C1 cen te r s  
increases ,  t he  e l e c t r o l u m i n e s c e n c e  b r i g h t n e s s  r eaches  
a p e a k  and  t hen  d rops  off (Fig .  2) ,  p e r h a p s  due  to 
s e l f - q u e n c h i n g  b y  the  cen te r s  ( c o n c e n t r a t i o n  
q u e n c h i n g ) ,  b u t  m a i n t e n a n c e  a p p a r e n t l y  con t inues  
to improve .  T h e  d e g r e e  of d e t e r i o r a t i o n  of e l e c t r o -  
l uminescence  a f t e r  a p e r i o d  of o p e r a t i o n  is v e r y  
l i ke ly  r e l a t e d  to the  r a t i o  of the  c o n c e n t r a t i o n  of 
deep  t r a p s  w h i c h  have  a p p e a r e d  to the  c o n c e n t r a -  
t ion of n o r m a l  t raps .  

M a i n t e n a n c e  i m p r o v e s  w i t h  inc reas ing  p a r t i c l e  
d i ame te r .  If  d e t e r i o r a t i o n  is due  to the  i n t r o d u c t i o n  
of a fo re ign  subs t ance  f r o m  the  su r face  in to  the  
c ry s t a l  vo lume ,  or to the  escape  f rom the  v o l u m e  to 
the  su r f ace  of some e n t i t y  neces sa ry  to e l e c t r o l u -  
minescence ,  t hen  an  inc rease  in the  r a t e  of d e t e r i -  
o r a t i o n  w i t h  inc rease  in  su r f ace  to v o l u m e  r a t i o  is 
to be  expec t ed ;  e x p e r i m e n t a l l y  t h e  r a t e  of d e t e r i o -  
r a t i on  is p r o p o r t i o n a l  to  th is  r a t i o  for  a l l  b u t  t h e  
l a rge s t  p a r t i c l e  sizes. 

M a i n t e n a n c e  d e p e n d s  s t r o n g l y  on f r e q u e n c y  and  
v e r y  l i t t l e  on vo l tage .  A n  inc rease  in f r e q u e n c y  r e -  
duces  t he  c r y s t a l  v o l u m e  e x p e r i e n c i n g  the  field and  
inc reases  t he  m a x i m u m  e lec t r i c  field in t he  c rys t a l ;  
t h e r e f o r e  t he  r a t e  of f i e ld -d i f fus ion  is i n c r e a s e d  and  
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t he  v o l u m e  af fec ted  b y  i t  is r e d u c e d  and  d e t e r i o r a -  
t ion  becomes  m o r e  rap id .  In  t he  s chema t i c  inse t  of 
Fig .  6, E1 and  X~ r e f e r  to t he  m a x i m u m  field and  e x -  
t en t  a t  h igh  f r e q u e n c y .  As  the  ac t i ve  cha rge  d e n s i t y  
dec reases  w i th  de t e r i o r a t i on ,  t he  s lope dE/dX d e -  
c reases  and  the  field conf igura t ion  a pp roa c he s  t h a t  
of t he  low f r e q u e n c y  case (E~, X~). Hence  the  l i gh t  
o u t p u t  also dec reases  t o w a r d  t h a t  cha rac t e r i s t i c  of 
low f r e q u e n c y  e xc i t a t i on  b u t  n e v e r  d rops  b e l o w  
s ince  E~ wi l l  a l w a y s  be less t h a n  E~. A n  inc rease  in 
v o l t a g e  inc reases  t h e  m a x i m u m  field b u t  also i n -  
c reases  the  e x t e n t  of the  field so, a l t h o u g h  the  r a t e  
of d i f fus ion is g r ea t e r ,  the  v o l u m e  into or  out  of 
w h i c h  the  d i f fus ion t akes  p l ace  is also i nc r ea sed  
and  t h e  ne t  effect on m a i n t e n a n c e  m a y  be smal l .  In  
t he  case  of the  b l u e  p h o s p h o r  (Sec t ion  B-2 )  t he  
c o p p e r - c h l o r i n e  a d d i t i o n  is r e l a t i v e l y  sma l l  so the  
v o l u m e  c o n c e n t r a t i o n  n of t r a p p i n g  or  donor  s i tes  is 
e x p e c t e d  to be  smal l .  I t  fo l lows  f r o m  Poisson ' s  r e -  
l a t ion  t ha t  the  e x t e n t  of t he  f ield w i l l  i nc rease  m o r e  
r a p i d l y  w i th  v o l t a g e  if n is smal l .  This  b lue  p h o s -  
p h o r  (Tab l e  I I I )  a c t u a l l y  m a i n t a i n s  ou tpu t  b e t t e r  a t  
h igh  vo l t ages  t h a n  at  low v o l t a g e s  (a t  low f r e -  
q u e n c y )  as if in fac t  the  e xc i t e d  c r y s t a l  v o l u m e  
i n c r e a s e d  m o r e  r a p i d l y  w i t h  v o l t a g e  t han  the  r a t e  
of f ie ld-d i f fus ion  caus ing  d e t e r i o r a t i o n .  

The  t e m p e r a t u r e  d e p e n d e n c e  of d e t e r i o r a t i o n  is 
v e r y  s t rong.  If  the  d i f fus ion of ions  is invo lved ,  t he  
e l e c t r o l u m i n e s c e n c e  h a l f - l i f e  shou ld  be r e l a t e d  to 
t h e  ionic  m o b i l i t y  (5)  and  shou ld  show an e x p o -  
n e n t i a l  t e m p e r a t u r e  dependence .  This  d e p e n d e n c e  
of h a l f - l i f e  on t e m p e r a t u r e  is s h o w n  e x p e r i m e n t a l l y  
in Fig .  7 and  c o r r e s p o n d s  to an  a c t i va t i on  e n e r g y  of 
abou t  0.1 ev. 

In  Sect ion  B-5  i t  was  shown e x p e r i m e n t a l l y  t h a t  
e l e c t r o l u m i n e s c e n c e  d e t e r i o r a t i o n  is a t  l eas t  s o m e -  
w h a t  nonun i fo rm,  s ince c o n t r a c t i o n  of the  exc i t a t ion  
r eg ion  by  r e d u c i n g  the  v o l t a g e  or  inc reas ing  t h e  
f r e q u e n c y  leads  to a p r o g r e s s i v e l y  s m a l l e r  f r ac t ion  
of t he  l igh t  emiss ion  o r i g i n a l l y  o b s e r v e d  u n d e r  the  
s ame  condi t ions .  This  is to be expec ted .  A n y  d e -  
c rease  of the  pos i t i ve  cha rge  d e n s i t y  ( the  ionized  
donor  or  t r a p p i n g  s i tes  ac t ive  in the  e l e c t r o l u m i n e s -  
cence  p rocess )  due  e i t he r  to i n c o m i n g  d e e p e r  t r a p s  
or  dep l e t i on  of t he  n o r m a l  t r a p s  b y  f i e l d - m i g r a t i o n  
o u t w a r d  wi l l  r e d u c e  the  field g r a d i e n t  g r a d u a l l y  
d u r i n g  d e t e r i o r a t i o n  and,  at  cons t an t  vo l tage ,  e x -  
p a n d  the  h igh - f i e ld  r eg ion  in to  f r e sh  pa r t s  of t he  
p h o s p h o r  c rys ta l .  Hence  c o n t r a c t i o n  of th is  reg ion ,  
as above ,  confines the  e xc i t a t i on  to phosphor  p a r t s  
w h i c h  have  been  d e t e r i o r a t e d  the  longest .  

Ev idence  for  the  loca l i za t ion  (8)  of the  e lec t r i c  
field w i th  inc rease  in f r e q u e n c y  was  g iven  in Sec -  
t ions  B-5,  B-6,  and  D-2.  The  p r e - a g i n g  da t a  of 
Sec t ion  B-9  also ind ica t e  th is  effect. To p r e - a g e  a 
l a m p  to a g iven  f r ac t i on  of i ts  i n i t i a l  b r i g h t n e s s  
( m e a s u r e d  at  an a r b i t r a r y  v o l t a g e  and  f r e q u e n c y )  
t he  vo l t a ge  also m u s t  be  i n c r e a s e d  if  the  f r e q u e n c y  
is i nc reased ;  the  c o n t r a c t i o n  of t he  exc i t a t i on  r eg ion  
at  t h e  h ighe r  f r e q u e n c y  m u s t  be  c o u n t e r a c t e d  b y  i ts  
e x p a n s i o n  at  h i g h e r  vol tage .  F u r t h e r  ev idence  for  
th is  effect  is i m p l i c i t  in the  d a t a  of Sec t ions  B-1 a n d  
B-2 .  The  b lue  phosphor ,  t he  on ly  one showing  
b e t t e r  m a i n t e n a n c e  at  h igh  v o l t a g e  (h igh  f ie lds) ,  
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also shows be t t e r  m a i n t e n a n c e  as a longer  ha l f - l i f e  
in  t e rms  of cycles of opera t ion  at high f r equency  
(h igh fields).  The other  phosphors  have  longer  ha l f -  
l ives in cycles at  low f r equency  ( low fields) and  at  
low vol tage  ( low fields).  Inc iden ta l ly ,  it was no t iced  
r ecen t ly  tha t  in  his ma jo r  1947 pape r  (4) on e lec-  
t ro luminescence ,  Des t r iau  developed an ana ly t i ca l  
express ion  p red ic t ing  h igher  act ive fields at h igher  
f requenc ies  of exci ta t ion.  

The absence of even  a sl ight  shift  in  emiss ion  
color, as de te r io ra t ion  proceeds to a po in t  where  
b r igh tness  is on ly  a few per  cent  of ini t ia l ,  suggests 
tha t  the l uminescence  centers  are not  des t royed 
d u r i n g  e lec t ro luminescence  de te r io ra t ion  for the 
fo l lowing reason.  Al l  of the Z n S : C u ,  C1 phosphors  
emi t  in both  of the  w e l l - k n o w n  b lue  and  y e l l ow -  
green  emiss ion bands  of this type  of phosphor ;  the  
b l u e - g r e e n  and  g reen  emi t t e r s  of this  class, in  p a r -  
t icular ,  show subs t an t i a l  componen t s  of emiss ion in  
both  of these bands .  If the b lue  and  green  centers  
differ s igni f icant ly  in  the i r  phys ica l  or e lectr ical  
configurat ion,  and  if the mot ion  of one cons t i tuen t  
of the centers  is invo lved  in  e l ec t ro luminescence  
de ter iora t ion ,  t hen  one of the centers  is l ike ly  to be 
more  v u l n e r a b l e  to des t ruc t ion  t h a n  the other  by  
the  de te r io ra t ion  process. No such effect seems to 
exist  w i t h i n  the  e x p e r i m e n t a l  e r ror  of a few per  
cent. On the o ther  hand,  the t r a p p i n g  and  re lease  
of e lectrons is now considered to be an  i nd i spensa -  
ble  pa r t  of the  e l ec t ro luminescence  process (14, 
18-21).  One theory  (14) o f  e l ec t ro luminescence  in  
zinc sulfide exp la ins  the b u l k  of typica l  expe r i -  
m e n t a l  da ta  by  cons ider ing  on ly  the  t r app ing  a nd  
release process w i thou t  dea l ing  expl ic i t ly  wi th  
e i ther  r e c o m b i n a t i o n  at the centers  or the ioniza t ion  
process. If this  t r app ing  process is quenched  by  
e i ther  or bo th  the mechan i sms  descr ibed in  Papers  
I or III, the e l ec t ro luminescence  b r igh tness  wi l l  de-  
t e r io ra te  w i thou t  des t ruc t ion  of the centers ;  as a l -  
r eady  poin ted  out, the m a i n t e n a n c e  of pho to lu -  
minescence  suggests tha t  the luminescence  centers  
r e m a i n  intact .  

In  Sect ion B-1 it was po in ted  out  tha t  some 
phosphors  show a ve ry  definite s lowly de te r io ra t ing  
componen t  of l igh t  emiss ion  af ter  long operat ion,  
and  tha t  p r o b a b l y  all  phosphors  show this  to some 
degree.  In  Fig. 15 the  b r i g h t n e s s - t i m e  data  of a 
typica l  phosphor  have  been  fitted by  a s suming  

L~ L., 
L 4- 

1 + t/ t ,  1 + t/t~ 

where  L1 + L_o = L, and  tl and  t_o are the wide ly  d i f -  
f e ren t  ha l f - l i ves  of the two componen ts ;  here,  L1 = 
L, = L/2,  t, = 6 hr  and  t.~ ~- 97 hr. In  some cases 
according to such an analysis ,  the  l o n g - l i v e d  com-  
ponen t  de ter iora tes  e x t r e m e l y  s lowly  and  is also 
a ma jo r  f rac t ion  of the in i t i a l  b r igh tness ;  an  e x a m -  
ple is the improved  m a i n t e n a n c e  ye l low phosphor  
of Fig. 14. 
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ABSTRACT 

Low- tempera tu re  measurements  of the Hall  effect have been used to de- 
termine donor and acceptor concentrations and in some cases to identify the 
major  impuri ty  in silicon. A simple apparatus for making these measurements  
wi th  l iquid hel ium is described. Typical  results are presented and correlated 
with l i fet ime data at room temperature .  In terpre ta t ion of the Hall coefficient 
measurements  is discussed, and a simplified analysis of the case of the two 
types of donor impur i ty  is suggested. 

Experimental Apparatus 
L o w - t e m p e r a t u r e  Hal l  m e a s u r e m e n t s  h a v e  been  

used by m a n y  w o r k e r s  to s tudy  i m p u r i t y  l eve l s  in 
silicon. 1' ~ This  p a p e r  descr ibes  the  use of such m e a s -  
u r e m e n t s  to e v a l u a t e  h i g h - p u r i t y  M e r c k  silicon. 

F i g u r e  1 shows the  D e w a r  used  for  these  m e a s -  
u remen t s ,  w h i c h  is r e l a t i v e l y  s imple  in design.  The  
l iqu id  n i t r ogen  D e w a r  wh ich  serves  as a r ad i a t i on  
shie ld  has been  omi t t ed  for  c lar i ty .  The  Dewar ,  
m a d e  of Py rex ,  is a r r a n g e d  so tha t  four  samples  can 
be run  at one t ime,  and these  are  f a s t ened  to a r e l a -  
t i ve ly  mass ive  brass  b lock wh ich  is s u r r o u n d e d  by a 
tube  con ta in ing  h e l i u m  gas at  1 atm. Outs ide  this  is 
a ref lux  co lumn,  in wh ich  the  h e l i u m  p res su re  can 
be va r i ed  to cont ro l  the  t r a n s f e r  of hea t  f r o m  the  
samples  to the  l iqu id  h e l i u m  ba th  above.  The  gaske t  
seal  at the  top of this  co lumn is a r r a n g e d  so tha t  the  
p r e s su re  cannot  cause an explos ion  as the  D e w a r  
warms .  U n d e r  p r o p e r  condit ions,  the  samples  wi l l  
w a r m  f rom 20 ~ to 80~ in 5-6 hr.  M e a s u r e m e n t s  
are  m a d e  by  d -c  p o t e n t i o m e t r y ,  and the  m a g n e t i c  
field is m o n i t o r e d  by NMR. 

Theory of Hall Effect 
In ex t r ins ic  silicon, the  Hal l  coefficient in a h o m o -  

geneous  r e c t a n g u l a r  sample  is g iven  by  Eq. [1],  [2],  
and [3],  shown be low 

V~T cm 3 
R = 1 0 8 _  [1] 

IH cou lomb 

rc 1 
R,  -- - -  , --  6.25 • 1018 cou lomb -1 [2] 

ne e 

rv 
R~ -- [3] 

pe 

VH is the Hall voltage, I is the current in amperes, 
T is the thickness in cm, and H is the magnetic flux 

I A method of determining the degree of compensation ol p-type 
silicon from magnetoresistance measurements of liquid nitrogen 
temperature has been proposed also (1). 

References to much of this work are given in the review arti- 
cles by Burton (2) and Kohn (3). 

dens i ty  in gauss;  p and  n are  the hole  and e lec t ron  
concent ra t ions ,  r e spec t ive ly ,  and r~ and  rc are  the  
r e spec t ive  Hal l  coefficient  factors.  These  factors  de -  
pend  in gene ra l  on c rys ta l  o r ien ta t ion ,  i m p u r i t y  

m 

Pole 
piece 

Pole 
piece 

Fig. 1. Dewar for Hall measurements 
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concen t ra t ion ,  t empera tu re ,  and  magne t i c  field. If 
they  can be de te rmined ,  t h e n  the  hole or e lec t ron 
concen t r a t i on  can be deduced d i rec t ly  f rom Hal l  
m e a s u r e m e n t s .  

A discussion of the Hal l  coefficient factor  for p - t y p e  
si l icon has been  g iven  by  Beer  and  Wi l l a rdson  (4) ,  
and  Gold and  Roth (5) have  s tudied  n - t y p e  silicon. 
In  p - t y p e  mater ia l ,  this factor  is qu i te  sensi t ive  to 
ionized i m p u r i t y  sca t ter ing;  however ,  the  effect of 
i m p u r i t y  sca t te r ing  in  n - t y p e  m a t e r i a l  has not  been  
ca lcu la ted  in  te rms  of the exact  conduc t ion  b a n d  
s t ruc ture .  In  h i g h - p u r i t y  silicon, the  Hal l  coefficient 
factors are p r o b a b l y  nea r  u n i t y  be low 40~  for 
r ea sonab ly  s t rong magne t i c  fields. This  a s sumpt ion  
has been  just if ied for p - t y p e  si l icon by  the  carefu l  
work  of K le in  and  S t r a u b  (6) .  Since our  analys is  of 
the Hall data required consideration only of the re- 
gion below 40~ and the exhaustion region, cor- 
rection for the Hall coefficient factor was necessary 
only in the determination of the exhaustion carrier 
concentration. The effect of impurity scattering in 
the exhaustion region in p-type material can be in- 
cluded by assuming initially that r~ ~ 1 at all tem- 
peratures and by calculating an approximate im- 
purity concentration. This concentration is used 
then to calculate an impurity mobility from which 
the  Hal l  coefficient factor  can be eva lua ted  by  the 
me thod  of Beer  and  Wil la rdson.  The Hal l  coefficient 
factor  so d e t e r m i n e d  then  is used to correct  the ex -  
haus t ion  car r ie r  concent ra t ion .  

The  e lec t ron  or hole concen t r a t i on  in  ex t r ins ic  
m a t e r i a l  is g iven  by  Eq. [4] or [5] be low:  

n ( n  + N~) X~ N~ ~ fd ~ exp ( - - e ~ ) / K T  
_ A~.T~/'2 

N,~ --  N,, --  n X, N~* f~' 

deg-3/-~ 
A, = 2.78 X 1 0 1 ~ -  [4] 

a m  a 

p ( p  + N~) X, N , '  ]o~ exp ( - - E , ~ ) / K T  
_ A~T.V.~ 

N . - - N ~ - - p  .X, N.* f~' 

deg-~Z ~ 
A~ = 5.62 X 1 0 1 ' . -  [5] 

c m  s 

where  N, and  N~ are  the  to ta l  acceptor  and  donor  
concen t r a t ions  and  N~ ~, 5~), and  E= * are the  concen-  
t ra t ion ,  F e r m i  factor, and  ac t iva t ion  ene rgy  for a 
pa r t i cu l a r  species of acceptor,  N~ *, f~*, and  E~ * are the  
cor responding  quan t i t i e s  for a p a r t i c u l a r  donor.  The  
F e r m i  factor  for an  i m p u r i t y  is jus t  the  p robab i l i t y  
tha t  it is not  ionized and  for an  acceptor  is g iven  by  

f~' = {1 + V4 exp [(EF--  ~ , ~ ) / K T ] }  -~ 

and  for a donor  by  

f~ = {1 + 1/2 exp [ ( E r -  ~ ' ) / K T ] }  -~ 

where  E~ is the F e r m i  energy.  These equa t ions  are 
de r ived  u n d e r  the  fo l lowing assumpt ions :  (a) on ly  
s ing ly  ionized (i.e., groups  I I I  and  V) impur i t i e s  are  
p resen t ;  (b)  classical stat ist ics hold;  (e) no local 
i n t e rac t ion  be tween  impur i t i e s  occurs;  (d) exci ted 
b o u n d  states of car r ie rs  on impur i t i e s  can be ignored  
(7 ) ;  (e) the  sp in -o rb i t  sp l i t t ing  of the  degenera te  
g r o u n d  state of the e lec t ron  at the i m p u r i t y  site and  
p e r t u r b a t i o n s  of the b a n d  s t r uc tu r e  by  the i m p u r i t y  

IO 9 

o• iO B 

I07 

N -1type si l icon 

N A = 1.3 x I0" crn -3  

N O : 4.3 x IOI3r "3 
~o = 0 0 4 9  

Intermediate temperature; 

n = (NDAcTZ) z ~ -%/2k r  

NA<<n<<N D 
(sl ight compensation) 
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ND-N a / n: ~ ~c#e-'~ 
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n < < N A  / 
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/ 
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/ 
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/ 
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Fig. 2. Temperature dependence of Hall coefficient of n- 
type silicon. 

can be assumed negl ig ib le  (7) ; (]) the  g round  state  
of a donor  is assumed doub ly  degene ra t e  and  tha t  of 
an  acceptor  fourfold  degenera te ;  and  (g) i m p u r i t y  
b a n d  conduc t ion  is not  impor t an t .  U n d e r  these as-  
sumpt ions ,  a u n i q u e  ac t iva t ion  ene rgy  can be defined 
which is jus t  equa l  to the e n e r g y  necessa ry  to exci te  
an e lec t ron  f rom the  va lence  b a n d  in to  the  g round  
state  of an  acceptor  or f rom the g r o u n d  state  of a 
donor  into the conduc t ion  band.  

Results and Discussion 
Since the  ac t iva t ion  energies  are k n o w n  (8) for 

most  s ing ly  ionized impur i t i e s  in  silicon, it is theo-  
re t i ca l ly  possible  to i den t i fy  those impur i t i e s  and  to 
d e t e r m i n e  the  tota l  donor  and  acceptor  concen t r a -  
t ions  by  f i t t ing Hal l  da ta  to these equat ions .  

F igu re  2 shows a t e m p e r a t u r e  plot  of the  Hal l  
coefficient for an  n - t y p e  sample  in  which  one donor  
(a rsen ic )  seems to be p r e d o m i n a n t .  This  leads  to the  
f ami l i a r  s i tua t ion  in  which  three  a p p r o x i m a t e l y  
l i nea r  regions  appear  on a semilog plot  of the  Hal l  
coefficient vs. rec iprocal  t e m p e r a t u r e .  The  equa t ions  
for the  ca r r i e r  concen t r a t i on  in  each of these  regions  
are g iven  in  the  figure. The i n t e r m e d i a t e  l i nea r  r e -  
gion occurs on ly  in  r e l a t i ve ly  u n c o m p e n s a t e d  sam-  
ples. The slope in  this  region  is jus t  ha l f  tha t  in  the 
low t e m p e r a t u r e  reg ion  (neg lec t ing  the T ~/~ fac tor ) .  
The  t r ans i t i on  b e t w e e n  these two regions  occurs 
w h e n  the  ca r r i e r  concen t r a t i on  is a p p r o x i m a t e l y  
equa l  to the  m i n o r i t y  i m p u r i t y  concent ra t ion .  

The  fact tha t  the  i n t e r m e d i a t e  l inear  reg ion  is ob-  
served in  an  n - t y p e  sample  of this  p u r i t y  is r a the r  
surpr i s ing ,  since it suggests a ve ry  low boron  con-  
cen t ra t ion .  Note f rom Fig. 2 tha t  the ana lys i s  yields  
an acceptor  concen t ra t ion  of the order  of 1011 cm -~. 
I t  is not  c lear  w h e t h e r  this  f igure indicates  the t rue  
boron  con ten t  or w h e t h e r  some of the boron  has be -  
come e lec t r ica l ly  inact ive ,  possibly  because  of local 
i n t e rac t ion  w i th  some other  i m p u r i t y  or defect. 

The Hal l  plots for m a n y  undoped  n - t y p e  samples  
show a p p r o x i m a t e l y  l i nea r  regions  b e t w e e n  20 ~ and  
40~  which  cor respond to ac t iva t ion  energies  in  the  
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Table I. Activation Energies for Group III and Group V 
Impurities in Silicon 

G r o u p  I I I  a c c e p t o r s  G r o u p  V d o n o r s  
ev  e v  

B 0.046 P 0.044 
A1 0.057 As 0.049 
Ga 0.065 Sb 0.039 
In 0.16 Bi 0.067 

F o r  t w o  d o n o r s  w h o s e  a c t i v a t i o n  e n e r g i e s  d i f f e r  by  Ael p l o t  i n  
(TW2R) vs. 1 / T  a t  l o w  t e m p e r a t u r e :  

q 
S l o p o  = + l o  + 

N(~ / J  

r ange  0.039-0.049 ev. As can be  seen f r o m  Tab le  I, 
this  r ange  inc ludes  t h r ee  r e l a t i v e l y  closely spaced 
leve l s  associa ted wi th  an t imony ,  phosphorus ,  and 
arsenic.  The  behav io r  of the  Ha l l  coefficient in r e l a -  
t i v e l y  u n c o m p e n s a t e d  samples  can be e x p l a i n e d  if 
it is a ssumed tha t  two  or t h r e e  of these  impur i t i e s  
a re  present .  If  N~ < <  N~, the  l o w - t e m p e r a t u r e  slope 
of a p lo t  of T ~'~ x the  Ha l l  coefficient vs. r ec ip roca l  
t e m p e r a t u r e  for  the  case of two  donors  in an n - t y p e  
s ample  is 1 / k [ ~  + kTI~n(N~/N~ + NJN~ exp  ~/~r) ] 
w h e r e  N~ is the  concen t r a t ion  of the  donors  w i t h  the  
l o w e r  ac t i va t i on  energy ,  Nt is the  concen t r a t ion  of 
those  w i t h  t he  h ighe r  ac t iva t ion  energy,  and ae is 
t he  d i f fe rence  of the i r  ac t iva t ion  energies .  This s lope 
is s o m e w h a t  t e m p e r a t u r e  dependen t ,  bu t  it a lways  
lies b e t w e e n  the  slopes expec t ed  for  donor  one alone 
and donor  two  alone. A s s u m i n g  tha t  the  a v e r a g e  e x -  
p e r i m e n t a l  s lope is g iven  a p p r o x i m a t e l y  by its 
v a l u e  at 25~ we  can define an effect ive  ac t iva t ion  
e n e r g y  for a pair,  and the  ca r r i e r  concen t r a t ion  at 
25~  then  is g iven  by an equa t i on  which  is of the  
same f o r m  as the  r e l a t ion  for  a s ingle  donor.  Thus  
the  to ta l  donor  and acceptor  concen t ra t ions  for the  
case of two  donors  can be d e t e r m i n e d  f r o m  the  Hal l  
coefficient at 25~ the  slope of the  T~r-'R plot  at 
25~ and the  exhaus t i on  Ha l l  coefficient in the  
same w a y  they  are  found  in the  case of a s ingle 
donor.  This  p r o c e d u r e  is va l id  only p rov ided  
n(25~ << N,, << N,, because the relative popula- 
tions of the two levels are influenced by compensa- 
tion. 

For the case of two donors, the effective activation 
energy is easy to compute, and Fig. 3 shows a plot 
for the pairs, Sb-P, P-As, and Sb-As as a function 
of relative concentration. If measurements are made 
carefully, these plots can be used to estimate the 
relative concentrations for different pairs which 
might be present. 

Figure 4 shows a Hall plot for two p-type sam- 
ples. The low-temperature slopes are both charac- 
teristic of boron, but number two, which is from a 
zone refined crystal, still exhibits the intermediate 
temperature characteristic at the lowest tempera- 
tures. This is indicative of extremely low compensa- 
tion. 

Table II gives a summary of the results of Hall 
and room temperature lifetime measurements on 
some single crystal silicon samples. 

Conclusions 

The  ac t iva t ion  energ ies  of t he  p - t y p e  samples  in-  
ve s t i ga t ed  w e r e  al l  cha rac te r i s t i c  of boron,  and the  
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Fig. 3. "Effective" activation energy for pairs of donors in 
silicon at 25~ 
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Fig. 4. Temperature dependence of Hall coefficient for two 
p-type silicon samples. 

"e f fec t ive"  ac t iva t ion  ene rg ies  of the  n - t y p e  samples  
w e r e  in the  r ange  0.039-0.049 ev. I t  is concluded 
f rom this  tha t  the m a j o r  acceptor  i m p u r i t y  in all  the  
samples  inves t iga ted  is boron  and tha t  it is p resen t  
in concen t ra t ions  of about  10 TM cm- t  The  m a j o r  

Table II. Lifetime Data on Some Single Crystal Silicon Samples 

N~,, Nd, N~ + Nd, L i f e t i m e ,  
S a m p l e  cm-3 cm-S c m  8 ~ s e e  

B-95-5A 2.6 X 10 '~ 1.3 X 1013 3.9 X 10 TM 150 
B-21-25B 8.3 X 10 ~ <10 TM 8.3 X 101~ 800 
50-EX-126C 1.0 X 101~ 5 X 101~ 1.5 X 10 ~ >1000 
50-EX-122B 8.9 X I0 TM <1012 9 X I0 It 600 
B-15-17B 7 X 10 TM 1.4 X 10 ~ 2.1 X 10 TM 500 
50-EX-126B 2.4 X 10 TM 2.4 X 10 '~ 4.8 X 101~ 100 
50-EX-122A 1.2 X 10 ~ 5.4 X 10 ~ 6.6 X 10 TM 200 
50-EX-111 1.6 X 10 ~ 3.2 X 10 TM 4.8 X 10 TM 600 
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donor  impur i t i e s  appear  to be phosphorus ,  an t i mony ,  
and  arsenic,  and  the i r  concen t ra t ion  is a p p a r e n t l y  
reduced  to less t h a n  10 TM cm -~ in  some zone ref ined 
mater ia l .  
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A Modified Closed Box System for the Diffusion of Boron in Silicon 
R. S. Yatsko and J. S. Kesperis 

U. S. Army  Signal Research and Development Laboratory, Fort Monmouth, New Jerse~ 

ABSTRACT 

A modified closed box diffusion system has been investigated over a wide 
range of conditions. Boron layers have been diffused in silicon from B~O~-SiO~ 
sources ranging from concentrations of 0.2% B by weight to pure B~O3. Non- 
melting source conditions have been varied to melting source conditions yield- 
ing surface concentrations ranging from 1018 to I0 ~ earriers/ee. Some effects of 
environmental atmospheres and materials are discussed. Applications to photo- 
voltaic devices and double diffused transistors are described. 

Boron diffusion is by  far  the most  common  ap-  
proach today  in  the ach i evemen t  of precis ion con-  
t rol led p - t y p e  areas in si l icon semiconduc tor  de-  
vices. Yet methods  c u r r e n t l y  in use for obtain.~ng 
des i rable  surface  concen t ra t ions  of boron  ut i l ize  
wide ly  v a r y i n g  diffusion techniques .  Even  t ech-  
n iques  for the p roduc t ion  of diffused areas of s imi lar  
doping con ten t  and  depth  v a r y  wide ly  f rom one user  
to the other.  

It  is the objec t ive  of this pape r  to discuss the  i n -  
ves t iga t ion  of a gene ra l  diffusion sys tem for boron,  
capable  of r ep roduc ib ly  a t t a in ing  pa r t i cu l a r  surface 
concen t ra t ions  in  the  r ange  101~ to 10 '~ a toms /cc  by 
us ing only  s imple  va r i a t ions  of source concen t ra t ion ,  
t empera tu re ,  and  time. E x p e r i m e n t a l  data, the  ca-  
pabil i t ies ,  and  l imi ta t ions  of this process are  d is -  
cussed, and  a l though  a complete  inves t iga t ion  of the 
system is no t  p resen ted ,  the  resul ts  ob ta ined  have  
a l ready  b e e n  successful ly  appl ied  to va r ious  semi-  
conductor  devices at these labora tor ies  and  should  
serve as usefu l  i n f o r m a t i o n  to those concerned  wi th  
the design and  fabr ica t ion  of si l icon devices. 

Experimental 
Figure 1 shows a typical diffusion boat consisting 

of quartz with provisions for holding a small plati- 
num box in the center which carries the source ma- 
terial. Two center posts contain the box and separate 
it from two end compartments which carry the 
silicon wafers. The boat is constructed by sealing off 
tubular quartz and cutting a longitudinal section off, 
such that approximately 3/4 of the cross-section area 
remains on the boat. The cut edges of the boat are 
care fu l ly  lapped  fiat wi th  a 600 grit. A qua r t z  fiat 
p la te  acts as a cover plate.  A 0.003 in. p l a t i n u m  
sheet, equa l  in  a rea  to the  qua r t z  fiat, acts as a gas-  

Fig. 1. Modi f ied closed box showing quartz boot containing 
Pt source box and polished Si wafers, Formed Pt gasket is 
shown at left. 

ket  be t w e e n  the lapped  edges and  the cover plate.  
It  is this gasket  which  forms a pa r t i a l  seal for the  
diffusion process. A s ingle  a n n e a l i n g  process at 
l l 0 0 ~  was sufficient to a l low the p l a t i n u m  gasket  
to form on the  contours  of the quar tz  boat.  The 
gasket could then be used many times with the same 
boat during subsequent diffusion runs with no fur- 
ther forming treatment. During the actual diffusion 
run, platinum wire was wrapped tightly about the 
entire assembly to prevent any movement of the 
parts during insertion and removal from the fur- 
nace. 

The boat thus constructed has only a partial seal 
and differs from a sealed capsule in this respect. 
However, the disadvantage of a finite leak rate was 
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not  found  to be s ignif icant  as far  as a ch i eveme n t  of 
des i red surface  concen t ra t ions  was concerned;  the  
obvious advan tages  of ease in  load ing  and  r e -use  
made  it  qu i t e  p re fe rab l e  to a sealed capsule  t ech-  
n ique .  

Si l icon wafe rs  we re  pol ished carefu l ly  to a m i r -  
ror  f inish us ing  L i n d e  A abras ive  in  an  au tomat i c  
bowl  feed polisher .  Diffusion was car r ied  out in  a 
K a n t h a l  w o u n d  fu rnace  us ing  a l u n d u m  tubes  sealed 
off ca re fu l ly  at  each end, wi th  provis ions  for  the  
inse r t ion  of the boat  and  d ry  a rgon  gas. 

J u n c t i o n  depths  were  m e a s u r e d  by  s t a n d a r d  ang le  
l app ing  and  s t a in ing  t echn iques  (1) .  E v a l u a t i o n  of 
surface  concen t ra t ions  were  made  wi th  f o u r - p o i n t  
p robe  res i s tance  m e a s u r e m e n t s  and  the  pub l i shed  
da ta  of Backenstoss  (2) .  

Effects o] system materials and environmental at- 
mospheres.--The B.~O~SiO.., source is reac t ive  w i th  
quar tz  and  m u s t  be isolated f rom the quar tz  in  the  
system. In i t i a l  a t t emp t s  to use a high p u r i t y  g raph i t e  
modified closed box resu l ted  in  ve ry  n o n u n i f o r m  
sil icon surface layers  tha t  could not  be r emove d  by  
HF, d i lu te  NaOH, or boi l ing HNO, fol lowed by  HF  
rinses.  F u r t h e r m o r e ,  a s ignif icant  erosion of the  ac-  
t ua l  si l icon surface  was  observed.  These  difficulties 
are e l im ina t ed  by  the  use of e i ther  an  a l l - p l a t i n u m  
sys tem (wi th  provis ions  for ho ld ing  the  si l icon on 
quar tz  fiats) or an  a l l - q u a r t z  sys tem wi th  a p l a t i -  
n u m  con ta ine r  for the  source as was adopted for 
these exper iments .  

The n a t u r e  of the s u r r o u n d i n g  a tmosphere  and  
p a r t i c u l a r l y  the presence  of the wa t e r  vapor  is of 
ma jo r  impor t ance  in a closed box sys tem which  is 
not  sealed to ta l ly  aga ins t  leaks. Ea r ly  a t t empts  to 
use the  modified closed box wi th  a s u r r o u n d i n g  air  
a m b i e n t  cons i s ten t ly  produced  diodes wi th  ve ry  low 
fo rward  inflect ion voltages.  Solar  conver te r s  p r o -  
duced in  this m a n n e r  gave cor responding  o p e n - c i r -  
cuit  vol tages in the  0.3-0.4 v range.  I t  became neces -  
sa ry  to m a k e  the diffusion tube  air  t ight  and  to flush 
the sys tem ca re fu l ly  wi th  argon which  was passed 
th rough  two l iqu id  n i t r ogen  t raps  to in su re  an  ac-  
ceptable  level  of dryness .  The incorpora t ion  of these  
methods  improved  the r ep roduc ib i l i t y  of e lect r ical  
character is t ics  and  resu l ted  in n o r m a l  inf lect ion 
voltages.  

Preparation of the diffusion source.--Four se-  
lected sources were  p repa red  for diffusion f rom 
boric  and  silicic acids. Composi t ions  r anged  f rom 
the  equ iva l en t  of p u r e  boron oxide to 0.2% boron  in  
the fo l lowing m a n n e r :  pu re  B~O~, 4B~O~-ISiO~, 
1B~O,~-ISiO~, and  0.2% B. The composi te  sources 
were  p repa red  by  m i x i n g  boric and  silicic acid 
powders  together ,  add ing  dist i l led,  deionized water ,  
d ry ing  over  low hea t  w i th  cons tan t  s t i r r ing .  The  
source was  t hen  p laced  in  a p l a t i n u m  source box 
and  s in te red  at  the  diffusion t e m p e r a t u r e s  u n d e r  a 
dry  a rgon  a tmosphere .  

Diffusion f rom composi te  oxide sources mus t  be 
preceded by  a su i t ab le  s in te r ing  at e i ther  the  d i f -  
fus ion t e m p e r a t u r e  or at t e m p e r a t u r e s  s l ight ly  
h igher  in  order  to ob ta in  cons is tent  diffusion resul ts .  
The s in t e r ing  or "bake  out"  process is used to d ry  
and  homogenize  the  source and  at  the  same t ime  
p r o b a b l y  acts to s a tu r a t e  the  qua r t z  box w i t h  boron.  

As can be expected,  n o n m e l t i n g  oxide sources are 
m u c h  more  difficult to homogenize  t h a n  me l t ing  
sources. Cons i s ten t  diffusion resul t s  have  been  ob-  
t a ined  w i t h  me l t i ng  sources af ter  1.5-2 hr  of bake  
out, depend ing  on the  diffusion t e m p e r a t u r e  and  
SiO~ concen t r a t i on  in the  source, whi le  bake  out 
t imes of 6 to 7 h r  we re  necessa ry  wi th  n o n m e l t i n g  
oxide sources. T h u r s t o n  (3) and  co-workers  have 
s tudied the  bake  out t ime  requ i red  for 0.1% B 
sources by  e x p e r i m e n t a l l y  compar ing  the  diffusiv-  
ities of phosphorus  a nd  boron  in  si l icon dioxide. 
A l though  bo ron  showed five t imes  the dif fusivi ty  of 
phosphorus  in  si l icon dioxide,  bake  out  of n o n m e l t -  
ing bo ron - s i l i con  dioxides  r e q u i r e d  7 hr  whi le  n o n -  
me l t ing  phosphorus - s i l i con  dioxide sources requ i red  
only  3 hr. I t  was  also f ound  tha t  w h e n  f resh  sources 
of B~O~-SiO_~ were  used in  an  a l ready  used  quar tz  
capsule, an  add i t iona l  7 h r  bake  out was necessary.  
On the basis of these exper imen t s ,  the sa tu ra t ion  of 
the  source and  quar tz  capsule  could no t  expla in  
effectively the  u n u s u a l l y  long bake  out t ime  re -  
qu i red  for n o n m e l t i n g  B20~-SiO~ sources. 

Results and Discussion 
Runs  1 and  2 in  Tab le  I show the  r ange  of resul ts  

ob ta ined  for diffusions at 1129~ wi th  a 0.2% B 
n o n m e l t i n g  source. R u n s  3 to 5 show the  resul t s  at  
1218~ Surface  concen t ra t ions  var ied  on ly  by  one-  
hal f  order  of m a g n i t u d e  b e t w e e n  these t e m p e r a t u r e  
extremes.  Reproduc ib i l i t y  of pene t r a t i on  a nd  doping 
at a g iven t e m p e r a t u r e  was  ve ry  good. These diffu- 
sions were  charac te r ized  by  ve ry  u n i f o r m  post dif-  
fus ion oxides w i th  a m a x i m u m  oxide th ickness  of 
280(}A at 1218~ for 30- ra in  diffusion t ime.  Exce l -  
l en t  u n i f o r m i t y  of surface  concen t ra t ion  was  found  
over  the en t i re  area of the diffused wafers.  

In  order  to ob ta in  h igh surface  concen t ra t ions  at  
t e m p e r a t u r e s  prac t icab le  for device manufac tu r e ,  
it was found  necessary  to increase  the B~O, in the 
source. I t  was d e t e r m i n e d  tha t  the order  of 0.2% B 
represen ted  the  m a x i m u m  concen t ra t ion  for n o n -  
me l t i ng  condi t ions  in  the  source at  1200~ A n  order  
of m a g n i t u d e  increase  in  bo ron  concen t ra t ion  p ro -  
duced pa r t i a l  me l t i ng  at t e m p e r a t u r e s  as low as 
1125~ Progress ive  increases  in  the  B_,O.~ concen t r a -  
t ion  changed the  appea rance  of the baked  out  source 
f rom a whi te  powder  (0.2% B) to an  agg lomera t ion  
of smal l  hemisphe r i ca l  g lobules  (2% B),  th rough  a 
series of u n i f o r m l y  whi te  t r a n s l u c e n t  glasses to 50% 
B,O.~, fol lowed by  an increase  in the t r a n s p a r e n c y  of 
the  mel t  as the  pure  B20~ glass was approached.  
The change  in  source appea rance  f rom n o n m e l t i n g  to 
me l t ing  condi t ions  was  accompan ied  by  a sharp  de-  
p a r t u r e  in  appea rance  of the  post  diffusion oxides. 
It  was found  imposs ib le  to m a i n t a i n  u n i f o r m i t y  in 
the  g rown  oxide wi th  m e l t i n g  sources. These va r i a -  
t ions in  oxide th ickness  were  accompanied  at  cer-  
t a in  t e m p e r a t u r e s  wi th  n o n u n i f o r m i t y  in sheet  re -  
s is tance over  the  area of the  diffused wafer ,  bu t  in 
most  cases, v e r y  u n i f o r m  resul t s  were  obta ined.  

Diffusion f rom 50% B~O~ sources had to be car r ied  
out at 1125~ or h igher  in  order  to ob ta in  u n i f o r m  
sheet  res is tances  over the  en t i r e  wafe r  area.  Runs  6 
and  7 (Tab le  I)  show the  va r i a t i on  in  sheet  res is t -  
ance  ob ta ined  on two wafe rs  at 1100~ Var ia t ions  
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Table I. Tabulation of data summarizing obtainable surface concentrations under various 
conditions of diffusion source and tempera~re 

B u l k  S h e e t  res . ,  J u n c t i o n  S u r f a c e  conc. ,  
R u n  S o u r c e  c a r r i e r  conc .  T i m e ,  r a i n  T e m p ,  ~ o h m s / s q u a r e  d e p t h ,  ~ c a r r i e r s / c c  

1 0.2% B 7 X 10 ~ 30 1129 1015 0.5 6 X 1018 
2 0.2% B 7 X 10 ~ 30 1129 1380 0.45 4 X 10 ~ 
3 0.2% B 7 X 10 TM 30 1218 134 2.3 9 X 10 ~s 
4 0.2% B 7 X 10 TM 30 1218 130 2.2 1 X 101~ 
5 0.2% B 7 X 10 ~ 30 1218 145 2.3 8 X 10 TM 

6 50% B20~ 9 • 10 ~ 15 1100 17-29 1.1 2 • 102~ 
7 50% B203 9 • 10 ~'~ 15 1100 82-104 1.1 3 • l f f  ~ 
8 50% B20.~ 7 X 10 ~ 25 1125 7.0 1.9 3 X 102o 
9 50% B20.~ 7 )< 10 ~ 25 1125 3.4 2.3 4 • 10 ~~ 

10 50% B~O~ 7 • 10 TM 20 1125 3.9 1.9 4 • 1020 
11 50% B20.~ 7 X 10 ''~ 20 1125 9.0 1.8 2 X 10 ~~ 
12 50% B20.~ 8 X 10 TM 15 1200 0.82 4.0 8 X 1020 
13 50% B2Oz 8 X l f f  "~ 15 1200 1.0 3.6 8 • 1020 
14 50% B20~ 8 X 10 ~ 15 1200 0.94 3.9 8 X 10 ~~ 
15 50% B20~ 8 X 10 ~'~ 15 1200 1.8 3.8 5 X 1020 
16 50% B~O3 8 X 10 TM 15 1200 0.85 3.2 1 X 10 ~ 
17 80% B~Oz 8 • 10 ~ 15 1125 5.5 1.5 3 X 1020 
18 80% B~O~ 8 X 10 ~ 15 1125 4.6 1.9 3 X 10 ~~ 
19 80% B~O3 8 X 10 TM 15 1125 8.3 1.8 2 X 102o 
20 80% B208 8 >< 10 TM 15 1125 7.3 1.5 4 X 102o 
21 80% B203 8 >< 10 ~ 15 1125 5.2 1.6 4 X 102o 
22 B~O3 8 X 10 ~ 150 1000 15.5 1.3 2 X 10 ~ 
23 B203 8 • 10 TM 150 1000 14.2 1.3 2 X 1020 
24 B20~ 8 X 10 TM 150 1000 17.6 1.2 1.5 X 1020 
25 B~O, 8 X 10 ~'~ 150 1000 18.8 1.2 1.5 X 10 ~~ 
26 B20~ 8 X 10 TM 150 1000 15.2 1.3 2 X 10 ~~ 
27 B.~O~ 8 • 10 ~ 150 1000 19.2 1.2 1.5 • 1020 
28 B~O~ 8 X 10 TM 150 1000 14.3 1.3 2 • 10 ~~ 

of  o n e  o r d e r  of  m a g n i t u d e  i n  s u r f a c e  c o n c e n t r a t i o n  
w e r e  o b s e r v e d  f r o m  w a f e r  to  w a f e r  a t  l l 0 0 ~  U n i -  
f o r m  s h e e t  r e s i s t a n c e s  w e r e  o b t a i n e d  a t  1 1 2 5 ~  a n d  
h i g h e r ,  w i t h  a m u c h  g r e a t e r  r e p r o d u c i b i l i t y  i n  s u r -  
f a c e  c o n c e n t r a t i o n .  R u n s  8 to  11 s h o w  t h e  r a n g e  of  
d i f f u s i o n  r e s u l t s  f o r  25 r a i n  a n d  20 m i n  d i f f u s i o n  
t i m e  a t  1125~  H i g h e r  s u r f a c e  c o n c e n t r a t i o n s  w e r e  
o b t a i n e d  a t  1 2 0 0 ~  w i t h  t h e  5 0 %  B20~ s o u r c e .  R u n s  
12 to  16 l i s t  t h e  d a t a  o b t a i n e d  f r o m  t h e  f ive  w a f e r s  
d i f f u s e d  a t  1200~  

I n  o r d e r  to  d e t e r m i n e  w h e t h e r  a n  i n c r e a s e  i n  
b o r o n  c o n c e n t r a t i o n  w o u l d  r e s u l t  i n  h i g h e r  s u r f a c e  
c o n c e n t r a t i o n s  a t  1125~ f ive  r u n s  w e r e  m a d e  w i t h  
a n  8 0 %  B~O~ s o u r c e  ( R u n s  1 7 - 2 1 ) .  N o  s i g n i f i c a n t  
d i f f e r e n c e  w a s  o b s e r v e d  i n  s u r f a c e  c o n c e n t r a t i o n  b e -  
t w e e n  t h e  t w o  s o u r c e s  a t  1125~  A t  1 2 0 0 ~  t h e  
d i f f i c u l t y  e n c o u n t e r e d  i n  r e m o v i n g  p o s t d i f f u s i o n  
o x i d e  l a y e r s  f r o m  t h e  8 0 %  s o u r c e  m a d e  a c o m p a r i -  
s o n  w i t h  t h e  5 0 %  s o u r c e  i m p o s s i b l e .  

I t  w a s  f o u n d  t h a t  t h e  p o s t d i f f u s i o n  o x i d e s  b e c a m e  
m o r e  d i f f i cu l t  to  r e m o v e  w i t h  l o n g e r  d i f f u s i o n  t i m e s .  
A l t h o u g h  n o  d i f f i c u l t i e s  w e r e  e n c o u n t e r e d  w i t h  t h e  
5 0 %  a n d  8 0 %  s o u r c e  a t  1 1 2 5 ~  f o r  d i f f u s i o n  t i m e s  
of  15 r a i n  to  ~/~ h r ,  d e e p  d i f f u s i o n s  of  4 h r  d u r a t i o n  
p r o d u c e d  s u r f a c e  l a y e r s  v e r y  d i f f i cu l t  t o  r e m o v e .  
D i f f u s i o n s  f o r  4 h r  a t  1 2 0 0 ~  p r o d u c e d  s u r f a c e  l a y -  
e r s  w h i c h  w e r e  i m p o s s i b l e  to  r e m o v e .  D i f f u s i o n s  
f r o m  p u r e  B~O.~ s o u r c e s  h a d  to  b e  p e r f o r m e d  a t  t e m -  
p e r a t u r e s  b e l o w  1 0 2 5 ~  to  p r e v e n t  p i t t i n g  a n d  e r o -  
s ion  of  t h e  s i l i c o n  s u r f a c e .  H o w e v e r  a t  1000~  n o  
d i f f i c u l t i e s  w e r e  e n c o u n t e r e d  f o r  d i f f u s i o n  t i m e s  as  
l o n g  as  2.5 h r .  

R u n s  2 2 - 2 8  l i s t  t h e  d a t a  f r o m  7 c o n t r o l  r u n s  m a d e  
a t  1 0 0 0 ~  f o r  2.5 h r  w i t h  p u r e  B20.~ as  t h e  s o u r c e .  
E x c e l l e n t  c o n t r o l  of  s h e e t  r e s i s t a n c e  a n d  p e n e t r a t i o n  
w a s  o b t a i n e d .  

Fabrication of solar cel ls . - -Five s o l a r  ce l l s  w e r e  
f a b r i c a t e d  u t i l i z i n g  t h e  p u r e  B20~, 1 0 0 0 ~  p r o c e s s .  
S i n c e  d o p i n g  l e v e l s  of  2 x 10 ~ w e r e  o b t a i n a b l e  b y  
t h i s  p r o c e s s ,  i t  w a s  t h o u g h t  t h a t  t h e  r e l a t i v e l y  l o w  
t e m p e r a t u r e  r e q u i r e d  w o u l d  b e  t h e  l e a s t  d e l e t e r i o u s  
to  t h e  l i f e t i m e  i n  t h e  d e v i c e ,  a n d  t h i s  w a s  t h e  b a s i s  
f o r  c h o o s i n g  t h i s  as  t h e  b e g i n n i n g  p r o c e s s  i n  d e t e r -  
m i n i n g  t h e  o p t i m u m  m o d i f i e d  c l o s e d  b o x  p r o c e s s  
f o r  s o l a r  c e l l  f a b r i c a t i o n .  T h e  d i f f u s e d  ce l l s  w e r e  
g i v e n  e l e c t r o l e s s  n i c k e l  c o n t a c t s  to  b o t h  p -  a n d  
n - s i d e s ,  f o l l o w e d  w i t h  a s o l d e r  d ip .  A p o l y s t y r e n e  
c o a t i n g  w a s  p l a c e d  o v e r  t h e  a c t i v e  a r e a  to  r e d u c e  
r e f l e c t i o n .  E v a l u a t i o n  w a s  c o n d u c t e d  w i t h  a t u n g -  
s t e n  f i l a m e n t  l i g h t  s o u r c e ,  f i l t e r e d  t h r o u g h  a w a t e r  
b a t h  to  r e d u c e  t h e  i n f r a r e d .  T h e  i l l u m i n a t i o n  w a s  
c a l i b r a t e d  to  a r a d i a t i o n  r a t e  of  84.4 m w / c m t  T h e  
t o t a l  d a r k  c u r r e n t  s e r i e s  r e s i s t a n c e  a m o u n t e d  to  0.2 
o h m .  S u r f a c e  c o n c e n t r a t i o n s  a n d  j u n c t i o n  d e p t h s  
w e r e  as  s h o w n  i n  T a b l e  I f o r  t h e  p u r e  B~O~ r u n s .  R e -  
s u l t s  a r e  i n d i c a t e d  i n  T a b l e  II .  F i g u r e  2 s h o w s  t h e  
c o m p a r a t i v e  l i g h t  o u t p u t  c u r r e n t - v o l t a g e  c h a r a c t e r -  
i s t i c s  f o r  ce l l s  1 a n d  5 w h i c h  r e p r e s e n t  t h e  p e r -  
f o r m a n c e  e x t r e m e s  f r o m  t h i s  g r o u p .  

Application to Transistor Fabrication 

T h e  t e c h n i q u e  w a s  a p p l i e d  to  t h e  f a b r i c a t i o n  of  
t h e  e m i t t e r  r e g i o n  of  a p - n - p  t r a n s i s t o r .  T a b l e  I I I  

Table II. Tabulation of output efficiency data of 5 solar cells 
fabricated by diffusion from a pure B~O~ source at 1000~ 

A r e a ,  Er162 Em~, Imp, Pm~, Ef f i c i ency ,  
Ce l l  cm2 v v m a  m w  % 

1 1.80 0.560 0.442 38.5 17.0 11.2 
2 1.44 0.555 0.420 32.3 13.8 11.2 
3 1.67 0.550 0.409 37.2 15.2 10.8 
4 1.71 0.550 0.420 38.1 16.0 11.1 
5 1.50 0.550 0.420 32.3 13.6 10.7 
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Table Ill. Tabulation of data showing results of emitter diffusions using a modified closed box system 

J u n c t i o n  d e p t h  B a s e  
S h e e t  z'es.. J u n c t i o n  . S u r f a c e  conc ,  b a s e  d i f fus ion ,  w i d t h ,  

R u n  S o u r c e  T i m e ,  m i n  T e m p ,  ~ o h m s / s q u a r e  d e p t h ,  ]z c a r r i e r s / c c  tz /L 

1 80% B30~ 12 1120 6.0 1.4 3.5 X 103~ 2.4 1.0 
2 80% B303 12 1120 4.0 1.4 4.0 X 10 ~~ 2.4 1.0 
3 80% B~O~ 12 1120 6.0 1.3 4.0 X 10 ~~ 2.4 1.1 
4 80% B30~ 12 1120 4.5 1.3 3.5 X 10 ~~ 2.4 1.1 
5 50% B~O~ 15 1125 11.3 1.4 2.0 X 10 ~~ 2.5 1.1 
6 50% B303 15 1125 11.2 1.4 2.0 • 10 ~~ 2.5 1.1 
7 50% B30~ 15 1106 15.5 1.0 2.0 • 10 ~ 2.5 1.5 
8 50% B~O~ 15 1106 14.4 1.1 2.0 • 10 ~'~ 2.5 1.4 
9 50% B~O~ 15 1106 15.7 1.1 2.0 • 10 '~~ 2.5 1.4 

10 P u r e  B30~ 150 1000 7.9 1.3 2.0 X 10 ~~ 2.5 1.2 
11 P u r e  B~O~ 150 1000 8.0 1.3 2.0 X 103~ 2.5 1.2 
12 P u r e  B~O3 150 1000 10.2 1.2 2.0 • 10 ~~ 2.4 1.2 
13 P u r e  B30~ 150 1000 10.3 1.2 2.0 X 10 ~~ 2.4 1.2 
14 P u r e  B30.~ 150 1005 5.4 1.5 2.0 X 1030 2.5 1.0 
15 P u r e  B~O~ 150 1005 6.2 1.6 2.0 • 10 ~~ 2.5 1.0 

s h o w s  r e s u l t s  o b t a i n e d  for  a n u m b e r  of e m i t t e r  d i f -  
f u s i o n  runs .  T h e  b a s e  r e g i o n  in to  w h i c h  t h e  b o r o n  
e m i t t e r s  w e r e  d i f fused  was  d i f fused  p r e v i o u s l y  w i t h  
a n t i m o n y .  T h e  a n t i m o n y  d e p t h  of d i f fus ion  w as  a p -  
p r o x i m a t e l y  2.5 ~ a n d  t h e  s u r f a c e  c o n c e n t r a t i o n  
r a n g e d  f r o m  1 x 10 TM a t o m s / c c  to 2 x 10 ~' a t o m s / c c .  
I t  w a s  n e c e s s a r y  to di f fuse  t h e  b o r o n  e m i t t e r s  to 
s h a l l o w  d e p t h s  in  order to m a i n t a i n  a t h i n  ba se  r e -  
gion. T h e  a i m  w a s  to d i f fuse  t h e  b o r o n  e m i t t e r s  to 
d e p t h s  v a r y i n g  f r o m  1.0 to 1.5 ~, a t t a i n  a s u r f a c e  
c o n c e n t r a t i o n  g r e a t e r  t h a n  10 ~ a t o m s / c c ,  a n d  o b -  
t a i n  m a s k i n g  in r e g i o n s  w h e r e  t h e  b o r o n  w as  not 
des i red .  E x a m i n a t i o n  of T a b l e  III  r e v e a l s  t h a t  t h e  
shee t  r e s i s t a n c e  of t h e  g r o u p  of w a f e r s  d i f fused  w i t h  
t h e  80% source  r a n g e d  f r o m  4 to 6 o h m s / s q u a r e .  D i f -  
fu s ion  d e p t h s  v a r i e d  f r o m  1.3 to 1.4 ~ for  t h e  t e m -  
p e r a t u r e  a n d  t i m e  used ,  a n d  t h e  s u r f a c e  c o n c e n -  
t r a t i o n  a c h i e v e d  r a n g e d  f r o m  3 x 10 ~ to 4 x 10 ~~ 
a t o m s / c c  for  t h e  t e m p e r a t u r e  used .  Di f fus ions  w i t h  
t he  50% source  w e r e  p e r f o r m e d  a t  two  d i f f e r e n t  
t e m p e r a t u r e s ,  1125 ~ a n d  1106~ A t  1125~ t h e  d i f -  
f u s i o n  d e p t h s  o b t a i n e d  w e r e  1.4 ~ a n d  t he  s h e e t  r e -  
s i s t ance  w a s  11.2 ohms .  A t  1106~ t he  d i f fus ion  
d e p t h s  v a r i e d  f r o m  1.0 to 1.1 ~ a n d  t h e  s h e e t  r e s i s t -  
ances  f r o m  14.4 to 15.7 ohms.  A s u r f a c e  c o n c e n t r a -  
t ion  of 2 x 10 '-" a t o m s / c c  was  o b t a i n e d  at  b o t h  t e m -  
p e r a t u r e s  a t  w h i c h  t h e  d i f fus ions  w e r e  made .  P u r e  
B~O~ w a s  u sed  for  l o w e r  t e m p e r a t u r e  d i f fus ions .  A 
s u r f a c e  c o n c e n t r a t i o n  of 2 x 10 ~~ a t o m s / c c  w a s  
a c h i e v e d  a t  t h e  t e m p e r a t u r e  used .  S h e e t  r e s i s t a n c e s  
v a r i e d  f r o m  8 to 10 o h m s / s q u a r e  a n d  j u n c t i o n  
d e p t h s  r a n g e d  f r o m  1.2 to 1.3 ~. No diff icul ty  w a s  
e n c o u n t e r e d  in r e m o v i n g  t h e  ox ides  f r o m  a n y  of t h e  
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Fig. 2. Output current-voltage characteristics for cells 1 and 
5 under 84 rnw/crn  ~ i l luminat ion.  

dif fused  samples .  M a s k i n g  of b o r o n  w h e r e  de s i r ed  
can  be  o b t a i n e d  b y  c h o o s i n g  a s u i t a b l e  c o m b i n a t i o n  
of d i f fus ion  c o n d i t i o n s  a n d  ox ide  t h i cknes s .  Fo r  the  
di f fus ion  c o n d i t i o n s  l i s t ed  a n d  a n  ox ide  t h i c k n e s s  of 
a p p r o x i m a t e l y  1800A c o m p l e t e  m a s k i n g  of b o r o n  
was  ach ieved .  T h e  t h r e e  m e l t i n g  sources  h a v e  b e e n  
used  for  f o r m i n g  e m i t t e r s  in  f a b r i c a t i n g  a h i g h -  
f r e q u e n c y  p - n - p  t r a n s i s t o r .  T h e  n o n m e l t i n g  source  
is an  e x c e l l e n t  t e c h n i q u e  for  f o r m i n g  a ba se  r eg ion  
in a n - p - n  or  n - p - i - n  s t r u c t u r e .  

Summary 

The  box  t e c h n i q u e  d e s c r i b e d  h e r e i n  can  be  u t i -  
l ized w i t h  good a d v a n t a g e  on  m a n y  a r ea s  of s i l icon 
dev ice  t e ch n o lo g y .  Speci f ica l ly ,  t h e  e x c e l l e n t  con t ro l  
a n d  u n i f o r m i t y  of n o n m e l t i n g  sources  (0 .2% B 
m a x )  is i d ea l l y  s u i t e d  for  f o r m a t i o n  of ba se  a r ea s  
in  n - p - n  t r a n s i s t o r  s t r u c t u r e s  w h e r e  c o n c e n t r a t i o n s  
ove r  1 x 101~ c a r r i e r s / c c  a r e  n o t  r e q u i r e d .  H i g h l y  
d o p e d  areas ,  5 x 10~~ x 10 '-'I c an  be  o b t a i n e d  eas i ly  
w i t h  t h e  50% B~O, source .  M o d e r a t e  d o p i n g  in the  
1 x 10~-5 x 10 ~~ r a n g e  is b e s t  o b t a i n e d  w i t h  t h e  50% 
a n d  80% B~O~ sources .  W h e r e  low d i f fus ion  t e m -  
p e r a t u r e s  a r e  r e q u i r e d ,  p u r e  B.,O~ sources  c an  con-  
s i s t e n t l y  y i e ld  d o p i n g  l eve l s  of 2 x 10 ~~ a t  1000~ 
C o n s i s t e n t l y  r e p r o d u c i b l e  h i g h  efficiency so la r  con-  
v e r t e r s  in  t h e  11% eff ic iency r a n g e  a re  b e i n g  m a d e  
f r o m  p u r e  B.~O3 sources .  H i g h e r  c o n v e r s i o n  effi- 
c iencies  m a y  b e  poss ib l e  b y  i n c r e a s i n g  t h e  s u r f ace  
c o n c e n t r a t i o n  b y  d i f fus ion  f r o m  a c o m p o s i t e  source  
a t  h i g h e r  t e m p e r a t u r e s ,  b u t  t h i s  r e m a i n s  to be  seen.  

E m i t t e r  j u n c t i o n s  h a v e  b e e n  m a d e  by  t h r e e  d i f -  
f e r e n t  d i f fus ion  sources ,  80% B~O3, 50% B~O~, a n d  
p u r e  B~O~. Al l  t h r e e  sources  m e t  specific dev ice  p n p 
r e q u i r e m e n t s  of d o p i n g  (2 x 10 "~~ m i n ) ,  success fu l  
ox ide  m a s k i n g  of t h e  base ,  a n d  ease  of e m i t t e r  ox ide  
r e m o v a l .  T h e  specific p roces s  for  a p a r t i c u l a r  dev ice  
wi l l  d e p e n d  of course  on t h e  be s t  dev ice  y i e ld  as 
we l l  as on  m e e t i n g  t h e  d e s i g n  specif icat ions .  

G e n e r a l  o b s e r v a t i o n s  of t h e  p rocess  can  b e  s u m -  
m a r i z e d  as fo l lows :  ( a )  long  t i m e  d i f fus ions  (4 h r )  
w i t h  c o m p o s i t e  sources  p r o d u c e d  v e r y  t e n a c i o u s  
s u r f ace  l a y e r s  a n d  i r r e g u l a r  j u n c t i o n s ;  ( b )  a m i n i -  
m u m  SiO3 c o n c e n t r a t i o n  of 50% w as  r e q u i r e d  for 
di f fus ion  a t  1200~ or  a b o v e ;  (c)  50% sources  r e -  
q u i r e d  t e m p e r a t u r e s  of 1125~ m i n  for  b e s t  r e p r o -  
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ducib i l i ty  of diffusion resul ts ;  and  (d) diffusion 
f rom pu re  B~O~ sources m u s t  be res t r ic ted  to a m a x i -  
m u m  t e m p e r a t u r e  of 1025~ to min imize  surface  
erosion and  pi t t ing .  At  1000~ no difficulties are 
encountered .  
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Properties of PbSe Prepared by Powder-Metallurgy 
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Techniques 

ABSTRACT 

The application of powder-meta l lu rgy  techniques to the preparat ion of bulk  
specimens of lead selenide was studied; both the hot-press and the press-and-  
sinter methods were employed. Compacting pressure, s inter ing temperature  
s inter ing time, and the particle size of the powder were treated as variables. 
Electrical and thermoelectric properties, densities, and microstructures of the 
specimens were studied. 

Sound specimens of near- theoret ical  density and with electrical and ther-  
moelectric properties similar to those of the best of cast lead selenide were pre-  
pared successfully by the hot-press method. Densities of hot-pressed speci- 
mens, which were highest for those prepared at 750~ 8100 psi, were observed 
to decrease with sintering tempera ture  in the range 750~176 and with com- 
pacting pressure in the range 8100-2000 psi. The pressed-specimen density was 
not affected appreciably by variat ions of s intering t ime (in the range 5 min-5 
hr at 750~ or variat ions of the particle size of the powder (in the range --60 
to --200 mesh).  Electrical properties of specimens with densities in the range 
90-98% of theoretical, which were prepared by both the hot-press and the 
press-and-s in ter  methods, did not change significantly as density varied in this 
range. 

Lead se lenide  is a po ten t i a l ly  useful  s emiconduc-  
tor for severa l  types  of appl icat ions.  A m o n g  these 
are appl ica t ions  which  m a k e  use of (a) its t h e r m o -  
electric propert ies ,  and  (b)  the  (high)  posi t ive t e m -  
pe ra tu r e  coefficient of res i s tance  of doped lead 
selenide in the ex t r ins ic  t e m p e r a t u r e  range.  H o w -  
ever, w h e n  conven t iona l  cast ing t echn iques  are used 
to p repa re  lead se lenide  ci rcui t  e lements ,  severa l  
difficulties are  encoun te red .  Unless  t e m p e r a t u r e  
and e n v i r o n m e n t  are cont ro l led  precisely,  there  is a 
p ronounced  t e n d e n c y  for pores or voids to form in  
the castings.  If cooling ra te  is low enough  to induce  
reasonab le  crys ta l  growth,  doping e lements  segre-  
gate. Both of these p h e n o m e n a  t end  to produce  elec-  
t r ica l ly  he te rogeneous  castings.  In  addi t ion ,  w h e n  
special  shapes are requi red ,  they  of ten cannot  be 
cast at all  or canno t  be cast wi th  the desired degree  
of precision.  Use of p o w d e r - m e t a l l u r g y  techniques  
was seen as one possible means  of sa t i s fac tor i ly  
c i r c u m v e n t i n g  these difficulties, p rov id ing  speci-  
mens  wi th  acceptable  phys ica l  and electr ical  p rop-  
ert ies could be p repa red  in  this m a n n e r .  

In this  inves t iga t ion  of the appl ica t ion  of pow de r -  
m e t a l l u r g y  t echn iques  to the  p r epa ra t i on  of lead 

selenide,  both the  ho t -p res s  and  the  p r e s s - a n d - s i n -  
ter  methods  were  employed.  Compac t ing  pressure ,  
s in t e r ing  t empe ra tu r e ,  s i n t e r ing  t ime,  a nd  par t ic le  
size of the powder  were  t r ea ted  as var iab les .  Elec-  
t r ical  and  the rmoe lec t r i c  proper t ies ,  densit ies,  and  
mic ros t ruc tu res  of the  spec imens  were  s tudied  to 
eva lua te  the processes. 

Experimental Procedures 
The lead se lenide  used in  this research  was p r e -  

pa red  in i t i a l ly  by  reac t ing  h i g h - p u r i t y  (99.999%) 
lead and s e l en ium in  the mo l t en  s tate  in  evacuated ,  
sealed, quar tz  conta iners .  The mas t e r  ba tch  of 
n - t y p e  mater ia l ,  which  was used in  the  m a j o r i t y  of 
the exper iments ,  was  doped wi th  0.25 at. % excess 
lead and  0.025% by  weight  of b i smuth .  To ensu re  
tha t  this m a t e r i a l  would  be as n e a r l y  u n i f o r m  as 
possible, it was quenched  in  r o o m - t e m p e r a t u r e  oil 
f rom the mo l t en  state. The p - t y p e  lead selenide em-  
ployed was  f rom an  ingot  which  was cast by  the  
B r i d g m a n  me thod  and  doped with  0.02% by  weigh t  
of arsenic.  

Except  as is o therwise  noted,  the  powders  were  
prepared ,  classified as to par t ic le  size, loaded into 
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the  press ing  equ ipmen t ,  and  were  pressed in  an  
a tmosphere  of d ry  argon.  The p o w d e r - m e t a l l u r g i c a l  
spec imens  p r epa red  were  cy l inders  % in. in  d i a m -  
eter  by  a p p r o x i m a t e l y  1/2 in. long. 

Hot  press ing  was done in  i nduc t ive ly  hea ted  
g raph i te  dies. Design and  opera t ion  of the  ho t -p r e s s -  
ing appa ra tu s  has been  descr ibed by  Bourke ,  et al. 
(1).  Hot press ing  was done  at th ree  t empera tu res ,  
750 ~ 600 ~ and  450~ at th ree  compac t ing  pres -  
sures, 8100, 4000, and  2000 psi; and  for va r ious  s in-  
t e r ing  t imes  in  the  r a n g e  5 m i n - 5  hr.  Powders  of 
three  par t i c le - s ize  ranges  were  used: --200. mesh;  
--100 + 200 mesh;  and  --60 + 100 mesh. 

Spec imens  p repa red  by  the p r e s s - a n d - s i n t e r  
method  were  first compacted  in  la tex tubes  u n d e r  
100,000-psi hydros ta t i c  pressure.  The compacts  then  
were  t r a n s f e r r e d  to quar tz  tubes,  which  were  evacu-  
ated and  sealed wi th  a m i n i m u m  of f ree (vapor )  
space. The  specimens  were  s in tered  at t e m p e r a t u r e s  
of 450 ~ 600 ~ and  750 ~ for a per iod of 5 hr. 

For  a n n e a l  t r ea tmen t ,  cast spec imens  also were  
sealed in close-fi t t ing,  evacua ted  quar tz  tubes.  S imi -  
lar  cooling ra tes  were  es tab l i shed  fo l lowing the  
h e a t - t r e a t m e n t  step in  all  three  processes (i.e., hot 
press, press and  sinter ,  and  annea l )  so tha t  speci-  
mens  wou ld  be comparab l e  in  this respect.  

Elect r ical  m e a s u r e m e n t s  were  made  on b r idge -  
type  Hal l  specimens  to which  Chromel  leads were  
a t tached by  spot weld ing .  Both d-c  and  a-c Hal l  
m e a s u r e m e n t s  were  made.  In  cases where  both  types 
of m e a s u r e m e n t s  were  m a d e  on a g iven  specimen,  
va lues  for res is t iv i ty ,  Hal l  coefficient, and  mob i l i t y  
ob ta ined  f rom the  a-c  data  were  gene ra l ly  lower  
(e.g., mobi l i t ies  lower  by  5 -10%)  t h a n  those f rom 
the d-c  measu remen t s .  A qua l i t a t i ve ly  s imi la r  
change was  no ted  in d-c  va lues  w h e n  procedure  was 
a l tered f rom tha t  of m a k i n g  m e a s u r e m e n t s  af ter  a 
s t eady- s t a t e  condi t ion  had  been  ob ta ined  to tha t  of 
m a k i n g  m e a s u r e m e n t s  as soon as possible af ter  cu r -  
r en t  and  magne t i c  field had  been  t u r n e d  on. I t  is 
l ike ly  tha t  the differences arise because  of the r e l a -  
t ive ly  la rge  Pe l t ie r  effect in  this h i g h - Z  m a t e r i a l /  

Thermoelec t r i c  proper t ies  were  d e t e r m i n e d  by  
use of the " Z - m e t e r "  (2) .  This  device makes  possi-  
ble r ea sonab ly  accura te  m e a s u r e m e n t s  of both  the 
Seebeck coefficient and  t h e r m a l  conduc t iv i ty  of such 
smal l  (1.5 cm long)  spec imens  as were  ava i l ab le  for 
this research.  

Densi t ies  were  d e t e r m i n e d  g r av ime t r i c a l l y  by  the 
hydros ta t ic  method  and  were  measu red  wi th  respect  
to both e thano l  and  methano l .  It  was found  tha t  
water ,  which  was i n i t i a l l y  t r ied as a re fe rence  fluid, 
does not  "wet"  lead se lenide  perfect ly,  and  as a re -  
sul t  yields  scattered,  low values.  Wi th  the t echn ique  
employed,  mu l t i p l e  m e a s u r e m e n t s  were  made  y ie ld -  
ing m e a n  dens i ty  va lues  to which  p robab le  errors  of 
less t h a n  • g / c m  3 could be ascr ibed in  every  
case. 

In  p r e p a r i n g  the spec imens  for me ta l lograph ic  
examina t ion ,  M u r a k a m i ' s  e lect rolyt ic  etch, con t a in -  
ing 22 par t s  K3Fe(CN)~, 5 par ts  NaOH, and  945 
par ts  wa t e r  by  weight ,  was  used to b r i ng  out  g ra in  
boundar ies .  

1 T h e  t h e r m o e l e c t r i c  f i gu re  of  m e r i t  Z ~ ~ / K p ,  w h e r e  a is t h e  
S e e b e c k  coef f ic ien t ;  K ,  t h e r m a l  c o n d u c t i v i t y ;  a n d  p, e l e c t r i c a l  
r e s i s t i v i t y .  

Experimental Results and Discussion 
Electrical properties.--The prepara t ion ,  e lectr ical  

propert ies ,  and  densi t ies  of the p o w d e r - m e t a l l u r g i -  
cal specimens are s u m m a r i z e d  in  Table  I. ( In  this  
table ,  da ta  on severa l  of the spec imens  are repea ted  
one or more  t imes  to faci l i ta te  comparisons . )  P rop -  
er t ies  of spec imens  of the  cast  ma te r i a l  (first g roup  
in tab le )  are  also given.  Measured  e lec t ron mobi l i -  
ties (Hal l )  for the cast lead se lenide  are low, p r e -  
s u m a b l y  because  of high concen t ra t ions  of g ra in  
boundar i e s  and  defects in  this  quenched  mater ia l .  
Heat  t r e a t m e n t  s imi la r  to tha t  g iven  the powde r -  
me ta l lu rg i ca l  specimens  in p r e p a r a t i o n  (i.e., annea l  
at 750~ for 5 hr, see spec imen  74B- I )  fa i led to 
change  electr ical  proper t ies  s ignif icantly,  however .  

In  general ,  e lectr ical  proper t ies  of the powde r -  
me ta l lu rg ica l  spec imens  compare  f avorab ly  wi th  
those of the cast po lyc rys t a l l i ne  ma te r i a l  and  wi th  
those of po lyc rys t a l l i ne  and  s ing le -c rys ta l  lead sele-  
n ide  which are repor ted  by  others  (3, 4). Res is t iv i -  
ties and Hal l  mobi l i t ies  for the p o w d e r - m e t a l l u r g i -  
cal specimens are  s imi la r  to those for cast po ly -  
c rys ta l l ine  and  s ing le -c rys t a l  lead selenide of l ike 
p u r i t y  tha t  has solidified p rogress ive ly  and  s lowly 
f rom the mo l t en  state. Seebeck coefficients and  t e m -  
p e r a t u r e  dependenc ies  of Seebeck coefficient and  re -  
s is t iv i ty  in  the  r ange  300~176 which were  s tud-  
ied for a n u m b e r  of the p o w d e r - m e t a l l u r g i c a l  speci-  
mens ,  were  also s imi la r  to those for cast lead sele-  
nide. 

For  the n - t y p e  mater ia l ,  e lectr ical  proper t ies  v a r y  
somewhat  f rom spec imen to specimen.  However ,  no 
corre la t ion  is a p p a r e n t  b e t w e e n  the  re la t ive ly  mino r  
var ia t ions  in  e lectr ical  p roper t ies  observed and  
changes  made  in  condi t ions  u n d e r  which  the sam-  
ples were  prepared .  

For  the p - t y p e  lead selenide,  res is t iv i ty  and  Hal l  
coefficient of the  ho t -pressed  spec imen are signifi-  
can t ly  lower  t h a n  those of the cast s ta r t ing  mater ia l ,  
whi le  on the o ther  hand,  mob i l i t y  in  the spec imen 
r e m a i n e d  qui te  good. Since jus t  one e x p e r i m e n t  w i th  
p - t y p e  lead se lenide  was  conducted  in  this exp lo ra -  
to ry  study, it is not  possible to say w he t he r  the 
changes  noted are  i n e v i t a b l y  to be expected in  hot 
p ress ing  p - t y p e  ma te r i a l  or are to be expected only  
u n d e r  cer ta in  e x p e r i m e n t a l  condi t ions  a n d / o r  wi th  
specific doping agents .  

Density.--For a m a j o r i t y  of the n - t y p e  ho t -  
pressed specimens,  d e t e r m i n e d  densi t ies  are h igher  
t h a n  both the theore t ica l  va lue  ca lcula ted  f rom 
x - r a y  data  and  the  measu red  dens i ty  of sound speci-  
mens  of s imi l a r ly  doped cast lead selenide.  In  addi -  
t ion, in a n u m b e r  of cases, m e a s u r e d  densi t ies  are 
also h igher  t h a n  can be accounted  for, even though  
cons idera t ion  is g iven  to concen t ra t ions  of excess 
lead and  b i s m u t h  which  are present .  The poss ibi l i ty  
of an effect of p ressure  on the  la t t ice  is suggested.  

Dens i ty  of both  the ho t -p ressed  and  the p ressed-  
a n d - s i n t e r e d  spec imens  var ied  in  a n o r m a l  m a n n e r  
wi th  respect  to s i n t e r ing  t e m p e r a t u r e  and compact -  
ing pressure.  Dens i ty  of the 5 -h r  ho t -pressed  speci-  
mens  decreased as s in te r ing  t e m p e r a t u r e  was re -  
duced in the r a nge  750~176 (wi th  pressure  held 
constant ,  consider  specimens  79-81),  and  as com-  
pac t ing  p ressure  was reduced  in  the range  8100- 
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TabLe I. Preparation and properties of powder-metallurgical lead selenide specimens 
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S p e c i m e n  p r e p a r a t i o n  

S p e c i -  
m e n  M e t h o d  R e m a r k s  

C o r n -  S i n t e r i n g  
S i z e  o f  p a c t i n g  T e r n -  
p o w d e r  p r e s -  p e r -  

p a r t i c l e s ,  s u r e ,  a t u r e ,  T i m e ,  
m e s h  p s i  ~C h r  

R o o m - t e m p e r a t u r e  p r o p e r t i e s  

E l e c t r i c a l  p r o p e r t i e s  

H a l l  H a l l  D e n s i t y  
R e s i s -  c o e f f i -  m o b i l -  C a r r i e r  M e a s ~  P e r  
t i v i t y ,  c i e n t ,  i t y ,  c o n c e r t -  u r e d  c e n t  

10-3  c m 3 /  c m ~ /  t r a t i o n ,  v a l u e ,  o f  t h e o -  
o h m - c m  c o u l o m b  v - s e c  1 0 1 S / c m  8 g / c m ~  r e t i c a l a  

C a s t  N - t y p e  ( s t a r t i n g  m a t e r i a l )  l e a d  s e l e n i d e  
7 4 A  C a s t - q u e n c h  F r o m  l o w e r  e n d  o f  i n g o t  - -  - -  0 . 9 2  --  0 . 7 4  8 4 0  8 .5  - -  - -  
7 4 B  C a s t - q u e n c h  F r o m  m i d d l e  o f  i n g o t  - -  - -  0 . 5 2  --  0 . 32  6 2 0  2 0  - -  - -  
7 4 C  C a s t - q u e n c h  F r o m  u p p e r  e n d  o f  i n g o t  - -  - -  1.1 - - 0 . 6 0  5 5 0  10  - -  - -  
7 4 B - 1  C a s t - q u e n c h - a n n e a l  7 4 B ,  a n n e a l e d  a t  7 5 0 ~  5 h r  - -  - -  0 . 64b  - - 0 . 4 6  770  14  - -  - -  
3 6  C a s t - B r i d g m a n  d r o p  . . . . . .  8 . 2 5  9 9 . 8  

V a r i a b l e - - t e m p e r a t u r e  
79  H o t  p r e s s  - - 2 0 0  8 , 1 0 0  7 5 0  5 1 . 4 6  --  1 .7  1 2 0 0  3.7 8.30 1 0 0 . 4  
8 0  H o t  p r e s s  - - 2 0 0  8 , 1 0 0  6 0 0  5 2 . 0 9  - - 2 . 1  1 0 0 0  3 .0  8 . 2 8  1 0 0 . 2  
81  H o t  p r e s s  - - 2 0 0  8 , 1 0 0  4 5 0  5 2 . 1 8  - - 2 . 2  1 0 0 0  2 .9  8 . 2 3  9 9 . 6  
76  H o t  p r e s s  - - 2 0 0  8 , 1 0 0  750  2 .5  1 .36  --  1 .6  1200  3 .9  8 . 2 7  100 .1  
8 4  H o t  p r e s s  - - 2 0 0  8 , 1 0 0  6 0 0  2 .5  1 .67  - - 2 . 1  1 3 0 0  3 .0  6 . 2 9  1 0 0 . 3  

1.57b --  1 .8  I i 0 0  3 .5  - -  - -  
V a r i a b l e - - - t i m e  

79  H o t  p r e s s  - - 2 0 0  8 , 1 0 0  750  5 1 .46  --  1 .7  1 2 0 0  3 .7  8 . 3 0  1 0 0 . 4  
76 H o t  p r e s s  - - 2 0 0  8 , 1 0 0  7 5 0  2 .5  1 .49  b - - 1 . 7  1 1 0 0  3 .7  8 . 2 7  1 0 0 . 1  
82  H o t  p r e s s  - - 2 0 0  8 , 1 0 0  750  (5 r a i n )  1 . 29  --  1.5 1200  4 .2  8 . 2 7  1 0 0 . 1  
7 8  H o t  p r e s s  - -  100  + 2 0 0  8 , 1 0 0  7 5 0  5 1 .40  - - 2 . 0  1 4 0 0  3 .1  8 .31  1 0 0 . 6  

1 .36  b --  1 .7  1200  3 .7  - -  
75  H o t  p r e s s  --  100  + 2 0 0  8 , 1 0 0  750  1.5 1 .27  --  1 .5  1 2 0 0  4 .2  8 . 3 0  10-0.4 
8 0  H o t  p r e s s  - - 2 0 0  8 , 1 0 0  6 0 0  5 2 . 0 9  - - 2 . 1  1 0 0 0  3 .0  8 . 2 8  1 0 0 . 2  
8 4  H o t  p r e s s  - - 2 0 0  8 , 1 0 0  6 0 0  2 . 5  1 . 6 7  - - 2 . 1  1 3 0 0  3 . 0  8 . 2 9  1 0 0 . 3  

V a r i a b l e  - - a t m o s p h e r e  
77  H o t  p r e s s  P o w d e r  g r o u n d  a n d  l o a d e d  

i n  a r g o n  --  60  + 100  8 , 1 0 0  750  5 1 .28  --  1.5 1 2 0 0  4 .2  8 . 2 9  1 0 0 . 3  
8 6  H o t  p r e s s  P o w d e r  g r o u n d  a n d  l o a d e d  

in  a i r  --  6 0  + I 0 0  8 , 1 0 0  7 5 0  5 1 . 3 3  --  1 ,5  1 1 0 0  4 .2  8 . 3 0  1 0 0 . 4  
V a r i a b l e - - p r e s s u r e  

79  H o t  p r e s s  - - 2 0 0  8 , 1 0 0  750  5 1 .46  --  1 .7  1 2 0 0  3 .7  8 . 3 0  1 0 0 . 4  
90  H o t  p r e s s  P o w d e r  g r o u n d  a n d  l o a d e d  

in  a i r  - - 2 0 0  4 , 0 0 0  750  5 1 .245  --  1.6 1 3 0 0  3 .9  8 . 2 1  9 9 . 3  
9 1  H o t  p r e s s  P o w d e r  g r o u n d  a n d  l o a d e d  

i n  a i r  - - 2 0 0  2 , 0 0 0  750  5 1 .62  b - - 1 . 7  100O 3 .7  7 .67  9 2 . 8  
V a r i a b l e - - - - s i z e  o f  p o w d e r  p a r t i c l e  

7 9  H o t  p r e s s  - - 2 0 0  8 , 1 0 0  7 5 0  5 1 .46  - - 1 . 7  1 2 0 0  3 .7  8 . 3 0  1 0 0 . 4  
7 8  H o t  p r e s s  - - 1 0 0 + 2 0 0  8 , 1 0 0  7 5 0  S 1 . 4 0  - - 2 . 0  1 4 0 0  3 .1  8 . 3 1  1 0 0 . 6  
77  H o t  p r e s s  - - 6 0  + 100  8 , 1 0 0  7 5 0  5 1 . 2 8  --  1.5 1 2 0 0  4 .2  8 . 2 9  1 0 0 . 3  

P r e s s - a n d - s i n t e r  m e t h o d  
8 9 A  P r e s s  a n d  s i n t e r  - - 2 0 0  100 ,0O0  750  5 1 .11  - - 1 . 2  1 1 0 0  5 .2  7 . 4 8  9 0 . 5  
8 9 B  P r e s s  a n d  s i n t e r  - - 2 0 0  1 0 0 , 0 0 0  6 0 0  5 1 .38  - - 1 . 6  1 2 0 0  3 .9  6 . 0 4  9 7 . 3  
8 9 B  1 .31~ - -  1 .3  1 0 0 0  4 .8  - -  
8 9 C  P r e s s  a n d  s i n t e r  - - 2 0 0  1 0 0 , 0 0 0  4 5 0  5 1 , 7 4  --  1 .8  1 0 0 0  3 .5  8 . 1 2  9 8 . 2  

P - t y p e  l e a d  s e l e n i d e  
2 4  C a s t - B r i d g m a n  d r o p  - -  - -  4 . 7 3  b + 4 .9  1 1 0 0  1 .3  - -  - -  
92  H o t  p r e s s  P o w d e r  g r o u n d  a n d  l o a d e d  

i n  a i r  - - 2 0 0  8 , 1 0 0  7 5 0  5 1 .17  ~ + 1 .4  1 2 0 0  4 .5  8 . 2 5  9 9 . 8  

a T h e o r e t i c a l  v a l u e  8 . 2 6 5  g / c m S ;  c a l c u l a t e d  f r o m  p r e c i s i o n  x - r a y  l a t t i c e  c o n s t a n t  (ao  = 6 . 1 2 6 5  • 0 . 0 0 0 3 A .  
b A - e  m e a s u r e m e n t s .  

2000 psi (with temperature held constant, consider 
specimens 79, 90, 91). For the press-and-sinter  
method, in which samples were initially compressed 
to near-theoret ical  density, density of the sintered 
specimens decreased as firing temperature was in- 
creased through the range 450~176 In the ranges 
studied, density did not vary  appreciably with hot-  
press time (5 min-5 hr at 750~ 2.5-5 hr at 600~ 
or particle size (--60 to--200 mesh).  

The study was not sufficiently comprehensive to 
permit a full evaluation of combined effects of the 
variables. However,  if the hot-press process var i -  
ables are considered singly, it may  be noted that 
near-theoretical  densities were attained at mini- 
mums of 8100 psi compacting pressure, 600~ sin- 
tering temperature,  and 5 min hot-press time; den- 
sities roughly equal to that  of cast material  were 
attained at minimums of 4000 psi compacting pres- 
sure, and 450~ sintering temperature.  

Density of the p- type  specimen, which was hot 
pressed for 5 hr at 750~ is significantly lower than 
that of similarly treated n- type  material. The excess 
lead, which was present in the n- type  material, ap- 
parently has a salutary effect on the sintering proc- 
ess. The sintering of p- type  lead selenide, which 
may proceed by different mechanisms, should be the 
subject of a separate study. 

It is considered significant that, although den- 
sities of the sintered specimens ranged down to 

about 90% of theoretical, electrical properties did 
not change appreciably, Such low-density powder-  
metallurgical materials, because of the possible ef- 
fect of the high concentrations of grain boundaries 
and voids (i.e., lattice discontinuities) on thermal 
conductivity, may  possess superior over-all  thermo- 
electric properties. 

Microstructures.--Microstructures of the hot-  
pressed lead selenide specimens, Fig. 1, show clearly 
the effects of variation of sintering temperature and 
time on average grain size, and of variation of com- 
pacting pressure on density. 

At 750~ 8100 psi, (Fig. la)  considerable growth 
of crystals was obtained in the course of a 5-hr 
treatment,  but at 450~ under otherwise similar 
conditions (Fig. lb)  little or no crystal growth oc- 
curred. However, some crystal growth is seen to 
have occurred in only 5 rain at the higher tempera-  
ture (Fig. lc) .  In photomicrographs la, d, and e, the 
decrease in average grain size and density (i.e., in- 
crease in concentration and size of voids) as com- 
pacting pressure is decreased from 8100 to 2000 psi 
may be seen. Differences between 8100 and 4000 psi 
are slight, but at 2000 psi both density and average 
grain size are considerably reduced. 

Even though an extremely high compacting pres- 
sure (100,000 psi) was used in the press-and-sinter  
method, crystals present in the specimens were 
small and densities were relatively low (Fig. l f ) .  
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Fig. 1. Microstructures of powder-metallurgy specimens of 
lead selenide: M, maximum initial particle diameter; L, lead- 
rich phase; A, fine structure includes (a) deposits of the lead- 
rich phase, (b) some etch pits, and (c) some deposits of an 
oxide phase; V, voids. Fig. l a. Specimen 79, - -200 mesh 
powder, hot pressed at 8100 psi, 750~ 5 hr. Magnification 
of microstructures 250X before reduction for publication. 

Fig. ld. Specimen 90, - -200 mesh powder, hot pressed at 
4000 psi, 750~ 5 hr. 

Fig. le. Specimen 91, --200 mesh powder ground and 
loaded in air, hat pressed at 2000 psi, 750~ 5 hr. 

Fig. lb. Specimen 81, - -200  mesh powder, hot pressed at 
8100 psi, 450~ 5 hr. 

Fig. 1c. Specimen 82, - -200  mesh powder, hot pressed at 
8100 psi, 750~ 5 rain. 

Fig. l f. Specimen 89A, - -200 mesh powder, pressed at 
100,000 psi, sintered 750~ 5 hr. 

With a similar heat treatment,  larger crystals and 
higher densities were obtained by the hot-press 
method (Fig. la, d). 

The majori ty  of the specimens were prepared 
from powder which was ground and handled in 
argon. Nevertheless, small inclusions of an oxidic 
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Table II. Thermoelectric properties of hot-pressed and of 
cast n-type lead selenide 

H o t - p r e s s e d  

S p e c i m e n  77, 
- 60 + 1 0 0 - m e s h  Cas t  

p o w d e r  h o t  
p r e s s e d  a t  S p e c i m e n  35, 

750 ~ C, B r i d g m a n  
8100 psi ,  d r o p  a t  

5 hr V2 in./hr 

Z - m e t e r  m e a s u r e m e n t s  

Mean temperature,  T, 297.4 298.4 
~ 

Resistivity, p, ohm-cm 1.18 X 10 -~ 7.7 X 10-' 
Seebeck coefficient, ~, 

~v /~  --168 --135 
Thermal  conductivity, 

K, wat t /cm ~ 0.020 0.021 
Thermoelectric figure 

of merit,  Z, ~ -~ 1.2, X 10 -a 1.L X 10 -'~ 

H a l l  m e a s u r e m e n t s  

Resistivity, p, ohm-cm 1.28 X l0 -~ 8.4 X 10 -4 
Hall  coefficient, RH, 

cm3/coul --1.5 --0.89 
Hall mobility, ~, cmV 

v-sec 1200 1100 
Carrier  concentration, 

n, cm ~ 4.2 X 10 is 7.2 • 10 ~s 

phase were found in all specimens. However, metal- 
lographs showed that concentrations of this phase 
were considerably higher in specimens which were 
prepared from powder that was exposed to air in 
the course of grinding and loading operations. 

Thermoelectric properties.--Thermoelectric prop-  
ert ies  of a typica l  h i g h - d e n s i t y  ho t -p ressed  lead 
se lenide  specimen,  which  are g iven  in  Table  II, i n -  
dicate tha t  m a t e r i a l  w i th  a good the rmoelec t r i c  
f igure of mer i t  can be p r epa red  by  this  method.  It  
should be no ted  tha t  these f avorab le  ind ica t ions  
have  been  ob ta ined  wi thou t  any  effort to opt imize 
the  p o w d e r - m e t a l  p roduct  w i th  respect  to t h e r m o -  
electric proper t ies .  As has been  suggested p r e v i -  
ously, the rmoelec t r i c  proper t ies  of l o w - d e n s i t y  
p o w d e r - m e t a l l u r g i c a l  lead se lenide  m a y  be of spe- 
cial in te res t  and  should be the sub jec t  of f u t u r e  
studies.  

Conclusions 
Sound  spec imens  of n - t y p e  lead se lenide  w i th  

e lectr ical  and  thermoelec t r i c  p roper t ies  s imi la r  to 

those of cast lead se lenide  can be p r epa red  by  hot  
pressing.  

Nea r - t heo re t i c a l  densi t ies  can  be ob t a ined  by  hot 
p ress ing  for on ly  5 m i n  at 750~ 8100 psi, a nd  for 
2.5 hr  at 600~ 8100 psi. Dens i ty  of the specimens  
decreases w i th  s in t e r ing  t e m p e r a t u r e  in  the  r ange  
750~176 and  wi th  compact ing  p ressure  in  the 
range  8100-2000 psi. No apprec iab le  effect on d e n -  
si ty is p roduced  by  va r i a t ion  of s in t e r ing  t ime  ( in  
the  r ange  5 m i n - 5  hr  at 750~ 2.5-5 hr  at  600~ 
Var i a t ion  of size of powder  par t ic le  in  the  r ange  
--200 to --60 mesh  l ikewise  produces  no not iceable  
effect. 

E lec t r ica l  p roper t ies  of ho t -p ressed  p - t y p e  lead 
se lenide  devia te  f rom those of the cast s t a r t ing  m a -  
ter ia l  to a g rea te r  degree  t han  do those of the n - t y p e  
mater ia l .  Dens i ty  of the  p - t y p e  m a t e r i a l  is signifi-  
can t ly  lower  t h a n  tha t  of n - t y p e  m a t e r i a l  which  is 
ho t -p ressed  u n d e r  s imi la r  condit ions.  

Spec imens  p roduced  by  the ho t -press  me thod  con-  
t a in  l a rger  crys ta l l i tes  and  are of h igher  dens i ty  
t h a n  those p r epa red  by  the p r e s s - a n d - s i n t e r  me thod  
(100,000 ps i ) .  Spec imens  wi th  densi t ies  in  the  r ange  
90-98% of theore t ica l  can be p r epa red  by  both  
methods.  A n o m a l o u s l y  h igh densi t ies  (above  100% 
of theore t ica l )  can  be a t t a ined  by  hot  press ing.  Of 
possible significance is the  fact tha t  e lect r ical  p rop -  
ert ies of the  lead se lenide  tha t  is doped su i t ab ly  for 
the rmoelec t r i c  use do no t  change  apprec i ab ly  as 
dens i ty  var ies  in  the  r ange  covered in this i nves t i -  
gation.  
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ABSTRACT 

The kinet ics  of the  format ion  of the  i ron- t in  a l loy FeSn~ have been s tudied 
at  t empera tu re s  below and above the mel t ing  poin t  of t in (232~ A t  al l  
t empera tu re s  studied, the  growth  obeyed the pa rabo l i c - r a t e  law. This is indi -  
cat ive of a diffusion mechanism.  An  Ar rhen ius  plot  of the  da ta  gives a s t ra igh t  
l ine be low the mel t ing  point  of t in and a s t ra ight  l ine above the mel t ing  point  
of tin, wi th  a sharp b reak  at  the  mel t ing  point.  The act ivat ion energy  is the  
same below and above the mel t ing  point  of t in and is 29.3 ___ 1 kca l /mole .  The 
kinet ics  of the  g rowth  were  also s tudied as a funct ion of various proper t ies  
associated wi th  the  t in plate :  t in -coa t ing  weight ,  s teel  base, and the type  of 
p ickle  to which  the steel  base was subjec ted  pr io r  to e lec t ropla t ing  of the  tin. 
No effect due to any of these var iables  was found. 

A t  t e m p e r a t u r e s  u p  to 496~ i ron  and  t in  r eac t  
to f o r m  the  i n t e r m e t a l l i c  c o m p o u n d  FeSn~ (1) .  This  
c o m p o u n d  wi l l  f o r m  no t  o n l y  a b o v e  the  m e l t i n g  
p o i n t  of t in  (232~ b u t  also b e l o w  i t  (2) ,  c o n t r a r y  
to t h e  f indings  of Dav ies  a n d  H o a r e  (3) .  L i t t l e  d a t a  
have  been  p u b l i s h e d  on t h e  r a t e  a n d  m e c h a n i s m  of 
f o r m a t i o n  of th is  a l loy :  S e y b o l t  (4)  m e a s u r e d  the  
r a t e  of a l l o y i n g  w h e n  s tee l  is i m m e r s e d  in a b a t h  of 
m o l t e n  t in  a t  cons t an t  t e m p e r a t u r e  a n d  f o u n d  the  
p a r a b o l i c - r a t e  l a w  to be  obeyed .  This  is i nd i ca t i ve  
of a d i f fus ion m e c h a n i s m .  T h w a i t e s  (2)  has  s t ud i e d  
the  f o r m a t i o n  of t he  a l loy  and  i ts  m e t a l l o g r a p h y  as 
a func t ion  of t he  r a t e  of change  of t e m p e r a t u r e ,  a t  
t e m p e r a t u r e s  above  the  m e l t i n g  p o i n t  of t in.  He also 
r e p o r t e d  a few resu l t s  on t h e  f o r m a t i o n  of t h e  a l loy  
at  cons t an t  t e m p e r a t u r e s  b e l o w  the  m e l t i n g  p o i n t  of 
t in.  L a m b e r t  (5)  s t u d i e d  the  a l l o y - g r o w t h  r a t e  on 
c o m m e r c i a l  t in  p l a t e  a t  t e m p e r a t u r e s  b e l o w  the  
m e l t i n g  po in t  of t in.  H o w e v e r ,  because  of t he  sho r t  
t imes  i n v e s t i g a t e d  a n d  the  th in  t in  coa t ings  on his 
samples ,  he  was  no t  ab l e  to d e t e r m i n e  w h e t h e r  t he  
a l l o y  g r e w  b y  a d i f fus ion m e c h a n i s m ;  also, his  e x -  
p e r i m e n t s  w e r e  done  w i t h  an  in i t i a l  a l loy  coa t ing  
p r e s e n t  and  th is  u n n e c e s s a r i l y  c o m p l i c a t e d  the  ca l -  
cu la t ions .  He  also s t a t ed  t h a t  acco rd ing  to the  p h a s e  
d i a g r a m ,  at  t e m p e r a t u r e s  b e l o w  t h e  m e l t i n g  po in t  
of t in  the  a l loy  F e S n  m u s t  be  f o r m e d ;  howeve r ,  th is  
was  no t  ver i f ied  b y  ana lys i s .  Moreover ,  S to l l  and  
B i r ch  (6)  have  no t  been  ab l e  to obse rve  b y  e l ec t ron  
d i f f r ac t ion  a n y  p a t t e r n s  o t h e r  t h a n  t h a t  of FeSn_~ on 
a l loys  f o r m e d  a t  t e m p e r a t u r e s  up  to 260~ 

The  p r e s e n t  w o r k  r e p r e s e n t s  an  ana lys i s  of t he  
r a t e  of f o r m a t i o n  cu rves  a t  cons t an t  t e m p e r a t u r e s  
b e l o w  and  a b o v e  t h e  m e l t i n g  p o i n t  of t in  and  the  
effect of t e m p e r a t u r e  on t h e  r a t e  of f o r m a t i o n  of t h e  
a l loy.  S ince  the  a l l o y i n g  was  p e r f o r m e d  on s tee l  
c ove red  w i t h  an  e l e c t r o p l a t e d  t in  coa t ing ,  t he  effect  
of ( a )  v a r i a t i o n s  in  t h e  t h i c k n e s s  of t he  t in  coat ing,  
(b )  t he  s tee l  base ,  and  (c)  su r f ace  p r e p a r a t i o n  of 
t he  s tee l  p r i o r  to e l e c t r o p l a t i n g  on t h e  r a t e  of f o r m a -  
t ion of  t h e  a l l oy  w e r e  a lso  e x a m i n e d .  

1Presen t  address :  E. C. Ba in  Labora to ry  for  F u n d a m e n t a l  l~e- 
search,  U n i t e d  S t a t e s  S t e e l  Corporation,  Monroevil le ,  Pa.  
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Experimental 
The  s a m p l e s  w e r e  p r e p a r e d  b y  e l e c t r o p l a t i n g  the  

t in  onto T y p e  L ( low m e t a l l o i d ;  % F e  > 99) s tee l  
shee ts  f r o m  a p h e n o l s u l f o n i c  ac id  e l e c t r o l y t e  to 
t h i ckness  of 0.29 m g / c m  ~, 0.50 m g / c m  2, 0.72 m g / c m  2, 
and  1.05 m g / c m L  The  t in  p l a t e  w i t h  a coa t ing  of 
0.72 m g / c m  ~ was  p r e p a r e d  w i t h  fou r  d i f fe ren t  
p i c k l i n g  t r e a t m e n t s  of t h e  s t ee l  base  p r i o r  to e lec -  
t r op l a t i ng ,  to d e t e r m i n e  w h e t h e r  s tee l  p r e p a r a t i o n  
h a d  a n y  effect  on the  r a t e  of a l loy  fo rma t ion .  A l l  
p i c k l i n g  t r e a t m e n t s  w e r e  p e r f o r m e d  a t  r o o m  t e m -  
p e r a t u r e  ( a p p r o x i m a t e l y  27~ : (a )  e l ec t ro ly t i c  
p i ck l e  in 5% H..,SO4, 1.5 sec ca thodic ,  1.5 sec anodic ;  
(b)  e l e c t r o l y t i c  p i ck le  in 5% HNO~, 1.5 sec cathodic ,  
1.5 sec anod ic ;  (c)  5-sec  d ip  in  5% H~SO~; (d)  5-sec 
d ip  in 5 % HNO~, The  s tee l  c a m e  f r o m  fou r  d i f fe ren t  
coils p r o d u c e d  in d i f fe ren t  s tee l  mi l l s  a t  d i f fe ren t  
t imes  to d e t e r m i n e  coil  to coi l  v a r i a t i o n s  on the  r a t e  
of a l l oy  fo rma t ion .  

The  a l loys  w e r e  p r e p a r e d  b y  h e a t i n g  t h e  s amples  
in a c o n s t a n t - t e m p e r a t u r e  oi l  b a t h  for  va r i ous  t imes  
r a n g i n g  f r o m  2 sec to 6 hr ,  t hese  t imes  be ing  d e -  
p e n d e n t  on the  t e m p e r a t u r e  u n d e r  s tudy ,  w h i c h  
r a n g e d  f r o m  175 ~ to 316~ The  m e l t i n g  po in t  of 
t in  is 232~ The  t e m p e r a t u r e  of t h e  oi l  b a t h  was  
con t ro l l ed  to •176  for  t e m p e r a t u r e s  up  to 260~ 
A t  t he  h i g h e r  t e m p e r a t u r e s ,  t he  con t ro l  was  • 1 7 6  
Upon  r e m o v a l  f r o m  the  oi l  ba th ,  t he  s a mp le s  w e r e  
q u e n c h e d  i m m e d i a t e l y  to r o o m  t e m p e r a t u r e  in  
w a t e r  or  in  an  o rgan ic  l iqu id .  The  q u a n t i t y  of a l l oy  
f o r m e d  w a s  d e t e r m i n e d  c o u l o m e t r i c a l l y  b y  the  
m e t h o d  of K u n z e  and  W i l l e y  (7) ,  as was  the  t in  
coa t ing  w e i g h t  of t he  m a t e r i a l  used.  In  th i s  method ,  
t he  t in  and  t h e  a l loy  a r e  a n o d i c a l l y  s t r i p p e d  at  con-  
s t an t  c u r r e n t  in 1M HC1. W h e n  a l l  t he  t in  has  been  
s t r i p p e d  a n d  aga in  w h e n  a l l  the  a l l oy  has  been  
s t r ipped ,  t h e  p o t e n t i a l  of t h e  sample ,  as m e a s u r e d  
w i t h  a s i l v e r - s i l v e r  ch lo r ide  r e f e r e n c e  e lec t rode ,  b e -  
comes m o r e  pos i t ive .  The  p o t e n t i a l - t i m e  b e h a v i o r  
of t he  s a m p l e  was  f o l l o w e d  on a r e c o r d e r  ( c h a r t  
speed  of 30 i n . / m i n ) .  F r o m  the  m e a s u r e d  t i m e  r e -  
q u i r e d  to s t r i p  t h e  t in  and  the  a l l oy  and  f rom the  
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k n o w n  cur ren t ,  t he  q u a n t i t y  of t in  and  a l l oy  p r e s e n t  
could  be  c a l c u l a t e d  m a k i n g  use of F a r a d a y ' s  L a w s  
of e lec t ro lys i s .  I t  was  poss ib l e  to d e t e r m i n e  the  a l -  
loy  to --+0.002 m g / c m  2 b y  th is  means .  

Resul ts  a n d  Discussion 

The  r a t e  of a l loy  g r o w t h  at  a l l  t e m p e r a t u r e s  s t u d -  
ied  d e c r e a s e d  w i t h  t ime ,  as w o u l d  be  e x p e c t e d  if t he  
p a r a b o l i c - r a t e  l a w  w e r e  obeyed ;  th i s  is t y p i c a l  for  
a l l o y i n g  r eac t i ons  and  is i nd i ca t i ve  of a d i f fus ion 
m echan i sm .  S e y b o l t  (4)  f o u n d  th is  in his  s t u d y  of t he  
t i n - i r o n  sy s t em a b o v e  the  m e l t i n g  po in t  of t in.  
The re fo re ,  the  d a t a  w e r e  p lo t t ed  (Fig .  1 and  2) ac -  
co rd ing  to t he  p a r a b o l i c - r a t e  law,  w ~ vs. t, w h e r e  w 
is t he  q u a n t i t y  of a l l o y  f o r m e d  a t  t i m e  t. L i n e a r  
p lo ts  a r e  obse rved ,  b u t  t h e y  do no t  go t h r o u g h  the  
o r ig in  as w o u l d  be  e x p e c t e d  if t he  p a r a b o l i c - r a t e  
l aw  w e r e  o b e y e d  f r o m  the  b e g i n n i n g  of t he  r e a c t i o n  
( t  ~ 0) .  This  t y p e  of p h e n o m e n o n  is f r e q u e n t l y  o b -  
s e rved  in g a s - m e t a l  reac t ions ,  such as o x i d a t i o n  (8)  
or  su l f id iza t ion  r eac t i ons  (9) ,  and  is a t t r i b u t e d  to an  
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Fig. 1. Rate of growth of FeSn2 at temperatures below the 
melting point of tin: parabolic plot. 
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Fig. 2. Rate of growth of FeSn2 at temperatures above the 
melting point of tin: parabolic plot. 

Table I. Parabolic-rate constant as a function of temperature 

Temperature k x 10% m g 2 / c m ~ / s e c  

175 0.26 
192 0.62 
193 0.89 
193 0.61 
202 1.46 
203 2.12 
204 1.92 
221 4.7 
222 5.3 
229 8.3 
239 10.3 
245 17.2 
260 39. 
260 88. 
288 167. 
316 495. 

i n t e r f ace  r e a c t i o n  b e t w e e n  the  m e t a l  and  the  gas 
t ha t  e s t ab l i shes  t h e  i n i t i a l  r e a c t i o n  l aye r ,  a f t e r  
w h i c h  dif fus ion t h r o u g h  the  r e a c t i o n  l a y e r  becomes  
r a t e - c o n t r o l l i n g .  I t  w o u l d  be  n a t u r a l  to e x p e c t  t he  
s ame  s i t ua t ion  to ex i s t  in  th i s  s t u d y  s ince  t h e  con-  
d i t ions  a re  ana logous ,  e x c e p t  t h a t  e i t he r  a so l id -  
sol id  or  a s o l i d - l i q u i d  r e a c t i o n  ex is t s  a t  t he  i n t e r -  
face  i n s t e a d  of a s o l i d - g a s  reac t ion .  The  m a t h e -  
ma t i c s  of t h e  m e t a l - g a s  r e a c t i o n  w e r e  t r e a t e d  i n i -  
t i a l l y  b y  F i s c h b e c k  (10) a n d  b y  W a g n e r  (11) and  
m o r e  r e c e n t l y  b y  D r a v n i e k s  and  S a m a n s  (9 ) ,  who  
a s s u m e d  f i r s t - o r d e r  k ine t i c s  for  t h e  i n t e r f a c e  r e a c -  
t ion.  This  a p p r o a c h  was  a p p l i e d  to t he  d a t a  o b t a i n e d  
in these  s tud ies  in t h e  hope  of d e t e r m i n i n g  the  r a t e  
of the  i n t e r f ace  reac t ion .  H o w e v e r ,  the  d a t a  d id  no t  
fo l low this  r e l a t i o n s h i p  a n d  t h e r e b y  i n d i c a t e d  t h a t  
the  i n t e r f a c e  r e a c t i o n  d id  no t  obey  s imp le  f i r s t -  
o r d e r  k ine t ics .  No f u r t h e r  a t t e m p t  was  m a d e  to 
s t u d y  t h e  i n t e r f a c e  reac t ion .  

P a r a b o l i c - r a t e  cons tan t s  for  t h e  d i f fus ion r e a c t i o n  
a t  t he  v a r i o u s  t e m p e r a t u r e s ,  t h e  s lopes  of t h e  p lo t s  
in Fig.  1 and  2, a r e  g iven  in T a b l e  I. A n  A r r h e n i u s  
p lo t  of t he  log of t he  p a r a b o l i c - r a t e  cons t an t  vs. 
t he  r e c ip roc a l  of t he  a b s o l u t e  t e m p e r a t u r e  is shown  
in Fig.  3. T a b l e  I and  Fig.  3 i nc lude  d a t a  no t  shown  
in p r e v i o u s  f igures.  Two s t r a i g h t  l ines  w i t h  a s h a r p  
b r e a k  at  t he  m e l t i n g  p o i n t  of t in  a r e  obse rved .  T h e  
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Fig. 3. Rate of formation of FeSn2 with temperature. 
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ca lcula ted  ac t iva t ion  ene rgy  below and  above the 
me l t i ng  po in t  is the  same w i t h i n  e x p e r i m e n t a l  e r ror  
and  is 29.3 • 1 kca l /mole .  This va lue  is in  good 
a g r e e m e n t  wi th  the va lue  of 28.6 k c a l / m o l e  ~ found  
by  Seybo l t  (4) .  No s imi la r  resul ts  for ana logous  
sys tems have  been  found  in  the  l i t e ra ture .  The  sharp  
increase  in  the  reac t ion  ra te  above the me l t i ng  po in t  
of t i n  is be l ieved  due to increased  contact  area at 
the S n - F e  interface,  compared  wi th  solid t in  elec- 
t rodeposi ted  on iron. 

The in te rcep ts  of the parabol ic  plots on the  ord i -  
nate ,  Fig. i and  2, average  at a p p r o x i m a t e l y  0.006 
m g / c m  ~. F r o m  the dens i ty  of FeSn.~ (12),  7.74 g / c m  ' 
and  the  la t t ice  p a r a m e t e r s  (13) of the  alloy, 
a----6.53A and  c----5.33A, this  is ca lcu la ted  to be 
e q u i v a l e n t  to a th ickness  of 11 un i t  cells of the  alloy, 
which  does no t  seem to be an  u n r e a s o n a b l e  th ick-  
ness, at which  the in te r face  react ion ceases to be 
r a t e - d e t e r m i n i n g  and  the  diffusion reac t ion  com- 
mences  to be r a t e - d e t e r m i n i n g .  

Tin-coating we igh t . - - In  ear ly  exper iments ,  it was  
observed tha t  some of the t in  was dissolved f rom 
the  samples  in  the oil bath,  bu t  it was  no t  k n o w n  
how this  affected the resul ts .  Hence, the effect of 
the  th ickness  or weight  of the  t in  coat ing on the ra te  
of g rowth  of the  a l loy was  studied.  Resul ts  are 
shown in  Fig. 4 for 204 ~ and  239~ It is a p p a r e n t  
tha t  there  is no effect except  possibly at the  high 
al loy weigh t  levels  for the  0.29 m g / c m  2 plate,  in 
which  case the  resul ts  are low. These are  low be -  
cause there  was insufficient  t in  on the p la te  (some 
hav ing  dissolved in the  oil ba th )  to fo rm more  
alloy, as ev idenced  by  the fact tha t  these samples  
had no free t in  left  on t hem w h e n  they  were  r e -  
moved  f rom the  oil bath.  

Steel base.--Data in  Fig. 3 were  ob ta ined  us ing  
the  steel f rom the four  different  coils descr ibed p re -  
viously.  A l l o y - g r o w t h  s tudies  wi th  each steel  were  
made  at  t e m p e r a t u r e s  be low and  above the me l t i ng  
po in t  of t in.  Since the data  f rom each of the coils 
lie on the  observed  lines, it is concluded tha t  coil to 
coil va r i a t ions  do not  affect the kinet ics  or me c h -  
an i sm of the g rowth  of the alloy. 

Pickle . - -Figure  5 shows the effect of the  var ious  
p ick l ing  t r e a t m e n t s  pr ior  to e lec t rop la t ing  on the  
ra te  of fo rma t ion  of the  a l loy layer  at 202 ~ and  
240~ No effect is evident ,  a l though  these di f ferent  
t r e a t m e n t s  u n d o u b t e d l y  affect the surface of the 
steel in  di f ferent  manne r s .  

Summary 
The kinet ics  of the fo rma t ion  of the i r o n - t i n  al loy 

FeSn_~ have been  s tudied  at t e m p e r a t u r e s  be low and  
above the  m e l t i n g  po in t  of t i n  (232~ At  all  t e m -  
pe ra tu re s  s tudied,  the  g rowth  obeyed the  pa rabo l i c -  
ra te  law. This is ind ica t ive  of a diffusion mechan i sm.  
An  A r r h e n i u s  plot  of the da ta  gives a s t ra igh t  l ine  
be low the  me l t i ng  po in t  of t i n  and  a s t ra igh t  l ine  
above the  m e l t i n g  po in t  of t in,  wi th  a sharp  b r e a k  
at the  me l t i ng  point .  The  ac t iva t ion  e n e r g y  is the  
same below and  above the  me l t i ng  po in t  of t in  and  

S e y b o l t  r e p o r t e d  a n  a c t i v a t i o n  e n e r g y  of 14.3 k c a l / m o l e .  H o w -  
e v e r ,  h i s  r a t e  c o n s t a n t s  w e r e  c a l c u l a t e d  f r o m  t h e  s lope  of a w vs .  
tl/~ p l o t  a n d  a r e  t h u s  e q u a l  to t h e  s q u a r e  roo t  of  t h e  r a t e  c o n s t a n t s  
c a l c u l a t e d  f r o m  a w 2 vs .  t p l o t ;  t h e  a c t i v a t i o n  e n e r g y  c a l c u l a t e d  
f r o m  t h e  f o r m e r  r a t e  c o n s t a n t s  w i l l  be  e q u a l  to o n e - h a l f  t h a t  
c a l c u l a t e d  f r o m  t h e  l a t t e r  r a t e  c o n s t a n t s .  
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Fig. 4. Formation of FeSn2 as affected by t in-coating weight. 
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Fig. 5. Formation of FeSn2 as af fected by pickling condi- 
tions. 

is 29.3 • 1 kca l /mole .  The  k ine t ics  of the g rowth  
were  also s tudied as a func t ion  of var ious  proper t ies  
associated wi th  the  t in  pla te :  t i n - c oa t i ng  weight ,  
steel base, and  the type  of p ickle  to which  the steel 
base was subjec ted  pr ior  to e lec t rop la t ing  of the t in.  
No effect due to a ny  of these va r i ab les  was found.  
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Properties of Vanadium-Columbium Alloys 
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Me.tals Research Laboratory, Union Carbide Metals Company, 

Division 05 Union Carbide Corporation, Niagara Falls, New York 

ABSTRACT 

The deve lopment  of a series of vanad ium-co lumbium alloys is described.  
The exploi ta t ion  of this al loy system allows the design of h igh-s t rength ,  low-  
densi ty  composit ions possessing good aqueous corrosion resistance in  boiling, 
oxidizing, or reducing  acids and sufficient oxidat ion  resis tance to al low the i r  
fabr icat ion by  convent ional  ho t -work ing  techniques in air. In the  w a r m -  
worked  condition, the spect rum of proper t ies  measured  under  iner t  a tmosphere  
condit ions (s t ra in  ra te  0.005 -1 sec) includes u l t imate  tensile s t rengths  of 
120,000 to 35,000 psi over  the t empera tu re  range of 700~176 and s t ress-  
rup tu re  proper t ies  at  700~ corresponding to 100-hr l ife at stresses in excess of 
100,000 psi. Tensile s t rengths  as high as 70,000 psi at 10000 and 40,000 psi at 
1200~ were  observed at  h igher  ra tes  of loading in the  w a r m - w o r k e d  and 
s t ress - re l ieved  conditions. 

The  h igh  m e l t i n g  po in t  (1900~ and  low d e n s i t y  
(6.1 g / c c )  of v a n a d i u m  sugges t  a m a t e r i a l  of p r o m -  
is ing m e c h a n i c a l  p r o p e r t i e s  a t  e l e v a t e d  t e m p e r a t u r e  
w i t h  an  a d v a n t a g e o u s  s t r e n g t h - t o - w e i g h t  r a t i o  for  
a p p l i c a t i o n s  w h e r e  such a fac to r  w o u l d  be  of i m -  
po r t ance .  U n f o r t u n a t e l y ,  the  h igh  m e l t i n g  po in t  of 
p u r e  v a n a d i u m  is not  a c c o m p a n i e d  b y  the  e x p e c t e d  
d e g r e e  of h i g h - t e m p e r a t u r e  s t r e n g t h  (1) .  This  
d r a w b a c k ,  c o m m o n  to t he  o the r  VB pe r iod ic  g roup  r e -  
f r a c t o r y  meta l s ,  c o l u m b i u m  and  t a n t a l u m ,  is offset 
b y  the  exce l l en t  r o o m - t e m p e r a t u r e  f a b r i c a b i l i t y  and  
d u c t i l i t y  d o w n  to l i qu id  n i t r o g e n  t e m p e r a t u r e .  V a -  
n a d i u m  possesses  good l iqu id  m e t a l  cor ros ion  r e s i s t -  
ance,  and  because  a l l  of i ts s h o r t - l i v e d  i so topes  d e -  
cay  w i t h o u t  e m i t t i n g  exces s ive ly  s t rong  decay  p r o d -  
uc t s  i t  is o f ten  r e g a r d e d  as a p r o m i s i n g  s t r u c t u r a l  
m a t e r i a l  for  n u c l e a r  app l i ca t ions .  Of a l l  t he  r e -  
f r a c t o r y  meta l s ,  h o w e v e r ,  p u r e  v a n a d i u m  is p r o b -  
a b l y  t he  l ea s t  r e s i s t a n t  to o x i d a t i o n  and  aqueous  
corros ion .  The  low m e l t i n g  po in t  of V~O~ (660~  
the  m a i n  o x i d a t i o n  p r o d u c t  on a v a n a d i u m - b a s e  m a -  
t e r i a l ,  p r o d u c e s  such c a t a s t r o p h i c  r a t e s  of r e a c t i o n  
a b o v e  660~ tha t  t he  h o t - w o r k i n g  of v a n a d i u m  is a 
mos t  u n e c o n o m i c a l  p rocedure .  The  p ro t ec t i o n  of a 
v a n a d i u m - b a s e  m a t e r i a l  aga ins t  o x i d a t i o n  b y  m e a n s  
of coa t ings  is also m a d e  a mos t  difficult ,  if no t  i m p o s -  
s ible ,  p r o b l e m .  The  poor  cor ros ion  r e s i s t ance  of v a -  
n a d i u m ,  in e i t he r  ox id iz ing  or  s t r o n g l y  r e d u c i n g  
ac ids  or  h igh  ch lo r ine  concen t ra t ions ,  l imi t s  i ts  a p -  
p l i ca t ion  in c h e m i c a l  e n v i r o n m e n t s .  

A t t e m p t s  at  i m p r o v i n g  the  p r o p e r t i e s  of v a n a -  
d i u m  b y  a l l oy ing  h a v e  i n v o l v e d  the  use  of t i t a n i u m  
w i t h  f u r t h e r  a d d i t i o n s  of a t h i r d  e l ement ,  such as: 
c h r o m i u m ,  a l u m i n u m ,  or  s i l icon for  s t r eng th ,  and  
o x i d a t i o n  res i s t ance ,  as we l l  as c a rbon  for  i m p r o v e d  

f a b r i c a b i l i t y .  These  s tudies ,  p e r f o r m e d  p r i m a r i l y  b y  
Ros toker ,  Y a m a m o t o ,  and  R i l ey  (2) ,  and  r e c e n t l y  
fu l ly  s u m m a r i z e d  b y  R o s t o k e r  (3) ,  have  r e s u l t e d  in 
an  a p p r e c i a b l e  i m p r o v e m e n t  over  t he  p r o p e r t i e s  of 
p u r e  v a n a d i u m .  U l t i m a t e  t ens i l e  s t r e n g t h s  of 130,- 
000-90,000 psi  and  100-hr  r u p t u r e  s t r e n g t h s  of 
100,000-10,000 psi  w e r e  o b t a i n e d  in the  t e m p e r a t u r e  
r a n g e  500~176 A d i f fe ren t  s y s t e m  of a l loys  b a s e d  
on the  v a n a d i u m - t i t a n i u m  b i n a r y  and  con ta in ing  
add i t i ons  of t a n t a l u m ,  c o l u m b i u m ,  m o l y b d e n u m ,  or  
c a rbon  in a m o u n t s  no t  e x c e e d i n g  1 w e i g h t  p e r  cen t  
( w / o )  has  been  p r o p o s e d  b y  S m i t h  and  V a n  T h y n e  
(4)  for  a pp l i c a t i ons  r e q u i r i n g  m e d i u m  s t r e n g t h  
c o m b i n e d  w i t h  h igh  f a b r i c a b i l i t y  and  good aqueous  
or  l i qu id  m e t a l  cor ros ion  res i s t ance .  

I t  is t he  p u r p o s e  of th is  p a p e r  to p r e s e n t  some p r e -  
l i m i n a r y  r e su l t s  on the  o x i d a t i o n  res i s t ance ,  m e -  
c h a n i c a l  p rope r t i e s ,  and  aqueous  cor ros ion  b e h a v i o r  
of a f a m i l y  of a l loys  b a s e d  on a v a n a d i u m - c o l u m -  
b i u m  s y s t e m  in the  r e g i o n  of 20-50 w / o  c o l u m b i u m .  

The  v a n a d i u m - c o l u m b i u m  phase  d i a g r a m  p o r -  
t r a y s  a s y s t e m  of c o m p l e t e  sol id  so lu t ion  w i t h  a 
m i n i m u m  in t he  l i qu idus  at  1810~ c o r r e s p o n d i n g  
to a compos i t ion  of 35 w / o  c o l u m b i u m  (5) .  Of a l l  
the  e l e m e n t s  t h a t  a r e  c o m p l e t e l y  mi sc ib l e  w i t h  v a -  
na d ium,  c o l u m b i u m  possesses  t he  l a r g e s t  deg ree  of 
a tomic  m i s m a t c h  c o m b i n e d  w i t h  c o m p l e t e  sol id  so lu -  
b i l i ty .  The  h i g h - m e l t i n g  po in t s  of th is  a l l oy  s y s t e m  
and  the  l a r g e  a tomic  size d i f fe rence  b e t w e e n  v a n a -  
d i u m  and  c o l u m b i u m  sugges t  a s y s t e m  w i t h  good 
h i g h - t e m p e r a t u r e  p rope r t i e s .  The  c o m p l e t e  m i s c i -  
b i l i t y  of v a n a d i u m  and  c o l u m b i u m  sugges t s  a m i n i -  
m u m  loss in f a b r i c a b i l i t y  on a l l o y i n g  w i t h  a m a x i -  
m u m  inc rease  in s t r eng th .  A l t h o u g h  the  c o l u m b i u m -  
v a n a d i u m  s y s t e m  is of t h e  l i qu idus  m i n i m u m  type ,  a 
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Table I. Analyses of materials 

V a n a d i u m ,  % C o l u m b i u m ,  % 

Carbon 0.043 0.030 
Oxygen 0.090 0.070 
Hydrogen  0.001 - -  
Ni t rogen 0.038 0.030 

c h a r a c t e r i s t i c  o f ten  assoc ia ted  w i t h  sys t ems  t h a t  
u n d e r g o  c lu s t e r ing  or  d i s p r o p o r t i o n a t i o n  at  some 
l o w e r  t e m p e r a t u r e ,  no ev idence  of t h e  f o r m a t i o n  of 
a second p h a s e  was  eve r  o b s e r v e d  in th is  s tudy .  
Even  in c o l u m b i u m - v a n a d i u m  a l loys  con ta in ing  20- 
50 w / o  c o l u m b i u m  a n d  a n n e a l e d  for  up  to  100 h r  a t  
a t e m p e r a t u r e  r a n g e  of 700-900~ on ly  s i n g l e - p h a s e  
s t r u c t u r e s  w e r e  obse rved .  This  is in a g r e e m e n t  w i t h  
t h e  w o r k  of W i l h e l m ,  et al. (6 ) ,  who  s i m i l a r l y  f a i l ed  
to find the  s i g m a  phase  r e p o r t e d  b y  R o s t o k e r  and  
Y a m a m o t o  (7) .  

T u r n i n g  now to t h e  oxides ,  t h e  Cb~O~-V~O~ s y s t e m  
m a y  be  r o u g h l y  de sc r ibed  as a s imple  pe r i t e c t i c  t y p e  
w i t h  a p p r e c i a b l e  a m o u n t s  ( a b o u t  20 vol  % )  of 
Cb~O5 be ing  so lub le  in V~O~ a t  600~ The  add i t i on  
of Cb~O~ to V~O~ ra i ses  t he  m e l t i n g  po in t  of v a n a -  
d i u m  p e n t o x i d e  to t he  po in t  t h a t  an  e q u i m o l a r  m i x -  
t u r e  of V~O~ a n d  Cb~O~ is c o m p l e t e l y  sol id  at  t e m -  
p e r a t u r e s  up  to 950~ The.  g r e a t e r  aff ini ty  of co-  
l u m b i u m  for  o x y g e n  and  the  c o m p l e t e  m i s c i b i l i t y  of 
c o l u m b i u m  and  v a n a d i u m  m e t a l  a l l  i n d i c a t e d  the  
pos s ib i l i t y  t ha t  c o l u m b i u m  m i g h t  i nc rease  t he  ox i -  
d a t i o n  r e s i s t ance  of v a n a d i u m  b y  p r o m o t i n g  the  
f o r m a t i o n  of a h i g h e r  m e l t i n g  p o i n t  oxide.  

These  w e r e  t h e  r easons  for  cons ide r ing  th is  s t u d y  
as be ing  a l i k e l y  a p p r o a c h  to a ser ies  of v a n a d i u m -  
base  a l loys  possess ing  b e t t e r  m e c h a n i c a l  p r o p e r t i e s  
and  s u p e r i o r  o x i d a t i o n  res i s tance .  

Preparation of Alloys 
C o m m e r c i a l - g r a d e  v a n a d i u m  and  c o l u m b i u m  as 

p r o d u c e d  b y  Union  C a r b i d e  Meta l s  C o m p a n y  w i t h  
t he  a n a l y s e s  g iven  in  Tab le  I w e r e  used  t h r o u g h o u t  
th is  s tudy .  The  o t h e r  a l l oy ing  e l e m e n t s  e m p l o y e d  
w e r e  also of c o m m e r c i a l  pu r i t y .  

A l l  aqueous  cor ros ion  and  some o x i d a t i o n  s a mp le s  
w e r e  p r e p a r e d  b y  t h e  n o n c o n s u m a b l e  a rc  m e l t i n g  of 
70-g,  2-in.  d i a m e t e r  bu t tons .  The  cha rge  was  p r e -  
p a r e d  b y  c o m p a c t i n g  the  v a n a d i u m  and  c o l u m b i u m  
as 10-mesh  p o w d e r s  w i t h  t h e  t i t a n i u m  be ing  a d d e d  
in the  same  form.  A d d i t i o n s  of a l u m i n u m ,  si l icon,  
and  c h r o m i u m  w e r e  m a d e  b y  m e a n s  of t he  i n t e r -  

m e t a l l i c  c o m p o u n d s  A1,Cb, CbCr~, or  CbSi~, these  
m a s t e r  a l loys  h a v i n g  b e e n  p r e p a r e d  p r e v i o u s l y  b y  
m e l t i n g  the  e l e m e n t a l  powder s .  A f t e r  compac t ion ,  
the  cha rge  was  m e l t e d  fou r  t imes ,  t w i c e  on each  
side, on a w a t e r - c o o l e d  copper  h e a r t h  us ing  a t u n g -  
s ten  e lec t rode ,  t he  m e l t i n g  o p e r a t i o n  b e i n g  ca r r i ed  
out  in an  a t m o s p h e r e  of p u r e  a rgon  w i t h  c u r r e n t s  in 
t he  o r d e r  of 200-500 a m p  a t  24-26 v. 

W r o u g h t  m a t e r i a l  for  m e c h a n i c a l  p r o p e r t y  and  
ce r t a in  ox ida t i on  s tud ies  was  o b t a i n e d  f r o m  c onsum-  
ab le  11/2-in. d i a m e t e r  800-g ingots .  The  c o n s u m a b l e  
e l ec t rodes  w e r e  f o r m e d  b y  w e l d i n g  t o g e t h e r  five 
4- in .  long  ba r s  of the  a l loy  compos i t ion ,  the  b a r s  
h a v i n g  been  p r e v i o u s l y  p r e p a r e d  b y  n o n c o n s u m a b l e ,  
t u n g s t e n  e l ec t rode  m e l t i n g  us ing  the  s a m e  t e c h n i q u e  
d e s c r i b e d  a b o v e  for  bu t tons .  S a t i s f a c t o r y  ingots  w i t h  
an  e q u i a x e d  a s - c a s t  g r a i n  size w e r e  p r e p a r e d  b y  d - c  
a rc  m e l t i n g  w i t h  c u r r e n t s  of 600-1000 a m p  and  in 
an  a t m o s p h e r e  of 120 m m  Hg of a rgon.  A f t e r  d r e s s -  
ing,  t he se  ingots  w e r e  e x t r u d e d  in a i r  a t  t e m p e r a -  
t u r e s  of 1100~176 To keep  the  e x t r u s i o n  t imes  
as shor t  as poss ib le ,  i nduc t i on  h e a t i n g  was  used  to 
p r e h e a t  the  b i l le ts ,  a n d  the  ac tua l  ex t rus ion ,  a t  a 
4 - t o -1  ra t io ,  was  p e r f o r m e d  in a f a s t - a c t i n g ,  f ly-  
w h e e l  ac t i va t ed ,  i m p a c t - e x t r u s i o n  p r e s s  at  speeds  of 
40-100 ips. S u b s e q u e n t  h o t - w o r k i n g  to 3/s-in. d i a m -  
e t e r  was  p e r f o r m e d  b y  sw a g ing  in t he  t e m p e r a t u r e  
r a n g e  of 1000~176 or  b y  c o l d - w o r k i n g  at  r oom 
t e m p e r a t u r e .  A n  a r g o n  a t m o s p h e r e  was  used  for  
p r e h e a t i n g  the  b i l l e t s  p r i o r  to t he  e x t r u s i o n  and  
s w a g i n g  opera t ions .  A l l  f a b r i c a t i n g  p r o c e d u r e s  w e r e  
p e r f o r m e d  in a i r ;  no cann ing  or  i n - p l a n t  coa t ing  
t echn iques  w e r e  used.  

As  g iven  in T a b l e  II ,  th is  t e c h n i q u e  of w r o u g h t  
s a m p l e  p r e p a r a t i o n  p r o d u c e d  compos i t ions  close to 
the  n o m i n a l  ana lys i s  w i t h  a s l ight  a m o u n t  of o x y -  
gen  p i c k u p  f rom the  sw a g ing  ope ra t ion .  

The  f a b r i c a t i o n  of mos t  of these  a l loys ,  b e l o w  
a b o u t  1100~ is t a n t a m o u n t  to w a r m - w o r k i n g .  F o r  
0 .5-hr  a n n e a l i n g  t imes ,  the  r e c r y s t a l l i z a t i o n  t e m -  
p e r a t u r e  of b i n a r y  v a n a d i u m  a l loys  con ta in ing  30- 
40 w / o  c o l u m b i u m  is a b o u t  1150~ V e r y  l i t t l e  g r a i n  
g r o w t h  occurs  as the  a n n e a l i n g  t e m p e r a t u r e  is i n -  
c r ea sed  to 1300~ The  r e c r y s t a l l i z a t i o n  t e m p e r a -  
t u r e  for  t he  v a n a d i u m - c o l u m b i u m - t i t a n i u m  t e r n a r y  
a l loys ,  e spec i a l l y  if modi f ied  w i t h  q u a t e r n a r y  a l u -  
m i n u m  or  s i l icon addi t ions ,  is s o m e w h a t  lower ,  
r a n g i n g  as low as l l 0 0 ~  for  t he  50% V - 4 0 %  
C b - 1 0 %  Ti a l loy  to 1050~ for  t he  45% V-40% 
Cb-  10 % Ti-5  % A1 compos i t ion .  The  m i c r o s t r u c t u r e s  

Table II. Sample analyses of consumable arc melted MIoys 

V Cb T i  A1 Si  C* O* N* 

Nominal  60.0 40.0 . . . . . .  
Ana lyzed  59.78 39.60 - -  - -  - -  0.050 0.26 0.023 
Nominal  50.0 40.0 10.0 . . . . .  
Ana lyzed  49.89 40.00 9.40 0.039 0.23 0.020 
Nominal  49.0 40.0 10.0 - -  1.0 - -  - -  - -  
Ana lyzed  50.23 38.70 9.00 0.90 0.080 0.23 0.022 
Nominal  45.0 40.0 10.0 5.0 . . . .  
Analyzed  45.15 39.80 9.20 4.73 - -  0.030 0.20 0.020 

* Ca rbon ,  o x y g e n ,  a n d  n i t r o g e n  a n a l y s e s  o b t a i n e d  on w r o u g h t  m a t e r i a l  a f t e r  t e n s i l e  t e s t i n g .  A d d i t i o n a l  p i c k u p  of  o x y g e n  p r o b a b l y  oc -  
c u r r e d  d u r i n g  c r e e p - r u p t u r e  t e s t i n g .  T h e  a b o v e  o x y g e n  l e v e l s  w e r e  t h e  m a x i m u m  o b s e r v e d .  V a l u e s  as l o w  as 0.15 w / o  o x y g e n  w e r e  s o m e -  
t i m e s  e n c o u n t e r e d .  
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Fig. 1. 60% Vanadium-40% columbium alloy, all etched 
in 1 HF:I HNO3:3 glycerol. Magnification 100X before 
reduction for publication. (o) Swaged at 1000~ annealed 
0.5 hr at 1000~ hardness 243 VPH; (b) swaged at 1000~ 
annealed 0.5 hr at 1100~ hardness 242 VPH; (c) swaged 
at 1000~ anneoted 0.5 hr at 1200~ hardness 210 VPH. 

i l lus t ra ted  in Fig. 1 for the 60% V-40% Cb com- 
posit ion as -swaged  at 1000~ and annealed for 0.5 
hr  at 1000 ~ 1100 ~ and 1200~ exempl i fy  the s t ruc-  
ture  of these alloys. Al l  the compositions given in 
Table II  were  single phase. The amount  and extent  
of slip bands shown in Fig. 1 were  character is t ic  of 
the w a r m - w o r k e d  state, with deformat ion twins 
being read i ly  observed in the compositions cold- 
worked at  room tempera ture .  Both types of defor-  
mation mark ings  were  less p reva len t  in t i t an ium-  
containing alloys. 

C o r r o s i o n  T e s t i n g  

Corrosion tests were  per formed  on as-cas t  speci-  
mens of co lumbium-vanad ium b ina ry  al loys over the 
range 20-50 w / o  columbium wi th  and wi thout  t e r -  
na ry  t i t an ium addit ions at the 10-20 w / o  level. As 
shown in Fig. 2, the addi t ion of columbium to vana-  
dium grea t ly  increased the corrosion resis tance to 
boil ing 65% HNO~, boil ing 5, 10, and 15% HC1, and 
boiling 10, 20 and 30% H,SO, solutions. Fu r t he r  
improvements ,  especial ly in regard  to the corro-  
sion resis tance in boil ing 65% HNO~, were  obtained 
on the addi t ion of columbium in the presence of 10 
and 20% t i tanium. The addi t ion of t i t an ium to the 
vanad ium-co lumbium base, however,  was found to 
increase the ra te  of corrosion in HC1 and H~SO~ solu- 
tions. The addi t ion of 20-50 w/o  columbium, with 
and wi thout  fur ther  t i t an ium additions,  improved  the 

CORROSION RESISTANCE OF V - C b  ALLOYS IN 
BOILING MEDIA 

65% HNO 5 HICL I t H2SO4 

_9 \ / -  ~o% .sso, 

. . . . .  0~--  ~ ~\  ~ ,  
=- 

6c ?ZO ~ HzS04 

v - c o  + 20% T; 

0 '~ 

�9 5% 

I /o ,' 'o ~0 Jo ' . . . . . . . . . . .  
WT. PERCENT COLUMBIUM 

Fig. 2. Effect of columbium additions on the corrosion of 
vanadium in boiling 65% HNO~, HCl, and H~SO~. Effect of a 
20% titanium addition on the behavior of a V-Cb alloy in 
65% HNOa is also shown. 

r o o m - t e m p e r a t u r e  resis tance to wet  chlorine a t tack  
at  room t empera tu re  to the point  tha t  corrosion rates  
of less than 1 m i l / y e a r  were  obtained.  Al l  these da ta  
were  der ived f rom 48-hr  dupl ica te  tests wi th  the 
except ion of the chlorine corrosion da ta  which were  
obtained f rom 90-hr  periods.  

With  the except ion of boil ing 65% HNO~ solutions, 
where  v a n a d i u m - c o l u m b i u m - t i t a n i u m  alloys be-  
haved best, the  most cor ros ion-res is tan t  composi-  
t ion s tudied was the 50% Cb-50% V alloy. Exhib i t -  
ing a corrosion ra te  in 65% HNO~ of 17 mi l s /yea r ,  
this composition corroded in boil ing 5, 10 and 15% 
HC1 at ra tes  of 8, 50, and 83 mi l s /yea r ,  respect ively.  
In addition, the 50% V-50% Cb al loy was found to 
corrode in boil ing H~SO, solutions of  5, 10, 20, and 
30% concentrat ion by weight  at  ra tes  of 11, 17, 31, 
and 63 mi l s /yea r .  By means of a bar  d i ag ram of the 
type  first in t roduced by Stern  and Bishop (8) the 
over -a l l  corrosion resis tance of the 50% V-50% Cb 
al loy is compared wi th  other  cor ros ion-res i s tan t  a l -  
loys and pure  vanad ium in Fig. 3. In this type  of 
diagram, the total  area  below each horizontal  bar  
denotes the range of envi ronments  in which tha t  
composition resists at tack.  Al though the na ture  of 
this d iagram is h igh ly  qual i ta t ive,  the over -a l l  de-  
gree of corrosion resis tance possessed by  the  50% 
V-50% Cb al loy is evident.  This ab i l i ty  to wi ths tand  
oxidizing or reducing acids in the presence or ab-  
sence of chlorides is an apprec iab le  improvement  
over  pure  vanadium,  which, as shown in Fig. 3, is 
only able to wi ths tand  re la t ive ly  di lute  reducing 
solutions and re la t ive ly  low chloride environments .  

O x i d a t i o n  T e s t i n g  

The ra te  of oxidat ion of va na d i um - c o l umb ium 
alloys containing f rom 20 to 40 w / o  columbium with  
or without  fu r the r  addit ions of t i tanium,  silicon, 
chromium, and a luminum in t e r na r y  or qua t e rna ry  
combinat ions was eva lua ted  by  means of continuous 
we igh t -ga in  measurements  and in te rmedia te  ex-  
posure  tests involving the subsequent  measurement  
of the amount  of meta l  consumed. 

Continuous we igh t -ga in  measurements  were  ob-  
ta ined  in an a tmosphere  of pure  and d ry  oxygen at  
700 ~ 800 ~ and 900~ Test samples consisted of as-  
cast para l le lep ipeds  (1.5 x 0.8 x 0.8 cm) abraded  

ACID CHLORIDE 

TITANIU~ 

I - -  

t- 

I 316 STAINLESS I 
504 STAINLESS 

ALUM 

~,uM "1 
HASTALLOY ALLOY S 

I 

~--"-{VANADtUM 

"--~HASTALLOY ALLOY C 

~'~MONEL 

IHASTALLOY ALLOY C 

MONEL 

--I 

q OX I D I Z I NG REDUCING I, 

Fig. 3. Comparison of corrosion resistance of 50V-50Cb to 
ether materials (8). Each alloy exhibits adequate corrosion 
resistance in all environments below its solid line. 
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Table III. Oxidation rates of vanadium-columbium alloys 

A l l o y  c o m p o s i t i o n ,  w / o  
R a t e  of  s t e a d y - s t a t e  o x i d a t i o n *  

in  p u r e  o x y g e n ,  m g / e m e / h r  

V Cb T i  O t h e r  700~ 800~ 900~  

70 30 - -  - -  14.4 32.6% Liquid 
60 40 - -  - -  9.8 57.4 64.0% 
50 50 - -  - -  8.7 312.0 510.0% 
50 30 20 - -  6.4 18.2 41.3 
50 40 10 - -  7.2 9.0 18.8 
40 40 20 - -  13.1 54.2 115.0 
55 40 - -  5 A1 10.5 18.8 38.6% 
55 40 - -  5 Cr 20.5 15.0 24.9% 
55 40 - -  5 Si 20.9 58.8% Liquid 
50 35 10 5 A1 8.6 9.6 20.0 
55 30 10 5 Si 18.0 13.1 14.9 
48 40 10 2 Si 7.1 14.1 48.7 
45 40 10 5 Si 7.7 12.2 18.7 

* Rate of s t e a d y - s t a t e  r e a c t i o n ,  o f t e n  a t t a i n e d  a f t e r  a b o u t  5.0 h r  
of  o x i d a t i o n .  

r S o m e  i i q u i d  p h a s e  p r e s e n t  a t  some  p e r i o d  d u r i n g  o x i d a t i o n  
process. 

Fig. 5. Appearance of 3~-in. diameter samples after 5.0 hr 
exposure in oir. 

u n d e r  ke rosene  t h r o u g h  0000 e m e r y  pape r  and then  
r insed  in benzene  be fo re  test ing.  The  sample  was  
suspended  f r o m  one a r m  of a M a u e r  (9) a u t o m a t i -  
ca l ly  record ing ,  g r a v i m e t r i c  ba l ance  by  means  of a 
qua r t z  rod  and a p l a t i n u m  sling. P u r e  dr ied  o x y g e n  
at a flow ra te  of 22.4 1 /hr  was  passed ove r  the  speci-  
men,  the  r e su l t i ng  inc rease  in w e i g h t  be ing  r eco rded  
to the  nea re s t  1.0 mg. The  a v e r a g e  l eng th  of the  
ox ida t ion  test  was  of the  o rde r  of 6-8 hr.  

The  most  s ignif icant  resul t s  ob ta ined  in the  ra te  
m e a s u r e m e n t s  are  t a b u l a t e d  in Tab le  I I I  in t e rms  of 
the  in s t an taneous  ox ida t ion  ra te  exh ib i t ed  by the  
a l loy a f t e r  5.0 h r  exposure ,  an i n t e r v a l  wh ich  a l -  
l owed  some semblance of steady-state kinetics to 
be achieved. This method of comparing oxidation 
rates had to be adopted in view of the varying ki- 
netic forms of oxidation exhibited by vanadium- 
base alloys. As shown in the weight gain vs. time 
plots in Fig. 4, various combinations of reaction 
rates were observed during oxidation even at 700~ 

On the basis of these results, it was possible to 
conclude that, while the addition of columbium to 
vanadium does suppress the formation of a liquid 
oxide, a maximum reduction in oxidation rate can 
be obtained only by the addition of titanium, 

140 
40 Cb -2 Si 40Cb 

120 ~ o ~ ~  

N E I00 
o :.~j-- 40 Cb- 10 TI 
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~ 80 

O 'OAr'O"yL:A"AO'O" 
RICH ALLOYS IN  PURE 02 

= 

20 

I I I I I I ~ __  I I 
I 2 3 4 5 6 7 S 9 I 0  
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Fig. 4. Oxidation of columbium containing vanadium alloys 
as characterized by weight-gain values at 700~ 

espec ia l ly  in t he  p resence  of smal l  amoun t s  of s i l i -  
con or a l u m i n u m .  

Ox ida t ion  m e a s u r e m e n t s  by means  of m e t a l  loss 
techniques ,  w h e r e i n  the  dec rease  in sample  d i a m -  
e ter  a f te r  ox ida t ion  is measured ,  w e r e  m a d e  on pu re  
v a n a d i u m  and four  alloys. The  a l loys  were :  

6O% V - 4 0 %  Cb 
50% V-40% Cb-10% Ti 
49% V - 4 0 %  C b - 1 0 %  T i - l %  Si 
45% V-40% C b - 1 0 %  T i - 5 %  A1 

These  composi t ions  w e r e  se lec ted  on the  basis of the  
w e i g h t - g a i n  m e a s u r e m e n t s  desc r ibed  above  to com-  
b ine  the m i n i m u m  o x i d a t i o n  ra te  w i th  a s ingle  phase  
s t ruc ture .  Tes ts  w e r e  p e r f o r m e d  on w r o u g h t  %- in .  
d i a m e t e r  spec imens  over  a t e m p e r a t u r e  r ange  of 
600~176 for  t ime  per iods  of up to 10 hr  at 900~ 
and up to 100 hr  at l ower  t em pe ra tu r e s .  The  45% 
V-40% C b - 1 0 %  T i - 5 %  A1 a l loy  was  also e v a l u a t e d  
at  1000~ The  v i sua l  a p p e a r a n c e  of some of the  
samples  a f te r  ox ida t ion  is p o r t r a y e d  in Fig. 5. Fo l -  
lowing  exposu re  in u n d r i e d  s tat ic  air  at the  p rope r  
t e m p e r a t u r e  and  t ime  combina t ion ,  ox ida t ion  p rod -  
ucts w e r e  r e m o v e d  by abras ion  and e tch ing  in a 
20% K O H - 5 %  KMnO~ solut ion,  and the  a m o u n t  of 
me ta l  consumed,  the  m e t a l  loss, was  m e a s u r e d  wi th  
a m i c r o m e t e r  to the  nea res t  rail  (0.001 in.) .  The  de-  
crease  in sample  d i a m e t e r  in t e rms  of m e t a l  loss ex -  
pressed  in mi ls  pe r  side is p lo t t ed  for  a cons tan t  5 -hr  
per iod  of a i r  exposu re  agains t  t e m p e r a t u r e  in Fig. 6. 
F i g u r e  7 p re sen t s  the  r a t e  of ox ida t ion  of p u r e  v a -  
n a d i u m  and a 50% V - 4 0 %  C b - 1 0 %  Ti a l loy  as we l l  
as the  49% V - 4 0 %  Cb-10% T i - l %  Si and 45% 
V-40% C b - 1 0 %  T i - 5 %  A1 al loys  at 700~ 

These  m e a s u r e m e n t s  ind ica te  a r educ t ion  in oxi -  
da t ion  r a t e  for  the  q u a t e r n a r y  al loys and for  the 
s imple  V - C b - T i  t e r n a r y  t h a t  approaches  a f ive-  to 
sevenfo ld  i m p r o v e m e n t  o v e r  p u r e  v a n a d i u m .  The 
r a t e  of ox ida t ion  of the  4 5 2  V - 4 0 %  C b - 1 0 %  T i - 5 %  
A1 a l loy is p a r t i c u l a r l y  ou t s t and ing  for  a v a n a d i u m -  
base  compos i t ion  w i t h  no l iqu id  oxide  be ing  ob-  
s e rved  at t e m p e r a t u r e s  up to 1000~ L i q u i d  v a n a -  
d i u m  p e n t o x i d e  was  def in i te ly  no ted  on the  o ther  
composi t ions  t es ted  at 900~ and in the  case of the  
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Fig. 6. Effect of  temperature on oxidat ion of  vanadium- 
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Fig. 7. Oxidafian of vanadium-co{umbium alloys as chorac- 
terized by a size decrement value at 700 ~ 

60% V-40% Cb alloy, small amounts of liquid oxide 
were observed on samples exposed at 800~ The 
appearance of liquid vanadium pentoxide during the 
oxidation of these alloys is to some extent time-de- 
pendent, becoming more pronounced as the oxida- 
tion process proceeds. In all samples examined, no 
subscale surface hardening of the type encountered 
in columbium-base alloys or pure vanadium was 
noticed. 

Mechanical Properties 
T h e  d e t e r m i n a t i o n  o f  t h e  m e c h a n i c a l  p r o p e r t i e s  of  

v a n a d i u m - c o l u m b i u m  a l l o y s  w a s  f o c u s e d  p r i m a r i l y  

o n  t h e  c o m p o s i t i o n s  o f  p r o m i s i n g  o x i d a t i o n  a n d  c o r -  

r o s i o n  r e s i s t a n c e .  

Tensile tests were performed on wrought materials 
using a button-head type miniature tensile speci- 
men, with all tests being performed in vacuum. The 
tensile properties of as-swaged vanadium-colum- 
bium alloys with and without further additions of 
titanium, silicon, and aluminum are presented in 
Table IV for room temperature, 700 ~ and 1000~ 
These data augmented by results obtained at 1200~ 
are plotted in Fig. 8 for the stronger alloys in the 
as-swaged condition. The as-swaged condition is 
equivalent to warm-worked material for all alloys 
with the possible exception of the 45% V-40% 
Cb-10% Ti-5% Al composition. The effect of cold- 
work on the mechanical properties of the 70% 
V-30% Cb and 50% V-40% Cb-10% Ti alloys is 
presented in Table V, which also includes data on 
the effect of heat-treatment on the properties of 
warm-swaged vanadium-columbium alloys. All 
alloys studied could be cold-swaged at room tem- 
perature after a primary breakdown by extrusion. 
The high compressive strength of these materials, 
however, produced very frequent die failures during 
swaging, and since cold working did not affect the 
mechanical properties appreciably, the production of 
cold-swaged material was limited. Cold work de- 
creased the room-temperature ductility of these 
materials without producing appreciable elevated 
temperature strengthening, even at temperatures 
well below the recrystallization temperature. An- 
nealing warm-worked material in the temperature 
range of II00~176 tended to produce some re- 
duction in mechanical properties which was more 
than made up by increased room-temperature duc- 

Table IV. Tensile properties of vanadium-columbium alloys:' 

R . T .  7 0 0 ~  1 0 0 0 ~  

O.2% O.2% O.2% 
U . T . S .  Y . S .  U . T . S .  Y . S .  U . T . S .  Y . S .  

p s i  p s i  E p s i  p s i  E p s i  p s i  E D e n s i t y  
V C b  T i  O t h e r  x 10  -~ • 10  -'~ % x 10  -3 • 10-~ % • 10  -~ • 10 - s  % l b / i n .  ~ 

70 30 - -  - -  B r i t t l e  f a i l u r e  127.0 91.1 24.0 . . . .  
60 40 - -  - -  B r i t t l e  f a i l u r e  102.3 91.0 7.4 34.8 30.8 8.0 0.25 
50 40 10 - -  B r i t t l e  f a i l u r e  91.8 84.2 15.8 - -  - -  - -  0.24 
49 40 10 1% Si  182.0 140.0 3.0 121.0 88.4 22.3 12.8 8.85 74.0 0.23 
45 40 10 5% A1 B r i t t l e  f a i l u r e  91.2 69.0 5.3 7.9 5.9 142.0 - -  

* A l l  i m p a c t  e x t r u d e d  4 : 1  r e d u c t i o n  a t  1 1 0 0 ~ 1 7 6  f o l l o w e d  b y  5 0 %  r e d u c t i o n  b y  s w a g i n g  a t  1 0 0 0 ~  A l l  t e s t s  p e r f o r m e d  a t  0 . 0 0 5  -1 
s e e  s t r a i n  r a t e .  
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Table V. Effect of processing variables on mechanical properties* 

November 1960 

Alloy compo- 
sition, w/o Swaged 

V Co Ti conditiont 

II.T. ~00~ 

Annealed 0.2% 0.2% 
- U.T.S. Y.S. U.T.S. Y.S. 

Temp,  Time,  psi psi E psi psi 
~ h r  x I0  -3 X 10 -s % X i 0  -3 X i 0  ~ 

IO00~ 

0.2% 
U.T.S. Y.S. 

E psi psi 
% • I0 -s x I0 ~ 

1200~ 

0.2% 
U.T.S. Y.S. 

E psi psi E 
% • 10-~ X 10 -3 % 

70 30 - -  30% C.W. - -  ~ Bri t t le  fa i lure  128.6 109.6 5.2 . . . . . .  
70 30 - -  50% l l00~  - -  ~ Bri t t le  fai lure 130.2 112.0 6.0 7 0 . 1  63.7 89 23.2 22.4 43.6 
70 30 - -  50%1100~ 1100 0.5 124 .1  125.6 2.2 . . . . . . . . .  
70 30 - -  50% l l00~  1200 0.5 123.8 118.2 2.0 121.7 90.7 69.0 68.2 65.0 72 - -  - -  - -  
70 30 - -  50% l l00~  1300 0.5 123.6 114.7 5.0 126.0 90.7 25.0 . . . . . .  
60 40 - -  50% 1000~ 1000 0.5 143 .3  136.9 2.0 . . . . . . . . .  
60 40 - -  50% 1000~ 1100 0.5 154 .6  141 .6  62.5 140.2 131.8  40.5 68.3 63.0 35.3 22.8 22.3 14.0 
60 40 - -  50% 1000~ 1300 0.5 125 .8  115.3 7.7 . . . . . .  .19.8 19 .0  21.1 
50 40 10 40%C.W. - -  - -  181 .0  177.2 4.0 86.7 75.5 2.8 . . . . . .  

* All tests per formed at  0.02 -1 sec strain rate. 
Preceded  by extrusion 4:1 reduction at  1100~176 

t i l i ty .  The  spars i ty  of da ta  makes  e v e n  these  c o m -  
men t s  ques t ionable ,  but  the  gene ra l i za t ion  tha t  the  
r o o m - t e m p e r a t u r e  duc t i l i t y  of these  m a t e r i a l s  can be 
inc reased  by  the  p rope r  h e a t - t r e a t m e n t  is definite.  
This, of course,  is va l id  on ly  for  condi t ions  of t e n -  
sile load ing  app l ied  at  the  s t ra in  r a t e  used  (0.005- 
0.02 -~ sec) .  A l t h o u g h  the  tens i le  p rope r t i e s  of the  
v a n a d i u m - c o l u m b i u m  t y p e  of al loys are  no t  affected 
a p p r e c i a b l y  by va r i a t ions  in st#ain r a t e  w i th in  this 
s p e c t r u m  of ra te  of load appl icat ion,  m u c h  h ighe r  
ra tes  of load ing  wi l l  dec rea se  t he  duc t i l i t y  p a r a m -  
e ters  and m a r k e d l y  increase  the  u l t i m a t e  tens i le  
s t rength .  This  has been  obse rved  e v e n  at 1200~ 
The u l t i m a t e  tens i le  s t r eng th  of a w a r m - w o r k e d  
60% v a n a d i u m - 4 0 %  c o l u m b i u m  al loy wi l l  v a r y  
f r o m  some 20,000 psi to 40,000 psi at 1200~ as the  
s t ra in  r a t e  is inc reased  f r o m  0.02 -~ sec to 0.20 -~ sec. 

The  conc lud ing  step in these  mechan i ca l  s tudies  
i n v o l v e d  c r e e p - r u p t u r e  tes ts  on a s - s w a g e d  60% 
V - 4 0 %  Cb, 50% V - 4 0 %  Cb-10% Ti, and 49% 
V - 4 0 %  C b - 1 0 %  T i - l %  Si composi t ions.  Al l  tests  
w e r e  p e r f o r m e d  at 700~ in an a t m o s p h e r e  of p u r e  
h e l i u m  g e t t e r e d  by a t i t a n i u m  col lar  p laced  a round  
the  c r e e p - r u p t u r e  specimen.  The  s t r e s s - r u p t u r e  
p rope r t i e s  of these  al loys at 700~ are  shown in 
Fig. 9. S t ress  l eve l s  for  a 100-hr  l i fe  to r u p t u r e  of 
110,000 psi for  the  60% V - 4 0 %  Cb alloy, 85,000 psi 
for  the  50% V - 4 0 %  C b - 1 0 %  Ti al loy,  and  90,000 
psi for  the  49% V - 4 0 %  Cb-10% T i - l %  St, w e r e  
ref lected in a co r r e spond ing ly  h igh  creep  res is tance .  
As g iven  in Tab le  VI, t h e  100,000 psi m i n i m u m  

I ,O00,O00 

u~ 
o- 

I00,000' 
ul 

STRESS RUPTURE PROPERTIES OF 
V - C b  ALLOYS H E L I U M -  7 0 0 = C  
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, o , o o o  ' ' ' ' ''",~ . . . . .  '"~o . . . . . . .  ,ooo 
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Fig. 9. S t r e s s - r u p t u r e  p r o p e r t i e s  of  s o m e  V-Cb  a l loys  t e s t e d  
in h e l i u m .  

Table VI. Creep properties of V-Cb alloys* at 700~ 

Minimum creep rate  (in./ in./hr) for 

Alloy composition w /o  75,000 psi 90,000 psi 100,000 psi 

60 V-40 Cb 
50 V-40 Cb-10 Ti 
49 V-40 Cb-10 Ti-1 Si 

- -  - -  1 . 0 5  x 1 0  - *  

3.58x10 -~ 1.15x10- '  1.0 x10  -' 
8.0 x10 -~ 1.7 x10  -' 1.85x10 -~ 

* As-swaged at  1000"-ll00"C. 

creep  ra te  of the  v a n a d i u m - c o l u m b i u m  al loys  at  
700~ v a r i e d  f r o m  1.0 to 1.85 x 104 i n . / i n . / h r .  

The  h igh  m e c h a n i c a l  p rope r t i e s  of the  60% 
V - 4 0 %  Cb and the  49% V - 4 0 %  Cb-10% T i - l %  Si  
a l loys  are  e v e n  m o r e  a t t r a c t i ve  w h e n  compared  w i t h  
the  p rope r t i e s  of o the r  m a t e r i a l s  on the  s t r e n g t h - t o -  
dens i ty  basis. Such  a compar i son  is p r e sen t ed  in Fig .  
10 w h e r e  the  s t r e n g t h - t o - w e i g h t  ra t io  of these  two  
composi t ions  is c o m p a r e d  to the  same ra t io  for  the  
s t ronges t  i ron- ,  t i t a n i u m - ,  and m o l y b d e n u m - b a s e  
alloys.  In this  plot ,  the  u l t i m a t e  tens i le  s t r eng th  of 
the  v a n a d i u m - c o l u m b i u m  al loys  r e fe r s  to the  w a r m -  
w o r k e d  cond i t ion  as e v a l u a t e d  at a s t ra in  r a t e  of 
0.005-' sec. If  da ta  ob ta ined  at s t ra in  ra tes  of 0.20 -~ 
sec had  been  used, the  60% V - 4 0 %  Cb composi t ion  
w o u l d  approach  the  s t r e n g t h - t o - w e i g h t  ra t io  of the  
m o l y b d e n u m - 0 . 5  t i t a n i u m  al loy at  1200~ (2192~ 

STRENGTH TO WEtGHT RATIO 

T~- 6AL- 4v ~ '  
60C ~ ~ 4 9 V  - 40CB- IOTi - ISI 

~=2oo - .... " . . .  \ x ~ . .  

- -  40/0 6100 solo ioool 12oo' 14too 16ool i~oo 2oool . . . .  

TEMPERATURE ~ 

Fig. 10. Compar i son  o f  tens i le  p roper t ies  o f  some c o m m e r -  
c ia l  a l loys  and the  v o n o d i u m - e o l u m b i u m  compos i t ions  on o 
s t r e n g t h - t o - w e i g h t  basis. 
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Summary and Discussion 
The  aqueous  cor ros ion  and  o x i d a t i o n  r e s i s t a n c e  as 

we l l  as the  h i g h - t e m p e r a t u r e  s t r e n g t h  t ha t  can  be 
i m p a r t e d  to v a n a d i u m  b y  c o l u m b i u m  add i t i ons  p r e -  
sen t  an  a p p r e c i a b l e  i m p r o v e m e n t  ove r  o t h e r  v a n a -  
d i u m  base  sys t ems  (3, 4) .  R e l a t i v e l y  s imp le  a l loys  
such as the  50% V - 5 0 %  Cb or  60% V - 4 0 %  Cb 
compos i t ions  e x h i b i t  deg rees  of co r ros ion  r e s i s t ance  
and  e l e v a t e d  t e m p e r a t u r e  s t r e n g t h  t h a t  c o m p a r e  
f a v o r a b l y  w i t h  t he  bes t  m a t e r i a l s  in  p r e s e n t  d a y  
c o m m e r c i a l  use.  More  c o m p l e x  a l loys  as e x e m p l i -  
fied b y  t h e  45% V - 4 0 %  C b - 1 0 %  T i - 5 %  A1 b e g i n  to 
show a l eve l  of o x i d a t i o n  r e s i s t ance  t ha t  w o u l d  at  
l eas t  a s su re  r e l i a b i l i t y  in a coa ted  s t ruc tu re ,  w h i l e  
even  the  s imple  b i n a r y  c o m b i n a t i o n s  e x h i b i t  suffi- 
c ien t  r e s i s t ance  to l i qu id  V~O5 f o r m a t i o n  to a l l ow 
t h e i r  f a b r i c a t i o n  a t  e l e v a t e d  t e m p e r a t u r e s  w i t h o u t  
c u m b e r s o m e  c a n n i n g  or  coa t ing  p rocedures .  None  
of these  a l loys ,  of course,  is o x i d a t i o n  r e s i s t a n t  
enough  a b o v e  660~ to p e r m i t  p r o l o n g e d  se rv ice  in  
air .  

The  deg ree  to w h i c h  c o l u m b i u m  add i t i ons  w i l l  i n -  
c rease  t h e  h i g h - t e m p e r a t u r e  s t r e n g t h  of v a n a d i u m  is 
an  exce l l en t  e x a m p l e  of the  sol id  so lu t ion  s t r e n g t h -  
en ing  t h a t  can be  i m p a r t e d  b y  a d d i n g  a so lu te  of 
h igh  so lub i l i t y  t h a t  p r o d u c e s  t h e  m a x i m u m  a m o u n t  
of l a t t i ce  s t r a in  for  a m i n i m u m  dec rease  of t h e  so l -  
ven t ' s  m e l t i n g  poin t .  The  s m a l l  loss in  f a b r i c a b i l i t y  
and  the  r e t e n t i o n  of d u c t i l i t y  a f t e r  r e c r y s t a l l i z a t i o n  
t h a t  is m a d e  poss ib l e  b y  such a s t r e n g t h e n i n g  m e c h -  
a n i s m  a re  also benef ic ia l .  Neve r the l e s s ,  t he  a l loys  
a r e  h i g h l y  s t r a i n - r a t e  sens i t ive ,  a cond i t ion  t h a t  can 
be  i m p r o v e d  a t  t he  e x p e n s e  of s t r e n g t h  b y  t i t a n i u m  
addi t ions .  

The  so lub i l i t y  of  Cb~O5 in  V~O~ and  the  r e s u l t a n t  
inc rease  of t h e  m e l t i n g  po in t  of t he  v a n a d i u m  p e n t -  
ox ide  a r e  p a r t i a l l y  r e s p o n s i b l e  fo r  t h e  o b s e r v e d  i m -  
p r o v e m e n t  in ox ida t ion .  E q u a ] l y  s igni f icant  is t he  
c o m p l e t e  i n t e r s o l u b i l i t y  t h a t  ex i s t s  in t h e  m e t a l l i c  
p h a s e  and  h i g h e r  aff ini ty  of c o l u m b i u m  for  oxygen .  
Both  of t he se  l a t t e r  t w o  fac to r s  a r e  b e l i e v e d  to p r o -  
m o t e  t h e  inc lus ion  of c o l u m b i u m  in t h e  ox ide  phase .  
A f u r t h e r  r e d u c t i o n  in  r e a c t i o n  r a t e  can  b e  o b t a i n e d  
b y  t i t a n i u m  and  a l u m i n u m  add i t ions .  

T h e  o b s e r v e d  inc rea se  in cor ros ion  r e s i s t ance  is 
p r o b a b l y  a ref lec t ion  of the  p a s s i v i t y  i n h e r e n t  to 
c o lumb ium,  a p r o p e r t y  w h i c h  for  th is  m e t a l  is u s u -  
a l l y  a s soc ia t ed  w i t h  the  p re sence  of a p r o t e c t i v e  
film. 

In  closing,  i t  m a y  be  no ted  tha t ,  a l t h o u g h  each of 
these  poss ib l e  m e c h a n i s m s  r e q u i r e s  a h igh  l eve l  of 
c o l u m b i u m  in t e r m s  of w e i g h t  p e r  cent ,  t he  a tomic  
c o n c e n t r a t i o n  of c o l u m b i u m  is r o u g h l y  o n e - h a l f  of 
t ha t  e x p r e s s e d  on a w e i g h t  basis .  T h e  p r o p e r t i e s  e x -  
h i b i t e d  b y  these  v a n a d i u m - c o l u m b i u m  a l loys  can, 
t he re fo re ,  be c o r r e c t l y  a s c r i b e d  to a v a n a d i u m - r i c h  
s y s t e m  and  r e g a r d e d  as a f u r t h e r  d e v e l o p m e n t  in  
the  a l loy  sys t ems  of th i s  r e f r a c t o r y  me ta l .  
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Correction 

Sub jec t  to t he  p u b l i c a t i o n  of the  p a p e r  " O x i d a t i o n  
of N i o b i u m  in the  T e m p e r a t u r e  R a n g e  350~176 ' '  
b y  D. W. A y l m o r e ,  S. J. Gregg ,  and  W. B. J e p s o n  in 
the  J u n e  1960 i ssue  of the  J o u r n a l ,  t he  a u t h o r s  h a v e  

been  i n f o r m e d  b y  Messrs .  M u r e x  Ltd .  t h a t  t h e  f igure  
for  t he  ca rbon  con ten t  of t he  n i o b i u m  (Ba tch  A )  
was  i n c o r r e c t l y  quoted .  T h e  co r rec t  v a l u e  is 0.01%. 



 Fechnica] Notes 

NMR Measurements of the Knight Shift in Conducting PbO  
D. A. Frey and H. E. Weaver ~ 

Instrument Division, Varian Associates, Palo Alto, California 

Accord ing  to the q u a n t u m  mechan ica l  model ,  n u -  
clei possessing un i t s  of a n g u l a r  m o m e n t a  and  a 
nonzero  magne t i c  m o m e n t  are a l lowed only  dis-  
crete o r i en ta t ions  in  an  appl ied  magne t i c  field. In  
the case of the  Pb  ~7 isotope where  the  nuc leus  has a 
spin  of 1/2 uni ts ,  there  are two separa te  f ie ld-de-  
p e n d e n t  ene rgy  levels.  The ene rgy  of these levels  is 
g iven  by  

E ~ -  
o r  

v -- y Ho for the t r ans i t i on  f requency ,  

v be ing  the f requency ,  ~ the magne t i c  momen t ,  H 
the va lue  of the magne t i c  field, and  y the g y r o m a g -  
net ic  rat io for a g iven  nucleus .  

By v a r y i n g  the  appl ied  magne t i c  field, H, and  
s i m u l t a n e o u s l y  i r r ad i a t i ng  the sample  con ta in ing  
the isotope u n d e r  inves t iga t ion  wi th  an  osci l la t ing 
magne t i c  field of f requency ,  v, an  NMR (nuc lea r  
magne t i c  resonance)  absorp t ion  of ene rgy  f rom the  
r f - f ie ld  may  be detected w h e n  the  va lue  of the  
f i e ld - f requency  satisfies the  re la t ion,  v ~ yHo NMR 
techn iques  have  a wide  r ange  of appl ica t ion  in  the  
s tudy  of the molecu la r  e n v i r o n m e n t  and  its inf lu-  
ence on the resonance  charac te r  of the nuc le i  in an  
ex t e rna l  magne t i c  field. 

The effective magne t i c  field at  the  nuc leus  m a y  
differ f rom tha t  of the appl ied  field because  of the 
inf luence of the ex t e rna l  field on the  e n v i r o n m e n t a l  
e lect rons  of the nuclei ,  be they  va lence  or conduc-  
t ion  electrons.  The m a g n i t u d e  and  sign of the 
"chemica l  shif ts" associated wi th  a pa r t i cu l a r  com- 
pound  con ta in ing  the resona t ing  nuc leus  can easi ly  
be measu red  via the t echn iques  of NMR. In  the case 
of nuc le i  of high atomic n u m b e r  these re la t ive  shifts 
can a m o u n t  to severa l  per  cent  of the  appl ied  field 
(1) .  For  conductors  this  "chemica l  shif t"  has the  
n a m e  K n i g h t  shift  (1) af ter  its discoverer .  

Lead  dioxide has long been  k n o w n  to be a con-  
duc tor  of e lec t r ic i ty  bu t  un t i l  r ecen t ly  (2, 3) l i t t le  
q u a n t i t a t i v e  data  were  ava i lab le  on its phys ica l  
proper t ies .  In  an  ear l ie r  note  P ie t te  and  W e a v e r  
(4) m e a s u r e d  the  resonance  of Pb  ~~ in PbO~ and  
other  lead compounds  re la t ive  to tha t  in  the me ta l  
and  found  tha t  the  data  were  indeed  consis tent  wi th  
the  concept  tha t  PbO_~ does b e h a v e  as a metal .  
Thomas  (2) m e a s u r e d  the conduc t iv i ty  and  Hal l  
coefficient for r a t h e r  dense samples  of PbO~ a nd  

1 P r e s e n t  a d d r e s s :  P h y s i k - I n s t i t u t  D e r  U n i v c r s i t ~ t  Z u r i c h ,  Z u r i c h ,  
S w i t z e r l a n d .  D r .  W e a v e r  is on l e a v e  of a b s e n c e  f r o m  V a r i a n  Asso -  
c i a t e s .  

found  tha t  the  carr iers  were  electrons and  that  the 
t e m p e r a t u r e  coefficient of conduc t iv i ty  is negat ive.  
Rhetschi,  et al. (3) have  m e a s u r e d  the e lec t rochem-  
ical p roper t ies  of both  a -  (o r thorhombic )  and fl- 
( t e t r agona l )  forms of PbO~. They  have  made  ex-  
tens ive  m e a s u r e m e n t s  on the  effect of oxygen  re -  
moval  f rom PbO~ on the e lectr ical  proper t ies  of both 
al lotropic forms. It  has b e e n  es tabl i shed tha t  PbO... 
n e ve r  has the  s to ichiometr ic  composi t ion,  b u t  ra the r  
shows an  oxygen  deficiency y ie ld ing  a m i x t u r e  wi th  
a fo rmula  more  l ike PbO1.9~ to 1.~9. The lack of stoi- 
chiometr ic  composi t ion is gene ra l ly  fel t  to be the 
or igin  of the conduct iv i ty .  

Lead dioxide  is gene ra l l y  ava i lab le  in  powder  
form wi th  par t ic le  sizes of less t h a n  1 ~. I n  this  form 
it is idea l ly  sui ted for NMR at 8 mc/sec  and  even 
EPR (e lec t ron  p a r a m a g n e t i c  resonance)  at 9000 
mc/sec,  since the  par t ic les  are smal ler  t h a n  the skin 
depth. Nuc lea r  and  e lec t ron  resonance  techniques  
are the "noncon tac t i ng"  type,  t he reby  r e qu i r i ng  es- 
sen t ia l ly  no sample  p r e p a r a t i o n  and  specifically no 
electroding.  

P ie t te  a nd  Weave r  (4) have  measu red  the  chem-  
ical shift  of Pb  ~~ in severa l  r ep re sen t a t i ve  lead com- 
pounds,  in  pa r t i cu l a r  commerc ia l  PbO~ ( p r e s u m a b l y  
B-form) re la t ive  to the resonance  in  lead metal .  
Rocard, et al. (5) repor ted  la ter  on a s imi la r  set of 
measu remen t s ,  bu t  wi th  some va r i a t i on  in the 
K n i g h t  shift  in  PbO~ compounds  de pe nd i ng  on the 
assay. They  ascr ibed these differences to i m p u r i t y  
content .  Accord ing ly  a series of expe r imen t s  were  
des igned to inves t iga te  the  va r i a t i on  of the  chemical  
shift  (or K n i g h t  shift)  of the  Pb  ~~ resonance  in as 
m a n y  di f ferent  forms of PbO= as were  avai lable .  This  
note  t hen  deals exc lus ive ly  wi th  NMR and  EPR 
m e a s u r e m e n t s  in  PbO~ and  Pb  metals .  

Instrumentation 
In  those r o o m - t e m p e r a t u r e  m e a s u r e m e n t s  in -  

vo lv ing  NMR a s t a n d a r d  V a r i a n  V4200 wide  l ine  
spec t romete r  was employed.  A s t anda rd  probe  wi th  
the Dewar  inse r t  wi th  associated t r ans fe r  Dewar  and 
heat  exchange r  were  employed  for m e a s u r e m e n t s  
made  at  o ther  t h a n  room t empera tu re .  By  ad jus t ing  
the flow ra te  of d ry  n i t r o g e n  gas, the t e m p e r a t u r e  
of the sample  could be con t inuous ly  var ied  f rom 
room t e m p e r a t u r e  down  to --185~ For  the EPR 
m e a s u r e m e n t s  a s t anda rd  V4500 spec t romete r  plus  
cryogenic  accessories were  used. The m a g n e t  em-  
ployed was  V4012-3B wi th  2% in. air  gap wi th  as- 
sociated c u r r e n t  s tabi l iza t ion.  

930 
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Table I. Summary of PbO~ NMR measurements at room 
temperature 

R e l a t i v e  
C o m p o u n d  K n i g h t  s h i f t  i n t e n s i t y  

~-PbO~ B & A 95% 0.58 ___ 0.02% 1.00 
~-PbO~ B & A 90% 0.56 -+- 0.02% 0.52 
fl-PbO~ E S B - -  0.63 _+ 0.02 0.67 
fi-PbO~ N L Co. 0.62 +_ 0.02% 0.55 
a-PbO~ E S B 0.48 - -  

Measurements 

The NMR expe r imen t s  pe r fo rmed  fell  into two 
m a j o r  classifications: (i) r o o m - t e m p e r a t u r e  me a s -  
u r e m e n t s  as a func t ion  of sample  p r e p a r a t i o n  and  
crys ta l  symmet ry ,  (it) m e a s u r e m e n t  of the K n i g h t  
shift  as a func t ion  of t empera tu re ,  and  t h e r m a l  de-  
composi t ion  of PbO~ wi th  increased  t e m p e r a t u r e  
above 200~ EPR expe r imen t s  were  des igned 
m e r e l y  to detect  a resonance.  

Nuclear magnetic resonance.--NMR m e a s u r e -  
men t s  of the K n i g h t  shift  r e la t ive  to Pb  me ta l  were  
m a d e  on all  ava i l ab le  samples.  Tab le  I indica tes  t ha t  
at  least  two separa te  shifts appear  to have  been  ob- 
served for the  fl g roup  and  a th i rd  for the a sample.  
Since the  K n i g h t  shift  in  the PbO~ resonance  is de-  
p e n d e n t  on the dens i ty  of conduct ion  e lect rons  nea r  
the  top of the F e r m i  d i s t r ibu t ion ,  K n i g h t  shift  va lues  
for these samples  can be said to cor respond qua l i -  
t a t i ve ly  wi th  the i r  conduc t ion  propert ies .  However ,  
the  m e c h a n i s m  by  which  conduc t ion  e lect rons  are 
made  ava i lab le  is not  comple te ly  unders tood.  

Oxygen  deficiency r a the r  t h a n  i m p u r i t y  con ten t  
p r o b a b l y  is respons ib le  for the conduc t ion  e lec t ron  
densi ty ,  hence  the  f luctuat ions  among  the fl group.  
I t  is n o t e w o r t h y  tha t  both  the  90% and  95% B & A 
samples  have  a p p r o x i m a t e l y  the  same K n i g h t  shift  
( r e l a t ive  to the  m e t a l ) ,  whi le  the  ESB and  NL Co. 
samples  have  cons ide rab ly  h igher  values.  

To ob ta in  f u r t h e r  q u a n t i t a t i v e  in fo rmat ion ,  first 
m o m e n t s  ind ica t ive  of the  re la t ive  in tens i t ies  were  
ca lcu la ted  f rom the  resonance  curves  ob ta ined  f rom 
each of the ~ samples,  no rma l i z ing  the B & A 95% 
m o m e n t  (or i n t ens i t y )  to one. In  Fig. 1 (a -e )  are 
shown typ ica l  t races  of the  lead resonance  in  v a r i -  
ous ava i lab le  forms of PbO,.,. The s igna l - to -no i se  of 
ESB-a-PbO~ (Fig. l e )  was p a r t i c u l a r l y  poor be -  
cause of a smal l  a m o u n t  of sample.  Microscopic ex -  
a m i n a t i o n  of the  samples  at  an  opt ical  magni f ica t ion  
of 800 gave no conclus ive  i n f o r m a t i o n  r ega rd ing  the  
re la t ive  par t ic le  size which  would  affect the dens i ty  
of the  sample  and  hence  the s igna l - t o -no i se  ob-  
t a ined  f rom a g iven  volume.  

Var ia t ions  in  NMR K n i g h t  shift  m e a s u r e m e n t s  
we re  also used as an  ind ica t ion  of the  change  in  PbO., 
conduc t iv i ty  w i th  t h e r m a l  decomposi t ion.  Table  II  
c lear ly  shows a decrease  in  the  K n i g h t  shift  (or an  
increase  in  the shift  re la t ive  to the  me ta l )  as the  
t h e r m a l  decomposi t ion  progresses.  This  suggests  tha t  
the  compound  goes t h rough  the  t r ans i t i on  f rom con-  
duc tor  to semiconduc to r  before  becoming  an  i n -  
su la tor  in  the  fo rm of PbO. I t  is i n t e re s t ing  to note  
tha t  f u r t he r  loss of oxygen  (pr ior  to an ac tua l  c rys-  
ta l  phase change)  does not  improve  the conduc t ion  
proper t ies ,  which  at best  is anomalous  in l ight  of 

(a) 
. . . .  2-- 

LZ ' ! "  " ,~  . . . .  , ~  

( 

(b) 

�9 ! 

. . . .  [ �9 . 

(d) 

Fig. 1. Representative NMR traces of PbO2 at 7.5 Mc/s. 
(a) B & A ~--PbO~ 95%; gain x-10-2; (b) ESB ~--PbO.~; gain 
x-10-3; (c) B & A fi--Pb02, 90%; gain x-10-3; (d) NL. Co. 
~--PbO~; gain x-10-4; (e) ESB ~-Pb02; gain x-10-4. 

the model  proposed:  viz., it  is jus t  this  in i t i a l  oxy-  
gen deficiency tha t  is respons ib le  for the  conduc-  
t ivi ty.  

Electron paramagnetic resonance.--Since the p a r -  
t icle size of the PbO2 samples  was less t h a n  the skin  
depth  even  at m ic rowave  f requenc ies  it seemed 
w o r t h w h i l e  to inves t iga te  t h e m  for possible e lec t ron 
resonance.  The resonance,  if detected, could s tem 
then  e i ther  f rom p a r a m a g n e t i c  impur i ty ,  p r e s u m -  
ab ly  t r ans i t i on  e lements  in  a favorab le  e n v i r o n m e n t ,  
or f rom the conduc t ion  e lect rons  themselves .  Ac-  
cord ing ly  samples  were  p r epa red  and  a series of ex-  
pe r i me n t s  were  made  f rom room t e m p e r a t u r e  down  
to less t h a n  2.0~ 

To date  the  resul t s  have  been  inconclus ive .  Lines  
which migh t  be ascr ibed to the fl-PbOo seem not  to 
follow an  expected pa t t e rn .  Fu r the r ,  because  of the 
excessive w i d t h  of the  observed resonance  the  a m -  
p l i tude  is smal l  and  hence  the a t t e n d a n t  s igna l - to -  
noise is poor. The  lack of a we l l -de f ined  conduc t ion  
e lec t ron  resonance  is no t  at  all  su rp r i s ing  in l ight  of 
the propose d m e c h a n i s m  of oxygen  deficiency to ac-  
count  for the conduct iv i ty .  This model  impl ies  tha t  
there  is a r a t h e r  la rge  concen t ra t ion  of "f ree"  lead 
ions in t e r s t i t i a l l y  located in  the  r egu la r  PbO~ lattice,  

Table II. Summary of relative NMR shifts for heat-treated 
samples of f l - -  B & A (95%) PbO~ 

Shif t*  r e l a t i v e  
to u n t r e a t e d  

T e m p e r a t u r e ,  ~ s a m p l e s  (gauss)  

Room 0.0 
200 --2.2 
285 --6.5 
330 --12.7 
360 --15.3 

* A n e g a t i v e  s h i f t  i m p l i e s  a s h i f t  in  t h e  r e s o n a n c e  t o w a r d  h i g h e r  
f ie lds .  
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and  the  presence  of these " fore ign"  a toms could 
cause severe i nhomogeneous  t e m p e r a t u r e - i n d e p e n d -  
en t  b r o a d e n i n g  of the  r e s o n a n t  l ine  t he r eby  m a k i n g  
the  re sonance  Impossible  to detect.  Such seems to be 
the  case. No resonance  was detec ted  in  the  lead 
me ta l  powders .  

Conduct iv i ty . - -An e x p e r i m e n t  was pe r fo rmed  
wi th  the l o w - t e m p e r a t u r e  faci l i t ies  at the W e s t i n g -  
house Research Labora to r ies  w i th  fi-PbO= c o m m e r -  
cial  grade in  an  a t t emp t  to detect  a supe rconduc t ing  
t rans i t ion .  None  was  observed d o w n  to a t e m p e r a -  
t u r e  of 1 ~ (6) .  

Conclusion 
F r o m  these da ta  it is ev iden t  tha t  the  chemical  

shif t  associated w i th  the  r e sonance  of Pb  ~~ is indeed  
a K n i g h t  shift  charac ter i s t ic  of a conductor .  A series 
of cont ro l led  e x p e r i m e n t s  m e a s u r i n g  the  NMR 
K n i g h t  shift  r e l a t ive  to Pb  me ta l  as the o x y g e n - l e a d  

rat io is va r i ed  migh t  we l l  y ie ld  m u c h  more  con-  
c lusive data.  

Manuscript  received May 11, 1960. 

Any  discussion of this paper  will  appear in  a Discus- 
sion Section to be published in the June  1961 JOURNAL. 
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Determination of the Standard Free Energy of Formation of Lead 

Selenide 
Cabell B. Finch 1 and J. Bruce Wagner, Jr. 

Department of Metallurgy, Yale University, New Haven, Connecticut 

In  con junc t ion  w i th  diffusion studies  in  this  l ab -  
o ra to ry  on the  semiconduc t ing  compounds ,  PbS,  
PbSe,  and  PbTe,  m e a s u r e m e n t s  have  been  car r ied  
out  to de t e rmine  the  s t a n d a r d  free ene rgy  of f o r m a -  
t ion  of lead selenide.  Fo l lowing  the suggest ions  of 
W a g n e r  (1-5) ,  a ga lvan ic  cell i nvo lv ing  a solid elec-  
t ro ly te  

P b ( s )  I PbCl~ + 1% K C l ( s )  I P b S e ( s ) ,  Se(1) (I)  

was  used. The v i r t u a l  cell reac t ion  of cell (I)  on 
pass ing two f a radays  is 

P b ( s )  + Se(1) = P b S e ( s )  [1] 

The lead se len ide  was  p r epa red  by  synthes is  f rom 
its e lements .  Lead,  99.999% pure ,  was  reac ted  w i th  
99 .99+% s e l e n i u m  by  a me thod  used for the  s y n -  
thesis  of cuprous  sulfide (4) .  The  synthes ized  PbSe  
was  mixed  wi th  an  excess of the pu re  s e l en ium and  
pressed into pel le ts  at  a p ressure  of abou t  350 
k g / c m  ~. The  solid ionic electrolyte,  PbCI~-F 1% 
KC1, was  p r e p a r e d  as descr ibed  e lsewhere  (6) a nd  
pressed into pellets .  Crucib les  to con ta in  the  m o l t e n  
s e l en ium coexis t ing wi th  PbSe  were  m a d e  by  d r i l l -  
ing a hole in  one side of the  e lec t ro ly te  pellet .  The  
ga lvan ic  cell was  assembled  by  p lac ing  a 99.999% 
lead pel le t  in  a g raph i t e  crucible.  The cruc ib le  of 
e lec t rolyte  which  con ta ined  the PbSe  pel le t  w i th  
excess s e l en ium was  placed on top of the lead pellet .  
Glass  wool or asbestos was  packed  b e t w e e n  the  
wal ls  of the g raph i t e  and  e lec t ro ly te  crucibles  in  
order  to p r e v e n t  vapor  t r an spo r t  of s e l en ium to the  
pu re  lead. A g raph i t e  e lec t rode  was  placed in  con-  
tact  wi th  the  P b S e  pel le t  and  the  en t i re  cell was  

1 P r e s e n t  address :  Oak  Ridge National Laboratory, Oak Ridge,  
Tenn .  

placed in  a glass t ube  u n d e r  a rgon  as descr ibed in  
ref.  (3) .  

A cont ro l le r  m a i n t a i n e d  the  t e m p e r a t u r e  be t t e r  
t h a n  --+1 ~ and  the t e m p e r a t u r e  was measu red  wi th  
a c h r o m e l - a l u m e l  the rmocoup le  which  was cal i -  
b ra ted  p rev ious ly  aga ins t  the  me l t i ng  poin ts  of lead, 
zinc, and  a l u m i n u m .  The  e lec t romot ive  force meas -  
u r e m e n t s  were  cons is tent  on increas ing  and  decreas-  
ing the t e m p e r a t u r e  b e t w e e n  200 ~ and  300~ and  
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Fig. 1. EMF vs. temperature for the cell, 
Pb(s) I PbCI= -4- ] % KCI I PbSe(s), Se(]) 
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t h e  r e su l t s  of f ou r  s e p a r a t e  e x p e r i m e n t s  a r e  shown  
in Fig.  1. Us ing  a l eas t  squa re s  ana lys i s  of a l l  t he se  
d a t a  t he  s t a n d a r d  f r ee  e n e r g y  of f o r m a t i o n  of l e a d  
s e l e n i d e  in t h e  r a n g e  of 200 ~ to 300~ m a y  b e  e x -  
p r e s s e d  b y  t h e  equa t ion  

AG ~ = - - n F E  = [--23,352 + 3.8 ( t  - -  250) ] cal  ( I I )  

w h e r e  F is t h e  F a r a d a y  cons tan t ,  E t h e  e l e c t r o m o -  
t i ve  force,  and  t t he  t e m p e r a t u r e  in  ~ 

A l l  bu t  two  of t h e  emf  data ,  one a t  t he  h igh  t e m -  
p e r a t u r e  and  one at  t he  l ow t e m p e r a t u r e ,  l ie  b e -  
t w e e n  ---+1.5 m v  of t h e  l eas t  s q u a r e  curve .  This  co r -  
r e sponds  to •  cal  in  AG ~ Thus  w i t h  a t e m p e r a -  
t u r e  v a r i a t i o n  of • 1 7 6  the  t o t a l  e s t i m a t e d  a c c u r a c y  
is b e t t e r  t h a n  ---+80 cal  in AG ~ 

Be low a b o u t  200~ the  a t t a i n m e n t  of s t e a d y  v a l -  
ues  was  v e r y  s luggish .  A b o v e  a b o u t  300~ the  v a p o r  
p r e s s u r e  of s e l e n i u m  was  suff ic ient ly  h igh  t h a t  v a -  
p o r  t r a n s p o r t  some t imes  caused  c o n t a m i n a t i o n  of 
t he  l e ad  pe l l e t .  A t  t he  end  of each  e x p e r i m e n t ,  t he  
l e ad  was  e x a m i n e d  for  s e l e n i u m  c o n t a m i n a t i o n  and  
a n y  r e su l t s  o b t a i n e d  u n d e r  t hese  cond i t ions  w e r e  
d iscarded �9  I n  add i t ion ,  t he  h i g h e r  t e m p e r a t u r e s  f a -  
v o r e d  p la s t i c  d e f o r m a t i o n  of some  of t h e  cel l  com-  
ponen t s  caus ing  shor t  c i rcui ts .  T h e r e f o r e  t h e  p r e s e n t  

m e a s u r e m e n t s  w e r e  r e s t r i c t e d  to t he  r a n g e  of 200 ~ 
to 300~ The  p r e s e n t  v a l u e  of t he  s t a n d a r d  f ree  
e n e r g y  of f o r m a t i o n  ag rees  w e l l  w i t h  u n p u b l i s h e d  
d a t a  of L o r e n z  and  W a g n e r  (5) .  
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Microalloy Junction for Silicon 
L. Maissel 

Research Division, Philco Corporation, Philadelphia, Pennsylvania 

The  d e v e l o p m e n t  of t h e  g e r m a n i u m  m i c r o a l l o y  
j u n c t i o n  (1)  b r o u g h t  a b o u t  c o n s i d e r a b l e  i m p r o v e -  
m e n t  in t he  f r e q u e n c y  r e sponse  of t r a n s i s t o r s  m a d e  
b y  e l e c t r o c h e m i c a l  t e chn iques  (2)  ; i ts  m a i n  f e a t u r e s  
a r e  h igh  i n j ec t i on  efficiency a n d  v e r y  sha l l ow  d e p t h  
of p e n e t r a t i o n  ( a p p r o x i m a t e l y  0.001 m i l ) .  I t  con-  
sists,  ba s i ca l l y ,  of an  i n d i u m - g a l l i u m  do t  a l l o y e d  a t  
as low a t e m p e r a t u r e  as poss ib le .  

In  s ea r ch ing  for  a s imi l a r  con tac t  for  s i l icon i t  was  
f irst  n e c e s s a r y  to  ana lyze  the  g e n e r a l  r e q u i r e m e n t s  
for  a s a t i s f a c t o r y  m i c r o a l l o y  junc t ion .  By  def ini t ion,  
t h e  m e t a l  u sed  in f o r m i n g  the  j u n c t i o n  m u s t  be  such 
as  to  d i s so lve  on ly  a sma l l  p e r c e n t a g e  of i ts  o w n  
v o l u m e  of  semiconductor w h e n  a l l o y i n g  t akes  p lace .  
The  m e t a l  s emiconduc to r  p h a s e  d i a g r a m  should ,  
t he re fo re ,  be  of t h e  g e n e r a l  f o r m  of  F ig .  1. 

T 

M 

L I Q U I D  

Fig. 1. Meta l  semiconductor phase diagram 

S 

In  t he  case  of g e r m a n i u m  t h e  m e t a l s  t h a t  h a v e  
this  t y p e  of l i q u i d u s  cu rve  a r e  ind ium,  b i smu th ,  lead,  
and  ga l l i um.  G a l l i u m  canno t  be  used  in  p r a c t i c e  b e -  
cause  of i ts low m e l t i n g  point �9 A n y  of t he  o the r  
t h r e e  w o u l d  be  s u i t a b l e  if i t  w e r e  no t  for  t h e  r e -  
q u i r e m e n t  t h a t  t h e  m i c r o a l l o y  j u n c t i o n  m u s t  possess  
h igh  i n j ec t i on  eff iciency as  w e l l  as  sha l l ow  p e n e t r a -  
t ion.  This  m e a n s  t h a t  a sma l l  p e r c e n t a g e  of  some 
s u i t a b l e  d o p a n t  m u s t  be  i nc luded  w i t h  t he  a l l o y i n g  
me ta l .  T h e  on ly  t w o  d o p a n t s  t h a t  a r e  suff ic ient ly  
so lub le  in  g e r m a n i u m ,  to g ive  a h igh  in j ec t ion  effi- 
c i ency  junc t ion ,  a r e  a l u m i n u m  and  ga l l ium�9  The  
f o r m e r  is, h o w e v e r ,  a lmos t  c o m p l e t e l y  i m m i s c i b l e  a t  
a l l  t e m p e r a t u r e s  w i th  a l l  t h r e e  of the  poss ib l e  a l l o y -  
ing  meta l s .  G a l l i u m  is i m m i s c i b l e  w i t h  b i s m u t h  and  
l e a d  but ,  f o r t u n a t e l y ,  no t  w i t h  ind ium.  T h e  i n d i u m -  
g a l l i u m  c o m b i n a t i o n  is t hus  t h e  on ly  one su i t ab l e  
for  a g e r m a n i u m  m i c r o a l l o y  1 if  a l l o y i n g  is a l l o w e d  
to p roc e e d  to equ i l i b r ium�9  

S i m i l a r  r e a s o n i n g  a p p l i e d  to s i l icon ind i ca t e s  t h a t  
e i t he r  t in  or  a n t i m o n y  m i g h t  be  s u i t a b l e  m e t a l s  for  
m i c r o a l l o y i n g .  The  fo rmer ,  howeve r ,  has  sh a l l ow  
p e n e t r a t i o n  on ly  at  r e l a t i v e l y  l ow t e m p e r a t u r e s  
(be low  600~ w h e r e  d o p a n t  sol id  so lub i l i t i e s  a r e  
also low.  A n t i m o n y  has  sha l low p e n e t r a t i o n  b e l o w  
800~ and  has  t he  a d d i t i o n a l  a d v a n t a g e  of also b e -  
ing a donor  e l e m e n t  w i t h  r e a s o n a b l e  sol id  s o l u b i l i t y  
in s i l icon at  these  t e m p e r a t u r e s � 9  

A c c o r d i n g l y ,  an  a t t e m p t  was  m a d e  to m a k e  an  

z M i c r o a l l o y  j u n c t i o n s  a lso  c a n  b e  f o r m e d  b y  u s i n g  a v e r y  r a p i d  
h e a t i n g  c y c l e ,  so t h a t  e q u i l i b r i u m  a n d  h e n c e  f u l l  p e n e t r a t i o n  is  n o t  
r e a c h e d .  H o w e v e r ,  i t  w i l l  be  s h o w n  t h a t  n o n e q u i l i b r i n m  a l l o y i n g  is 
u n s u i t a b l e  f o r  s i l icon.  
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al loyed j u n c t i o n  of pu re  a n t i m o n y  in  silicon. In i t i a l  
a t t empts  fai led because  of "ba i l ing  up"  of the  a n t i -  
m o n y  d u r i n g  a l loying.  Tha t  this was  not  su rpr i s ing  
can be seen f rom the  fo l lowing cons idera t ions  

If a g iven  l iquid  is to wet  a solid, it  is a necessary  
(a l though  not  sufficient) condi t ion  tha t  the surface 
t ens ion  of the solid mus t  exceed tha t  of the l iquid.  
The  surface t ens ion  of l iqu id  a n t i m o n y  is approx i -  
m a t e l y  350 d y n e s / c m ;  the va lues  for solid si l icon 
and  solid si l icon dioxide  are a p p r o x i m a t e l y  600 
d y n e s / c m  and  300 d y n e s / c m ,  respec t ive ly  (3) .  Thus  
the  condi t ion  for a n t i m o n y  we t t i ng  is satisfied by  
si l icon bu t  not  by  its oxide. In  v iew of the i n v a r i a b l e  
p resence  of a t h i n  oxide l ayer  on the  sur face  of 
s i l icon the  ne t  effect is t ha t  a n t i m o n y  wi l l  no t  wet  
silicon. 

S ince  the surface  t ens ion  of a lmost  all  l iqu id  
meta l s  is g rea te r  t h a n  300 d y n e s / c m  it wou ld  seem 
tha t  v e r y  few meta l s  should ever  wet  silicon. H o w -  
ever,  the  oxide film is gene ra l l y  of a porous n a t u r e  
so tha t  me ta l  and  si l icon are  in  fact  in  direct  contact  
in a l imi ted  n u m b e r  of places. If the  me ta l  and  the  
si l icon have  a eutect ic  reac t ion  then,  as long as the 
t e m p e r a t u r e  is kep t  be low the  m e l t i n g  po in t  of the  
pure  me ta l  (bu t  above  the  eutect ic  poin t )  fus ion  
can beg in  in  the  regions  of d i rect  me ta l - t o - s i l i con  
contact.  The  l iqu id  so fo rmed  spreads  out  as it d is-  
solves si l icon so tha t  the  oxide film is u n d e r c u t  and,  
even tua l ly ,  dislodged. In  the  absence  of a eutect ic  
reac t ion  it should st i l l  be possible to p romote  w e t -  
t ing  of the  si l icon by  the me ta l  p rov ided  the l a t t e r  
can be cons t ra ined  f rom "ba i l ing  up"  long enough  
for the  process of oxide film u n d e r c u t t i n g  to become 
effective. 

Direct mechanical constraint of the liquid anti- 
mony by suitable jigging was not considered feasible 
because of the extremely delicate nature of the elec- 
trochemically formed base region. Several other 
ways of achieving the required constraint were ex- 
plored. Alloying was attempted in an oxidizing at- 
mosphere in the hope that the skin of antimony 
oxide that formed prior to the melting of the anti- 
mony would be tough enough to hold it in position. 
Some success was obtained but results were not re- 
producible. A layer of refractory metal was tried 
in place of the oxide but this invariably broke con- 
tact with the silicon and simply floated on the sur- 
face of the antimony. 

Alloying of antimony to silicon then was at- 
tempted by use of the technique of "dip alloying." 
The principle behind this method is as follows: sup- 

pose silicon, wi th  a dot of p la ted  a n t i m o n y  on its 
surface,  is p l unge d  into a fused sal t  bath .  P rov ided  
the me l t i ng  po in t  of the ba th  is g rea te r  t h a n  tha t  of 
an t imony ,  the  crust  of salt  t ha t  freezes on the su r -  
face of the  cold sil icon w h e n  it first en te rs  the ba th  
wi l l  st i l l  be solid w h e n  the  a n t i m o n y  reaches its 
me l t i ng  point .  D u r i n g  the br ie f  per iod  before the 
crust  r emel t s  the a n t i m o n y  is thus  cons t ra ined  by  a 
tough close-f i t t ing jacket ,  so tha t  w e t t i ng  can occur 
by  the m e c h a n i s m  discussed above.  A n u m b e r  of salt  
ba ths  were  inves t iga ted  for use in  this connec t ion  
and  successful  a l loying  of a n t i m o n y  to si l icon was 
ob ta ined  in  bo th  KC1 and  KBr .  Most compounds  
tha t  we re  t r ied  had to be re jec ted  because  they  re -  
acted wi th  e i ther  a n t i m o n y  or si l icon or both.  

In  order  to es tabl ish  tha t  a t rue  microa l loy  j u n c -  
t ion was be ing  formed d u r i n g  d ip -a l loy ing ,  a n u m -  
ber  of tes t  t rans i s tors  were  fabr ica ted  as follows: 
b l anks  of 5 o h m - c m  p - t y p e  sil icon were  j e t - e t ched  
to a th ickness  of a p p r o x i m a t e l y  0.4 mil.  Dots of an t i -  
m o n y  20 a nd  40 mils  in  d i ame te r  were  t hen  j e t -  
p la ted  onto opposi te  sides of the etch pi t  f rom an 
e thy lene  glycol  solut ion con ta in ing  10 g SbF~ and  
60 g HF  per  l i ter .  Af te r  d i p - a l l o y i n g  in  KC1 for 30 
sec at 800~ un i t s  were  r insed  in  deionized wa te r  
(to r emove  KC1) and  were  t hen  c l e a n - u p  etched. 
Whereas  the  a n t i m o n y  dots had shown on ly  weak  
rect if icat ion before  al loying,  the a l loyed un i t s  ex-  
h ib i ted  a l p h a - v a l u e s  of a p p r o x i m a t e l y  0.9. To meas -  
ure  the j u n c t i o n  thickness,  p u n c h - t h r o u g h  voltages 
before and  af ter  a l loy ing  were  compared.  These 
m e a s u r e m e n t s  showed the dep th  of p e n e t r a t i o n  to be 
a p p r o x i m a t e l y  2 x 10 -~ in., about  twice tha t  of a 
typical  g e r m a n i u m  microa l loy  junc t ion .  The feasi-  
b i l i ty  of mic roa l loy ing  si l icon was  thus  d e m o n -  
strated.  
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The p roduc t ion  of r e f r ac to ry  me ta l  powders  by  
electrolysis  of the i r  compounds  in  m o l t e n  salt so lu-  
t ions has been  inves t iga ted  i n t ens ive ly  because  of 
the  va luab l e  proper t ies  of h igh  p u r i t y  and  coarsely  
c rys ta l l ine  form which  m a y  be ob ta ined  (1) .  The 
low oxygen,  carbon,  and  n i t r o g e n  contents  which  
can be achieved are p a r t i c u l a r l y  v a l u a b l e  for t i t a -  

n ium,  z i rconium,  boron, silicon, and  be ry l l i um,  since 
these meta l s  canno t  be pur i f ied read i ly  d u r i n g  proc-  
essing. Also, because  of the i r  par t ic le  sizes, the  e lec-  
t ro ly t i ca l ly  p roduced  me ta l  powders  are  consoli-  
dated more  r ead i ly  by  conven t iona l  me ta l lu rg ica l  
processing t h a n  the me ta l  sponges produced  by  
chemical  reduct ion .  These advan tages  app ly  in par t  
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al loyed j u n c t i o n  of pu re  a n t i m o n y  in  silicon. In i t i a l  
a t t empts  fai led because  of "ba i l ing  up"  of the  a n t i -  
m o n y  d u r i n g  a l loying.  Tha t  this was  not  su rpr i s ing  
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(a l though  not  sufficient) condi t ion  tha t  the surface 
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for the  process of oxide film u n d e r c u t t i n g  to become 
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Direct mechanical constraint of the liquid anti- 
mony by suitable jigging was not considered feasible 
because of the extremely delicate nature of the elec- 
trochemically formed base region. Several other 
ways of achieving the required constraint were ex- 
plored. Alloying was attempted in an oxidizing at- 
mosphere in the hope that the skin of antimony 
oxide that formed prior to the melting of the anti- 
mony would be tough enough to hold it in position. 
Some success was obtained but results were not re- 
producible. A layer of refractory metal was tried 
in place of the oxide but this invariably broke con- 
tact with the silicon and simply floated on the sur- 
face of the antimony. 

Alloying of antimony to silicon then was at- 
tempted by use of the technique of "dip alloying." 
The principle behind this method is as follows: sup- 
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The p roduc t ion  of r e f r ac to ry  me ta l  powders  by  
electrolysis  of the i r  compounds  in  m o l t e n  salt so lu-  
t ions has been  inves t iga ted  i n t ens ive ly  because  of 
the  va luab l e  proper t ies  of h igh  p u r i t y  and  coarsely  
c rys ta l l ine  form which  m a y  be ob ta ined  (1) .  The 
low oxygen,  carbon,  and  n i t r o g e n  contents  which  
can be achieved are p a r t i c u l a r l y  v a l u a b l e  for t i t a -  

n ium,  z i rconium,  boron, silicon, and  be ry l l i um,  since 
these meta l s  canno t  be pur i f ied read i ly  d u r i n g  proc-  
essing. Also, because  of the i r  par t ic le  sizes, the  e lec-  
t ro ly t i ca l ly  p roduced  me ta l  powders  are  consoli-  
dated more  r ead i ly  by  conven t iona l  me ta l lu rg ica l  
processing t h a n  the me ta l  sponges produced  by  
chemical  reduct ion .  These advan tages  app ly  in par t  
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also to v a n a d i u m ,  co lumbium,  t a n t a l u m ,  ch romium,  
m o l y b d e n u m ,  and  tungs ten .  

Elect rolyt ic  ex t rac t ion  has not  been  ut i l ized more  
wide ly  for the  re f rac to ry  meta l s  because  of p r o b -  
lems i n h e r e n t  in  the anode react ions.  The anodic  
gene ra t ion  of corrosive gas at h igh t e m p e r a t u r e  m a y  
requ i re  the use of g raph i t e  con ta iners  somet imes  
resu l t ing  in h igh m a i n t e n a n c e  costs (2) .  Anodic  po-  
la r iza t ion  effects m a y  be t roub lesome  especial ly  
wi th  f luoride salts (3).  The  p rob lems  r e su l t i ng  f rom 
anode react ions  can be l a rge ly  e l imina t ed  by  the 
use of soluble  anodes  (4) .  Cell  corrosion and  anode  
effects are avoided,  bu t  the process t hen  becomes 
one of e lec t roref in ing r a t h e r  t h a n  e l ee t rowinn ing .  

Sodium me ta l  can be used for ob t a in ing  all of the  
re f rac to ry  meta l s  as sponges or fine powder  by  h igh -  
t e m p e r a t u r e  r educ t ion  of the i r  app ropr i a t e  com-  
pounds  (5) .  The use of sod ium me ta l  as the  soluble  
anode in  a fused salt  cell should e l imina t e  corrosion 
p rob lems  whi le  gene ra t i ng  in situ the  c u r r e n t  r e -  
qu i red  for effecting the  cathodic reduct ion .  Ref rac -  
to ry  meta ls  could thus  be p roduced  wi th  the  des i r -  
able  proper t ies  of e lec t rolyt ic  powders  wh i l e  avo id -  
ing the difficulties of fused sal t  electrolysis.  

P roduc t ion  of me ta l  powder  by  this vol ta ic  cell 
act ion was  observed whi le  e x p e r i m e n t i n g  w i th  the  
sodium reduc t ion  of K~TaFT. A n icke l  crucible  was  
filled wi th  a bo t tom layer  of K~TaFT, a midd le  l aye r  
of NaC1-KC1 eutectic,  and  a top l ayer  of sod ium 
metal .  The  layers  were  separa ted  by  porous  d ia -  
ph ragms  made  f rom Monel  screen. Af te r  me l t i ng  
u n d e r  argon,  la rge  flakes and  crys ta ls  of t a n t a l u m  
meta l  were  found  adhe r ing  to the  lower  d i a p h r a g m  
and  to the  cruc ib le  wal l  b e n e a t h  the un reac t e d  t a n -  
t a l u m  salts. Spec t rographic  analys is  of the washed  
t a n t a l u m  showed it to con ta in  less t h a n  0.01% of 
copper, i ron,  or n icke l  as m a j o r  impur i t ies .  The  
me ta l  flakes were  soft, ducti le,  and  easi ly compacted 
into mechan ica l ly  s t rong pellets.  

The vol ta ic  cell meta l s  ex t r ac t ion  p h e n o m e n a  was 
inves t iga ted  on a l a rger  scale w i th  the  appa ra tu s  
shown in  Fig. 1. The 10 cm d iame te r  s ta inless  steel 
con ta ine r  was  placed in  a pot furnace .  V a c u u m  d r y -  
ing of the  loaded cell before  me l t i ng  was  accom- 
pl ished by  the use of a steel  cover  and  r u b b e r  gasket  
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which  res ted  on the  flange. A charge  of 650 g of 
e qu i mo l a r  C.P. NaC1-KC1 prov ided  a 6 cm layer  of 
m o l t e n  salt  at 750~ Access of air  was p r e v e n t e d  by  
a s t r eam of argon.  Af te r  me l t i ng  the salt, the ca th -  
ode was lowered  to the cell bo t tom and  25 to 50 g 
of sodium meta l  was added to the  cell by  me l t i ng  
th rough  a porous s ta inless  steel filter to r emove  
oxides. F ive  g rams  of v a c u u m  dr ied  technica l  g rade  
K~ZrF~ was then  added to the cathode c ha mbe r  to 
give a concen t ra t ion  in  the  mo l t en  salt  of abou t  3% 
by  weight .  Add i t i ona l  5-g por t ions  were  added at 
3 0 - m i n  in t e rva l s  d u r i n g  the  course of the  react ion.  
At  the conclusion of a r u n  the  cathode was ra ised 
s lowly  to p e r m i t  d r a inage  of m o l t e n  salt  a nd  then  
cooled u n d e r  a rgon  in  the  uppe r  chamber .  The ca th-  
ode was t hen  d i sman t l ed  and  the  z i r con ium crysta ls  
separa ted  f rom a d h e r i n g  salts  by  boi l ing  first wi th  
wa te r  and  then  wi th  d i lu te  HC1. 

A n u m b e r  of ca thode a r r a n g e m e n t s  we re  tr ied.  
Wi th  a baske t  made  of 40 mesh  Monel  screen, the  
z i r con ium deposi ted on ly  on the  cell bo t tom and  
baffle wall .  Thick  pads of z i r con ium crystals  formed 
on both  the  ins ide  a nd  ex te r ior  of a hol low cathode 
made  f rom per fo ra ted  n icke l  foil. The cathode shown 
in  Fig. 1 was cons t ruc ted  f rom a 5 cm d iame te r  
n icke l  tube  which  was pe r fo ra t ed  w i th  two rows of 
closely spaced 0.6 cm holes. A porous n icke l  d ia -  
p h r a g m  covered these  holes and  was  folded over the  
end  of the tube  to suppor t  a sheet  n icke l  bo t tom 
plate.  The d i a p h r a g m  was made  by  fi l l ing the  open-  
ings of 40 mesh  Monel  screen  w i th  a paste  of n icke l  
powder ,  dry ing ,  a nd  s in t e r ing  in  h y d r o g e n  at  
l l 0 0 ~  

In  one run,  40 g of K~ZrF, was  added  over  a 4 -h r  
per iod and  11.5 g of washed  z i r con ium crysta ls  were  
ob ta ined  for a y ie ld  of 89%. The add i t ion  of 50 g of 
K~ZrF, in 3 hr  r educed  the  cathode y ie ld  to 80% of 
theoret ical .  The me ta l  was deposi ted as a th ick  pad  
of dendr i t i c  crysta ls  over the  in te r io r  wal ls  and  bo t -  
tom of the cathode. This  p e r m i t t e d  d r a inage  of 

K2ZrF 6 PORT 
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Fig. 1. Zirconium extraction cell 
Fig. 2. Zirconium crystals. Magnification 20X before re- 

duction for publication. 
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m o l t e n  sa l t s  so t h a t  a w e i g h t  of sa l t  e q u a l  to on ly  
a b o u t  t w i c e  t h a t  of t h e  z i r c o n i u m  was  r e t a i n e d  b y  
the  ca thode .  The  r e c o v e r e d  m e t a l  p o w d e r  was  a 
s i l v e r y  g r a y  color  w i t h  a b u l k  d e n s i t y  of 0.9 g /cc .  
F i g u r e  2 shows  t h e  d e n d r i t i c  f o r m  of t hese  z i r c o n i u m  
c rys t a l s .  A 100 m e s h  sc reen  r e t a i n e d  a p p r o x i m a t e l y  
50% so the  a v e r a g e  p a r t i c l e  size was  e s t i m a t e d  as 
150 ~. A q u a l i t a t i v e  s p e c t r o c h e m i c a l  a n a l y s i s  i n d i -  
ca t ed  on ly  t r aces  of i ron  and  n i c k e l  impur i t i e s .  
W h i l e  t h e  p a r t i c l e  size is s i m i l a r  to t h a t  r e p o r t e d  
for  e l e c t r o l y t i c  z i r c o n i u m  (6)  t he  d e n d r i t i c  f o r m  is 
m o r e  p r o n o u n c e d .  C o m p a c t i o n  to 80% of t h e o r e t i c a l  
d e n s i t y  was  o b t a i n e d  on p re s s ing  at  50 tons / in2 .  The  
s a m p l e  t hus  c o m p a r e s  f a v o r a b l y  in  th i s  r e spe c t  to 
h y d r i d e  z i r c o n i u m  p o w d e r s  (7) .  A R o c k w e l l  B h a r d -  
ness  of 90 w a s  d e t e r m i n e d  on a p e l l e t  w h i c h  h a d  
been  f u r t h e r  conso l ida t ed  b y  e l ec t ron  b e a m  me l t ing .  
This  v a l u e  is w e l l  w i t h i n  the  r a n g e  for  c o m m e r c i a l l y  
p u r e  z i r con ium.  

The  des ign  of th is  e x p e r i m e n t a l  cel l  d id  no t  p e r -  
m i t  success fu l  r e u s e  of  t h e  sa l t  charge .  The  z i r co -  
n i u m  o b t a i n e d  in  t h e  second  r u n  w i t h  t h e  same  sa l t  
b a t h  was  a m i x t u r e  of d e n d r i t i c  c r y s t a l s  and  fine 
b l a c k  p o w d e r  s i m i l a r  to the  p o w d e r  o b t a i n e d  b y  d i -  
r ec t  r e d u c t i o n  of K~ZrF~ w i t h  sodium.  D u r i n g  t h e  
t i m e  r e q u i r e d  for  t he  r e m o v a l  of one ca thode  a n d  
t h e  i n se r t i on  of a second,  a tomic  sod ium h a d  a p -  
p a r e n t l y  d i f fused  into  t he  b u l k  of  the  m o l t e n  sal t .  
This  t h e n  r e a c t e d  d i r e c t l y  w i t h  t he  K~ZrF~ as i t  was  
a d d e d  to t he  n e w  ca thode .  F o r  con t inuous  use  of t he  
sa l t  ba th ,  p r o v i s i o n  m u s t  thus  be  m a d e  for  s ea l ing  
off t h e  sod ium c o m p a r t m e n t  b e t w e e n  runs .  O t h e r -  
wise ,  a second  po rous  d i a p h r a g m  m i g h t  be  used  to 
r e s t r i c t  t he  a tomic  d i f fus ion  of sod ium w h i l e  p e r -  
m i t t i n g  ionic t r a n s p o r t .  

The  anode  sl i t  he igh t ,  f ixed b y  the  d i s t ance  b e -  
t w e e n  the  b o t t o m  of t he  baffle and  the  cel l  bo t tom,  
was  also found  to g r e a t l y  inf luence  the  c h a r a c t e r  of 
t he  e x t r a c t e d  z i rcon ium.  A sl i t  h e i g h t  of a p p r o x i -  
m a t e l y  2 m m  was  g e n e r a l l y  used.  A v o l t m e t e r  con-  
n e c t e d  in  p l a c e  of  t h e  g r o u n d  w i r e  then  r e g i s t e r e d  
0.6 v w i t h  t h e  ca thode  r a i s ed  s l i g h t l y  a b o v e  the  cel l  
b o t t o m  d u r i n g  a run .  W h e n  the  a n o d e  sl i t  h e i g h t  
was  i n c r e a s e d  to 5 m m  the  vo l t  m e t e r  r e g i s t e r e d  
n e a r l y  zero.  Z i r c o n i u m  was  s t i l l  depos i t ed  on the  
i n t e r i o r  su r f ace  of t h e  ca thode  in good y ie ld .  H o w -  
ever ,  i n s t e a d  of d e n d r i t i c  c rys ta l s ,  t he  m e t a l  now 
cons i s t ed  of i r r e g u l a r  g r a y  f lakes  h a v i n g  r o u g h  p e b -  

b l ed  surfaces .  T h e  z i r c o n i u m  in th is  f o r m  p r e v e n t e d  
t h e  d r a i n a g e  of m o l t e n  sa l t  f r o m  the  ca thode  at  the  
end  of t he  r u n  and  was  also diff icult  to w a s h  f ree  of 
sal t .  W i t h  t he  e n l a r g e d  a n o d e  sl i t  t he  c o n c e n t r a t i o n  
of a tomic  s o d i u m  in t he  m o l t e n  sa l t  a d j a c e n t  to the  
ca thode  m u s t  h a v e  been  n e a r l y  as h igh  as t he  con-  
c e n t r a t i o n  w i t h i n  t he  s o d i u m  c o m p a r t m e n t .  U n d e r  
these  condi t ions ,  the  o u t e r  su r f ace  of t he  ca thode  
i t se l f  w o u l d  se rve  as t he  anode .  

W h i l e  f luor ide  sa l t s  w e r e  used  in these  e x p e r i -  
ments ,  t he  vo l t a i c  ce l l  p rocess  shou ld  be  m o r e  a d -  
v a n t a g e o u s  w i t h  a c h l o r i d e  feed.  In  t he  absence  of 
f luorides,  a po rous  c e r a mic  d i a p h r a g m  could  be  
used  to enc lose  the  c a thode  v o l u m e  w h i l e  a porous  
m e t a l l i c  d i a p h r a g m  w o u l d  confine t he  sod ium.  Con-  
t inuous  o p e r a t i o n  could  t h e n  be  o b t a i n e d  w i t h  solid 
ca thodes  and  m o l t e n  NaC1. 

O the r  m e t h o d s  h a v e  b e e n  r e p o r t e d  fo r  us ing  
m o l t e n  i n e r t  sa l ts  in  t h e  p r o d u c t i o n  of r e f r a c t o r y  
m e t a l  p o w d e r s  b y  sod ium reduc t ion .  Thus,  V a u g h a n  
p a r t i a l l y  s u b m e r g e s  a m e t a l  g r id  in  a fused  sa l t  ba th  
con ta in ing  a r e f r a c t o r y  m e t a l  ha l i de  and  sp rays  
sod ium m e t a l  upon  the  g r id  (8) .  The  sod ium is 
c l a ime d  to w e t  t he  g r id  and  to be  c a r r i e d  a long  the  
g r id  su r f ace  b e n e a t h  t he  m e l t  w h e r e  i t  r eac t s  to 
fo rm  c rys t a l s  of the  r e f r a c t o r y  meta l .  D e a n  p r o -  
duces  l a r g e  c rys t a l s  of r e f r a c t o r y  me ta l s  b y  r e a c t i n g  
v e r y  d i l u t e  so lu t ions  of  s o d i u m  and  r e f r a c t o r y  m e t a l  
ha l i de s  in  a m o l t e n  sa l t  m e d i u m  (9) .  

Manuscr ip t  rece ived  May 25, 1960. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the  June 1961 JOURNAL. 
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ABSTRACT 

A simple fuel cell, operated reversibly, puts out, either electrochemically 
or in osmotic-mechanical form, an amount of useful work equal to the chemi- 
cal potential (free enthalpy, Gibbs free energy) --AG released isothermally by 
the fuel plus oxygen upon their combination. This may be larger than the 
corresponding Carnot output (--AH)(T~--T~)/T~ of the same amount of fuel 
used to fire a reversible heat engine. 

A coupled (regenerative) fuel cell regenerates the cell reagents by decom- 
posing the reaction products at a high temperature (obtainable from a nuclear 
reactor).  It thus acts as a heat engine in converting heat from the nuclear re-  
actor into useful work. Its reversible work output, given by the summation of 
--AG for all isothermal steps, is exactly equal to that predicted from the heat 
inputs by Carnot's theorem in integral  or differential form, for any fuel cell 
reaction, and for zero and finite values of AC~ for the cell reaction. The useful 
work output of an idealized practical irreversible fuel cell cycle is also given. 

Simple Fuel Cell 
A simple fuel  cell (1) puts  out d i rec t ly  and iso- 

the rma l ly  as useful  work  (2) the chemical  poten-  
t ia l  re leased  by  a fuel  ( reduc tan t )  plus oxygen 
(oxidant )  upon thei r  conversion to combust ion ( re -  
action) products.  If the cell operates  e lec t rochemi-  
cally, the  useful  work  output  appears  as electr ical  
work, which is, under  revers ib le  conditions, equiv-  
alent  to the  charging up of a condenser.  If the  cell  
operates through semi -pe rmeab le  membranes  as an 
osmotic react ion engine, the useful  work  may  appear  
in mechanical  form, equivalent  to the  l i f t ing up of 
weights  (2, 3). Living systems function through the 
mechanism of osmotic membranes  (4).  The biologi-  
cal cell might  therefore  be descr ibed t h e r m o d y n a m i -  
cal ly  as an osmot ic-mechanica l  fuel  cell. 

The m a x i m u m  (revers ib le)  useful  work  output  
W . . . .  of the react ion 

Fuel  ( reduc tan t )  + oxidant  
= combustion (react ion)  products  [1] 

conducted i so thermal ly  in a fuel  cell, opera t ing  at  a 
t empe ra tu r e  T ,  is equal  to the  chemical  potent ia l  
(free en tha lpy)  re leased --AG,. In contrast ,  the 
same amount  of fuel, firing a convent ional  power  
plant,  y ie lds  a m a x i m u m  useful  work  output  equal  
to the heat  ( en tha lpy)  r e l e a sed - -AH~ (at  a high 
t empera tu re  T~) mul t ip l i ed  by  the Carnot  efficiency 
( T ~ -  T , ) /T~ ,  where  t h e l o w  t e m p e r a t u r e  T, cannot 
o rd ina r i ly  be less than  ambient .  The ra t io  of the 
first to the second of these work  outputs,  i.e., the 
"fuel cell gain rat io,"  may  be expressed in the form 

"Fuel  Cell Gain Ratio" = 
! t 

(--AH~) + TrAS, -- .~ AC~ dT + T, f AC~ d in T 

h 

(--AH~) -- ] ~C, dT 

T~ 
[2] 

T,~ --  T~ 

where  h, f, and I re fer  to the  t empera tu res  T~, T,, 
and T~, respect ively,  and the integrals  contain sum-  
mations of all  enthalpies  or entropies of t rans i t ion  
tha t  may be  involved.  In  the special case where  the  
react ion en t ropy  AS~ and heat  capaci ty  AC~ are  both 
zero, expression [2] shows that  fuel  cell opera t ion  
permi ts  a complete  recovery  of the react ion en-  
tha lpy  d rop- -AH~ as useful  work,  wi thout  Carnot  
l imitat ion.  

L iebhafsky  (1) discusses the the rmodynamics  of 
the react ion 

Hf(g) -{- ~O~(g)  = HfO(g) [3] 

F rom his da ta  and f rom La t imer  (5),  one can obtain 
the  figures: W . . . .  ( fuel  cell) : --AG~ = 54,635 
cal per  molal  react ion unit  at 298~ By comparison,  
W . . . . .  (power  p lan t )  = --AH ~ -- T~)/T~. This 
has the values  ( tak ing  T~ = 298~ 

T~ (~  400 500 1,000 2,000 

W . . . .  (power  p lan t )  
(cal)  14,080 23,500 41,600 51,200 

Thus the  compara t ive  advantage  of the fuel cell is 
marked,  especial ly  at  low tempera tures ,  but  tends 
to diminish, or even tu rn  to a disadvantage,  at  

937 
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higher  t e m p e r a t u r e s  (1) .  The l a t t e r  difficulty tends  
to arise especia l ly  for nega t ive  va lues  of AS and  
AC~, as shown  by  Eq. [2].  The  s imple  fuel  cell is free 
f rom the  Carnot -ef f ic iency l imi t a t i on  of the fue l -  
fired power  plant ,  s ince it y ie lds  its work  i so ther -  
mal ly .  The t h e r m o d y n a m i c  price paid, i n  e i ther  
case, is the  p e r m a n e n t  convers ion  of a q u a n t i t y  of 
fuel  to combus t ion  products .  The des i rab le  t h e r m o -  
dynamic  proper t ies  for a s imple  fuel  cell r eac t ion  are 
• negat ive ,  AS zero or posit ive,  AC~ zero or posi-  
tive. 

These t h e r m o d y n a m i c  proper t ies  are re la ted  to the 
revers ib le  cell emf E as fol lows 

--AG = - - A H  4 TAS' = nFE [4] 

AS = n F (  d E / d T )  [5] 

AC~ = n F T ( d ~ E / d T  ~) [6] 

These quan t i t i e s  can be eva lua ted  f rom electrode 
potent ia l s  (5, 6), and  f rom the i r  t e m p e r a t u r e  co- 
efficients (6) ,  and  second t e m p e r a t u r e  coefficients 
(7).  An  i l lu s t r a t ive  ca lcu la t ion  is g iven  below for 
reac t ion  [3].  

The  fo l lowing n u m b e r s  give s t a n d a r d  G ibbs -  
S tockholm (8) e lect rode poten t ia l s  V ~ and  the i r  
first and  second i so the rma l  t e m p e r a t u r e  coefficients 
(6, 7), for h y d r o g e n  and  oxygen  electrodes.  

H2 = 2H + 4 2E- 
2H=O (1) = O2 

4 4H + 4 4E- 
2H~O(g) = O~ 

4 4H + 4 4E- 

V ~ (dV~162 (d:V~ 
v m v / d e g  g v / d e g  ~ 

0.0000 0.000 0.000 

41.229 --0.846 40.552 

41.185 --0.230 . --0.173 

For  cell reac t ion  [3],  the above n u m b e r s  y ie ld  
E ~ = 1.185 v, d E ~  = - -  0.230 m v / d e g ,  and  
d~-E~  ~ v / d e g  -~ at 25~ The reac t ion  
en t ropy  AS ~ is therefore  2F(--0.230 m v / d e g ) =  
--10.6 ca l /deg,  whi le  --AG ~  2F(1.185 v ) = 2 . 3 7 0  
v F =  54.6 kcal, and  --AH ~  ~  ~ = 57.8 
kcal. The reac t ion  hea t  capaci ty  AC~, ~ is 2 F ( 2 9 8 ~  
(--0.173 tLv/deg ~) = --  2.38 ca l /deg.  

For  a s imi la r  cell reac t ion  wi th  l iquid  wa t e r  as 
the final product ,  E ~  1.229 v, d E ~  = -  0.846 
mv /deg ,  and  d~E~ ~= 4 0.552 t~v/deg ~. The reac-  
t ion en t ropy  AS ~ is now 2F(--0 .846 m v / d e g )  

--39.0 cal /deg,  wh i l e  --AG ~  2F(1.229 v)  = 56.7 
kcal, and  --AH ~ = 68.3 kcal. The  reac t ion  heat  ca-  
pac i ty  AC~ ~ is now  2 F ( 2 9 8 ~  t~v/deg ~) = 
+7.59 ca l /deg  at  25~ 

Coupled (Regenerative) Fuel Cell 
A n  elec t rochemical  (or an  osmot ic - reac t ion)  cell 

can be coupled w i th  a high t e m p e r a t u r e  source of 
heat  (e.g., a nuc l e a r  reactor)  to decompose the com-  
bus t ion  ( reac t ion)  products  and  r egene ra t e  the r e -  
ac tants  of reac t ion  [ 1]. Such a device  is also t e rmed  
a fuel  cell (1) ,  a l t hough  in this  case, cell reac t ion  
[1] no longer  is the  p r i m a r y  source of ene rgy  bu t  is 
mere ly  a step in  a cycle tha t  conver t s  hea t  f rom the  
h igh t e m p e r a t u r e  source into work.  Such a coupled 
fuel  cell is no t  o r d i n a r i l y  a s imple  Carno t  cycle (i.e., 
a cycle of two i so thermals  and  two adiabat ics ) ,  bu t  
if it is opera ted  revers ib ly ,  it has a usefu l  work  ou t -  
pu t  d e t e r m i n e d  exac t ly  by  Carno t ' s  t heo rem in  
e i the r  in tegra l  or d i f ferent ia l  form.  This was proved  
to be t rue  for the  in t eg ra l  form by  L iebha f sky  (1) 
for the case where  5C~ is zero. He also proved  this to 
be a pp r ox i ma t e l y  t rue ,  by a n u m e r i c a l  example,  for 
an idealized prac t ica l  case in  wh ich  only  the  heat  
exchanges  d u r i n g  the  w a r m i n g - c o o l i n g  por t ions  of 
the  cycle were  a l lowed to be i r r eve r s ib l e?  

For  complete  revers ib i l i ty ,  t he  ou tpu t  of a r e -  
gene ra t ive  fuel  cell obeys Carno t ' s  t heorem in  d i f -  
f e ren t i a l  fo rm exact ly ,  even  w h e n  AC~ is not  zero. 
This can be p roved  by cons ider ing  the fo l lowing 
cycle of opera t ions  

M 4 X = MX (at  T~) [A]  

M X ( T , )  = MX(T~) [B] 

M X = M 4 X  (at  T~) [C] 

M + X(T~) = M + X ( T , )  [D] 

Al l  reac tan t s  and  products  are in the i r  a r b i t r a r i l y  
chosen s t anda rd  states. Al l  steps are comple te ly  r e -  
vers ible .  React ion A has a use fu l  work  ou tpu t  
W,~ --  -- AG~. For  a r evers ib le  react ion,  the heat  i n -  
pu t  QA : T,ASA. The e n t h a l p y  change  (2) is AH~ = 
Q~--W,~ .  The t h e r m o d y n a m i c  proper t ies  of step A 
are summar i zed  in  Tab le  I. 

L i e b h a f s k y ' s  eff ic iency of  73.3%, c o m p a r e d  w i t h  a C a r n o t  effi- 
c iency  of 75%, s h o u l d  h a v e  been  r e p o r t e d  as 71.8%. 

Table I. Thermodynamic 
regenerative fuel 

properties of the four-step 
cell cycle A-B-C-D 

Step  AG AH AS Wu Q 

A AGA TtASA + AGA ASA --AGa TtASA 

B and D f~AC~,dT f:AC~dT f~ACvdlnT 0 AH,~ 

combined --AS~ (T,~--T~) 

--T~f:ACpdlnT 

C --AGA --AHA --ASA --AGv ThASc 

4 AS~ ( T~-- T~) --f~AC~,dT --f~AC~dlnT 
--f~ACpdT 

+ T~y:AC~dlnT 

Cycle 0 0 0 --AG A--AGc : --AS A ( T~--Tt ) 
4 f~AC,dT  --T~f~AC, dlnT 
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The  h e a t i n g  and  cool ing  s teps  B and  D a r e  in g e n -  
e r a l  no t  ad iaba t i c s ,  bu t  t h e y  can  be  conduc t ed  as 
r e v e r s i b l e  hea r ings  or  cool ings  in t he  usua l  fashion ,  
i.e., b y  t h e  concep tua l  use  of an  inf ini te  n u m b e r  of 
hea t  r e s e rvo i r s  whose  t e m p e r a t u r e s  differ  b y  in -  
t e r v a l s  of dT. The  hea t  a b s o r b e d  in s tep B is t hen  

/ C ~ ( M X ) d T ,  w h i l e  the  h e a t  r e l e a s e d  in s tep  D is 

1 

f C~(M + X ) d T .  Both  i n t e g r a l s  a r e  u n d e r s t o o d  to 

con ta in  a n y  bea t s  of t r an s i t i on  t h a t  m a y  be  invo lved .  
The  ne t  hea t  a b s o r b e d  in hea t i ng  and  cool ing c o m -  

b 
b i n e d  is f ~C~ dT w h e r e  AC~ = C ~ ( M X ) -  C ~ ( M ) -  

Cp(X) .  A t  cons t an t  p re s su re ,  t he  use fu l  w o r k  o u t p u t  
is zero (2) .  The  o the r  t h e r m o d y n a m i c  p r o p e r t i e s  of 
s teps  B and  D c o m b i n e d  a re  g iven  in  T a b l e  I, and  al l  
i n t e g r a l s  a r e  u n d e r s t o o d  to con ta in  s u m m a t i o n s  of a l l  
e n t h a l p i e s  or  en t rop i e s  of t r ans i t i on .  

A t  the  h igh  t e m p e r a t u r e  %,  the  decompos i t i on  of 
MX, r e a c t i o n  C, has  a f u r t h e r  u se fu l  w o r k  o u t p u t  
( w h i c h  m a y  in ac tua l  cases be  nega t ive ,  e.g., as for  
an  e l ec t ro ly t i c  decompos i t i on  and  s e p a r a t i o n  of M 
and  X)  equa l  to --AG~,. The  t h e r m o d y n a m i c  p r o p -  
e r t i e s  of s tep  C a r e  g iven  in T a b l e  I. 

F o r  t he  w h o l e  cycle,  t he  t o t a l  use fu l  w o r k  ou tpu t ,  
e q u a l  to  t he  ne t  h e a t  i n p u t  f r o m  a l l  sources ,  is 

W~(cycle) ---- ~ dQ -~ --AG~ -- AGe 
h 

= --ASa(T~-- T~) + f aC~, dT-- T~ f AC, d In T [7] 

According to Carnot's theorem in differential 
form, the useful work of the cycle should be given 
by 

Vv'~(cycle) -~ f dQ(T -- T,)/T [8] 

where dQ is an infinitesimal amount of heat re- 
ceived reversibly by the system from a heat reser- 
voir at temperature T. Equation [8] can be ex- 
panded to give 

W~(cycle) ---- Q~(T~ -- T~)/T~ d- f dQ~+D (T -- T,)/T 

[9] 
where dQB+~ = ACp dT. Evaluation of the two terms 
in Eq. [9] leads to the expression already given 
in Eq. [7]. Thus the work output of the cycle satis- 
fies Carnot's theorem exactly, for a reversible opera- 
tion throughout. 

In practice, one of the chief sources of irre- 
v e r s i b i l i t y  in a r e g e n e r a t i v e  fue l  cell  l ies  in the  
hea t  e x c h a n g e s  d u r i n g  h e a t i n g  and  cool ing (1) .  
These  can  be  m i n i m i z e d  b y  h a v i n g  AC~ as close to 
zero as  possible .  The  d e s i r a b l e  t h e r m o d y n a m i c  p r o p -  
e r t i e s  for  a r e g e n e r a t i v e  fue l  ce l l  r eac t i on  a r e  t h e r e -  
fo re  

AGA n e g a t i v e  

ASA n e g a t i v e  

ACp as close to zero as possible .  

F i n a l l y ,  i t  is of i n t e r e s t  to w r i t e  exp re s s ions  for  
t he  u se fu l  w o r k  o u t p u t  of a r e g e n e r a t i v e  fue l  cel l  
cyc le  in  w h i c h  the  two  i s o t h e r m a l  s teps  a r e  r e v e r s i -  
ble,  w h i l e  the  h e a t i n g  and  cool ing  s teps  a r e  a l l o w e d  
to be i r r e ve r s i b l e .  This  is a m u c h  c loser  a p p r o x i m a -  
t ion to t he  a c t u a l  s i t ua t ion  for  AC~ d i f f e ren t  f rom 
zero t h a n  t h e  c o m p l e t e l y  r e v e r s i b l e  cyc le  d i scussed  
above.  F r o m  a c ons ide r a t i on  of t he  e n t r o p y - t e m -  
p e r a t u r e  d i a g r a m  (9) ,  i t  can  be shown  t h a t  th is  
w o r k  is S ~ ( T ,  - T ` )  w h e r e  S* is t h e  q u a n t i t y  of 
e n t r o p y  w h i c h  fa l l s  r e v e r s i b l y  t h r o u g h  the  t e m p e r a -  
t u r e  d rop  f rom T,, to T~ in d r i v i n g  f o r w a r d  the  o p e r -  
a t ion  of one cycle.  The  use fu l  w o r k  wi l l  t h e r e f o r e  be  
(--zxS.4) (T~ - -  T,)  or  AS~.(T,~ --  T,) ,  w h i c h e v e r  is 
sma l l e r .  F o r  AC~ nega t ive ,  t he  use fu l  w o r k  o u t p u t  is 

( - ~ S ~ )  (T~ - -  T,)  ---- --AG~ --  ~G~ 

h 

- - { f  A C p d T - - T ~ f  A C ~ d l n T }  [10]  

F o r  AC~ pos i t ive ,  the  use fu l  w o r k  o u t p u t  is 

aSc(T~ --  T , )  = (--aSA --  f aC~ d In T) (T~ - -  T,)  ~-- 

- -AG ~ --  AGe --  { f  AC~ dT --  T , f aC~ d l n  T} [11] 

In  bo th  Eq. [10]  and  [11] ,  the  exp re s s ions  in b races  
r e p r e s e n t  t he  d i s s i pa t e d  e n e r g y  of t he  i r r e v e r s i b l e  
cycle,  a q u a n t i t y  w h i c h  is a l w a y s  pos i t ive .  

Manuscr ip t  received Jan.  30, 1960. 

A n y  discussion of this paper  wil l  appea r  in a Discus-  
sion Sect ion to be publ i shed  in the June  1961 JOURNAL. 
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ABSTRACT 

The behavior  of MnO~ electrodes dur ing  and fol lowing cathodic discharge 
is accounted for on the basis of diffusion of the  reduct ion  produc t  into the  
solid electrode.  A solut ion of the  diffusion equat ion predic ts  the  genera l  form 
of the discharge and recupera t ion  curve sat isfactori ly .  A method for  de te rmin-  
ing the  electrode surface area  and diffusion coefficient is given and resul ts  of 
some p re l imina ry  exper imen t s  outlined. 

P o l a r i z a t i o n  and  r e c u p e r a t i o n  p rocesses  in ox ide  
e l ec t rodes  have  r e c e i v e d  m u c h  a t t e n t i o n  in  r e c e n t  
yea r s ,  p a r t i c u l a r l y  those  in m a n g a n e s e  d iox ide  p r i -  
m a r y  cel l  ca thodes .  V o s b u r g h  (1)  r e c e n t l y  r e v i e w e d  
c u r r e n t  t heo r i e s  of the  MnO~ e l ec t rode  and  has  
g iven  a c o m p r e h e n s i v e  b i b l i o g r a p h y .  Of t he  m e c h -  
an i sms  p roposed ,  t h a t  w h i c h  a p p e a r s  to h a v e  been  
o r i g i n a l l y  a d v a n c e d  b y  C o l e m a n  (2) seems  to have  
the  g r e a t e s t  b o d y  of e x p e r i m e n t a l  a n d  log ica l  sup -  
por t ,  a t  l eas t  in t he  case of d i s c h a r g e  a t  m o d e r a t e  
c u r r e n t  d e n s i t y  in e l e c t ro ly t e s  h a v i n g  p H  in t he  
m i d d l e  range .  C o l e m a n  p r o p o s e d  t h a t  p o l a r i z a t i o n  
and  r e c u p e r a t i o n  r e s u l t e d  f rom the  a c c u m u l a t i o n  of 
l o w e r  ( h y d r o u s )  ox ide  on the  su r f ace  a n d  i ts  subse -  
q u e n t  d i f fus ion into  t he  sol id  MnO~ and  sugges t ed  
t h a t  t he  d i f fus ing  en t i t i e s  w e r e  p r o t o n s  and  e lec t rons .  
H e  a p p l i e d  F i c k ' s  l a w  to t he  p rocess  in  o r d e r  to f ind 
a r e l a t i o n  b e t w e e n  d r a i n  and  c a p a c i t y  of a c t u a l  
e l ec t rodes ;  his  d e v e l o p m e n t  was  c o m p l i c a t e d  b y  
a l l o w a n c e  for  t h e  t r a n s p o r t  of t h e  l o w e r  ox ide  b y  
t h e  e l ec t r i c  field as w e l l  as b y  o r d i n a r y  diffusion,  
a l t h o u g h  he  r ecogn ized  t ha t  on ly  t he  l a t t e r  m i g h t  
a c t u a l l y  occur.  S i m p l e  ca l cu la t ions  g iven  l a t e r  show 
t h a t  t r a n s p o r t  b y  the  field is ins igni f icant .  E a s i l y  
a v a i l a b l e  so lu t ions  for  the  d i f fus ion equa t ion ,  a p -  
p l i ed  to a s impl i f ied  m o d e l  of t he  e lec t rode ,  l e ad  to 
equa t i ons  for  b o t h  p o l a r i z a t i o n  a n d  r e c u p e r a t i o n  
w e l l  in accord  w i t h  e x p e r i m e n t .  

K o z a w a  (3) r e d u c e d  MnO~ w i t h  a k n o w n  a m o u n t  
of Mn §247 ion and  c o n c l u d e d  t h a t  t he  l o w e r  ox ide  p r o -  
d u c e d  r e m a i n e d  p r i m a r i l y  on the  sur face ,  and  t h a t  
d i f fus ion  of the  l o w e r  ox ide  into  t he  MnO~ was  not  
of i m p o r t a n c e .  H o w e v e r ,  his  ca l cu l a t i ons  w e r e  b a s e d  
on su r f ace  a r e a  m e a s u r e d  b y  the  BET m e t h o d  w i t h  
n i t rogen ,  and  i t  is p robab l e ,  as is shown  la te r ,  t h a t  
the  su r face  p r e s e n t e d  to the  e l e c t r o l y t e  was  s m a l l e r  
t han  the  BET a r e a  b y  5 to 10 t imes .  In  such a c i r -  
cums tance ,  the  l o w e r  ox ide  c o m p r i s e d  p e r h a p s  as 
m u c h  as the  e q u i v a l e n t  of 20 l aye r s ,  and  the  s a m p l e s  
w e r e  a l r e a d y  in l a t e  s tages  of r e c u p e r a t i o n  w h e n  
p o t e n t i a l s  w e r e  m e a s u r e d .  

The  MnO.~ e l e c t r o d e  is v e r y  n e a r l y  r e v e r s i b l e  to H + 
ion, i ts  p o t e n t i a l  dec r ea s ing  b y  a b o u t  0.06 v w i t h  
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a un i t  i nc rea se  of pH. The  p r i m a r y  e l e c t r o c h e m i c a l  
r e a c t i o n  for  t he  e l ec t rode  o p e r a t e d  a t  m o d e r a t e  c u r -  
r en t  dens i t i e s  is thus  

MnO~ -{- H + + e = M n O O H  [ 1 ] 

Mn § is f o u n d  in the  e l e c t r o l y t e  (4, 5) d u r i n g  d i s -  
cha rge  ( e x c e p t  d u r i n g  e a r l y  s tages  at  p H  ~ 7.5) bu t  
is u n d o u b t e d l y  p r o d u c e d  b y  s e c o n d a r y  c h e m i c a l  r e -  
act ions.  F o r  e x a m p l e  AF a t  25~ for  the  consecu t ive  
r eac t ions  

M n O O H  + H~O = Mn §247 + 3OH- 
2Mn §247247 + H~O = Mn §247 + MnO~ + 4H § 

is --26.0 k c a l  a t  p H  = 7 and  Mn § a c t i v i t y  = 0.01, 
according to a p p r o x i m a t e  d a t a  g iven  b y  L a t i m e r  
(6) .  A l t e r n a t i v e l y  M n O O H  m a y  d e c o m p o s e  in t he  
sol id  s ta te ,  AF ~ for  t he  r e a c t i o n  

2MnOOH = M n ( O H ) ~  + MnO~ 

be ing  e s t i m a t e d  (6) a t  - -10 kcal .  Mn(OH),~ w o u l d  
d i sso lve  r e a d i l y  at  p H  = 7. Thus  t h e r e  a p p e a r s  to 
be  no neces s i t y  to a s s u m e  the  r e d u c t i o n  to d i v a l e n t  
m a n g a n e s e  as a p r i m a r y  s tep  excep t  p e r h a p s  a t  h igh  
c u r r e n t  d e n s i t y  or  e x c e s s i v e l y  low pH.  

A c o m p l e t e  t h e o r y  of p o l a r i z a t i o n  and  r e c u p e r a -  
t ion  w o u l d  have  to t a k e  cogn izance  of a g r e a t  v a r i e t y  
of s e c o n d a r y  r eac t i ons  1 as we l l  as t he  ro le  of ca rbon ;  
for  the  p re sen t ,  i t  seems  t h a t  m o r e  w i l l  be  ga ined  
b y  r e s t r i c t i n g  c ons ide r a t i on  to t he  p rocess  [1] ,  
p o l a r i z a t i o n  and  r e c u p e r a t i o n  o c c u r r i n g  b y  the  
m e c h a n i s m  of Coleman.  

Diffusion Theory of Polarization and Recuperation 
The  b o b b i n  of a d r y  cel l  is a c o m p l i c a t e d  e l e c t r o -  

chemica l  sys tem,  and  for  our  p u r p o s e s  i t  w i l l  b e  
p r e f e r a b l e  to s i m p l i f y  t he  a r r a n g e m e n t  of c o m -  
ponen t s  to t he  fo l lowing :  

C a r b o n / B l a c k / M n O J S o l u t i o n  

Conduc t ion  is e n t i r e l y  e l ec t ron ic  in t he  c a r b o n  a n d  
the  b l ack ,  and  a lmos t  e n t i r e l y  e l ec t ron i c  in MnO~, 
s ince  MnO~ has  a c o n d u c t i v i t y  b e t w e e n  0.1 and  0.01 

1 A  t h e o r y  of  t h e  e f f ec t  o f  t h e  r e m o v a l  of  Mn++ f r o m  the elec- 
trode d u r i n g  d i s c h a r g e  in  a c i d  e l e c t r o ly t e s  on  p o l a r i z a t i o n  and 
recuperation has been developed by Yoshizawa and Vosburgh, (7). 
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o h m  -~ cm -~ at  r o o m  t e m p e r a t u r e  (8) w h i c h  ce r t a in ly  
canno t  ar ise  f r o m  ionic mig ra t i on .  The  e l e c t r o c h e m -  
ical  react ion,  the re fo re ,  t akes  p lace  at the  MnO~- 
so lu t ion  in te r face .  The  field in the  MnO~ is v e r y  
low;  for  example ,  at a c u r r e n t  dens i ty  of 1 ma  cm-% 
t ak ing  the  MnO~ conduc t i v i t y  to be 0.01 ohm -~ cm -~, 
the  field is only  0.1 v cm-L This  resu l t  shows tha t  
any  m i g r a t i o n  of ions wh ich  occurs  w i t h i n  the  MnO~ 
m u s t  t ake  place  as the  r e su l t  of chemica l  po ten t i a l  
g rad ien t s  r a t h e r  t han  e lec t r ic  po t en t i a l  g rad ients .  
By  compar i son ,  if  w e  as sume  un i t  ac t iv i ty  coefficient,  
a change  in mole  f r ac t ion  of M n O O H  f r o m  0.5 at 
t he  sur face  to 0.1 at a poin t  1 ~ ins ide  the  sur face  
of MnO., u n d e r g o i n g  ca thodic  r educ t ion  resu l t s  in a 
m e a n  chemica l  po ten t i a l  g r a d i e n t  of 4 x 10 ~ jou le  
mole  -~ cm -', w h i c h  w o u l d  e x e r t  the  same effect as an 
e lec t r ic  field of 420 v cm-L 

D u r i n g  d i scharge  the  fo l l owing  processes  occur.  
P ro tons  are  t r a n s f e r r e d  f r o m  so lven t  molecu les  to 
ox ide  ions on the  MnO~ sur face  unde r  the  inf luence 
of the  n e g a t i v e  po ten t i a l  of the  cathode.  A t  the  same 
t ime,  e lec t rons  are  s tab ly  t r a p p e d  on n e i g h b o r i n g  
Mn +~ ions, r educ ing  t h e m  to Mn% The  d i lu t ion  of 
MnO~ w i t h  M n O O H  in the  f o r m  of a solid solut ion 
reduces  the  MnO: ac t iv i ty  and thus  the  e lec t rode  
po ten t i a l  decreases  as the  r eac t ion  proceeds.  J o h n -  
son and Vosbu rgh  (9) s tud ied  the  po ten t i a l  of e lec -  
t rodes  m a d e  of m i x t u r e s  of MnO: and M n O O H  which  
w e r e  p r e s u m a b l y  a l l owed  to come to equ i l ib r ium,  
50 days  be ing  a l l owed  for  in te rd i f fus ion  of t he  two  
solids, and found  tha t  the  emf  could be r e p r e s e n t e d  
by  

mole  % MnO~ 
E = E ~ -t- 0.073 in [2] 

mole  % M n O O H  

at  25~ The  d i f fe rence  b e t w e e n  the  fac tor  0.073 and 
the  t heo re t i ca l  va lue  0.059 is ascr ibed  to the  use 
of mole  per  cents  r a t h e r  t han  act ivi t ies .  E" va r i e s  
w i t h  pH;  the  a v e r a g e  at pH : 7.5 was  found  to be 
0.416 v w i t h  respec t  to s a tu ra t ed  ca lomel .  

Recupe ra t i on  consists of the  diffusion of pro tons  
and e lec t rons  t o w a r d  the  in t e r io r  unde r  the  d r iv ing  
force  of the  chemica l  po ten t i a l  gradient .  

A q u a n t i t a t i v e  t h e o r y  for  the  po la r i za t ion  and 
r ecupe ra t i on  can be  ob ta ined  r ead i l y  by  the  use of 
the  fo rego ing  model .  Cons ider  the  MnO~ to consist  
of a semi - in f in i t e  solid, bounded  by the p lane  x ~ 0. 
The  reg ion  x < 0 is occupied  by solution.  Dur ing  
d i scharge  at cons tan t  cu r r en t  densi ty ,  F0 e q u i v a l e n t s  
of M n O O H  are p roduced  per  un i t  a rea  per  un i t  
t ime.  The  diffusion p r o b l e m  can be solved by an -  
a logy  to a p r o b l e m  in hea t  t r ans fe r ,  name ly ,  the  
case of l inea r  hea t  flow in a semi - in f in i t e  solid, 
in i t i a l ly  at  zero  t e m p e r a t u r e ,  w i t h  a cons tan t  f lux of 
hea t  across the  b o u n d a r y  surface.  Equa t ions  of i n -  
t e res t  in the  p re sen t  appl ica t ion ,  a f t e r  t h r o w i n g  into  
a f o r m  su i tab le  for  mass  t r ans fe r ,  a re  the  fo l lowing  
(10).  

At  x ~ O, t ha t  is, on the  su r face  of the  MnO:, the  
c oncen t r a t i on  of M n O O H  as a func t ion  of t i m e  is 

2Fo 
C . . . . . . .  {t ~ '=-  ( t - - T )  ~z=} [3] 
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Fig. ]. Discharge and recuperation curves for the Mn02 
electrode. B, C, calculated; A, experimental (Ferrell and Vos- 
burgh). 
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Fig. 2. Variat ion of MnOOH concentration with distance 
from surface. A, 1800 sec, discharged stopped; B, 2200 sec; 
C, 8200 sec. 

and w i t h i n  the  solid t he  concen t r a t i on  of M n O O H  as 
a func t ion  of x, the  d i s tance  f r o m  the  surface,  at any  

t ime  t is 

2 F ~  x ) 
C D lr" 2 (Dt) ~r~ 

--  ( t - -T )  1~2 ie r fc  2DI/"(t--T) lz~ [4] 

H e r e  D is the diffusion coefficient for  protons,  ac-  
c o m p a n i e d  by electrons ,  in the  solid (assumed con-  
s tan t  for  the p r e s e n t ) ,  t is the  t ime  fo l lowing  s ta r t  
of the  d ischarge ,  and T is the  t ime  at  w h i c h  the dis-  
charge  stops and r e c u p e r a t i o n  begins.  ~ F o r  t<T the  
t e rms  i n v o l v i n g  t --  T a re  to be t aken  as zero. 

Us ing  d i scharge  and r e c o v e r y  cu rves  such as those 
of F e r r e l l  and Vosbu rgh  (11) as a guide,  the  fo l low-  
ing va lues  of the  cons tants  w e r e  a r b i t r a r i l y  ass igned:  

F,, : 1 x 10 -13 eq cm -'= sec -~ (i -- 9.5 x 10 -8 amp cm -~) 
D : 1.2 x 10 -18 cm 2 sac -1 

The  concen t r a t ion  of M n O O H  w h e n  pure ,  compu ted  
f r o m  the  densi ty ,  is 5.47 x 10 -~ eq cm -~, T h a t  of 1VInO~ 
is 5.70 x 10 -~ eq. cm -~. T h e  concen t r a t i on  of  MnO~ is 
g iven  a p p r o x i m a t e l y  by  

CMoo~ = 5.47 x 10 -~ -- C~ooo~ eq cm -3 
Wi th  these  va lues  and  Eq. [2],  [3] ,  and  [4],  the  
cu rves  of Fig. 1 and 2 w e r e  c o m p u t e d  for  d i scharge  
at pH : 7.5. 

F i g u r e  1 shows the  v a r i a t i o n  in E w i t h  t ime  for  a 
d i scharge  at cu r r en t  dens i ty  9.5 x 10 -~ a m p  cm -~, the  

-~ ie=~fc (y)  i s  d e f i n e d  b y  

i e r f c  (y) = ~r-Z/2 e x p  (--t /=) -- 2y  r l / = / |  ( - -z~)  dz. 
=/v y 

I 0  



Vol. 107, No. 12 D I F F U S I O N  T H E O R Y  OF P O L A R I Z A T I O N  

discharge  be ing  d i scon t inued  at T = 900 sec and  at 
T = 1800 sec. Recupe ra t ion  occurs v e r y  r ap id ly  on 
first s topping the discharge,  bu t  the ra te  of r e c u p e r -  
a t ion decl ines  wi th  t ime. F igure  2 shows the  ca lcu-  
la ted d i s t r ibu t ion ,  as a f unc t i on  of the  d i s tance  f rom 
the surface,  of the  MnOOH produced.  C u r v e  A r ep -  
resents  the s i tua t ion  at  the t ime  of d i s con t inuance  of 
the discharge,  curve  B, 400 sec later ,  and  curve  C, 
6400 sec later .  I t  is ev iden t  tha t  the  surface was 
n e a r l y  s a tu ra t ed  at 1800 sec, Cs ind i ca t ing  the  con-  
cen t r a t ion  cor responding  to pu re  MnOOH. In  fact, 
f rom [3] it  m a y  be ca lcula ted  tha t  the surface  would  
have been  sa tu ra t ed  af ter  2800 sec of con t inuous  
discharge.  

Curve  A of Fig. 2 shows c lear ly  w h y  the  in i t i a l  
par t  of the  r ecupe ra t ion  is v e r y  rapid.  The  concen-  
t r a t ion  g r ad i en t  at the surface is e x t r e m e l y  high 
d u r i n g  discharge;  af ter  the  discharge stops the  steep 
g rad ien t  at the  surface  is r ap id ly  leveled  ( cu rve  B) ,  
af ter  which  the  po ten t i a l  rises m u c h  more  slowly. 

In  Fig. 1 is also shown typica l  da ta  of Fe r r e l l  and  
Vosburgh  (11) for the  discharge of an  e lec t ro ly-  
t ical ly  deposi ted MnO~ electrode at pH n e a r  7.5, to 
be compared  wi th  the fo rm of the ca lcu la ted  curve.  
The ord ina tes  are no t  p a r t i c u l a r l y  significant ,  as the  
in i t ia l  po ten t i a l  of MnO~ is qu i te  va r i ab l e  and  f u r t he r  
the  choice of E ~ in  Eq. [2] is somewha t  a rb i t r a ry .  
Diffusion in  the  solid is seen to be adequa te  to ac-  
count  for the chief aspects of the d ischarge  and  re -  
cupera t ion .  

It  is to be no ted  tha t  the slope of the  ca lcula ted  
curve  is g rea te r  t h a n  tha t  of the observed curve  af ter  
an ex tended  per iod of recovery.  This is a lmos t  cer-  
t a in ly  the result of assuming the solid to be semi-in- 
finite. In the actual material composed of small, 
highly irregular particles, there will be many re- 
gions where advancing diffusion fronts will over- 
lap, thus retarding diffusion. 

There are two additional assumptions in the 
theory which require comment. First, it has been 
assumed that D is independent of C. It would appear, 
however, that D should be proportional to the con- 
centration of unoccupied sites for protons, i.e., pro- 
portional to CM,Io.2, and thus its variability would 
make itself felt wherever the concentration of 
MnOOH becomes large. 

Second, the solid is not a continuous medium, and 
consequently the surface, instead of being a geo- 
metrical plane, is a region of finite thickness, namely 
about half the unit cell edge ~ (there being two MnO~ 
formulas per cell). When D = 0 the rate of increase 
of concentration in the surface layer during dis- 
charge is not infinite, as given by Eq. [3], but is 
Fo/I where 1 is the thickness of the surface layer. 
As D and t increase, the effects of the discontinuous 
structure diminish, and the surface concentration, 
instead of increasing linearly with time, becomes 
proportional to t v=. 

If E is plotted against time for a constant-current 
discharge, the time required to saturate the surface 
with MnOOH, indicated by t,, is located approxi- 

.3 There is no uniqlle way to compute the thickness of the surface 
l a y e r ' o f  lVtnO2, ~s t h i s  d e p e n d s  on  t h e  c r y s t a l  p l a n e  a s s u m e d  to l ie 
pa r a l l e l  to t h e  s u r f a c e ;  f u r t h e r ,  t h e  v a l u e  w o u l d  d e p e n d  to s o m e  
e x t d n t  on  t h e  f r a c t i o n  of  MnO2 redu'c 'ed to M n O O H .  
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Fig. 3. Growth of MnOOH concentrat ion at surface. A, loca- 
t ion of t,, the saturat ion t ime; B, t ,  = ] .8  rain; C, ts ~ 1 1 
rl31n. 

mate ly  at  the second inflect ion (inset ,  Fig. 3). If  the  
d ischarge  is v e r y  rapid,  

Fo 
C~ -- t~ [5]  

1 

In  case the surface  area of the oxide is u n k n o w n ,  
Fo m a y  be d e t e r m i n e d  in  this  m a n n e r ,  and  f rom it, 
by  use of the k n o w n  cur ren t ,  the  surface a rea  m a y  be 
found.  H a v i n g  the  surface area, the  oxide m a y  be 
discharged at a lower  rate,  for which  Eq. [3] m a y  be 
expected to hold and  

2Fo 
C ,  - -  - -  t ,  " / "  [ 6 ]  

(D~r) "'-' 

This provides  a me thod  for the m e a s u r e m e n t  of D. 

Experimental 
To i l lus t ra te  the appl ica t ion  of the  theory,  some 

s imple  expe r imen t s  were  car r ied  out. Us ing  a m o d i -  
fication of the Ut i l i za t ion  Test  (12) discharge tests  
were  pe r fo rmed  on e lect rolyt ic  MnO~ of surface area 
63.9 m~/g, d e t e r m i n e d  by  the  BET method.  F igu re  
4 shows the  resu l t s  of th ree  such exper iments .  In  an  
even  l ayer  aga ins t  the  face of a la rge  g raph i te  elec-  
trode, 0.706 g of MnO~ was pressed. The electrode 
was made  the  cathode at a c u r r e n t  of 200 ma, wi th  
an  e lec t ro ly te  of NH, CI and  NH~ at  pH = 7.0 and  a 
zinc anode.  The  po ten t i a l  of the  cathode wi th  respect  
to a sa tu ra t ed  calomel  e lectrode was  m e a s u r e d  by  

oJ 

oL B A E,v C 

-I 0 
0 5 I0 (A,B) 
0 I0 t, mm 20 (C) 

Fig. 4. Discharge of MnO~. A, virgin somple, 200 too; B, 
~fter recharging, discharged at 50 too; C, after recharging, 
discharged <~t 10 me. 
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means  of a v a c u u m - t u b e  vol tmeter .  A n  inflect ion at 
1.8 rain is b a r e l y  d i scern ib le  in  curve  A. 

The oxide was  t hen  recharged,  by  m a k i n g  it the 
anode at 200 ma  for 4 rain,  at 100 ma  for 6 rain,  and  
a l lowing  it  to s t and  on open circui t  un t i l  the vol tage  
was  s teady.  U p o n  cathodic  d ischarge  a t  50 m a  (cu rve  
B) ,  the inflect ion was  aga in  observed at  1.8 rain, b u t  
it was more  p ronounced .  The po la r iza t ion  in  the 
ea r ly  pa r t  of the  d ischarge  was m u c h  d imin ished .  A t  
3.5 ra in  the  c u r r e n t  was  d i scon t inued  and  the  r e c u p -  
e ra t ion  was  observed.  Cu rve  C was obta ined ,  af ter  
aga in  r echa rg ing  the oxide, us ing  a c u r r e n t  of 10 ma. 

T a k i n g  the  th ickness  of the  surface  l ayer  as one -  
half  the  m e a n  u n i t  cell  edge for f i - -  MnO~, or 1.94A, 
and  a s suming  [5] to app ly  to the  50 m a  dis-  
charge,  F0 ----- 9.8 x 10 -12 eq cm -= sec -1, and  the  effective 
surface a rea  is 5.4 m 2 or 7.7 m~/g. This is on ly  abou t  
12% of the  surface  area  measu red  by  the BET 
method.  As p rev ious ly  men t ioned ,  this  r esu l t  has an 
i m p o r t a n t  bea r i ng  on the  expe r imen t s  of Kozawa.  
D f rom [6] is 2.7 x 10 -17 cm" sec -1. This should be 
t aken  as a rough  a p p r o x i m a t i o n  only,  on the  basis  of 
these p r e l i m i n a r y  expe r imen t s .  

The effects of diffusion are appa ren t  at 10 ma, 
where  ts is g rea te r  t h a n  5 t imes  t~ for the  50 ma  
discharge.  A schemat ic  plot  of concen t r a t i on  at x = 0 
vs. t is g iven  in  Fig.  3 for expe r imen t s  B and  C. I t  
would  assist in  ve r i fy ing  the diffusion theory  if 
f u r the r  s imple  e x p e r i m e n t s  of this  k ind  were  car r ied  
out  to es tabl ish  if Fot~ ~/~ were  cons tan t  at h igher  
va lues  of t~ ~/~. The va lue  of D could t hen  be es tab-  
lished. 

The po ten t i a l  at t, is no t  c lear ly  defined. Equa t i on  
[2] predic ts  a s igmoid discharge  curve,  E going to 
-- ~ at t~; however ,  at t > t,, E would  be governed  
by  a second r e l a t ion  i nvo lv ing  MnOOH  and  
Mn(OH)~.  Prac t ica l ly ,  E at t, should be abou t  tha t  
repor ted  by  Kozawa  (3) for the Mn.~O.~ electrode,  or 
0.23 v wi th  respect  to the  sa tu ra t ed  calomel  elec-  
trode. The observa t ions  r epor ted  he re  ind ica te  tha t  
a l a rge  pa r t  of the po la r iza t ion  d u r i n g  the  200 ma  

d ischarge  of the v i rg in  MnO~ was ac t iva t ion  po l a r i -  
zation.  At  the lower  c u r r e n t  densit ies,  af ter  r e -  
cha rg ing  the oxide, E at t~ was  sti l l  about  0.2 v less 
t h a n  tha t  of the Mn,O~ electrode.  Whe t he r  the re  is 
ac t iva t ion  pola r iza t ion  u n d e r  these  condi t ions  m a y  
be  decided b y  m e a n s  of an  osci l lographic  me thod ;  
however ,  p rev ious  resul ts  (1) m a k e  this  appear  
un l ike ly .  In  any  case, the choice of t, is p r o b a b l y  
no t  m u c h  affected by  the m a g n i t u d e  of E. 
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Aluminum Reactions with Water Vapor, Dry Oxygen, Moist Oxygen, 
and Moist Hydrogen between 500 ~ and 625~ 

P. E. Blackburn and E. A. Gulbransen 

Chemistry  Department ,  Research Laboratory, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

The rate of reaction between water  vapor and a luminum is greater than  
that  be tween the metal  and oxygen. Mixtures of water  vapor with either oxy-  
gen or hydrogen react with the metal  at the same rate as does water  vapor 
alone. Hydrogen blisters are formed in the metal  in the presence of water  
vapor, but  none is observed when water  is absent. Blister formation in water  
vapor is not detected if the metal  is first reacted with HC1 solution. 

Re la t ive ly  l i t t le  s tudy  has been  g iven  the  reac t ion  
be tween  w a t e r  vapor  and  pu re  a l u m i n u m ,  a l though  
cons iderab le  resea rch  has  b e e n  done on a l u m i n u m  

oxida t ion  in air, oxygen,  and  l iqu id  water .  Ox ida t ion  
of the  meta l  in oxygen  w i t h i n  the  t e m p e r a t u r e  r ange  
350~176 was  m e a s u r e d  b y  G u l b r a n s e n  and 
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W y s o n g  (1) .  T h e y  f o u n d  a p a r a b o l i c  r a t e  f r o m  350 ~ 
to 475~ and  a l i n e a r  o x i d a t i o n  r a t e  a b o v e  th is  
t e m p e r a t u r e  region .  S m e l t z e r  (2)  has  m e a s u r e d  
o x y g e n  r e a c t i o n  r a t e s  of m e t a l l o g r a p h i c a l l y  po l i shed  
a n d  a n n e a l e d  a l u m i n u m  b e t w e e n  400 ~ and  600~ 
He  f i t ted his  d a t a  to two  p a r a b o l i c  r a t e  cons t an t s  
w h i c h  a p p l y  to th in  and  t h i c k  films. The  ox ide  f i lm 
was  o b s e r v e d  to g r o w  v e r y  s l o w l y  a b o v e  a w e i g h t  
ga in  of 35 to 40 ~ g / c m  ~. 

The  b a r r i e r  ox ide  th i ckness  of f i lms f o r m e d  on 
a l u m i n u m  in d r y  and  moi s t  a t m o s p h e r e s  f rom r o o m  
t e m p e r a t u r e  to 600~ has  been  m e a s u r e d  b y  H u n t e r  
and  F o w l e  (3) .  T h e i r  m e t h o d  cons i s ted  of m e a s u r -  
ing  the  vo l t age  n e c e s s a r y  to p r o d u c e  n o r m a l  l e a k a g e  
t h r o u g h  the  ox ide  film. The  b a r r i e r  ox ide  f o r m e d  
b e t w e e n  25 ~ and  500~ was  f o u n d  to b e  a m o r p h o u s ,  
w h i l e  a t h i c k e r  c r y s t a l l i n e  f i lm was  d i s cove red  a b o v e  
475~ T h e  t h i cknes s  of each  t y p e  of b a r r i e r  ox ide  
is a l i nea r  func t ion  of the  t e m p e r a t u r e .  F o r  c r y s t a l -  
l ine  fo rms  the  t h i ckness  r eaches  205A a t  600 ~ and  
fo r  amorphous films i t  is 55A at  500 ~ The ox ide  
l a y e r  in excess  of t he  b a r r i e r  f i lm is porous .  

P l u m b  (4) has  m e a s u r e d  the  specific su r face  a r e a  
of a l u m i n u m  wi th  va r ious  su r f ace  p r e p a r a t i o n s .  The  
p r o c e d u r e  r e q u i r e d  d e t e r m i n i n g  the  th i ckness  of a 
k n o w n  a m o u n t  of ox ide  depos i t ed  a n o d i c a l l y  on 
a l u m i n u m .  The  specific a r e a  r e l a t i v e  to the  a p p a r e n t  
a r e a  d e c r e a s e d  w i t h  ox ide  th ickness .  S u r f a c e  r o u g h -  
ness  of 25 for  r o u g h  ab ras ion ,  6 for  m e t a l l o g r a p h i c  
pol ish ,  2 for  c h e m i c a l  pol ish,  and  2.5 for  a s - r o l l e d  
s a m p l e s  w e r e  o b s e r v e d  at  ox ide  th i cknesses  of a b o u t  
30A. 

D r a l e y  and  R u t h e r  (5)  s t ud i ed  the  r eac t i ons  of 
bo th  c o m m e r c i a l  2 S a l u m i n u m  a n d  t h e  p u r e  m e t a l  
w i t h  l i qu id  and  gaseous  w a t e r .  T h e y  h a v e  o b s e r v e d  
t h e  p re sence  of b l i s t e r s  in spec imens  ox id i zed  in 
l i qu id  wa te r .  A l t h o u g h  these  b l i s t e r s  u s u a l l y  con-  
t a i n e d  cor ros ion  p roduc t s ,  some w e r e  f o u n d  to be  
gas  filled. S a m p l e s  exposed  to l i qu id  w a t e r  for  two  
w e e k s  at  290~ w e r e  c o m p l e t e l y  des t royed .  A cyc le  
of decompos i t i on  r e s u l t e d  f rom w a t e r  f i l l ing t h e  
b l i s t e r s  succeeded  b y  f u r t h e r  a t t a c k  p r o d u c i n g  m o r e  
b l i s te r s .  D r a l e y  and  R u t h e r  h a v e  p o s t u l a t e d  a m e c h -  
a n i s m  for  b l i s t e r  f o rma t ion .  Brief ly ,  p ro tons  f r o m  
the  r e a c t i n g  w a t e r  d i f fuse  t h r o u g h  the  ox ide  f i lm 
to t he  meta l ,  b a l a n c i n g  the  cha rge  of a l u m i n u m  
ca t ions  m o v i n g  to the  g a s - o x i d e  in te r face .  The  p r o -  
tons  a r e  t hen  r e d u c e d  to h y d r o g e n  a toms,  some of 
w h i c h  diffuse in to  t he  m e t a l  w h e r e  t h e y  c o m b i n e  
in r i f t s  and  cav i t i e s  to f o r m  h y d r o g e n  molecules .  
The  m o l e c u l a r  h y d r o g e n  p r e s s u r e  e x p a n d s  the  soft  
me ta l ,  f o r m i n g  b l i s t e r s .  V a c u u m  fus ion  a n a l y s e s  of 
ox id ized  s a m p l e s  showed  tha t  t he  gas  f i l l ing  the  

b l i s t e r s  was  h y d r o g e n .  I t  is p r o p o s e d  t h a t  i m p u r i t i e s  
w i t h  low h y d r o g e n  o v e r v o l t a g e  po t e n t i a l s  c a t a l y z e  
the  c o m b i n a t i o n  of h y d r o g e n  a toms  w i t h i n  t he  me ta l .  
A l loys  c on t a in ing  a d d i t i o n s  of such e l e m e n t s  w e r e  
found  to r e s i s t  w a t e r  a t t ack .  I t  is sugges t ed  t h a t  
these  a d d e d  m a t e r i a l s  c a t a l y z e  f o r m a t i o n  of  h y d r o -  
gen  molecu le s  at  t he  ox ide  m e t a l  in te r face .  H y d r o -  
gen  mo lecu l e s  canno t  dif fuse  in to  t he  m e t a l ,  s ince  
on ly  a tomic  h y d r o g e n  is b e l i e v e d  to diffuse.  

Car l son  (6)  has  f o u n d  t ha t  i n t e r g r a n u l a r  a t t a c k  
of a l u m i n u m  at  100~ is c o n s i d e r a b l y  less in h y d r o -  
ch lor ic  ac id  t h a n  in d i s t i l l ed  w a t e r .  

Coriou,  et al. (7)  f o u n d  t h a t  p u r e  a l u m i n u m  was  
s e v e r e l y  co r roded  in  l i qu id  w a t e r  a b o v e  200~ 
Bl i s t e r s  f o r m e d  in t he  p u r e  a l u m i n u m  r e s u l t e d  in  
an a p p r e c i a b l e  e x p a n s i o n  of t he  meta l .  P r a c t i c a l l y  
a l l  of t he  b l i s t e r s  w e r e  f o r m e d  in g r a i n  b o u n d a r i e s  
s ince  t h e r e  was  l i t t l e  change  in t he  v o l u m e  of 
a l u m i n u m  s ing le  c rys t a l s .  

The  p r e s e n t  r e s e a r c h  was  p r o p o s e d  to s t u d y  the  
r eac t i on  of a l u m i n u m  in w a t e r  v a p o r  a n d  in m i x -  
tu res  of w a t e r  v a p o r  w i t h  h y d r o g e n  or  oxygen .  

Experimental Procedure 
Apparatus . - -The  a p p a r a t u s  used  for  th i s  s t u d y  

cons is ted  of  a v a c u u m  s y s t e m  m a d e  of P y r e x  t u b i n g  
and  m e t a l  A l p e r t  (8, 9) va lves .  The  a p p a r a t u s  was  
e v a c u a t e d  w i t h  t w o - s t a g e  oil  d i f fus ion p u m p s  s e p -  
a r a t e d  f r o m  t h e  " c l e a n "  s y s t e m  b y  c racke r s .  A 
B a y a r d - A l p e r t  (10) g a u g e  and  a m e r c u r y  m a n o -  
me te r ,  s e p a r a t e d  f rom the  s y s t e m  b y  a nu l l  m a n o -  
mete r ,  w e r e  used  to m e a s u r e  p r e s s u r e s  w i t h i n  t he  
a p p a r a t u s .  S a m p l e s  w e r e  h e a t e d  ins ide  a m u l l i t e  
f u rna c e  tube ,  wh ich  w a s  s ea l ed  d i r e c t l y  to t he  P y r e x  
sys tem.  

A K a n t h a l  r e s i s t ance  f u r n a c e  w h i c h  h e a t e d  the  
m u l l i t e  t u b e  was  he ld  to w i t h i n  ---+ 0.5~ b y  a L & N 
con t ro l l e r .  B a k e  out  ovens  enc losed  t h e  sys tem,  p e r -  
m i t t i n g  degass ing  or  m a i n t e n a n c e  of t e m p e r a t u r e  
a b o v e  the  c o n d e n s a t i o n  p o i n t  of w a t e r  wapor .  

A n  a l l - q u a r t z  m i c r o b a l a n c e  was  c o n s t r u c t e d  of 
sma l l  rods.  S e n s i t i v i t y  was  i n c r e a s e d  b y  us ing  a 
g i r d e r  t y p e  b e a m  w h i c h  w e i g h e d  less  t h a n  ha l f  a 
g ram.  F i n e  q u a r t z  f i l aments ,  sea led  d i r e c t l y  to t h e  
b e a m  and  q u a r t z  f r ame ,  w e r e  e m p l o y e d  in ve r t i c a l  
suspens ion  a t  the  f u l c r u m  and  a t  each  end of the  
beam.  This  b a l a n c e  h a d  a s e n s i t i v i t y  of 321 ~ g / c m  
w h e r e  t he  pos i t i on  of t he  b e a m  could  be  r e a d  w i t h  
a t r a v e l i n g  mic roscope  to +_0.0005 cm. 

Gases.--Ei ther  s p e c t r o s c o p i c a l l y  p u r e  o x y g e n  ob -  
t a i n e d  f r o m  L i n d e  A i r  or  t a n k  h y d r o g e n  d i f fused  
t h r o u g h  a p a l l a d i u m  t u b e  was  a d m i t t e d  to  a m i x i n g  
bu lb  f r o m  which  i t  cou ld  be  a d d e d  to the  s y s t e m  as a 

Table 1. Spectrographic analysis of aluminum 

T r e a t m e n t  Cu  Fe  Mg M n  Si  

pa r t s  pe r  millJor~ 

A1 

Chemical ly  pol ished 
Chemica l ly  pol ished and vacuum annea led  
H~O (bl is ters)  
H~O and O.., (bl is ters)  
H~O and H.., (bl is ters)  
1M HC1-H.~O (no bl is ters)  

i0 
20 
20 
20 

<20 
20 

20 
<10 

10 
15 

~I0 
I0 

20 
20 
15 
15 

<i0 
10 

10 
10 
10 
10 

<10 
10 

10 
10 
10 
10 

~10 
10 

balance 
balance  
balance 
balance  
balance 
balance  
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Fig. l .  Ox ida t i on  o f  vacuum annea}ed o }uminum in O.l arm 
o f  oxygen a t  6 0 0 ~  

single  componen t  gas or m ixed  wi th  wa t e r  vapor .  
Wate r  vapor  was  gene ra t ed  f rom a bu lb  of degassed 
dis t i l led water .  

Samples . - -Two  types  of v e r y  pu re  rol led a l u m i -  
n u m  were  k i n d l y  fu rn i shed  by  the K i n g s t o n  L a b -  
orator ies  of A l u m i n i u m  Limi ted .  Tab le  I compares  
spect rographic  ana lyses  of pol ished and  a n n e a l e d  
mate r i a l s  wi th  those of reac ted  samples.  

The effects of th ree  types  of surface t r e a t m e n t  on 
ox ida t ion  behav io r  are compared  in  Fig. 1. The  
grea ter  a p p a r e n t  oxide th icknesses  fo rmed  on the  
"as - rece ived"  and  on Smel tzer ' s  me ta l l og raph ica l l y  
pol ished sample  are  a t t r i bu t ed  to g rea te r  surface  
roughness  for these samples  (see Resul ts  and  Dis-  
cuss ion) .  

The e lec t rochemica l  pol ish was  car r ied  out  in  a 
solut ion cons is t ing  of one par t  perchlor ic  acid and  
5 par ts  m e t h a n o l  at 10~ and  25 v. The chemical  
pol i sh ing  so lu t ion  was 6% ni t r ic  acid and  94% 
phosphoric  acid, used at a t e m p e r a t u r e  of 95~ The 
sample  was  washed  in  55~ dis t i l led  water .  Ox ida -  
t ion behav io r  of the  two spec imens  appeared  to be 
s imilar .  Al l  of the r e m a i n i n g  expe r imen t s  were  
made  wi th  chemica l ly  pol ished samples.  

Procedure . - -The  procedure  consisted of su spend -  
ing a pol ished spec imen  in  the  fu rnace  t u b e  f rom 
one end  of the ba lance  beam. Af te r  evacua t ing  and  
degassing the  system, the spec imen was degassed 
and  annea l ed  at 600~ for one hour.  The p ressure  
in  the sys tem va r i ed  be tween  10 -5 and  10 .6 d u r i n g  
the degass ing t r ea tmen t .  The samples  lost an  a ve r -  
age of 1 ~g of gas per  cm" d u r i n g  the  a n n e a l i n g  proc-  
ess. The fu rnace  was  ad jus ted  to the desired tern-  

r l l 550og ~- 

600oC 

::L 
E 

cD 

Z 

500~ 

I ~ - n ~ l  I 6100 I 8/0 I O( I00 200 300 400 500 700 900 I000 
Time Minutes 

Fig. 2. Ox ida t ion  o f  a lum inum in O.l arm 02 between 500  ~ 
arid 640~ 

i ~ 3 0 0  

T~me Minutes 

Fig. 3. Oxidation of aluminum in 0.1 atrn water vapor 

perature, gases were admitted from the mixing 
bulb, and the change in weight with time was ob- 
served. 

Results 
Kinet ics . - -Figure 2 shows the weigh t  gain  vs. 

t ime  curves  ob ta ined  for samples  oxidized in  0.1 
a tm of oxygen  at 500, 550, 600, and  640~ For  the 
l a t t e r  th ree  t e m p e r a t u r e s  the reac t ion  consists of a 
r e l a t ive ly  fast  ox ida t ion  ra te  up to a weight  of 5 
to 6 ~g / c m -~, where  the  ra te  becomes v e r y  slow. The  
500 ~ m e a s u r e m e n t  was  cons ide rab ly  s lower t han  
the h igher  t e m p e r a t u r e  exper iments .  In  these cases, 
as in the r e m a i n d e r  of the k ine t ic  studies,  the data  
fai led to conform to a n y  of the theore t ica l  curves,  
i.e., l inear ,  parabol ic ,  cubic, logar i thmic ,  or inve r se  
logar i thmic .  

The oxida t ion  of a l u m i n u m  in 0.1 a t m  of wa te r  
vapor  for samples  reac ted  at 25 ~ in t e rva l s  f rom 
500 ~ to 625~ is shown in  Fig. 3. Here  the ex ten t  of 
rapid  ox ida t ion  is aga in  be t w e e n  5 a nd  6 ~g /cm ~. 
No significance is a t tached  to the a p p a r e n t l y  grea ter  
oxide th ickness  on the  575~ measu remen t .  I t  is 
be l ieved to be due  to a l a rger  surface roughness  as 
a resu l t  of p i t t i ng  d u r i n g  chemical  pol ishing.  Af te r  
24 hr  the  500 ~ m e a s u r e m e n t  reached  6.0 ~g /cm ~ 
whi le  the  525 ~ m e a s u r e m e n t  was at 7.1 ~g /cm 2. As-  
suming  smooth sur face  and  fo rmat ion  of Al~Os, the 
oxide depth  is 53A for each m i c r o g r a m  of oxygen  
reac t ing  per  square  cen t imeter .  F i l m  thicknesses  
based on these a s sumpt ions  are g iven in  Fig. 3. The 
s lower ra te  t hen  begins  at about  300A. However ,  
P l u m b  has shown tha t  chemica l ly  pol ished a l u m -  
i n u m  has a surface roughness  of b e t w e e n  1.5 and  
2.0, so the  onset  of the lower  ox ida t ion  rate  is ac- 
t ua l l y  be t w e e n  170 and  220A w h e n  the  room t e m -  
p e r a t u r e  film of 20A is added. H u n t e r  and Fowle  
ind ica te  tha t  c rys ta l l ine  ba r r i e r  films for a l u m i n u m  
oxide v a r y  b e t w e e n  170 and  205A over  this t e m -  
pe ra tu r e  range.  It  is a p p a r e n t  tha t  r ap id  oxidat ion 
ceases once the b a r r i e r  oxide layer  has formed. The 
lower  r a t e  is thus  due  to g rowth  of a porous  oxide 
over  the  ba r r i e r  oxide. This m e c h a n i s m  applies to 
both  oxygen  and  w a t e r  vapor  corrosion. The  differ-  
ence b e t w e e n  this da ta  and  Smel tze r ' s  m a y  be 
a t t r i b u t e d  to a difference in  surface roughness .  Ac-  
cording to P l u m b  the  sur face  roughness  of ab raded  
samples  m a y  v a r y  b e t w e e n  6 and  25, depend ing  on 
the  m e t h o d  a nd  gr i t  size used.  Smel tze r ' s  va lues  for 
the ex t en t  of a l u m i n u m  oxida t ion  would  fal l  in  l ine  
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wi th  a ba r r i e r  oxide th ickness  of 200A if average  
surface roughnesses  of 8 to 10 are used for his speci-  
mens.  

Apa r t  f rom the ex ten t  of ox ida t ion  descr ibed 
above,  other  fea tures  of the k ine t ic  curves  are less 
r ead i ly  expla ined.  Be tween  575 ~ and  625~ the 
rap id  ra te  f rom 1 to 5 ~g /cm -~ appears  to be a lmost  
l inear ,  whereas  b e t w e e n  500 ~ and  550~ there  is an  
u p w a r d  curva tu re .  The la t te r  effect is charac te r i s -  
t ica l ly  observed in  n u c l e a t i o n  and  g rowth  cont ro l led  
react ions.  The ra te  over  the first 0.5 to 1 /~g/cm ~ is 
seen to be m u c h  more  rap id  t h a n  the subsequen t  
weight  gain. In  this  reg ion  the amorphous  ba r r i e r  
l ayer  descr ibed by  H u n t e r  and  Fowle  m a y  be formed.  
These authors  observed  that  the amorphous  l aye r  
grows much  fas ter  t h a n  the c rys ta l l ine  film. 

Samples  oxidized in  oxygen  and  wa te r  vapor  gave 
ident ica l  e lec t ron diffract ion pa t te rns ,  ind ica t ing  
tha t  the reac t ion  in  wa t e r  vapor  above 500~ resul ts  
in  a n o n h y d r a t e d  oxide film. This is cons is tent  wi th  
the  t h e r m o d y n a m i c s  of a l u m i n a  hydra tes ,  compounds  
which  are uns t ab l e  at  these t empera tu res .  

Blister format ion . - -Al l  of the 10-rail  samples  
oxidized in  wa t e r  vapor  developed bl is ters  w i th in  
the meta l  large enough  to form easi ly  v is ib le  mounds  
on the  surface.  Blis ters  were  fo rmed  e i ther  on g ra in  
bounda r i e s  or a long  l ines pa ra l l e l  to the ro l l ing  
direct ion.  A pho tomic rog raph  of the surface of a 
sample  oxidized in  wa t e r  vapor  at 600~ c lear ly  
shows swel l ings  on the  g ra in  bounda r i e s  (Fig. 4).  

947 

Fig. 6. Aluminum reacted in water vapor at 600~ etched 
in 10% HF. Magnif ication 200X before reduction for pub- 
lication. 

No bl is ters  formed on a n y  of the  samples  oxidized 
in  oxygen.  Cross sections of w a t e r  vapor  samples  
(Fig. 5) show that,  in add i t ion  to large bl is ters  which  
swell  the metal ,  there  a re  m a n y  smal l  cavities.  
Cross sections of a s - rece ived  Br i t i sh  spec imens  r e -  
vea led  the presence  of smal l  cavit ies  and  occasion-  
a l ly  some large ones. It  was  observed tha t  la rge  
cavi t ies  in  w a t e r  vapor  reac ted  samples  could be 
classified into two categories:  (a) smooth wal led  
bl is ters  which  swel led the metal ,  and  (b)  n o n d e -  
fo rming  cavit ies  wi th  wal ls  cons t ruc ted  of a series 
of m a n y  smal l  pi ts  (Fig. 6). S ince  a s - rece ived  speci-  
mens  had  both  smal l  cavi t ies  and  the  second type  
of large cavity,  it was no t  possible to te l l  w h e t h e r  
bl is ters  appea r ing  in the reac ted  spec imens  were  
a l r eady  the re  or were  increased  by  the react ion.  The 
large smooth wal led  cavit ies  resu l t ed  f rom the wa te r  
vapor  reac t ion  since they  were  found  only  af ter  
samples  had  been  oxidized in  w a t e r  vapor.  

A l though  smal l  b l is ters  appear  in  as - rece ived  
specimens,  the i r  p resence  in  reac ted  samples  occurs 
to a m u c h  grea te r  extent .  It  wou ld  seem tha t  smal l  
blisters,  as wel l  as large cavities,  m a y  fo rm d u r i n g  
the react ion.  

The tota l  hydrogen  con ten t  of samples  af ter  r e -  
act ion in  wa te r  vapor  (Tab le  II)  is less t han  0.6% 
of the tota l  weight  gain, wh i l e  the  hyd rogen  con ten t  
of w a t e r  is 11% by  weight .  Thus,  if the presence  of 
hyd rogen  is due  to reac t ion  wi th  water ,  on ly  a 
smal l  f rac t ion  of the ava i l ab le  h y d r o g e n  en te r s  the  
sample.  Since the bl is ter  fo rma t ion  appears  to be 
l imi ted  to i m p u r i t y  sites, e i ther  in g ra in  bounda r i e s  

Fig. 4. Surface of aluminum oxidized in 0.1 atm water 
vapor at 600~ Magnif ication 25X before reduction for 
publication. 

Table II. Gas analysis of aluminum vacuum fused at 700*C 

T r e a t m e n t  I-Is H20 CO and  N~ Ctt4 

IVIoles/g of  A1 x IO B 

Fig. 5. Aluminum reacted in water vapor at 600~ a, 
metallographic palish; b, etched in 10% HF. Magnif ication 
100X before reduction for publication. 

As-received 1.13___0.08 0.011 0.025 0.025 
Chemically polished 0.72• 0.008 0.006 0.004 
Annealed for 1 hr at 0.47+0.07 0.011 0.019 0.006 

600~ 
Oxidized in oxygen 0.40 0.011 0.038 0.013 
Oxidized in water 1.08___0.68 0.031 0.029 0.010 

vapor 
As-received* 1.21• - -  0.027 0.063 
Oxidized in moist air 1.26 - -  0.043 0.035 

(blisters) * 
Treated in HC1 and 0.35 - -  0.036 0.017 

oxidized in moist 
air (no blisters) * 

Solubil i ty at 600~ 0.014 
in I atrn hydrogen 

* 40-rai l  F r e n c h  sheet ;  a l l  o thers ,  10-rail  B r i t i s h  sheet .  
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Fig. 7. Effect of oxide fi lm on aluminum reaction at 600~ 
A ,  sample A, very few blisters visible on surface; o, sample 
B, one blister visible on surface. 

or at inclusions, this low yield of hydrogen is not 

surprising. 
The effect of an oxygen formed oxide layer on 

the water vapor reaction is shown in Fig. 7. Two 
samples were oxidized in oxygen; sample A for 3 
rain followed by addition of water vapor, sample 

B for 9 rain followed by removal of oxygen and 
addition of water vapor. For the first case the re- 
action rate was sharply accelerated with addition 

of water vapor. In both cases the extent of oxida- 
tion was the same as in either water vapor or oxy- 
gen alone. The oxygen formed oxide layer appears 
to suppress formation of blisters which swell the 

metal, since there were very few in sample A and 
only one in sample B. There are two possible ex- 

planations for this finding. First, hydrogen may dif- 

fuse less readily through an oxygen formed film. 
Second, hydrogen pickup, which occurs simultan- 

eously with formation of the oxide layer, is decreased 
in an amount proportional to the thickness of the 

oxygen formed film. The latter interpretation is 
derived from the fact that the total oxide thickness 

is the same whether it is formed in oxygen or in 

water vapor. 
Before water vapor was added to these two speci- 

mens, 0.9 ~g of oxygen per cm 2 reacted with sample 

A, and 2.5 ~g of oxygen per cm 2 was taken up by 
sample B. If hydrogen pickup is proportional to the 

amount of oxide formed during the water vapor re- 
action, the second explanation implies that blisters 

would not be formed from hydrogen evolved from 
a ~g/cm" oxygen pickup. Another water vapor 

sample was reacted until the weight gain reached 
3.4 ~g/cm '~. This specimen was covered with blisters 

somewhat smaller than those on samples oxidized 

6 i i I I I ' i i i 
H z O + H z - - \ . ~ . a . _ . . ~ .  HzO . r ~ H z O + O  2 

5 Oz - 

c 
~ 3  

I 

0 I I I r I I I I 
10 20 50 40 50 60 70 80 90 I OO 

Time Minutes 

Fig. 8. Effect of corrosive atmosphere on aluminum oxida- 
tion rate at 600~ 
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Fig, 9. Effect of treatment in HCI solution on aluminum 
water vapor reaction at 600~ 

to 5 .5-6.0 ~ g / c m  ~. T h u s ,  t h e  ch i e f  i n h i b i t o r  of b l i s t e r  
f o r m a t i o n  a p p e a r s  to  be  t h e  r e s i s t a n c e  to h y d r o g e n  
d i f fus ion  o f f e red  b y  o x y g e n  f o r m e d  o x i d e  f i lms.  

T h e  a d d i t i o n  of  o x y g e n  or  h y d r o g e n  to w a t e r  b e -  
f o r e  reacting it with aluminum made no apparent 

change in either reaction kinetics or blister forma- 
tion. This is consistent with earlier observations (I) 
that the aluminum oxidation rate is independent 

of oxygen pressure. Here the oxygen partial pres- 
sure was varied between 10 -I and i0 -~ atm. The rate 
of reaction in water vapor or in mixtures of water 
vapor with hydrogen or oxygen was about twice that 
in oxygen alone. Figure 8 presents reaction rates 

for samples oxidized at 600~ by the various treat- 

ments. 
The suppression of intergranular attack by HC1 

additions to water, observed by Carlsen, was tested 
here. Samples were treated with HCI solutions at 

55~ washed in distilled water, annealed in vacuum, 
and reacted with water vapor. The kinetics of the 
reaction (Fig. 9) were the same as for samples with- 
out the HC1 treatment, but no blisters were observed. 

Table II shows the effect of HC1 treatment on hy- 

drogen content of French aluminum oxidized in 
moist air at 600~ The hydrogen content of samples 

treated in HCI before reaction with water vapor is 
lower than any of the other samples tested. This 

is further evidence, although of a negative character, 
that the blisters are filled with hydrogen. 

The role played by HCI in the suppression of 
blisters is not clearly understood from the available 
information. If impurities in the metal are important 

Table III. Vaporization and solubility of chlorides 

B o i l i n g  B o i l i n g  S o l u b i l i t y ,  (12)  
p o i n t ,  (11)  p o i n t ,  (11)  g / 1 0 0  g 
~  a t  1 a t m  ~ a t  10 -4 a r m  s o l n  a t  5 0 ~  

AICI~ 447 142 32 
ALCI~ 180 77 - -  
CuCI~ - -  - -  45 
Cu~C& 1595 423 (1.5) 
FeCI~ 1025 (512) 42 
Fe~CL 319 172 76 
MgCl~ 1418 677 37 
1VfnCl2 11 q0 562 50 
MnCL (627) (262) * 
SiCL 57 - -  * 
Si~C16 139 - -  * 

* U n s t a b l e .  
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in the  m e c h a n i s m  of b l i s t e r  g rowth ,  t hen  t r e a t m e n t  
in HC1 so lu t ion  m a y  r e su l t  in r e m o v a l  of some 
of the  impur i t i e s .  This  cou ld  occur  e i t he r  b y  so lu t ion  
of t h e i r  ch lo r ides  d u r i n g  p r e p a r a t i o n  or  b y  v a p o r i z a -  
t ion of t h e  ch lo r ide s  d u r i n g  the  degass ing  and  a n -  
nea l ing  a t  600~ T a b l e  I g ives  r e su l t s  of s p e c t r o -  
scopic a n a l y s i s  of s amp le s  fo l lowing  v a r i o u s  r e a c -  
t ions.  T h e  bo i l ing  po in t s  of the  ch lo r ide s  at  10-' a t m  
(10) and  s o l u b i l i t y  of the  ch lo r ides  in w a t e r  (11) 
a re  found  in T a b l e  III .  T h e r e  a p p e a r s  to be  v e r y  
l i t t l e  d i f f e rence  in t h e  l eve l  of i m p u r i t i e s  in  v a r i o u s  
samples .  A l l  t he  ch lo r ides  a r e  w a t e r  soluble ,  and  
iron, si l icon,  and  a l u m i n u m  ch lo r ides  have  e x t r e m e l y  
h igh  v a p o r  p r e s s u r e s  at  the  a n n e a l i n g  and  r e a c t i o n  
t e m p e r a t u r e .  Copper ,  m a g n e s i u m ,  and  m a n g a n e s e  
ch lo r ides  e v a p o r a t e  at  a l o w e r  ra te .  

I t  is a lso poss ib l e  t h a t  HC1 suppre s se s  b l i s t e r  f o r -  
m a t i o n  b y  r e a c t i n g  w i t h  a l u m i n u m  to f o r m  a c h e m -  
i so rbed  l a y e r  of A1CL. Such  a b a r r i e r  m a y  i nh ib i t  
t he  d i f fus ion of h y d r o g e n .  

Discussion 
Since  the  a s - r e c e i v e d  m a t e r i a l  he ld  a c o n s i d e r a b l e  

a m o u n t  of h y d r o g e n ,  t he  cause  of t he  b l i s t e r s  is 
difficult  to uncover .  F r o m  T a b l e  II ,  h o w e v e r ,  i t  m a y  
be  seen t h a t  a v e r y  low h y d r o g e n  con ten t  is f o u n d  
in c h e m i c a l l y  po l i shed  and  v a c u u m  a n n e a l e d  
samples .  The  a m o u n t  of h y d r o g e n  does  no t  change  
wi th  r e a c t i o n  in  oxygen ,  w h e r e a s  w a t e r  v a p o r  r e -  
ac t ion  s ign i f i can t ly  inc reases  the  h y d r o g e n  conten t .  
The  r a t h e r  w i d e  sca t t e r  in these  v a l u e s  is a func t ion  
of s a m p l e  size. Each  s p e c i m e n  w e i g h e d  a b o u t  0.3 g, 
and  thus  l i b e r a t e d  on ly  a few t e n t h s  of a m i c r o g r a m  
of gas  fo r  v a c u u m  fus ion  ana lys i s .  

The  d a t a  f r o m  th i s  s t u d y  a re  in  g e n e r a l  a g r e e m e n t  
w i th  D r a l e y  and  R u t h e r ' s  e x p e r i m e n t a l  resu l t s .  I t  
m a y  be  n o t e d  t h a t  t he se  e a r l i e r  a u t h o r s  d id  no t  l o -  
ca te  t h e  b l i s t e r  w i t h  r e f e r e n c e  to g r a i n  b o u n d a r i e s .  
I t  is b e l i e v e d  t h a t  t h e i r  spec imens  c a m e  of m a t e r i a l  
of m u c h  s m a l l e r  g r a i n  size, m a k i n g  the  r e l a t i o n s h i p  
b e t w e e n  g r a i n  b o u n d a r i e s  and  b l i s t e r s  obscure .  A l -  
t hough  these  r e su l t s  a p p e a r  to s u b s t a n t i a t e  t he  
D r a l e y  and  R u t h e r  t heo ry ,  f u r t h e r  w o r k  is n e c e s s a r y  
to c l e a r l y  e s t ab l i sh  m e c h a n i s m  of b l i s t e r  f o rma t ion .  

G r a c e  and  S e y b o l t  (13) s t ud i ed  the  se l ec t ive  oxi-  
da t ion  of a l u m i n u m  in an  i r o n - a l u m i n u m  a l l o y  b e -  
t w e e n  700 ~ and  900~ in h y d r o g e n - w a t e r  v a p o r  
mix tu re s .  S ince  t h e i r  s t u d y  was  on an  a l loy ,  t h e i r  
r e su l t s  a r e  no t  a p p l i c a b l e  to ou r  w o r k  on p u r e  a l u m -  
mum.  In  sp i te  of this ,  t h e r e  a r e  some po in t s  wh ich  
a r e  w o r t h  m e n t i o n i n g .  F i r s t ,  G r a c e  a n d  S e y b o l t  m a d e  
no co r r ec t i on  for  su r f ace  roughness ,  w h i c h  could  
h a v e  been  f rom 2 to 10. Second,  t h e y  a s s u m e  an  
in i t i a l  w e i g h t  ga in  of  2 to 3 ~g/cm ~ ( u n c o r r e c t e d  
su r face  a r e a )  d u r i n g  the  first  15 rain.  In  our  w o r k  
a lmos t  a l l  of t he  ox ide  f o r m e d  d u r i n g  t h e  first  15 
min  a t  t e m p e r a t u r e s  a b o v e  600 ~ i.e., a b o u t  3.5 
~ g / c m  ~ ( a r e a  c o r r e c t e d  for  su r face  r o u g h n e s s ) .  
Thi rd ,  G r a c e  and  S e y b o l t  d e t e r m i n e d  an  o x y g e n  
p r e s s u r e  d e p e n d e n c e  b y  v a r y i n g  the  w a t e r  p r e s s u r e  
in a cons t an t  p r e s s u r e  of hyd rogen .  This  d e p e n d e n c e  
was  n e a r  t he  1/7  p o w e r  of w a t e r  v a p o r - h y d r o g e n  
ra t io  w h e r e  H~O/H~ was  v a r i e d  b y  t h r e e  o r d e r s  of 
m a g n i t u d e .  In  th is  s t u d y  the  o x y g e n  p r e s s u r e  was  

v a r i e d  b y  a f ac to r  of 10 "-'~ w i t h  no a p p a r e n t  change  
in  t he  r a t e  of a l u m i n u m  ox ida t ion .  The  sugges t ion  
m a y  be m a d e  t h a t  the  p r e s s u r e  d e p e n d e n c e  o b -  
s e r v e d  b y  G r a c e  and  S e y b o l t  is due  to the  w a t e r  
v a p o r  p r e s s u r e  and  no t  to t he  H~O/H~ ra t io .  

The  G r a c e  and  S e y b o l t  s t u d y  g ives  a m u c h  l o w e r  
r a t e  of r e a c t i o n  t h a n  t h a t  w h i c h  one w o u l d  find b y  
e x t r a p o l a t i o n  of th is  d a t a  to t h e i r  t e m p e r a t u r e  r ange .  
T h e y  also found  p a r a b o l i c  o x i d a t i o n  w h i c h  was  no t  
f o u n d  h e r e  ( w i t h  the  poss ib le  excep t ion  of t he  i n i -  
t i a l  50A f i lm) .  In  v i e w  of these  d i f fe rences  i t  w o u l d  
a p p e a r  t ha t  the  se lec t ive  o x i d a t i o n  of the  i r o n - a l u m -  
i n u m  a l loy  canno t  be  t r e a t e d  as if  i t  w e r e  a l u m i n u m  
a lone  ox id iz ing  a t  a h i g h e r  t e m p e r a t u r e .  

T h e r m o d y n a m i c  ca lcu la t ions  w e r e  m a d e  for  t he  
600~ reac t ion ,  

H~O = H~ + 1/2 O5 [ I ]  

The  m i n i m u m  p a r t i a l  p r e s s u r e  of o x y g e n  in w a t e r  
and  h y d r o g e n  and  the  lowes t  p a r t i a l  p r e s s u r e  of h y -  
d r o g e n  in w a t e r  and  o x y g e n  m a y  be  c o m p u t e d  for  
r e a c t i o n  [1] .  The  m i x e d  gases  each  con t a ined  0.1 
a t m  of w a t e r  w i t h  an  equa l  a m o u n t  of h y d r o g e n  o r  
oxygen .  

A l t h o u g h  the  t h e r m o d y n a m i c  o x y g e n  p r e s s u r e  was  
v a r i e d  f r o m  10 -1 to 10 -~'~ a t m  and  the  t h e r m o d y n a m i c  
h y d r o g e n  p r e s s u r e  was  v a r i e d  f r o m  10 -~'~ to 10 -1 a tm,  
t h e r e  was  no a p p a r e n t  change  in e i t he r  the  k ine t i c s  
of  the  ox ide  g r o w t h  or  the  f o r m a t i o n  of h y d r o g e n  
b l i s te rs .  

These  ca l cu l a t i ons  i n d i c a t e  t h a t  the  r e a c t i o n  
r a t e  is i n d e p e n d e n t  of o x y g e n  p a r t i a l  p r e s su re .  Va -  
cancy  dif fus ion is t h e r e f o r e  e x c l u d e d  as a r a t e - c o n -  
t r o l l i n g  m e c h a n i s m  b o t h  b y  the  f a i l u r e  of t he  cu rves  
to o b e y  the  p a r a b o l i c  r a t e  l a w  a n d  b y  the  a b sence  
of  p r e s s u r e  sens i t iv i ty .  

Conclusions 
A l u m i n u m  reac t s  r a p i d l y  w i t h  w a t e r  v a p o r  a b o v e  

500~ to f o r m  a c r y s t a l l i n e  o x i d e  l a y e r  a b o u t  2005, 
th ick .  The  r a t e  of  r e a c t i o n  b e y o n d  th is  o x i d e  t h i c k -  
ness  is e x t r e m e l y  low. The  m e c h a n i s m  of r e a c t i o n  
is r a t h e r  complex ,  i n v o l v i n g  the  f o r m a t i o n  of a th in  
a m o r p h o u s  b a r r i e r  l a y e r  w h i c h  c rys t a l l i z e s  a n d  
th ickens .  I n a s m u c h  as t he  k ine t i c  cu rves  fa i l  to fit 
t h e o r e t i c a l  cu rves  i t  is no t  poss ib l e  to d e t e r m i n e  
the  m e t h o d  of  o x i d e  f o r m a t i o n . . H y d r o g e n  a n d  o x y -  
gen  add i t i ons  to t h e  w a t e r  v a p o r  a p p e a r e d  to h a v e  
no effect on the  k ine t ics .  

H y d r o g e n - f i l l e d  b l i s t e r s  f o r m e d  in t he  m e t a l  a long  
ro l l i ng  l ines  and  b e t w e e n  g r a i n  b o u n d a r i e s  w h e n  
w a t e r  v a p o r  was  p r e s e n t  in the  gas  phase .  H y d r o g e n  
or  o x y g e n  a d d e d  to the  w a t e r  v a p o r  h a d  no effect  on 
b l i s t e r  f o rma t ion .  
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Any discussion of this paper will appear in a Discus- 
sion Section to be published in  the June  1961 JOURNAL. 
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Dissolution of Copper in Sulfuric Acid Solutions 
D. P. Gregory ~ and A. C. Riddiford 

Department of Chemistry, The University of Southampton, United Kingdom 

ABSTRACT 

When copper disks rotate in sulfuric acid solutions, the observed rate of 
dissolution is first order with respect to the concentrat ion of dichromate ion 
used as a depolarizer. By studying the effect of temperature  and st i rr ing speed 
at high and low acid concentrations, the process is shown to be determined 
completely by the rate of t ransport  of dichromate ion to the reacting surface. 
This has been confirmed by s tudying the effect of different surface prepara-  
tions, by measur ing the rate of react ion of brass and amalgamated copper with 
these solutions, and by comparing the observed values with the theoretical 
rates. The effect of blocking off progressively larger areas of the working 
surface is reported. 

F r o m  a n u m b e r  of s tudies  of the d issolu t ion  of 
copper in  acid solut ions  con ta in ing  a su i tab le  de-  
po la r izer  (1-12) ,  it  appears  tha t  in some cases the  
surface  process is so slow tha t  the  observed ra te  is a 
measu re  of the d isso lu t ion  process occur r ing  at the  
interface,  whereas  in others  the observed ra te  is de-  
t e r m i n e d  p a r t l y  or who l ly  b y  a t r an spo r t  process. I t  
is difficult to d r a w  a n y  genera l  conclusions  conce rn -  
ing the condi t ions  u n d e r  which  one migh t  expect  to 
be able  to s tudy  the  surface  process i tself  i n a s m u c h  
as some of the  inves t iga t ions  were  p u r e l y  qua l i t a t i ve  
in na tu re ,  and  most  of the  others  were  confined to 
ve ry  n a r r o w  ranges  of e x p e r i m e n t a l  condi t ions;  bu t  
the  resul ts  as a whole  do suggest  tha t  the  ex t en t  to 
which  t r a n s p o r t  processes obscure  the  surface r e -  
act ion is governed  by  the  pH of the  solut ion and  by  
the  concen t ra t ion  and  n a t u r e  of the species used as 
a depolar izer .  

Pub l i shed  resu l t s  l eave  l i t t le  doub t  tha t  v a r y i n g  
the  type  of depolar izer  used m a y  have  a ve ry  
m a r k e d  effect on the  charac te r  of the  d issolu t ion  
process. In  the case of molecu la r  oxygen,  for ex -  
ample ,  the  recent ,  de ta i led  s tudy  of the  d isso lu t ion  
of po lyc rys ta l l ine  copper  in  su l fur ic  acid solut ions  
(12) has  shown tha t  the  observed ra te  is f ree f rom 
any  measu re  of t r a n s p o r t  control.  At  the  o ther  ex -  
t reme,  the  work  of K i n g  and  his  co -worke r s  (5, 6, 8) 
and  of B u b e n  and  F r a n k - K a m e n e t s k i i  (9) makes  it  
fa i r ly  ce r ta in  tha t  the  ra te  of d issolu t ion  in  acid 

1 P r e s e n t  addres s :  " S h e l l "  Resea rch  Ltd. ,  T h o r n t o n  Resea rch  
Cen t re ,  Ches te r ,  U.  K.  

solut ions of ferr ic  salts is cont ro l led  en t i r e ly  by  the 
ra te  of t r a n spo r t  of ferr ic  ion to the in ter face  u n d e r  
the chosen e x p e r i m e n t a l  condi t ions.  I n t e r m e d i a t e  
be t w e e n  these  ex t remes  are cases where  the  ob-  
served ra te  is cont ro l led  j o i n t l y  by  both  the  surface 
process and  a t r a n spo r t  process, e.g., the dissolut ion 
of copper cy l inders  in  an  aceta te  buffer  con ta in ing  
p - b e n z o q u i n o n e  (10).  

Much less is k n o w n  conce rn ing  the effect of v a r y -  
ing the concen t ra t ions  of acid and  depolar izer .  Van  
Name  and  Hi l l  (2) s tud ied  the  dissoIut ion of a n u m -  
ber  of meta ls  in  su l fur ic  acid solut ions con ta in ing  
e i ther  ferr ic  a l u m  or the d i ch roma te  ion as de-  
polarizer ,  and  in  hydrochlor ic  acid solut ions con ta in -  
ing ferr ic  chloride.  In  each case, they  s tudied  the 
effect of v a r y i n g  the  concen t r a t i on  of acid a nd  con-  
c luded that ,  whereas  the  observed  ra te  is pu re ly  
t r anspor t  cont ro l led  at h igh concent ra t ions ,  the re  is 
a genera l  t e n d e n c y  for the  sur face  process to beg in  
to affect the ove r - a l l  ra te  as the  concen t r a t i on  of 
acid is d iminished .  The work  of Lu  and  G r a y d o n  
(12) provides  the  on ly  o ther  s tudy  of the  effect of 
pH on the  ra t e  of d isso lu t ion  of copper. In  this  case, 
as me n t i one d  above,  su l fur ic  acid solut ions con t a in -  
ing molecu la r  oxygen  were  used, and  the  observed 
ra te  is a me a su r e  of the  d issolu t ion  process at  the  
copper / so lu t ion  interface.  V a r y i n g  the  concen t r a -  
t ion  of acid has v e r y  l i t t le  effect on the  ra te  as long 
as the  acid is p re sen t  in  excess; above pH 1, how-  
ever,  the ra te  decl ines r a p i d l y  as the  concen t ra t ion  
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is decreased,  p r o b a b l y  as a resu l t  of film fo rma t ion  
on the surface  of the  copper. 

This inves t iga t ion  provides  the  on ly  deta i led  i n -  
fo rma t ion  ava i lab le  conce rn ing  the  effects of v a r y i n g  
the concen t ra t ion  of the depolar izer  and  the t e m -  
pera ture .  The s tudy  of these effects d e m o n s t r a t e d  the 
absence of any  measu re  of t r anspo r t  control  and  
thus  enab led  Lu and  G r a y d o n  to suggest  a possible 
m e c h a n i s m  for the d isso lu t ion  process w h e n  oxygen  
is used as a depolarizer .  For  this reason,  however ,  
it th rows  l i t t le  l ight  on the genera l  p rob l em of de-  
ciding the  condi t ions  u n d e r  which  one migh t  expect  
to be able  to s tudy  the surface  process, and  it  t he re -  
fore seemed des i rab le  to make  a de ta i led  s tudy  of 
the effect of a d i f ferent  depolar izer  on the  ra te  of 
d issolut ion of copper in  su l fur ic  acid solutions.  

The d ich romate  ion was chosen since it  appeared  
possible tha t  the observed ra te  migh t  be  cont ro l led  
jo in t ly  by  the  surface process and  by  one of the  
t r anspor t  processes at  low acid concent ra t ions .  F r o m  
the resul ts  of Van  Name and  Hil l  (2) ,  the observed 
ra te  is p u r e l y  t r anspo r t  cont ro l led  at su l fur ic  acid 
concen t ra t ions  of 0.25M and  above, whereas  K i n g  
and  W e i d e n h a m m e r  (5) have  ind ica ted  tha t  the  ra te  
of d issolu t ion  of copper in  0.1M acetic acid solut ions 
m a y  be cont ro l led  by  a slow surface  process w h e n  
the  concen t ra t ion  of d i ch romate  ion is less t h a n  
0.1M. The  p resen t  s tudy  has been  made  us ing  the 
ro ta t ing  disk system, and  pa r t i cu l a r  a t t en t i on  has 
been  paid to e x p e r i m e n t a l  condi t ions  for which  the 
ra tes  of the  t r anspo r t  processes m a y  be ca lcula ted  
(13, 14). 

Experimental 
The m a i n  fea tures  of the  appa ra tus  have  been  

descr ibed e lsewhere  (14). Disks were  cut  f rom 
A N A L A R  grade  copper foil (ca. 0.15 m m  thick)  
and  were  fixed to a brass  fo rmer  wi th  b lack  w a x  as 
shown in  Fig. 1. The brass  fo rmer  fitted closely over 
the end of the  s t i r r ing  shaft  and  was held  in place 
by  a locking pin.  The exposed brass  of the  fo rmer  
and  the u p p e r  surface of the  disk were  pro tec ted  
f rom a t tack  by  a coat ing of b lack  wax  appl ied  in  hot 
benzene  solut ion.  This was  shown to be imperv ious  
to acid d ichromate  solutions.  M o u n t i n g  the  disks in 
this way  was  found  to be more  sa t is factory  t h a n  the 
previous  me thod  w h e r e b y  disks were  cut  f rom th ick  
foil and  m o u n t e d  on me ta l  or perspex studs (14).  
In  addi t ion  to m i n i m i z i n g  edge effects, a fresh disk 
could be used for each run ,  eas ing the task  of secur -  

ing a r ep roduc ib le  surface for processes which  m a y  
not  be en t i r e ly  t r anspo r t  control led.  

E x p e r i m e n t a l  solut ions were  w a r m e d  to the  
t he rmos ta t  t e m p e r a t u r e  and  degassed before be ing  
t r a n s f e r r e d  to the  reac t ion  vessel. In  the  vessel, a 
s t r eam of n i t r o g e n  (O,~ < 0.05%) was bubb l ed  
th rough  the so lu t ion  for at least  5 ra in  to m a i n t a i n  
it f ree  f rom a tmospher ic  oxygen.  D u r i n g  this period,  
the  disk was m o u n t e d  on the s t i r r ing  shaft  and, 
wi th  the  motor  r u n n i n g ,  a beake r  con ta in ing  a solu-  
t ion iden t ica l  wi th  tha t  in  the  reac t ion  vessel  was 
b r ough t  up to immerse  the disk. Al l  bubb le s  were  
r emoved  f rom the  u n d e r  surface,  and  the  copper  was  
sub jec ted  to a p r e l i m i n a r y  etch for 5 ra in  --+5 sec in  
an  a t t e mp t  to secure a r ep roduc ib le  surface.  On re -  
mova l  of the  beaker ,  the  mot ion  of the  disk t h r ew  
off most  of the adhe r ing  l iquid.  The disk t hen  was 
i m m e r s e d  in  the  reac t ion  vessel, the  unde r s i de  of the  
disk was  inspec ted  to ensu re  t ha t  no b u b b l e s  had  
been  t rapped,  and  the n i t r ogen  de l ive ry  tube  was 
ra ised above the  surface of the solut ion to m a i n t a i n  
a s l ight  posi t ive  p ressure  of n i t r o g e n  w i t h i n  the  
vessel.  

Samples  were  w i t h d r a w n  at 5 - ra in  in te rva ls ,  r u n  
into excess fer rous  a m m o n i u m  sulfa te  solut ion,  and  
b a c k - t i t r a t e d  wi th  s t anda rd  d ichromate  solut ion.  At  
the  end  of the  run ,  the  disk was r emoved  f rom the 
solut ion,  washed,  s t r ipped f rom the former ,  and  its 
m e a n  d i ame te r  m e a s u r e d  us ing  v e r n i e r  calipers.  The 
u n i t  r a t e  cons tant ,  kl, was  e va l ua t e d  g raph ica l ly  
f rom the  first order  express ion  (14):  kl t = (2.303 
:~ V. Mog c)/A, w he r e  t is the  t ime  in  min,  A is the  
a p p a r e n t  area of the unde r s ide  of the  disk, and  A1og 
C denotes  the  difference in  the  l oga r i t hm of the 
concen t r a t i on  of d ichromate ,  c, at  the  b e g i n n i n g  and  
end  of an  i n t e r v a l  d u r i n g  which  the  vo lume  is V. 

The fo l lowing were  chosen as s t a n d a r d  condi t ions :  
a disk ro ta t ing  at  146 r p m  in a solut ion 1.0M in su l -  
fur ic  acid and  3.0 x 10-~M in po tass ium dichromate ,  
at 25 ~ . In  most  cases, r u n s  were  pe r fo rmed  at least  
in  dup l ica te  for each set of e x p e r i m e n t a l  condit ions,  
a nd  s t anda rd  r u n s  w e r e  conduc ted  at f r e q u e n t  i n t e r -  
vals  as a check. In  general ,  the ra te  cons tan t s  for 
a ny  set of condi t ions  se ldom differed by  more  t han  
3%, and  f r e q u e n t l y  agreed to w i t h i n  1%. F igu re  2 
exemplif ies  the  good first order  plots obta ined.  

The  diffusion coefficient of d i ch romate  ion u n d e r  
var ious  condi t ions  and  the k i ne ma t i c  viscosi ty  of 
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Table I. Rate constants in 1.0M H2S04 
(146  r p m ;  25  ~ 

I n i t i a l  c o n c .  k l ,  M e a n  k l ,  
d i c h r o m a t e ,  M c m  r a i n - 1  c m  r a i n  -1 

7.5 x 10 -~ 0.137, 0.139, 0.137 0.138 
1.5 X 10 -" 0.136, 0.136 0.136 
3.0 X 10 -" 0.131, 0.128, 0.133, 0.132 0.131 
6.0 x 10 -" 0.126, 0.124 0.125 
1.2 X 10 -= 0.130, 0.137 0.134 
1.5 X 10 -'~ 0.131, 0.130 0.131 
1.8 X 10 -~ 0.131 0.131 
3.0 X i0 -~ 0.132, 0.130, 0.129, 0.131 

0.132 0.131 

the  solut ions  w e r e  d e t e r m i n e d  by  me thods  descr.ibed 
e l s e w h e r e  (14).  

Results and Discussion 
Solutions 1.0M in sulSuric ac id . - -When  the  ra t io  

of t he  concen t r a t ion  of su l fur ic  acid to tha t  of the  
d i c h r o m a t e  ion is high,  the  r a t e  of d issolut ion of 
copper  is first o rder  w i t h  respec t  to the  concen t r a -  
t ion of d i c h r o m a t e  ion. This  is shown bo th  by the  
l i n e a r i t y  of the  k ine t i c  plots, e x a m p l e s  of wh ich  are  
shown in Fig.  2, and by the  fact  t ha t  v a r i a t i o n  of the  
in i t ia l  concen t r a t ion  of d i c h r o m a t e  ion ove r  a w ide  
r ange  is w i t h o u t  s ignif icant  effect upon  the  obse rved  
r a t e  cons tan t  (Tab le  I ) .  

The  e x t e n t  to wh ich  the  obse rved  r a t e  is g o v e r n e d  
by the  t r a n s p o r t  of a solute  species to the  surface  
m a y  be  d e t e r m i n e d  by c o m p a r i n g  kl, the  obse rved  
un i t  r a t e  constant ,  w i t h  ks, the  un i t  r a t e  cons tant  
c o m p u t e d  f r o m  the  e x t e n d e d  L e v i c h  t h e o r y  (14).  On 
this  theory ,  

ks ~ (0.554D ~j~ v -1/~ ~/~) / 
[0.8934 3- 0 . 3 1 6 ( D / . )  ~176 cm sec -~ [1] 

w h e r e  D (cm ~ sec -~) is the  diffusion coefficient of the  
solute  species, , ( cm "~ sec -~) is the  k i n e m a t i c  v i s -  
cosi ty  of the  solution,  and ~ ( tad.  sec -~) is the  angu -  
la r  ve loc i ty  of the  disk. 

App l i ca t ion  of this  equa t ion  to the  e x p e r i m e n t a l  
resu l t s  shows tha t  for  solut ions 1.0M in H~SO~ the  
obse rved  r a t e  is d e t e r m i n e d  by the  t r a n s p o r t  of d i -  
c h r o m a t e  to the  copper  surface.  Thus,  Fig.  3 shows 
the  effect of v a r y i n g  the  ra te  of s t i r r ing  over  the  
r a n g e  73-292 r p m  for  a solut ion 3.0 x 10 ~M in di-  
c h r o m a t e  ion at 25 ~ . The  ful l  l ine  is the  slope com-  
pu ted  f r o m  Eq. [1] us ing the  d i r ec t ly  d e t e r m i n e d  
va lues  D~ = 9.07 x 10 -~ cm ~ sec ~ and ~ = 1.01 x 10 -~ 
cm ~ sec -~. F i g u r e  4 shows the  effect of v a r y i n g  the  
t e m p e r a t u r e  b e t w e e n  15 ~ and 45 ~ for  the  same di -  
c h r o m a t e  concent ra t ion ,  and a speed of 146 rpm.  
Again ,  the  fu l l  l ine  is the  plot  c o m p u t e d  f r o m  the  
e x t e n d e d  t h e o r y  us ing the  add i t iona l  da ta  D~ = 1.39 
x 10 -~ cm ~ sec ~ and ~ = 6.83 x 10 ~ cm ~ sec-*. In both  
cases, t he  t heo re t i ca l  slopes are  s l igh t ly  h ighe r  t h a n  
the  best  s t ra igh t  l ines  t h r o u g h  the  points,  bu t  the  
dev ia t ion ,  wh ich  amoun t s  to no m o r e  t h a n  2%, lies 
w i t h i n  the  l imi ts  of e x p e r i m e n t a l  e r ror .  

In conf i rmat ion  of this  conclus ion tha t  the  sur face  
process  exe r t s  no inf luence  on the  obse rved  r a t e  
u n d e r  these  e x p e r i m e n t a l  condi t ions,  s u p p l e m e n t a r y  
e x p e r i m e n t s  u n d e r  the  s t anda rd  condi t ions  showed  
tha t  a m a l g a m a t e d  copper  disks ( m e a n  kl = 0.133 
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cm min  -1) and brass  disks ( m e a n  k ~ =  0.130 cm 
m i n  -1) d isso lve  at the  same r a t e  as copper  ( m e a n  
kl = 0.131 cm m i n  -~). 

I n t e r e s t i ng  resu l t s  w e r e  ob ta ined  w h e n  the  de-  
pendence  of t he  obse rved  r a t e  on the  m e t h o d  of 
p r e p a r a t i o n  of the  copper  su r face  was  s tudied,  I t  has 
been  sugges ted  (13, 15) tha t  r o u g h e n i n g  the  sur face  
should be  w i t h o u t  effect on the  r a t e  of t r anspo r t  
con t ro l l ed  processes  p rov ided  tha t  the  deg ree  of 
r o u g h e n i n g  is not  so l a rge  tha t  the  cr i t ica l  Reynolds  
n u m b e r  for  t he  onset  of t u r b u l e n c e  is exceeded ,  
w h e r e a s  t he  r a t e  of processes  con t ro l l ed  by  the  sur -  
face  r eac t ion  should  increase.  To tes t  this  suggest ion,  
copper  disks w e r e  coated  ca thod ica l ly  w i t h  a spongy 
copper  depos i t  and others  w e r e  cut  f r o m  a sheet  of 
copper  w h i c h  had  been  g round  w i t h  100 g rade  ca r -  
b o r u n d u m  powder .  U n d e r  s t anda rd  condit ions,  
r a t h e r  poor  r ep roduc ib i l i t y  was  ob ta ined  for  runs  
us ing the  p l a t e d  disks, p r o b a b l y  because  of t he  d i f -  
f icul ty e x p e r i e n c e d  in coat ing the  u p p e r  su r face  and 
edges of the  d isk  w i t h  b lack  wax .  The  p l a t ed  sur -  
face  was  so porous  tha t  the  w a x  t ended  to be  ab-  
sorbed and to r u n  over  onto the  l ower  w o r k i n g  su r -  
face. Neve r the l e s s ,  the  obse rved  r a t e  constants  
(kl ~ 0.128, 0.132, 0.136 cm m i n  -1) a re  in fa i r  a g r e e -  
m e n t  w i t h  t he  s t anda rd  va lue .  In  the  case of the  
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ground  surfaces,  however ,  the first o rder  plots 
showed a h igh in i t i a l  rate,  which  decreased wi th  
t ime and  f inal ly  set t led down to the s t anda rd  rate.  

A change  f rom a h igh in i t i a l  ra te  to a lower  ra te  
is somet imes  due to a shift  f rom t r anspo r t  control  
t oward  cont ro l  by  the  surface process. In  the  p res -  
ent  case, however ,  the  lower  ( s t anda rd )  ra te  is in 
exce l len t  ag r eemen t  wi th  the theore t ica l  va lue  com- 
pu ted  f rom Eq. [1], so tha t  ano the r  exp l a na t i on  
mus t  be sought.  I t  is possible tha t  the i r regu la r i t i e s  
p roduced  on the  surface  by  the c a r b o r u n d u m  t r e a t -  
m e n t  set up a smal l  degree  of local t u r b u l e n c e  wi th  
a co r respond ing  increase  in  the in i t i a l  rate.  B i r c u m -  
shaw and  Riddiford  (15) repor ted  a m a r k e d  in -  
crease in  the ra te  of d issolu t ion  of zinc in  iodine 
solut ions w h e n  jewel le r s  rouge, used as a pol i sh ing  
agent,  was  embedded  in  the meta l  surface.  Again ,  
the re  was  no ques t ion  of control  by  the surface 
process. K i n g  (16) has r ev iewed  other  s tudies  in  
which  enhanced  t r anspo r t  cont ro l led  rates  have  
been  found  for r oughened  or etched surfaces.  

In  the  p resen t  system, a s imi la r  effect was no ted  
w h e n  smal l  gas bubb les  were  i n a d v e r t e n t l y  t r apped  
on the unde r s ide  of the  disk. As in  the case of b u b -  
bles t r apped  u n d e r  zinc disks ro ta t ing  in  iodine 
solut ions  (14),  the  observed  ra tes  were  h igher  t h a n  
the s t a n d a r d  value.  E x a m i n a t i o n  of the  disks af ter  
w i t h d r a w a l  f rom the  reac t ion  vessel  showed m a r k -  
ings fo l lowing  the  fluid flow l ines  at the  surface  of 
the disk (13) and  r e sembl ing  the t racks  made  by  
drops of l iqu id  on a ro t a t ing  disk (17).  Microscopic 
e x a m i n a t i o n  of the  m a r k i n g  caused by  one such 
bubble ,  or surface  obs t ruct ion ,  is shown in  Fig. 5. 
It wi l l  be seen tha t  a t rough  has been  etched a round  
the pro tec ted  pa r t  of the  copper surface,  p e n e t r a t i n g  
the 0.15 m m  thick disk in  one place, and  along a 
" ta i l"  fo l lowing the  flow line. The t rough  is ve ry  
much  l a rge r  t h a n  the surface obs t ruc t ion  and, if due 
to local tu rbu lence ,  is ce r ta in  to increase  the ob-  
served rate.  

The initial concentrat ion of ac id . - -The  effect of 
va ry ing  the  in i t i a l  concen t r a t i on  of acid over  the 
range  0.01-1.53M was s tud ied  at 146 r p m  and  25 ~ 
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Fig. 6. Dependence on concentration of acid, 25 ~ 146 rpm 

for both low (3 x 10-~M) and  high (3 x 10-~M) di -  
chromate  concent ra t ions .  The m e a n  va lues  of kl 
are  shown in  Fig. 6, and  i t  wil l  be seen tha t  the  con- 
cen t ra t ion  of d i ch romate  ion is w i thou t  effect p ro -  
vided tha t  the acid concen t r a t i on  is g rea te r  t h a n  
ca. 0.5M. 

At  ve ry  low acid concent ra t ions ,  the re  is a m a r k e d  
decrease in  the rate.  The first order  k ine t ic  plots 
were  no longer  l inear ,  and  the ra te  cons tants  were  
es t imated  f rom the  in i t i a l  slopes. Ac id - so lub le  films 
were  fo rmed  on the  disks, sugges t ing  acid " s t a r -  
va t ion"  u n d e r  these  condit ions.  F r o m  the s toichi-  
ome t ry  of the  ove r - a l l  react ion,  the acid, expressed 
as moles H=SO,, is consumed  at  a ra te  seven  t imes  
fas ter  t han  the  ra te  at  which  d ichromate  ion is re -  
duced. Dissolut ion in  a n y  so lu t ion  for which  the  i n i -  
t ial  a c i d / d i c h r o m a t e  rat io is less t h a n  7 wi l l  be 
h inde red  e v e n t u a l l y  by  a shor tage  of acid; on the  
o ther  hand,  if the  in i t i a l  ra t io  is g rea te r  t h a n  7, 
this t roub le  wi l l  not  be exper ienced.  In  the  p resen t  
case, an  in i t i a l  ra t io  of 7 corresponds  to 0.2M HfSO, 
for the  high, and  0.02M H~SO~ for the  low dichro-  
ma te  concent ra t ions .  The ac tua l  b r e a k d o w n s  occur 
in  these regions  (see Fig. 6). No f u r t he r  s tudy  of this  
region  was made,  since more  in te res t  a t tached to the  
reason  for the  d ive rgence  of the curves  at modera t e  
acid concent ra t ions .  

W h e n  the in i t i a l  acid concen t r a t i on  is 0.25M, the 
d ive rgence  is v e r y  marked ,  a l though  there  can be 
no ques t ion  of a deficiency of acid in the sense d is-  

Fig. 5. Enlargement of marking caused by surface obstruction. 
Magnification 30X before reduction for publication. 
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cussed above.  A b r i e f  s tudy  of the  effect of s t i r r ing  
speed was  m a d e  for  this  acid concen t r a t i on  us ing 
3 x 10-~M d ich romate ,  and  the  resu l t s  a re  shown  in 
Fig. 7. The  m e a n  v a l u e  of the  obse rved  r a t e  con-  
s tant  is a ccu ra t e ly  p ropo r t i ona l  to the  squa re  root  
of the  s t i r r ing  speed, showing  tha t  u n d e r  these  con-  
di t ions the  process  is also t r a n s p o r t  cont ro l led .  Con-  
s idera t ion  of Eq. [1] shows,  howeve r ,  t ha t  ano the r  
factor is now influencing the rate. The determined 
values for the diffusion coefficient of dichromate ion 
at 3.0 x 10-~M and 3.0 x 10-~M, respectively, are iden- 
tical within the limits of experimental error (D~ 
1.16 x 10 -~ cm ~ sec -~) for  this  acid concen t r a t ion  and 
lead  to t heo re t i c a l  v a l u e s  for  k~ at  146 r p m  of, r e -  
spect ive ly ,  0.158 and 0.157 cm rain -~. This  is in good 
a g r e e m e n t  w i t h  t he  obse rved  v a l u e  (0.155 cm rain -~) 
for the  l o w e r  d i c h r o m a t e  concent ra t ion .  The  ob-  
se rved  v a l u e  for  the  h i g h e r  d i ch roma te  c o n c e n t r a -  
t ion  (0.165 cm min -~) is distinctly higher than the 
theoretical value, as indeed are the observed values 
at other stirring speeds. The full line in Fig. 7 indi- 
cates the theoretical slope computed from Eq. [I]. 

Since Eq. [i] predicts the maximum rate at which 
dichromate ions can be transported to the surface 
by the combined effect of diffusion and convection, 
it must be assumed that, at 3.0 x 10-"M dichromate 
concentration, the transport process has been 
speeded up in some way; a shift toward control by 
the surface process would be marked by a decrease 
in the observed rate. 

In general, ions may be transported to a surface 
in three ways, by diffusion, convection, and by 
migration under the influence of an electrical po- 
tential gradient (18). At high acid concentrations, 
when the relative concentration of dichromate ion 
is small, ionic migration will be negligible, and Eq. 
[I] will be applicable. If there is insufficient acid or 
foreign ions to suppress ionic migration through the 
electrical double layer, however, the rate of trans- 
port of dichromate ion will be increased. To check 
this explanation and to eliminate the effect, a series 
of runs were conducted using solutions to which 
sodium sulfate had been added. 

E~fect o# adding sodium sulyate.--The in i t ia l  con-  
cen t ra t ion  of su l fur ic  acid was  v a r i e d  over  the  r ange  
0.1 to 1.0M. For  runs  in wh ich  the  in i t ia l  acid con-  
cen t ra t ion  was  less t han  1.0M, sodium sul fa te  was  
added  to b r ing  the  to ta l  concen t r a t i on  of su l fa te  and 
b i su l fa te  ions to 1.01Vi. In  each case, the  in i t ia l  con-  
c e n t r a t i on  of d i c h r o m a t e  ion was  3.0 x 10 ~M, and 
the  runs  w e r e  p e r f o r m e d  at 25 ~ and 146 rpm.  The 
m e a n  v a l u e s  of the  obse rved  r a t e  cons tan t  are  shown 
in Fig. 8, wh ich  m a y  be c o m p a r e d  w i t h  Fig. 6. 
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Fig. 8. Dependence of rate on concentration of acid, with 
added Na~SO4, 3.0 10--~M K2Cr~O:, 25 ~ 146 rprn. 
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Fig. 9. Effect of stirring, 0.15 H~SO4, 0 .85M No,SO4, 3.0 x 
104M K~Cr.~O~, 25 ~ 

The  m a r k e d  fa l l -o f f  at v e r y  low acid c o n c e n t r a -  
t ions is stil l  observed ,  bu t  the  g e n e r a l  t r e n d  now has 
a l te red .  The  obse rved  ra te  cons tan t  now decreases  
w i t h  decreas ing  acid concen t r a t i on  due  to t he  
m a r k e d  increase  in the  k i n e m a t i c  v iscos i ty  of the  
solution.  

I t  is of p a r t i c u l a r  in te res t  to no te  tha t  the  v a l u e  
for  a solut ion 0.21M in su l fu r ic  acid and 0.79M in 
sod ium su l fa te  (k~ ~ 0.112 cm rain -~) is t he  same as 
tha t  found  for  runs  unde r  the  same condi t ions  excep t  
t ha t  the  in i t ia l  concen t r a t i on  of d i ch rom a te  was  
3.0 x 10-3M, i.e., the  d i v e r g e n c e  a p p a r e n t  in Fig. 6 
has been  e l im ina t ed  by the  added  e lec t ro ly te .  The  
obse rved  v a l u e  is, h o w e v e r ,  d i s t inc t ly  lower  t h a n  
tha t  p red ic t ed  by  Eq. [ 1 ]. 

S ince  the  add i t ion  of sodium su l fa te  increases  the  
v iscos i ty  of the  solution,  the  r a t e  of the t r anspo r t  
process  is r e t a rded ,  so tha t  a shi f t  t o w a r d  sur face  
con t ro l  m a y  be ru l ed  out. The  reason  for  the  dis-  
c r epancy  b e t w e e n  the  obse rved  and compu ted  v a l u e s  
m a y  be t raced  to t he  fact  t ha t  Eq.  [1] is l imi t ed  to 
the  case of e l ec t ro ly t e  solut ions  con ta in ing  not m o r e  
than  th ree  ion species# In the  absence  of sod ium 
sulfate ,  and w i t h  sufficiently h igh  a c i d / d i c h r o m a t e  
rat ios,  it has been  shown t h a t  the  p r e sen t  sys tem ap -  
p r o x i m a t e s  c losely  to the theory .  The  p resence  of a 
l a rge  excess of sod ium sulfate ,  h o w e v e r ,  in t roduces  
ano the r  ion species, and the  t h e o r y  is inappl icable .  

In o rder  to s tudy  the  charac te r i s t i c s  of this case, 
tests  for t r anspo r t  cont ro l  w e r e  appl ied  to a solut ion 
0.15M in su l fur ic  acid, 0.85M in sod ium sulfate,  and 
3.0 x 10--~ in d i ch roma te#  The  effect of v a r y i n g  the  
s t i r r ing  speed at 25 ~ is shown in Fig. 9, in w h i c h  the  
fu l l  l ine  is the  slope compu ted  f r o m  Eq. [1] us ing  
the  d e t e r m i n e d  va lues  D2~ ~ 7.71 x I0 -~ cm ~ sec -~, 
.~ ~ 1.19 x 10 ~ cm ~ sec -~. I t  is seen to be d i s t inc t ly  
h ighe r  t han  the  e x p e r i m e n t a l  slope. The  effect of 
v a r y i n g  the  t e m p e r a t u r e  at 146 r p m  is shown in 
Fig.  10. F r o m  the  slope, the  a p p a r e n t  ene rgy  of ac-  
t i va t i on  is 3.4 kca l  mole  -~, in good a g r e e m e n t  w i t h  

For  t h i s  case, t h e  p r o b l e m  of c a l c u l a t i n g  t he  c o n c e n t r a t i o n  p ro -  
file t h r o u g h  the  t r a n s p o r t  b o u n d a r y  l a y e r  can be  sepa ra ted  f r o m  
the  p r o b l e m  of d e t e r m i n i n g  the  v a r i a t i o n  of t he  e lec t r ica l  p o t e n t i a l  
t h r o u g h  the  doub le  l a y e r  (19). W h e n  m o r e  t h a n  th ree  ion  species  
are  p resen t ,  h o w e v e r ,  th i s  s e p a r a t i o n  is no t  poss ible ,  and  t h e  p a t h  
to  a comple te  so lu t i on  of t he  t r a n s p o r t  e q u a h o n s  is b a r r e d  by  for -  
m i d a b l e  m a t h e m a t i c a l  diWicultles. N e v e r t h e l e s s ,  the  d e p e n d e n c e  of 
kT on D, ~ and  ~ is d i m e n s i o n a l l y  of s i m i l a r  f o r m  to Eq. (1), b u t  
t he  n u m b e r  of p r o p o r t i o n a l i t y  m u s t  be  d e t e r m i n e d  by  expe r i -  
m e n t  (13). 

3 I n  t he  p re sence  of a d d e d  s o d i u m  su l f a t e ,  ac id  s t a r v a t i o n  is  n o t  
de t ec t ed  u n t i l  the  a c i d / d i c h r o m a t e  ra t io  is  r e d u c e d  to 7/2. T h e  so- 
d i u m  su l fa te  decreases  t he  ra te  b o t h  by  i n c r e a s i n g  the  v i s cos i t y  of 
t he  so lu t i on  and  by  e l i m i n a t i n g  ionic  m i g r a t i o n  t h r o u g h  t he  d o u b l e  
layer .  A t  th i s  l o w e r  ra te ,  for  0.15M H~SO4, acid e x h a u s t i o n  is no t  
a p p r o a c h e d  over  t he  t i m e  i n t e r v a l s  s tud ied .  
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Fig. 10. Temperature coefficient, 0.15M H2SO~, 0.85M 
Na~S04, 3.0 x 10 '-'M K~Cr2Oz, 146 rpm. 

the value found from Fig. 4. Again, the full line is 
the plot computed from Eq. [i] using the additional 
values D4~ ~ 1.20 x i0 -~ cm 2 sec i, ,,~ ~ 7.96 xl0 -~ cm 2 

sec -1. 
F igures  9 and  10 suggest  that ,  for these  condi t ions  

k~ = const. D ~/~ ~,-~/o ~/~ cm sec -~ [2] 

where  the cons tan t  is less t h a n  the  va lue  g iven  by  
Eq. [1].  On d imens iona l  grounds,  the  on ly  effect 
of inc reas ing  the  n u m b e r  of ion species b e y o n d  th ree  
should be a change  in  the n u m b e r  of p ropor t iona l i ty .  
In  this case, the m e a n  va lue  for the  cons tan t  in Eq. 
[2] is found  to be 0.562, ca. 7% lower  t h a n  the va lue  
0.605 pred ic ted  by  Eq. [1]. 

Tha t  the process is indeed  t r an spo r t  cont ro l led  
u n d e r  these condi t ions  was checked by  s tudy ing  the  
effect of de l ibe ra te ly  r o u g h e n i n g  the surface.  For  
solut ions  3.0 x 10-~M in d i ch romate  at 146 r p m  and  
25 ~ g r ind ing  the  surface  w i th  c a r b o r u n d u m  gave a 
m e a n  va lue  for k~ of 0.105 cm rain -~ compared  wi th  
the va lue  0.109 cm ra in  ~ ob ta ined  wi th  the s t a n d a r d  
surface. I t  is of in te res t  to note  tha t  these r u n s  wi th  
roughened  surfaces gave l inear  first order  plots 
w i thou t  the  in i t i a l ly  high ra tes  found  in  the absence  
of added sodium sulfate.  P r e s u m a b l y ,  the h igh v is -  
cosity of the  sodium sulfa te  solut ions  d imin ishes  the  
local t u rbu lence .  

Edge ef]ects.--For the  d issolu t ion  of zinc disks 
ro ta t ing  in  aqueous  iodine solut ions (14),  the ob-  
served ra te  cons tan ts  at low s t i r r ing  speeds were  
found  to be h igher  t h a n  those pred ic ted  by  Eq. [1]. 
I t  was  po in ted  out tha t  this  could be exp la ined  
equa l ly  wel l  e i ther  by  the a s sumpt ion  that  the  
th ickness  of the  disks gave rise to edge effects, or 
by  a s suming  a con t r i bu t i on  to the  observed ra te  by  
n a t u r a l  convect ion.  

In  the  p re sen t  inves t iga t ion ,  this  effect is no t  ob-  
served, as wi l l  be seen f rom Fig. 3, 7, and  9, k~ 
be ing  accura te ly  p ropor t iona l  to the  square  root  of 
the s t i r r ing  speed over  the same r ange  as tha t  s tud -  
ied wi th  the zinc disks. The v e r y  m u c h  t h i n n e r  disks 
used in  this  i nves t iga t ion  m a k e  it fa i r ly  ce r ta in  tha t  
the  ear l ie r  observa t ions  were  in fact due to edge 
effects. E x p e r i m e n t s  wi th  ro ta t ing  disk cathodes 
have  confirmed this  view. 
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Blocking of] the working surface.--It has been  re -  
por ted  tha t  the use of i ne r t  Perspex  cen te r  s tuds is 
w i thou t  effect on the  observed  ra te  of d isso lu t ion  of 
zinc disks ro ta t ing  in  iodine solutions,  a l though  the  
exposed area  of the s tud a m o u n t e d  to ca. 4% of the 
w or k i ng  surface of the disk (14).  Since the  copper /  
d i ch romate  reac t ion  has been  shown to be t r anspo r t  
cont ro l led  u n d e r  s t anda rd  condit ions,  a s imi la r  effect 
should be found  for this  system. Progress ive  en -  
l a r g e m e n t  of an ine r t  pa tch  at the cen te r  should be 
w i thou t  effect on the observed  ra te  up to a cer ta in  
point .  Beyond  this point ,  the  exposed copper  wi l l  be 
u n a b l e  to cope wi th  all the  d ichromate  suppl ied  by  
normal and radial transport, and this will result in a 
decrease in the observed rate. This decrease will be- 
come more marked as the blocked area is increased. 

In general, the temperature coefficient of a surface 
process is larger than the temperature coefficient of 
the transport process (20). The effect of increasing 
the temperature will be a relative increase in the 
rate at which the exposed copper can cope with the 
dichromate supplied, and the breakdown point 
should then occur at a larger value of the blocked 
area. 

To test these views, black wax was used to block 
off circular patches at the center of the copper disks, 
care being taken to ensure that the blocked off cir- 
cles were concentric with the disks. Runs were 
carried out at 25 ~ and 45 ~ under otherwise standard 
conditions, and the mean values for k~, computed per 
unit area of the total surface of the underside of the 
disk, are shown in Fig. 1 I. It will be seen that at 25 o 
there is no significant effect on kl until the area 
blocked off exceeds ca. 10% of the total area; above 
this value there is a marked decrease. At 45 ~ the 
breakdown occurs at a higher value, ca. 15%. 

Further study of this effect is desirable, but it 
would be better to use an inert electrode for the 
purpose since, when the disk is attacked, a step is 
formed at the edge of the blocked area which may 
promote a measure of local turbulence. 
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Microtopography of Oxide Films Formed on Tantalum 

R. E. Pawel, J. V. Cathcart, and J. J. Campbell 

Metallurgy Division, Oak Ridge National Laboratory,~ Oak Ridge, Tennessee 

ABSTRACT 

Optical and electron microscopy were used to characterize the surface of 
tan ta lum specimens oxidized at temperatures  ranging from 300 ~ to 700~ At 
the lower temperatures,  the ini t ial  stages of oxidation were shown to consist of 
an aggregation of oxide platelets visible on the surface as crystallographically 
dependent,  acicular structures extending from the grain boundaries.  At higher 
temperatures,  nodular  growths were observed whose nucleat ion was not a 
g ra in -boundary  phenomenon.  Continued oxidation at temperatures  of 500~ 
and above produced blistering and cracking of the oxide layer. The oxide 
platelets were shown to have grown dur ing  oxidation and not dur ing  cooling 
from the reaction temperature.  At higher temperatures,  both platelets an~ 
nodules served as preferred sites for blister and crack formation in the oxide 
and thus played an impor tant  role in the t ransi t ion from the protective to the 
nonprotective stage of oxidation of tantalum. 

Prev ious  work  (1, 2) has shown tha t  the  gaseous 
ox ida t ion  of t a n t a l u m  takes place in  a n o n u n i f o r m  
fashion,  charac ter ized  at least  in the in i t i a l  stages 
by the fo rma t ion  in the me ta l  of discrete  p la te le ts  
of oxide r e sembl ing  a typical  Widmanst~i t ten  s t ruc -  
ture.  The t e n d e n c y  for t a n t a l u m  to react  in  such a 
he te rogeneous  m a n n e r  i l lus t ra tes  the need  for con-  
s idera t ion  of oxide morpho logy  in  any  i n t e r p r e t a t i o n  
of the ox ida t ion  mechan i sm.  

Oxida t ion  ra te  m e a s u r e m e n t s  of Cathcar t ,  et al. 
(1) have  shown tha t  the oxide film formed on t a n -  
t a l u m  in  pu re  oxygen  at a tmospher ic  p ressure  is i n i -  
t i a l ly  pro tec t ive  bu t  becomes nonpro tec t ive  as the 
oxida t ion  proceeds beyond  a cr i t ical  point .  The ra te  
of ox ida t ion  f inal ly  approaches  a cons tan t  va lue  for 
longer  ox ida t ion  periods.  This gene ra l  ra te  behav io r  
is ident ica l  to tha t  observed for n i o b i u m  (3).  Elec-  

�9 Ope ra t ed  fo r  t he  U. S. A t o m i c  E n e r g y  Con~mission by  the  U n i o n  
C a rb ide  Corpora t ion .  

t ron  optical  obse rva t ions  on oxidized specimens of 
both meta l s  show tha t  the  onset  of the  nonpro tec t ive  
por t ion  of the ra te  curves  m a y  be cor re la ted  to the 
fo rmat ion  of smal l  b l i s t e r - l i ke  cracks on the surface 
of the oxide. P r e s u m a b l y ,  these cracks p e r m i t  easy 
access of oxygen  to the  react ion zone, resu l t ing  in 
the m a r k e d  increase  in  oxida t ion  rate.  

Whi le  r e m a r k a b l e  s imi lar i t ies  exist  in the ox ida-  
t ion ra te  curves  for n i o b i u m  and  t a n t a l u m  and  in  
the physica l  and  chemical  p roper t ies  of the two 
meta l s  and  the i r  oxides, there  are s ignif icant  differ-  
ences in the morpho logy  of the oxide films formed 
on these metals ,  especia l ly  in  the ea r ly  stages of ox-  
idat ion.  The ox ida t ion  of n i o b i u m  in  the  protec t ive  
region  is charac ter ized  by  the fo rma t ion  of a r ea -  
sona b l y  u n i f o r m  oxide film and  the  de ve l opmen t  of 
a n o r m a l  sequence  of in t e r fe rence  colors as the oxide 
thickens.  However ,  the  in i t ia l  stages of t a n t a l u m  
ex_~dation show the a fo remen t ioned  p la te le t  s t ruc -  
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ture ,  and  we l l -de f ined  in t e r f e r ence  colors are not  
observed.  I t  is of in te res t  to observe  tha t  o ther  gas-  
t a n t a l u m  react ions,  n o t a b l y  those w i th  su l fu r  (4) 
and  n i t r o g e n  (5) ,  also produce  a p la te le t  s t ruc ture .  

In  the  p resen t  inves t iga t ion ,  an  effort has been  
made  to charac ter ize  the  morpho logy  of the  ea r ly  
stages of t a n t a l u m  oxidat ion.  

Specimen Preparation 
T a n t a l u m  spec imens  ( n o m i n a l  analys is :  99.71% 

Ta-0 .15% Nb-0.03% Fe-0 .03% C-0.05% W) were  
cut  f rom 0.5 m m  sheet  in  the fo rm of coupons,  1 x 2 
cm. In  most  of the work  repor ted  here,  the speci-  
m e n s  were  p r e a n n e a l e d  in  v a c u u m  for 1 hr  at  
1200~ some spec imens  were  s t r a in  a n n e a l e d  for 
longer  periods at 1200 ~ and  1300~ to p roduce  a 
Parger grain sfze. T~e ~ specimens were mecgan~dalTy 
polished through 0.3-~ levigated alumina and finally 
electropolished in a 90% H~SO~-I0% HF solution. 
The specimens were then placed in quartz reaction 
fu~es ancI-hnnealed-at ~ a pressure of approximately 
2 x i0 -~ mm Hg at the reaction temperature for ap- 
proximately 16 hr prior to oxidation. This method 
of specimen preparation yielded surfaces which ap- 
peared smooth in the light microscope, and which, 
upon oxidation, gave consistently reproducible re- 
sults. Except as noted, all oxidations were per- 
formed in dry oxygen at atmospheric pressure. 

The surface topography of the oxidized tantalum 
specimens was examined by both optical and elec- 
tron microscopy. Both direct and indirect carbon 
replicas were used for electron microscopy, the indi- 
rect method (preshadowed carbon replica of a 
stripped parlodion intermediate) being used exclu- 
sively with the heavier oxide films. Each method 
yielded essentially identical results on a given speci- 

men. 

Mode oS Platelet Formation 
The r e semb lance  of the  p la te le t  s t ruc tu re  to the  

p a t t e r n s  observed in  m a n y  p rec ip i t a t ion  sys tems 
suggested the poss ib i l i ty  tha t  the  p la te le ts  were  
fo rmed  d u r i n g  cooling f rom the  reac t ion  t e m p e r a -  
t u r e  r a t h e r  t han  d u r i n g  oxidat ion.  This poss ib i l i ty  
was  inves t iga ted  us ing  "hot"  direct  rep l ica t ion  and  
ho t - s t age  optical  microscopy.  

In  a hot rep l ica t ion  expe r imen t ,  the  spec imen  was  
oxidized in  air  at 400~ on a smal l  hot  p la te  in  the 
v a c u u m  evaporator .  Af te r  oxidat ion,  the  sys tem was 
evacua ted  and,  w i th  the  spec imen st i l l  at 400~ a 
di rect  ca rbon  replica,  p r e shadowed  r a the r  heav i ly  
w i th  gold or pa l l ad ium,  was  m a d e  of the  surface.  
Af te r  cooling, this repl ica  was  r emoved  and  the  
spec imen  r e - r ep l i ca t ed  in  the  n o r m a l  fashion.  Elec-  
t r on  mic rog raphy  showed tha t  essen t ia l ly  the  same 
s t r uc tu r e  exis ted before  and  af ter  cooling f rom the  
reac t ion  t empe ra tu r e .  The presence  of shadows in 
the  hot  repl ica  was  r ega rded  as conclus ive  ev idence  
tha t  the  p la te le t s  were  p re sen t  at the  reac t ion  t e m -  
pe ra tu re .  

The  resul t s  of the  ho t - s t age  microscope s tudies  
served to confirm tha t  the p la te le t s  fo rmed  d u r i n g  
oxidat ion.  A l though  the  magni f ica t ion  and  reso lu-  
t ion of the  microscope were  not  sufficient to p e r m i t  
obse rva t ion  of fine details,  the genera l  progress  of 
the a i r  oxidat ion at 400~ could be followed. Firs t ,  
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a gradual darkening of several grains in the speci- 
men was seen as platelets became visible in other 
lighter grains. Many platelets were observed to grow 
after nucleation at grain boundaries. As oxidation 
continued, the platelets frequently developed small 
feather-like subplatelets. No detectable changes in 
topography occurred as the specimens were cooled 
to room temperature in vacuum. 

It should be indicated that the specimens used in 
this phase of the study were all oxidized in air and 
that the temperature control was poorer than with 
the standard apparatus; however, the morphology 
of these specimens compared favorably with that of 
the more carefully oxidized samples. 

Oxide Morphology 
The first stages of t a n t a l u m  oxida t ion  were  s tud-  

ied over  the  t e m p e r a t u r e  r ange  300~176 Pa r t i c -  
u l a r  a t t e n t i on  was paid  to the in i t i a l  g rowth  b e h a v -  
ior and  its possible inf luence on the onset  Qf b l i s t e r -  
ing or r u p t u r i n g  of the  oxide film. I t  has  been  sug-  
gested tha t  the la rge  ox i de - me t a l  vo lume  rat ios  and  
the  p r e d o m i n a n c e  of an ion  diffusion in the  oxides 
lead to the  gene ra t ion  of s ignif icant  stresses in  the 
oxide films fo rmed  on n i o b i u m  and  t a n t a l u m  (1, 3). 
The p h e n o m e n o n  of h igh ly  localized crack fo rmat ion  
in  the oxide films can t hen  be i n t e r p r e t e d  as r e -  
su l t ing  f rom the severe, localized de fo rma t ion  of the 
exis t ing  oxide by  the forces exer ted  w h e n  fresh 
oxide is fo rmed  in  a pa r t i a l l y  res t r ic ted  reg ion  such 
as a cav i ty  at the ox i de - me t a l  interface.  The ge-  
omet ry  associated wi th  an oxide p la te le t  is such 
tha t  it is r easonab le  to expect  tha t  d i rec t iona l  
stresses wou ld  develop at such a site and  lead u l t i -  
ma te ly  to the  fo rma t ion  of a crack or a b l i s te r  in the  
oxide film. Thus,  the  m a n n e r  in which  p la te le t  
g rowth  occurs m a y  inf luence the ox ida t ion  kinet ics  
marked ly .  

On ly  the  v e r y  in i t i a l  stages of oxide fo rma t ion  oc- 
cur red  on spec imens  oxidized at 300~ for t imes  
v a r y i n g  up  to 95 hr. In  the e lec t ron microscope, the  
oxide appeared  as fine needles  o r ig ina t ing  in the  
g ra in  bounda r i e s  and  e x t e nd i ng  into the gra ins  a long 
definite c rys ta l lograph ic  d i rec t ions  as shown in Fig. 

Fig. 1. Typical grain-boundary platelet growth on tantalum 
oxidized at low temperature. Note "bubble raft"  background 
texture. Annealed 1 hr at 1200~ oxidized 95 hr at 300~ 
indirect replica. REF: J. V. Cathcart, R. Bakish, and D. R. 
Norton, This Jaurnal, in press. Magnification 16,800X before 
reduction for publication. 



958 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  December 1960 

Fig. 2. Early stages of oxidat ion on coarse grain size tanta- 
lum at 500~ Annealed 16 hr at 1200~ oxidized (a) 15 
rain, (b) 30 rain, and (c) 1 hr at 500~ Magni f icat ion S00X 
before reduction for publ icat ion. 

1. The " b u b b l e - r a f t "  s t ruc tu re  d i scern ib le  in  Fig. 1 
was  found  to be p re sen t  on e lect ropol ished surfaces 
pr ior  to ox ida t ion  and  occurred  as a resu l t  of elec- 
t ropol ishing.  Use of this f i ne - s t ruc tu re  as a m a r k e r  
has been  repor ted  by  one of us (1) .  At  400 ~ and  
5O0~ the  g rowth  process was  s imi la r  a l though  the 
ra te  of ox ida t ion  was  much  greater .  P ro longed  oxi-  
da t ion  at 500~ resu l ted  in the fo rma t ion  of b l i s t e r -  
l ike cracks in the oxide. Opt ical  mic rographs  of t a n -  
t a l u m  specimens  af ter  ox ida t ion  at  500~ in the  p re -  
b l i s te r  r ange  are shown in Fig. 2. The impor t ance  of 
g r a i n - b o u n d a r y  nuc l ea t i on  in  the  ox ida t ion  process 
and  the  course of the s u b s e q u e n t  g rowth  of the 
p la te le ts  are i l lus t ra ted .  

G l a n c i n g - a n g l e  x - r a y  diffract ion pa t t e rn s  ob-  
t a ined  f rom spec imens  oxidized for t imes up to 8 hr  
at 500~ ind ica ted  tha t  Ta~O.~ was the ma jo r  oxide 
fo rmed  u n d e r  these condit ions.  Af te r  15 m i n  of oxi-  
dat ion,  on ly  a few e x t r e m e l y  fa in t  lines, o ther  t h a n  
the meta l  lines, were  observed.  Af te r  1 hr  of ox ida-  
t ion, cor responding  to the t ime  requ i red  to develop 

Fig. 4. Cross section of oxidized tanta lum specimen showing 
growth of platelets into the metal. Annealed 1 hr at 1200~ 
oxidized 6 hr at 500~ indirect replica. Magni f icat ion 
6900X  before reduction for publication. 

the p la te le t  s t ruc tu re  shown in  Fig. 2c, the  pen tox ide  
l ines were  qui te  evident .  The. i n t e ns i t y  of these 
l ines increased  d u r i n g  g rowth  of the  platelets .  Very  
weak  l ines in the diffract ion p a t t e r n  could not  be 
a t t r i b u t e d  wi th  c e r t a i n t y  to a ny  k n o w n  lower  oxide 
of t a n t a l u m .  

As oxida t ion  con t inued  at 500~ r a n d o m l y  dis-  
t r i b u t e d  bl is ters  and  cracks appeared  on the  surface,  
as shown  in  Fig. 3. A l though  the p la te le t  s t ruc tu re  in 
this  mic rog raph  is r a t h e r  obscure,  the  size, shape, 
and  posi t ion of the bl is ters  do not  seem to coincide 
w i th  the traces of the  pla te le ts  on the  surface of 
the specimen.  An  e lec t ron  mic rog raph  of a cross sec- 
t ion  of a t a n t a l u m  spec imen oxidized at 500~ is 
p r e sen t ed  in  Fig. 4. The  edge of the spec imen  is dis-  
tor ted;  however ,  the  p la te le ts  are seen to have  
g r ow n  into the meta l  to an apprec iab le  depth.  The 
la rges t  p la te le ts  ex t end  a p p r o x i m a t e l y  5 t~ into the 
metal .  

At  600~ a change  in  the basic oxide morphology  
was observed.  On some grains ,  n o d u l a r  oxide 
growths  were  in te r spersed  wi th  platelets .  In  some 
instances ,  the n o d u l a r  growths  showed crys ta l lo-  
graphic  charac te r  and  even  the t e n d e n c y  to develop 
in the  m a n n e r  of a platelet .  These character is t ics  are 

Fig. 3. Bhster-like cracks observed on oxidized tanta lum 
surface af ter  prolonged oxidat ion. Annealed 1 hr at 1200~ 
oxidized 7 hr at 500~ indirect replica. Magni f icat ion 9600X 
before reduction for publ icat ion. 

Fig. 5. Platelets and nodules formed on single grain on 
oxidat ion at 600~ Annealed 1 hr at  1200~ oxidized 1 
rain at 600~ direct replica. Magni f icat ion 6900X before 
reduction for publication. 
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Fig. 6. Blister-like cracks appearing in grain after pro- 
longed oxidation at 600~ Annealed 1 hr at 1200~ oxidized 
15 rain at 600~ indirect replica. Magnif ication 6900X be- 
fore reduction for publicotion. 

Fig. 7. Elongated cracks appearing along platelets after 
prolonged oxidation at 600~ Annealed 1 hr at 1200~ 
oxidized 15 rain at 600~ indirect replica. Magnif ication 
6900X before reduction for publication. 

Fig. 8. Low magnification of nodular growths on tantalum 
surface oxidized at 700~ Annealed 16 hr at 1200~ 
oxidized 6-10 sec at 700~ Magnification 500X before re- 
duction for publication. 

i l l u s t r a t e d  in Fig.  5. On the  bas is  of l onge r  (15 min )  
o x i d a t i o n  e x p e r i m e n t s  a t  600~ n o d u l a r  g r o w t h s  
w e r e  f o u n d  to be p r e f e r r e d  s i tes  for  b l i s t e r  f o rma t ion .  
C e r t a i n  gra ins ,  o r i g i n a l l y  e x h i b i t i n g  dense  n o d u l a r  
fo rma t ions ,  b e c a m e  b l i s t e r e d  and  ox id i zed  m u c h  
m o r e  h e a v i l y  t han  a d j a c e n t  g r a in s  w h e r e  the  ox ide  
was  p r e s e n t  p r e d o m i n a n t l y  in p l a t e l e t - t y p e  s t r u c -  

Fig. 9. Nodular growths on tantalum surface oxidized at 
700~ Annealed 16 hr at 1200~ oxidized 6-10 sec at 
700~ indJrect replica. Magnif ication 9600X before reduc- 
tion for publication. 

tures .  Moreover ,  a t  th is  t e m p e r a t u r e ,  t h e r e  a p p e a r e d  
to be a m o r e  def in i te  r e l a t i o n  b e t w e e n  the  p l a t e l e t  
g r o w t h s  and  c r a c k  fo rma t ion .  In  f o r m e r  p l a t e l e t  
a r ea s  of these  spec imens ,  the  f issures w e r e  e l o n g a t e d  
and  c lose ly  fo l l owed  the  t r aces  of the  p la t e l e t s .  E v e n  
d u r i n g  e a r l i e r  s tages  of o x i d a t i o n  at  th is  t e m p e r a -  
tu re ,  b l i s t e r s  t e n d e d  to fo rm at  i n t e r sec t ions  of 
p la te le t s .  F i g u r e s  6 and  7 a r e  e x a m p l e s  of c r a c k  
f o r m a t i o n  in the  two  t y p e s  of areas .  F i g u r e  6 also 
i l l u s t r a t e s  t he  e x t r e m e  d i f fe rence  in o x i d a t i o n  b e -  
h a v i o r  f rom g r a i n  to g r a i n  w h i c h  was  o b s e r v e d  in 
these  spec imens .  

A t  700~ the  n o d u l a r  g r o w t h  was  even  m o r e  p r o -  
nounced ,  and  the  first  s tages  of ox ida t i on  cons i s ted  
a lmos t  e n t i r e l y  of n o d u l a r - t y p e  a t t ack .  F i g u r e s  8 
and  9 a r e  t y p i c a l  op t i ca l  and  e l ec t ron  m i c r o g r a p h s  
of these  fea tu res .  

Conclusions 
The re su l t s  of th is  i nves t i ga t i on  se rve  to i l l u s t r a t e  

t he  complex  b e h a v i o r  of t h e  i n i t i a l  s tages  of gaseous  
o x i d a t i o n  on t a n t a l u m  surfaces .  W h i l e  the  m e c h -  
a n i s m  for  p l a t e l e t  f o r m a t i o n  is no t  y e t  known ,  t he  
fac t  t ha t  t h e y  c o n t r i b u t e  i m p o r t a n t l y  to the  o x i d a -  
t ion process ,  a t  l eas t  a t  h i g h e r  t e m p e r a t u r e s ,  has  
been  d e m o n s t r a t e d .  On the  bas is  of the  r e su l t s  ob -  
ta ined ,  the  fo l lowing  conclus ions  a p p e a r  jus t i f ied :  

1. O x i d e  p l a t e l e t  f o r m a t i o n  on t a n t a l u m  o c c u r r e d  
at  the  t e m p e r a t u r e  of o x i d a t i o n  and  i n v o l v e d  a 
h i g h l y  d i r e c t i o n a l  g r o w t h  process .  A t  a n y  one t i m e  
d u r i n g  o x i d a t i o n  a w i d e  s p e c t r u m  of p l a t e l e t  sizes 
ex is ted .  X - r a y  d a t a  i n d i c a t e d  Ta~O~ as t he  p r e d o m i -  
n a n t  oxide .  

2. A t  l o w e r  t e m p e r a t u r e ,  the  n u c l e a t i o n  of p l a t e -  
le ts  occu r r ed  p r i m a r i l y  at  g r a i n  bounda r i e s ,  b u t  at  
600~ and  h ighe r ,  n o d u l a r  g r o w t h s  w e r e  o b s e r v e d  
whose  n u c l e a t i o n  d id  not  i nvo lve  a g r a i n - b o u n d a r y  
process .  

3. A t  l o w e r  t e m p e r a t u r e s ,  no d i r ec t  c o r r e l a t i o n  
was  o b s e r v e d  b e t w e e n  the  p l a t e l e t  s t r u c t u r e s  and  
b l i s t e r  f o r m a t i o n  in t he  oxide .  A t  h i g h e r  t e m p e r a -  
tu res ,  bo th  nodu le s  and  p Ia t e l e t s  s e rved  as p r e -  
f e r r e d  si tes for  b l i s t e r s  and  e l o n g a t e d  cracks .  

4. T a n t a l u m ,  e spec i a l l y  a t  the  h i g h e r  t e m p e r a -  
tures ,  e x h i b i t e d  a p r o n o u n c e d  d e p e n d e n c e  of f i r s t -  
s t age  o x i d a t i o n  r a t e  on c r y s t a l l o g r a p h i c  o r i en ta t ion .  
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The Difference Effect and the Chunk Effect 

G. A. Marsh and E. Schaschl 

Research Center, The Pure Oil Company,  Crystal Lake,  Illinois 

ABSTRACT 

The negative difference effect in the case of steel can be explained in terms 
of corrosion by removal of blocks or "chunks" of metal  containing perhaps only 
a few atoms. The "chunk effect" also explains the observed fact that, under  
conditions of high corrosion rate, m i n i m u m  protective current  can be much 
less than the calculated corrosion current .  It is suggested that  the chunk effect 
and anodic polarization occur on the same piece of metal. Either the positive 
or the negative difference effect may be observed depending on the corrodent. 

Pos i t i ve  Di f ference  Ef fec t  

The posi t ive  difference effect has been  considered  
one of the  suppor t ing  p i l l a r s  of the e lec t rochemica l  
t heo ry  of aqueous  corrosion.  This effect was first 
recognized and  n a m e d  by  Thie l  and  Eckel l  (1) ,  who 
worked  wi th  a l u m i n u m  dissolving in sodium hy -  
droxide  solut ion.  

Thie l  and  Eckel l  reasoned  that ,  w h e n  a me ta l  is 
made  an anode  in  an  e lect rolyt ic  cell, its ra te  of cor-  
rosion should be the  sum of (a) local ac t ion as ob-  
served in the  absence of e x t e r n a l  cur ren t ,  and  (b) 
the corrosion ra te  e q u i v a l e n t  to the  appl ied  c u r r e n t  
(u t i l iz ing  the  e lec t rochemica l  equ iva l en t  of the 
meta l  in  ques t ion ) .  In  ac tua l  tests wi th  a l u m i n u m ,  
however ,  t hey  found  the  observed corrosion ra te  to 
be  less t h a n  the  sum of the  componen ts  (a)  and  (b) .  
To s ta te  the i r  obse rva t ion  quan t i t a t i ve ly ,  le t  Io equal  
the  f ree ly  cor roding  rate ,  1 I ,  equa l  the  observed  
corrosion ra te  occur r ing  on appl ica t ion  of I~, and  
Is equa l  the  e x t e r n a l l y  appl ied  cur ren t .  

F r o m  F a r a d a y ' s  l aw L, w h e n  posi t ive  (anodic ) ,  
resul ts  in  an  equ iva l en t  corrosion rate.  To rephrase  
Thie l  and  Eckel l ' s  discovery,  they  expected to find 

Io ~ - I x - - I , =  0 [1] 

Actua l ly ,  they  found  

I o + I ~ - - I . =  A [2]  

was a posi t ive  n u m b e r  which  they  cal led the  "di f -  
ference effect." (La te r  they  found  tha t  A could be 
nega t ive  in some cases; this  d iscovery  led to the use 
of the t e rms  "posi t ive"  and  "nega t ive"  difference 

�9 C o r r o s i o n  r a t e s  i n  t h i s  p a p e r  a r e  s t a t e d  i n  t e r m s  o f  t h e  e q u i v -  
a l e n t  c u r r e n t  d e n s i t i e s .  A p p l i e d  c u r r e n t s  a r e  a l so  s t a t e d  a s  c u r r e n t  
d e n s i t i e s ,  

effect.) F u r t h e r m o r e ,  A was l inea r  over  a ce r ta in  
r ange  of I~, so 

A = KI~ [3] 

Since I, and  I, a re  expressed as c u r r e n t  densit ies,  
Eq. [2] and  [3] can  be combined :  

I~ = ~/0 + Iv (1 --  K)  [4] 

K is a slope; if it has a va lue  of H-l, the appl ied  
c u r r e n t  wil l  have  no effect on m e a s u r e d  corrosion 
rate.  Where  the pos i t ive  difference effect has been  
observed,  K lies b e t w e e n  0 and  1. 

For  smal l  va lues  of I~, l i n e a r i t y  of the  cu rve  I~ 
vs.  I~ is of ten obta ined,  p e r m i t t i n g  one to ob ta in  K 
f rom easi ly m e a s u r e d  quan t i t i es :  

Io - -  I~�9  
K = + i [5] 

where  the subscr ip t  1 applies to one pa r t i cu l a r  va lue  
of appl ied  cur ren t .  

The cons tan t  K was be l ieved  by  Mfiller (2) to 
have  f u n d a m e n t a l  s ignificance r ega rd ing  the mech -  
an i sm of the anodic  process. As K is i n d e p e n d e n t  of 
appl ied  cur ren t ,  it mus t  depend  on ly  on the sys tem 
of m e t a l / s o l u t i o n  be ing  studied.  

S t r a u m a n i s  (3, 4) has e xp l a i ne d  the  posi t ive d i f -  
ference effect in  t e rms  of anodic  polar izat ion.  Ac-  
cording to his view, the  posi t ive  difference effect is 
p ronounced  if the re  is i n t e r f e r ence  w i th  the de l ive ry  
of e lectrons to the  local cathode,  or if there  is i n t e r -  
fe rence  wi th  d iss ipa t ion  of ions into the  corrosive 
agent .  We bel ieve  tha t  the  l a t t e r  effect is the m o r e  
l ike ly  one. So w i th  inc reas ing  anodic  cur ren t ,  
w he t he r  o r ig ina t ing  in  local cells or e x t e r n a l l y  ap -  
plied,  there  is inc reas ing  anodic  po la r iza t ion  which  
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decreases  t he  d r i v i n g  force  for  loca l  ac t ion  and  g ives  
r i se  to the  o b s e r v e d  pos i t ive  d i f fe rence  effect. 

The  pos i t i ve  d i f fe rence  effect is observed on ly  
upon  a p p l i c a t i o n  of anodic  cu r r en t ,  b u t  t he  p h e -  
n o m e n o n  r e s p o n s i b l e  for  i t  t a k e s  p l ace  at  zero  a p -  
p l i ed  c u r r e n t  as we l l  as a t  a p p l i e d  anodic  cu r ren t s .  
Tha t  anod ic  p o l a r i z a t i o n  occurs  in f r e e l y  c o r r o d i n g  
me ta l s  (e.g., s tee l )  is a p p a r e n t  f rom the  fac t  t ha t  
t he  c u r r e n t  r e q u i r e d  for  ca thod ic  p r o t e c t i o n  of a 
spec imen  showing  the  pos i t i ve  d i f fe rence  effect is 
g r e a t e r  t h a n  the  cor ros ion  c u r r e n t  of t he  f r e e l y  co r -  
rod ing  me ta l .  I f  t h e r e  w e r e  no anodic  po la r i za t ion ,  
t he  p r o t e c t i v e  c u r r e n t  w o u l d  n e c e s s a r i l y  equa l  t h e  
cor ros ion  cu r ren t .  

Negative Difference Effect 
Mt}tler  (2)  and  K r o e n i g  and  U s p e n s k a j a  (5)  

found  t ha t  t he  d i f fe rence  effect was  n e g a t i v e  for  
some m e t a l - c o r r o d e n t  combina t ions .  T h e y  and  o the r s  
(4, 6, 7) e x p l a i n e d  th is  as t h e  r e su l t  of d i s r u p t i o n  of 
a su r face  film. A c c o r d i n g  to ~his theory ,  a p p l i c a t i o n  
of pos i t ive  c u r r e n t  to a s p e c i m e n  g r a d u a l l y  b r e a k s  
d o w n  i ts  sh i e ld ing  film, thus  expos ing  m o r e  m e t a l l i c  
su r f ace  to a t t a c k  b y  t h e  corrodent and  thus  i n c r e a s -  
ing local  act ion.  In  some cases these  i nves t i ga to r s  
o b s e r v e d  f lak ing  of f i lms in sys t ems  in w h i c h  the  
n e g a t i v e  d i f fe rence  effect was  found.  

Relationship between Cathodic Protection and 
Positive and Negative Difference Effects 

In local  act ion,  a s s u m i n g  the  local  anodes  do not  
polar ize ,  t he  anod ic  c u r r e n t  (i.e., Io) is equa l  to the  
c u r r e n t  of the  loca l  ca thodes .  E x t e r n a l  ca thod ic  c u r -  
r en t  can be  s u b s t i t u t e d  for  t he  local  ca thod ic  c u r -  
ren t .  The  c u r r e n t  Ip r e q u i r e d  for  ca thodic  p r o t e c t i o n  
is t hen  i d e n t i c a l  to to. Thus  I~ is a m e a s u r e  of t h e  ac -  
t ua l  e l ec t ron ic  c u r r e n t  g iven  up  in t he  anodic  
process .  

Anod ic  po la r i za t ion ,  a l w a y s  p r e s e n t  to some e x -  
tent ,  r e q u i r e s  I~ to be  g r e a t e r  t h a n  Io. A c t u a l  I,/,Io 
r a t io s  for  n u m e r o u s  cases  r e p o r t e d  in the  l i t e r a t u r e  
a v e r a g e  a b o u t  1.2, i nd i ca t i ng  t h a t  for  c o m m o n  cases  
such as soil  co r ros ion  t h e r e  is a lmos t  b u t  not  qu i t e  
comple t e  ca thod ic  control .  S ince  IJIo r a t io s  a b o v e  
u n i t y  i nd i ca t e  some d e g r e e  of anodic  po la r i za t ion ,  if 
one a p p l i e d  anodic  c u r r e n t  to a spec imen  w h i c h  d i s -  
p l a y e d  an IJIo r a t i o  of 1.2 one shou ld  e x p e c t  t he  
pos i t ive  d i f f e rence  effect  to b e  ev iden t .  

F o r  m a n y  cases  t he  IJIo r a t io  t u r n s  out  to be  fa r  
less t h a n  u n i t y  (8) .  These  cases  a r e  f o u n d  ( for  
s tee l )  in h i g h l y  co r ros ive  solut ions ,  viz., l ow  p H  or  
h igh  d i s so lved  o x y g e n  concen t r a t i on  w i t h  a h igh  
deg ree  of ag i t a t ion .  U n d e r  these  s ame  cond i t ions  of 
p H  and  d i s so lved  oxygen ,  t he  n e g a t i v e  d i f fe rence  
effect is o b s e r v e d  upon  a p p l i c a t i o n  of anodic  cu r ren t .  

The  low IJIo r a t i o  is not  e x p l a i n e d  r e a d i l y  b y  the  
f i l m - b r e a k d o w n  t h e o r y  of t he  n e g a t i v e  d i f fe rence  
effect. The  n e g a t i v e  d i f fe rence  effect b y  def in i t ion  
d rops  to zero  as a p p l i e d  anod ic  c u r r e n t  becomes  
zero;  • is no t  def ined  for  n e g a t i v e  va lue s  of I. .  

To e x p l a i n  t he  facts  o b s e r v e d  upon  a p p l i c a t i o n  
of n e g a t i v e  cu r r en t ,  i.e., ca thod ic  p ro tec t ion ,  i t  is not  
enough  for  t he  p o t e n t i a l  of ca thod ic  a r eas  to be  
changed  ( in  p r o p o r t i o n  to t he  c u r r e n t )  to the  o p e n -  
c i rcu i t  p o t e n t i a l  of the  anodes .  I f  such a p r o p o r t i o n a l  

change  occur red ,  I~,/Io w o u l d  r e m a i n  at  or  s l i g h t l y  
g r e a t e r  t h a n  un i ty .  In  o r d e r  for  t h e  IJlo d a t a  to be  
e x p l a i n e d  in t e r m s  of films, t he  p o t e n t i a l  of ca thod ic  
a r e a s  mus t  change  m u c h  fa s t e r  t h a n  the  a p p l i e d  
cu r ren t .  The  a r ea  or  t he  eff iciency of t h e  ca thodes  
m u s t  be af fec ted b y  n e g a t i v e  cu r ren t .  Or,  a l t e r n a -  
t ive ly ,  the  a p p l i c a t i o n  of n e g a t i v e  c u r r e n t  m u s t  r e -  
sul t  in t he  g r o w t h  of a f i lm ove r  t he  anod ic  areas .  
But  the  sy s t em is u n d e r  e s s e n t i a l l y  ca thod ic  cont ro l ;  
v a r i a t i o n s  in anod ic  a r e a  shou ld  h a v e  l i t t l e  effect 
on the  ca thod ic  reac t ion .  Also,  a p p l i c a t i o n  of n e g a -  
t ive  c u r r e n t  w o u l d  no t  be  e x p e c t e d  to s t ab i l i ze  an  
anod ic  f i lm on steel .  Indeed ,  t he  n e g a t i v e  c u r r e n t  
shou ld  cause  the  r e d u c t i o n  of f i lms such as ox ides  
t ha t  w e  n o r m a l l y  a s soc ia t e  w i t h  steel .  

U n d e r  v i o l e n t l y  co r ros ive  cond i t ions  w h e r e  f i lms 
a r e / e a s t  l i k e l y  to be p r e s e n t  the  n e g a t i v e  d i f f e rence  
effect is v e r y  p ronounced .  U n d e r  cond i t ions  of  p a r -  
t i a l  ae ra t ion ,  low ve loc i ty ,  n e u t r a l  pH, w h e r e  such  
f i lms should  be  m o r e  s t ab le  on steel ,  t he  n e g a t i v e  
d i f fe rence  effect is less p r o n o u n c e d ;  u n d e r  s ta t ic  
condi t ions  mos t  f a v o r a b l e  to f i lm s t a b i l i t y  (e.g., soil  
co r ro s ion ) ,  t h e  n e g a t i v e  d i f f e rence  effect  is a b s e n t  
a l toge the r .  Thus,  t he  fac ts  do not  s u p p o r t  t h e  f i lm 
b r e a k d o w n  t h e o r y  of t he  n e g a t i v e  d i f fe rence  effect 
in t he  case of s teel .  (This  in no w a y  sugges t s  t h a t  
the  f i lm b r e a k d o w n  t h e o r y  m a y  be  i n v a l i d  fo r  o t h e r  
me ta l s . )  

Dissolution by "Chunks" 
E x t e r n a l  c u r r e n t  j u s t  suff icient  for  ca thod ic  p r o -  

t ec t ion  m e r e l y  t a k e s  t he  p l ace  of loca l  ca thod ic  c u r -  
ren t ,  w h i c h  in t u r n  is e s s e n t i a l l y  equa l  to the  loca l  
anod ic  cu r ren t .  A l o w  IJIo r a t io  indicates t ha t  m u c h  
m o r e  m e t a l  is be ing  d i s so lved  u n d e r  f r e e l y  co r rod ing  
cond i t ions  t h a n  can  be  accoun ted  for  b y  loca l  anod ic  
cu r ren t .  To e x p l a i n  t he  l ow IJIo r a t i o  found  w h e n  
s teel  cor rodes  at  h igh  ra tes ,  the  a u t h o r s  sugges t ed  
t ha t  cor ros ion  of s tee l  u n d e r  these  cond i t ions  m i g h t  
p roc e e d  w i th  the  r e m o v a l  of " c h u n k s "  of i ron  con-  
t a i n ing  s e ve ra l  a t o m s  (8) .  Disso lu t ion  b y  chunks  
w o u l d  also e x p l a i n  t h e  n e g a t i v e  d i f fe rence  effect.  

R e l a t i v e l y  l i t t l e  w o r k  has  been  done  on the  d i f -  
f e r e nc e  effect in s teel .  So f a r  p a r t i c l e s  of f r ee  i ron  
have  not  been  obse rved ,  p e r h a p s  be c a use  t h e y  a r e  
of on ly  a tomic  d imens ions .  Bu t  d i s so lu t ion  b y  
chunks  has  been  o b s e r v e d  in o t h e r  me ta l s .  

S t r a u m a n i s  (9)  po in t s  ou t  t h a t  A1 d i s p l a y s  t h e  
n e g a t i v e  d i f fe rence  effect w h e n  d i s so lv ing  a n o d i c a l l y  
in KC1-HC1 solut ion.  He  w r i t e s :  "The  s e l f - d i s s o l u -  
t ion of  the  A1 . . . i nc reases  w i t h  [ a p p l i c a t i o n  of 
anodic  c u r r e n t ] .  A f t e r  i n t e r r u p t i o n  of t h e  cu r ren t ,  
H~ evo lu t ion  dec reases  and  a c loud of w h i t e  dus t  a p -  
p e a r s  . . . .  V e r y  s m a l l  h y d r o g e n - e v o l v i n g  p a r t i c l e s  
can be  seen f loat ing in t he  e l ec t ro ly t e ,  w h i c h  ev i -  
d e n t l y  w e r e  s e p a r a t e d  f r o m  the  A1 t o g e t h e r  w i t h  
the  scale ."  S t r a u m a n i s  does  not  s ay  w h a t  t he  p a r -  
t ic les  m i g h t  be, b u t  w e  b e l i e v e  t h e y  a re  mos t  l i k e l y  
t i n y  f r a g m e n t s  of a l u m i n u m  r e l e a s e d  f rom the  p a r -  
en t  m e t a l  b y  u n d e r m i n i n g .  

Roa ld  and  S t r e i c h e r  (10)  a c t u a l l y  found  "b locks"  
of a l u m i n u m  of t he  o r d e r  of 0.005 m m  in l e n g t h  
w h e n  ce r t a in  A1 a l loys  w e r e  d i s so lved  in HC1. S i m i -  
l a r ly ,  Hoey  and  Cohen  (11) and  Higg ins  (12) f o u n d  
f ree  Mg m e t a l  p a r t i c l e s  in t he  cor ros ion  p r o d u c t s  
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w h e n  Mg was dissolved anodica l ly  in  NaC1 solutions.  
Hoey and  Cohen suggested tha t  "local  corrosion 
a n d / o r  u n d e r m i n i n g  of meta l l i c  m a g n e s i u m  at the 
anode are apprec iab le  and  may,  in  fact, account  for 
the observed low anodic cu r r en t  efficiencies of m a g -  
nes ium."  Vermi lyea  (13) dissolved s i lver  anodica l ly  
and  found  "anode  s l ime" composed of m i n u t e  p a r -  
ticles of meta l l ic  si lver.  If corrosion ra te  and  appl ied  
cu r r en t  da ta  had  been  t a k e n  by  these workers ,  they  
would  necessar i ly  have  observed the  nega t ive  dif-  
ference effect. 

G e n e r a l i z e d  p i c t u r e  o f  c o r r o s i o n  r a t e  as a 5 u n c t i o n  
of  a p p l i e d  c u r r e n t . - - I t  has been  m e n t i o n e d  above 
tha t  the  film d i s rup t ion  theory  is i nadequa t e  to e x -  
p la in  the low I J I o  ra t io  encoun te r ed  wi th  steel in  
high corrosion ra te  condit ions,  and  tha t  d issolut ion 
by  chunks  expla ins  no t  only  this  bu t  aIso the n e g a -  
t ive difference effect. If corrosion occurs by  chunks  
in anodic  dissolut ion,  would  it no t  occur in the same 
m a n n e r  du r ing  free corrosion? To exp la in  the low 
I,,/Io effect one mus t  assume that  it does. T h e n  

I ,  = I~ + Io + L, [6] 

where  the  appl ied  c u r r e n t  I~ resul t s  in  corrosion in  
str ict  accordance wi th  the  F a r a d a y  equ iva len t ,  the  
ra te  I, is the t rue  local act ion rate,  and  the ra te  I,, is 
due to corrosion by  chunks ,  i .e. ,  the  " c h u n k  effect" 
rate. If L. is zero, I,, = Io; the observed corrosion ra te  
equals  the f ree ly  corroding rate.  U n d e r  this con-  
d i t ion  

Io = I,,. + I,,,, [7] 

In  this  case Io~ and  I,,,, are the pa r t i cu l a r  local ac-  
t ion and  c h u n k  effect ra tes  occur r ing  together  which  
are m e a s u r e d  as the  f ree ly  cor roding  rate.  

For  corrosion u n d e r  cathodic control ,  the  pro tec-  
t ive c u r r e n t  

[ , ,= I , , ,  [8] 

because  the c u r r e n t  consumpt ion  of the local ca th -  
odes is comple te ly  satisfied by the  ex t e rna l  cur ren t ,  
so tha t  no local  act ion is possible. Since I,, is zero 
w h e n  c u r r e n t  Ip is applied,  (by  def ini t ion of I~) it 
follows f rom Eq. [7] tha t  L, mus t  be zero also w h e n  
Ip is applied.  There fore  the c h u n k  effect var ies  w i th  
appl ied  cur ren t .  The va r i a t ion  is be l ieved  to be 
more  or less l i nea r  wi th  appl ied  cur ren t ,  i n a s m u c h  as 
I ,  vs .  I,, curves  for steel are  essen t ia l ly  l inear .  

F igu re  1 depicts theore t ica l  re la t ionsh ips  b e t w e e n  
the observed corrosion ra te  and  appl ied  cu r r e n t  for 
severa l  types  of condit ions.  The 45 ~ l ine  DBM rep -  
resents  the theore t ica l  F a r a d a y  equ iva lence  for cor-  
rosion u n d e r  cathodic control.  The  l ine  AB r e p r e -  
sents  cathodic p ro tec t ion  of a common  corrosion sys-  
t em u n d e r  pa r t i a l  anodic  control  ( the ra t io  of cu r -  
ren ts  A J / D J  for steel in  typica l  soils appears  to be  
about  1.2). Since anodic  po la r iza t ion  is involved,  
l ine  BL ( r ep re sen t i ng  the  ex t ens ion  of l ine  AB)  
depicts  the me ta l  cor roding  wi th  a posi t ive  differ-  
ence effect, name ly ,  the  d is tance  ML. The f ree ly  cor-  
rod ing  ra te  in  each case is Io. 

The l ine  EB represen t s  cathodic pro tec t ion  in  cases 
where  the rat io I , / I ~  is much  less t h a n  un i ty .  (As 
ana lyzed  above, pa r t i a l  anodic cont ro l  expla ins  w h y  
I,,/Io can be g rea te r  t h a n  un i ty ,  whi le  the  c h u n k  
effect exp la ins  w h y  this rat io can be less t h a n  

B 

Ip 
CATHODIC pROTECTION 

t /  

Ix, 
ANOOIC DISSOLUTION 

APPLtED CURRENT,  1[ x 

Fig. 1. Generalized corrosion rate--apphed current rela- 
tionships. Point B is the freely corroding rate in each case. 
Points E, D, and A are minimum protective currents. Points 
F, M, and L are observed corrosion rates with a given onodic 
current Ix1. The particular curve followed is dependent on the 
corrodent and the metal. 

uni ty . )  Ideal ly ,  I~ equals  the t rue  local act ion Io,,. 
The corrosion ra te  Io~ due to c hunk  effect is 

Io~ = Io - -  Ip [9] 

F r o m  Eq. [9] the  c h u n k  effect ra te  can be computed  
f rom the f ree ly  cor roding  ra te  and the m i n i m u m  
protec t ive  cur ren t .  However ,  the f ree ly  corroding 
rate  is m e r e l y  one a r b i t r a r y  po in t  on the  corrosion 
rate  vs .  appl ied  c u r r e n t  curve.  If ~1~1~ curve  is ex-  
tended,  (EBF on Fig. 1), a region  is en te red  where  
the m e a s u r e d  corrosion ra te  is g rea te r  t han  the 
F a r a d a y  e q u i v a l e n t  rate.  The t rue  local act ion on 
appl ica t ion  of anodic c u r r e n t  is r ep resen ted  by  point  
H; the observed  corrosion ra te  is r ep resen ted  by 
po in t  F. The  dis tance  FM is, by  Thiel  a nd  Eckel l ' s  
definition, the nega t ive  difference effect. The pa r t  
of the corrosion ra te  occur r ing  by c h u n k  effect is 
r epresen ted  by  the d is tance  FH. 

F igure  1 i l lus t ra tes  tha t  the c hunk  effect ma y  be a 
f u n d a m e n t a l  p rope r ty  of a corroding system, whi le  
the nega t ive  difference effect is one of severa l  pos-  
sible man i fes t a t ions  of this  proper ty .  If the chunk  
effect occurs, it does so even  at zero appl ied  cur ren t ;  
tha t  is, it occurs whi le  the  me ta l  is f reely  corroding.  
The nega t ive  difference effect on the other  hand  by 
def ini t ion is n o n e x i s t e n t  at  zero appl ied  cur ren t .  

In  Fig. 1 the  curve  EBF, corrosion ra te  vs .  appl ied 
cur ren t ,  is r ep re sen t ed  as a s t ra ight  l ine.  I t  is recog- 
nized tha t  n o n e  of the curves  other  t h a n  the  F a r a -  
day e q u i v a l e n t  is necessa r i ly  an  exact  s t ra igh t  l ine 
over the whole  r ange  of [2,. I n  the case of steel, how-  
ever, I, appears  to be qu i te  l inear  bo th  w i th  nega -  
t ive and  posi t ive  va lues  of Ix, at least  up  to I,  va lues  
equal  to Io. If corrosion ra te  var ies  l i n e a r l y  wi th  
appl ied cur ren t ,  the pa r t  of the f ree ly  cor roding  ra te  
tha t  is due to local action, Ion, can be read i ly  ob-  
ta ined:  

Io/~1 
Io~ [ I 0 ]  

Z.~ - -  [o 
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where  I~ is the  observed  corrosion ra te  w h e n  a cu r -  
r en t  L1 is appl ied  to the corroding specimen.  Io~ is 
also n u m e r i c a l l y  equa l  to the c u r r e n t  I~, r equ i r ed  
for cathodic protec t ion .  

This  leads to a ca lcu la t ion  of c h u n k  effect ratio, 
C, which  is the  f rac t ion  of the  f reely  corroding ra te  
tha t  is due to c h u n k  effect: 

I0,, L1 
C = -  = i Ill] 

Io I , ,~ -  I,, 

The c h u n k  effect ra t io  can also be computed  by  
combin ing  Eq. [9] and  [11]:  

Io - - /~  
C -- [12] 

Io 

The difference effect can be d e t e r m i n e d  expe r i -  
m e n t a l l y  as: 

Io + I ~ - -  I~ ---- A [13] 
and  since 1,1 is l a rger  t h a n  the  sum of 1,1 + Io, the 
difference effect • is negat ive .  F r o m  the Thie l  and  
Eckel l  slope K (Eq. [5] )  it is seen tha t  K and  the  
c h u n k  effect ra t io  C are re la ted :  

- - K  L1 
C -- [14] 

L~ - - / .  

Up to this  po in t  the  cases of corrosion wi th  anodic  
po la r iza t ion  (posi t ive  difference effect) and  corro-  
s ion w i th  c h u n k  effect have  been  cons idered  as oc- 
cu r r ing  separate ly .  In  a genera l  case anodic  po la r iza-  
t ion  and  the  c h u n k  effect occur s imu l t aneous ly  on 
the  same piece of metal .  If the decrease in local ac-  
t ion  ra te  exac t ly  equals  the ra te  at which  the chunks  
are l eav ing  the metal ,  there  wi l l  be  no m e a s u r a b l e  
d e p a r t u r e  f rom the  F a r a d a y  equ iva lence  ( l ine  DBM 
of Fig. 1). Ord ina r i ly ,  the  two effects would  no t  be 
equal :  e i ther  the  posi t ive  difference effect or the  
c h u n k  effect is p r e d o m i n a n t  and  is observed  d e p e n d -  
ing on the n a t u r e  of the corrodent .  

Experimental 
Demons t ra t ion  of the negat ive  difJerence e~ect  in 

the  case of s t e e L - - T h e  nega t ive  difference effect was 
observed as an inc iden ta l  effect in expe r imen t s  wi th  
dissolved oxygen  concen t r a t i on  cells. F r o m  the s t and -  
po in t  of s tudy ing  concen t r a t i on  cells the  mode of 
gene ra t ion  of cell c u r r e n t  is i m p o r t a n t ;  bu t  here  we 
are concerned  wi th  cell  c u r r e n t  m e r e l y  as an  ex -  
t e r n a l l y  appl ied  cur ren t ,  L. This appl ied  c u r r e n t  

Ix 

~ -  00RROS,0N 
RATE = I u 

~ CORROSION 
RATE = I 0 

Fig. 2. Apparatus for studying corrosion ra te - -app l ied  cur- 
rent relahonships. Electrical resistance corrosion probes were 
used to determine the corrosion rates. The polar i ty of the 
battery could be reversed to permit study of cathodic protec- 
t ion. 
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could jus t  as wel l  have  b e e n  ob ta ined  by  us ing  an 
ex t e rna l  cathode and  c u r r e n t  source. A su i tab le  ap-  
pa ra tus  is shown schemat ica l ly  in  Fig. 2. The solu-  
t ions used con ta ined  NaC1 at  var ious  concent ra t ions ,  
wi th  k n o w n  dissolved oxygen  concen t ra t ions  be -  
t w e e n  0 and  6.5 ppm. The pH of the solut ions was 
ad jus ted  wi th  NaOH or HC1 at f r e q u e n t  in te rva ls .  
The electrodes were  e lectr ical  res i s tance  probes  (14) 
of SAE 1010 mi ld  steel, u n a n n e a l e d .  They  were  
etched pr ior  to use by  i mme r s i on  for 10 sec in 6N 
HC1 con ta in ing  1% ferr ic  chloride.  Fo l lowing  this, 
the probes  were  washed  in wa te r  and  acetone, dried, 
and  stored t e m p o r a r i l y  in  a desiccator  un t i l  used. 

In  such a dissolved oxygen  concen t r a t i on  cell, the 
cell c u r r e n t  depends  m a i n l y  on the  degree  of ae ra -  
t ion  and  ag i ta t ion  in  each zone. By su i tab le  choice of 
condi t ions  the  c u r r e n t  dens i ty  on the anode  could be 
m a d e  as h igh as 170 ~ a / c m  ~ (160 ma/f t2) .  To com- 
pu te  the  difference effect in  such expe r imen t s  one 
had  only  to ob ta in  the f ree ly  cor roding  ra te  Io of the  
u n c o n n e c t e d  p robe  in  the  anodic  c o m p a r t m e n t  of 
the cell, add the cell c u r r e n t  L, and  sub t rac t  the  
corrosion ra te  4~ of the  anodic  connec ted  probe.  Cor-  
rosion ra tes  were  ob ta ined  wi th  the  probes  in si tu 
by me a ns  of a corrosion me t e r  (14).  The difference 
effect us ing  this method  is m e a s u r a b l e  in  t e rms  of 
loss of me ta l  r a the r  t h a n  in  t e rms  of the gene ra t ion  
of hyd rogen  as in most  p rev ious  exper imen t s .  

As a f u r t he r  re f inement ,  one could i n t e r r u p t  the  
cell c u r r e n t  at a ny  poin t  and  apply  cathodic p ro -  
tec t ion in  smal l  i n c r e m e n t s  whi le  con t inuous ly  
m e a s u r i n g  the  corrosion rate,  t he r e by  ob t a in ing  the  
m i n i m u m  c u r r e n t  needed  for cathodic protect ion.  
Using steel probes  in i t i a l ly  25 ~ th ick  (0.001 in.)  
one could me a su r e  th ickness  changes  of the  order  of 
0.05 ~ (0.2 ~ in.)  by  me a ns  of the  changes  in e lec t r i -  
cal res is tance.  

The resul t s  wi th  n e u t r a l  solut ions show a t r e n d  
in the d i rec t ion  of nega t ive  difference effect, the  
effect becoming  qui te  p r o n o u n c e d  at low pH (Fig. 
3). I t  is s ignif icant  tha t  some of the r u n s  of Fig. 3 
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Fig. 3. Effect of pH on difference effect af steel, various 
NaCI solutions. Each point represents a separate run. By Thiel 
and Eckell's def ini t ion, points lying above the 45 ~ line of 
equivalence indicate a negative difference effect; points lying 
below the line indicate a positive difference effect. 
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Fig. 4. Var ia t ion of chunk effect with pH. Data used in 
plot t ing Fig. 3 were replotted in terms of chunk effect ratio 
C calculated from Eq. [1 1]. Note the pronounced increase in 
C at  low pH. 

were  made  in  oxygen - f r ee  solut ions.  Thus  whi le  ox-  
ygen  appears  to be necessary  in  order  to ob t a in  the  
nega t i ve  difference effect in, say, m a g n e s i u m  (5) ,  
the re  is no such res t r i c t ion  in  the  case of steel. 

In  Fig. 4, the  da ta  of Fig. 3 were  rep lo t ted  in  t e rms  
of the f rac t ion  of the  f ree ly  corroding ra te  due  to 
c h u n k  effect (C) as a func t ion  of pH. It  is seen tha t  
at  low pH va lues  C m a y  be g rea te r  t h a n  0.5, ind i -  
ca t ing  tha t  over  half  of the  corrosion ra te  is a t t r i b -  
u t ab l e  to the  c h u n k  effect mechan i sm.  This  r e su l t  is 
in  gene ra l  a g r e e m e n t  wi th  IJIo  data  t abu l a t e d  in 
ref. (8) .  

In  Figs. 3 and  4 each poin t  r epresen t s  a s ingle  r u n  
w i t h  a cell of ce r ta in  composi t ion;  I~ is the  cell cu r -  
rent ,  and  I , - - I o  is the difference in  two m e a s u r e d  
corrosion rates.  At  low va lues  of I,, the  quan t i t i e s  I,  
and  I0 are  not  ve ry  different ,  so tha t  scat ter  of the 
da ta  is inev i tab le .  Wi th  a g iven  set of condi t ions  
the  cell cu r r en t s  were  r ep roduc ib le  w i t h i n  a few 
mic roamperes ;  the  corrosion ra tes  in  the low range  
were  r ep roduc ib le  w i t h i n  about  2 ~a /cm' .  

To i l l u s t r a t e  the  i m p r o v e m e n t  in  the q u a l i t y  of 
da ta  w h e n  a s ingle  spec imen was used to ob ta in  
severa l  I, vs. I, points,  an  e x p e r i m e n t  was car r ied  
out  in which  a steel e lect r ical  res i s tance  p robe  was 
i m m e r s e d  in  an  aqueous  so lu t ion  of pH 2. The f ree ly  
cor roding  ra te  was d e t e r m i n e d  and  was conver ted  
into e q u i v a l e n t  cu r r en t ;  t h e n  cathodic c u r r e n t  was  
appl ied  in  i n c r e m e n t s  un t i l  the  pro tec t ive  c u r r e n t  
was reached.  Next  the f ree ly  corroding ra te  was  
aga in  d e t e r m i n e d  and  found  to be the  same as it 
was  at the s tar t  of the exper imen t .  Anodic  c u r r e n t  
was  aga in  appl ied  and  a n e w  corrosion ra te  was  
measured .  The resul ts  are p lo t ted  in Fig. 5. 
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Fig. 5. Chunk effect of steel dissolving in di lute HCI, pH 2. 
Based on the Faraday equivalent of the cathodic protection 
current, about half  the freely corroding rate is at t r ibutable to 
corrosion by more than one atom at a time. 

Based on the  f ree ly  corroding ra te  ( e qu i va l en t  to 
153 ~ a / c m  ~) a nd  the  pro tec t ive  c u r r e n t  (75 ~ a / cm ~) 
the  c h u n k  effect ra t io  C for the sys tem of Fig. 5 
was about  0.5. The  measu red  corrosion ra te  was  
l inear  wi th  appl ied  c u r r e n t  up  to a h igh  anodic  
cur ren t .  

Af te r  the  probe  of Fig. 5 had been  m a d e  anodic for 
a per iod long enough  to ob ta in  the  corrosion rate ,  
the  anodic  c u r r e n t  was  t u r n e d  off and  the  pro tec t ive  
c u r r e n t  was aga in  de te rmined .  This  cu r r en t  (82 
~ a / c m  ~) was sti l l  essen t ia l ly  the same as before the  
anodic  t r ea tmen t ,  ind ica t ing  tha t  the  local act ion 
c u r r e n t  had  not  b e e n  affected by  the  t r ea tmen t .  The  
f ree ly  corroding ra te  increased  s l ight ly  w h e n  meas -  
u r ed  before  and  a f te r  the  t r ea tmen t .  

This  p h e n o m e n o n  occurs cons i s ten t ly  w h e n  steel  
is m a d e  h igh ly  anodic  at low pH: Io increases  af ter  
each t r e a t m e n t  whi le  I~ r e ma i ns  constant .  Dis rup t ion  
of a sh ie ld ing  film would  exp la in  the  increase  in  Io 
bu t  not  the cons tancy  of I~. If more  area  is exposed 
for local  action, more  pro tec t ive  c u r r e n t  should be  
requi red .  These facts indica te  tha t  the  c h u n k  effect 
increases  as corrosion proceeds, if the  corrosion ra te  
is ve ry  high. 

Tab le  I lists da ta  ob ta ined  wi th  a smooth mi ld  
steel p robe  i m m e r s e d  in  d i lu te  HC1 of pH 2. Both 
Io and  I~ were  ob t a ined  at  i n t e rva l s  a f te r  app ly ing  
anodic  cur ren t .  The local act ion c u r r e n t  as reflected 
by  I,, r e m a i n e d  p rac t i ca l ly  constant .  " B l a nk"  probes, 
not  sub jec ted  to anodic  cur ren t ,  m a i n t a i n e d  cons tan t  
va lues  of Io and  I~ over  the  per iod of the  expe r imen t ;  
the  va lues  were  r ep roduc ib le  w i t h i n  abou t  3 ~a per  
cm ~. However  the ,/o of the anodica l ly  t r ea ted  p robe  
doubled  d u r i n g  the  exper imen t .  The difference effect 

Table I. Effect of applied anodic current on minimum protective current and on freely corroding rate--steel corroding in HCI, pH 2 

E l a p s e d  I0, Ix ,  Iu ,  I~,  C f r o m  C f r o m  
t i m e ,  h r  ~ a / c m  2 ~ a / c m  ~ ~ a / c m  ~ ~ a / c m  e E q .  [ 1 2 ]  E q .  [ 1 1 ]  / f  

0 1 5 3  - -  - -  7 5  0 . 4 4  - -  - -  

1 - -  7 3  3 0 7  - -  - -  0 . 4 8  - - 0 . 7  

2 - -  1 5 1  5 2 7  - -  - -  0 . 5 3  - - I . i  

3 230 - -  - -  82 0.64 - -  - -  
4 - -  4 3  4 8 4  - -  - -  0 . 8 1  - - 4 . 2  

5 2 9 1  - -  - -  8 7  0 . 7 0  - -  - -  
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slope K decreased f rom --0.7 to --4.2, bu t  K could be 
ca lcula ted  on ly  for the  per iods of t ime  in  which  
anodic  c u r r e n t  was  be ing  applied.  The c h u n k  effect 
rat io C, ca lcu la ted  f rom ei ther  Eq. [11] or [12],  
showed a g r adua l  increase,  wi th  a r ea sonab ly  good 
fit of va lues  ob ta ined  by  the two methods.  

F r o m  this  type  of expe r imen t ,  K appears  to be of 
l i t t le  va lue  in  depic t ing  the m e c h a n i s m  of corrosion.  
If K in the example  above is some measu re  of the  
d i s rup t ion  of a sh ie ld ing  film, one mus t  ask w h y  I~ 
does not  v a r y  w i th  K. The c h u n k  effect hypothes i s  
on the  other  h a n d  migh t  aid in the s tudy  of m e c h -  
anism.  The g radua l  increase  in  C indicates  that ,  as 
corrosion proceeds u n d e r  condi t ions  of h igh corro-  
s ion rate,  a g rea te r  per  cent  of the  f ree ly  cor roding  
ra te  takes  place by  r emova l  of more  t h a n  one a tom 
at a time. As I~ is essen t ia l ly  constant ,  this  is no t  
l ike ly  due to an  increase  in cathodic surface area, 
bu t  r a the r  to the geometr ic  p a t t e r n  by  which  the  l a t -  
t ice dissolves. 

Summary 
Theories  of film shie ld ing of anodic  areas do not  

exp la in  adequa t e ly  the  nega t ive  difference effect 
and  the re la t ionsh ip  b e t w e e n  m i n i m u m  pro tec t ive  
cu r r en t  and  f ree ly  corroding ra te  in  the case of steel. 
These effects can be exp la ined  by  supposing t ha t  
u n d e r  ce r ta in  condi t ions  corrosion proceeds p a r t l y  
t h rough  r emova l  of chunks  of me ta l  con ta in ing  p e r -  
haps on ly  a few atoms. This is be l ieved to occur  over  
the  whole  r ange  of appl ied  cu r ren t s  f rom cathodic 
protec t ion  to h igh  anodic  cur ren ts .  The c h u n k  effect 
is most  p r o n o u n c e d  ( in  steel)  u n d e r  condi t ions  
which yie ld  high corrosion rates.  In  expe r imen t s  at  
pH 2, for example ,  abou t  50% of the  observed cor-  
rosion ra te  could be a t t r i b u t e d  to the c h u n k  effect 
mechanism.  

I t  is suggested tha t  the  c h u n k  effect and  anodic  
polar iza t ion  occur on the same piece of cor roding  
metal .  Thus  e i ther  the  posi t ive or the  nega t ive  d i f -  
ference effect m a y  be observed,  depend ing  on the  
corrodent .  

Manuscript  received Feb. 5, 1960; revised manuscr ipt  
received Sept. 9, 1960. This paper was prepared for 
delivery before the Houston Meeting, Oct. 9-13, 1960. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1961 JOURNAL. 
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Symbols Used 

A -  Thiel and Eckell 's difference effect. 
K -  Thiel and Eckell 's slope constant. 
I ~ -  Applied current  density. 
I , - -  Observed corrosion rate expressed as equivalent  

current  density. 
Io--Freely  corroding rate expressed as equivalent  

current  density. 
I~ - -  Minimum protective current  density. 
L - -  Local action current  density. 
I b -  Chunk effect corrosion rate expressed as equiv-  

alent current  density. 
Ioa--Local action current  density under  the condi- 

tion of zero applied current.  
I o b -  Chunk effect corrosion rate at zero applied cur-  

rent.  
C - -  Chunk effect ratio. 

Correction 

In  the Sep t embe r  1960 issue of the  JOURNAL on Page 768 of the paper  by  K. B. O ldham "Theory  of 
Farada ic  Dis tor t ion"  the  t e r m  "C -~" was omi t t ed  f rom Eq. [6]. Equa t i on  [6] should  read  

c(o, t )  = c +  ~ ~cos j~t  + ~: ~jsinj~t [6] 
J=o ~=1 
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ABSTRACT 

A method is described for detecting short-lived charged primary products 
(ions, electrons) produced in photochemical reactions. The photochemical reac- 
tion is initiated by a light flash in an electric field of approximately i000 v/cm. 
Photochemical changes produced in the solution are measured by a cur- 
rent impulse which occurs between the electrodes. The method is applicable 
for organic solutions which have a very small conductivity in the dark. Solvents 
such as hexane, benzene, and toluene may be used. The method was applied to 
detect light-produced short-lived radical ions of triphenylamine and similar 
substances in n-hexane. The electrical detection of flash conductivity in the case 
of triphenylamine was examined optically by measuring the transient absorp- 
tion band of the photoproduct by flash photometry. 

Ul t rav io le t  r ad i a t i on  of a wave  l eng th  ~ > 200 m~ 
gene ra l l y  causes no add i t iona l  conduc t iv i ty  in  l iqu id  
organic  media.  Tha t  is to say, organic  l iquids  e i ther  
have  no absorp t ion  bands  in  this  spectra l  r ang e  (e.g. ,  
hexane )  or on ly  such absorp t ion  bands  as lead to 
exci ted e lec t ron  states and  not  to the sp l i t t ing  off 
of an  e lec t ron  (e .g . ,  benzene ) .  W h e n  the re  are 
ioniza t ion  bands  the  radical  ions produced  in  the 
l iqu id  gene ra l l y  have  a ve ry  shor t  l i fet ime.  T h e r e -  
fore the  s t a t i ona ry  a m o u n t  of charge carr iers  p ro -  
duced  by  s teady l ight  is so smal l  tha t  an add i -  
t iona l  conduc t iv i ty  canno t  be detec ted  readi ly .  

Condi t ions  m a y  be more  favorab le  if, ins tead  of 
s teady light,  the  l ight  of an e lect ronic  flash is used. 
F lash  l ight  is abou t  1000 t imes  more  in t ense  t h a n  
s teady light,  and,  if ioniza t ion  bands  exist, it m a y  
be expected tha t  flash l ight  wi l l  give rise to a br ief  
bu t  m e a s u r a b l e  conduc t iv i ty  in the organic  l iquid.  
This conduc t iv i ty  p h e n o m e n o n  has been  des igna ted  
by  us as "flash conduc t iv i ty"  (1) .  

Detect ion of flash conduc t iv i ty  was first a t t emp t e d  
in  the sys tem t r i p h e n y l a m i n e  in  l iqu id  n - h e x a n e .  
Accord ing  to Lewis  and  L ipk in  (2) it is p robab le  
tha t  there  is an  ioniza t ion  of t r i p h e n y l a m i n e  by  u.v. 
with X > 200 m~. On irradiating a solid solution of 
triphenylamine at 90~ by u.v. light, Lewis discov- 
ered a new absorption band at 660 mtL. Comparing 
this with the known absorption spectrum of the 
radical ion of triparatolylamine, he assumed that he 
had produced a triphenylamine positive ion. Fur- 
thermore, according to the electron gas model of 
Kuhn (3) one could even expect the triphenylamine 
to have an absorption band in the visible spectral 
range. There had been, however, no direct electrical 
proof for the ionization ion in the solid solution. In 
the liquid solution the triphenylamine radical ion 
had not been detected either electrically or optically. 

For the detection of the triphenylamine positive 
ion in liquid solution it had to be demonstrated that 
flash excitation of the triphenylamine solution gives 
rise to: (a) a brief additional conductivity, and (b) 
a transient absorption band in the visible red. 

Methods of Measurement 
A schematic drawing of the arrangement for 

measuring flash conductivity is shown in the upper 
part of Fig. i. The triphenylamine solution was 
placed between the electrodes of a quartz cell. The 
electric field was approximately I000 v/cm. If 
charge carriers are produced by the flash, they will 
move in the electric field during their lifetime, in- 
ducing a current impulse on the electrodes. The cur- 
rent impulse can be amplified by the pulse amplifier 
(PA) and indicated on the oscilloscope (CRO). 

The current impulse comes about as follows. 
Every charge carrier produced by the flash moves 
in the electric field E with a velocity u = v-E, where 
v is the mobility of the charge carrier. During its 
l i fe t ime T, the  charge ca r r i e r  t ravels  a d is tance  s = 
v . E . r .  By this  means  a defini te  charge q is induced  
on the electrodes,  

q = e . s / d  = e .  ( v . E . T ) / d  [1] 

where  e is the e lectr ical  charge of the par t ic le  and  
d the d is tance  be t w e e n  the electrodes. 

Flesh Conductlwty 

Z *-----d * 

CRO 

Flash Photometry 

Fig. ]. Upper part: schematic drawing of the electrical 
arrangement (flash conductivity), d--distance between the 
electrodes, s--distance the charge career travels in the elec- 
tric field during its lifetime, PA-~pulse amplifier, CRO~ 
cathode-ray oscilloscope; lower part: schematic drQwing of the 
optical arrangement (flash photometry); M--measuring light 
source, (:--quartz cell, PM--photomultiplier, A--amplif ier. 
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If the product ion of ions per  flash resul ts  in a 
total  charge Qo, then the cur ren t  impulse  at  the am-  
plifier input  is given by the expression 

Q = Q~. (v+ + v_) .E .T /d  [2] 

where  v+ is the mobi l i ty  of the posi t ive and v_ tha t  of 
the nega t ive  charge carr ier .  This s imple equat ion is 
val id  if (v§ -5 v_) .E - r  < <  d (1).  

The lower  l imit  of measurement  is fixed by  the 
noise of the preampl i f ie r  tube.  In  the  presen t  case 
the noise level  corresponded to a charge of approx i -  
ma te ly  5000 electrons. Subs t i tu t ing  this va lue  for 
Q and the known values  for E, d, and v (4) one ob- 
tains a given lower l imi t ing va lue  of the  product  
Qo.~, (Qo.~) .... ~ 5"10 ~ e-sec, which is jus t  wi th in  
the l imi t  of measurement .  Thus, the  flash conduc- 
t iv i ty  method  is ve ry  sensitive. Assuming an ion 
l i fe t ime of 10 -" sec, a concentra t ion of about  10 -" 
mole/1 ~ can be detected,  or, in the other  extreme,  
at a given ion concentrat ion of 10 -~ m o l e / l ,  ions wi th  
a l i fe t ime of 10 -= sec can be detected.  

In the lower par t  of Fig. 1 a schematic  drawing  of 
the opt ical  a r r angemen t  for flash pho tomet ry  is 
shown, the pr inciple  of which was repor ted  by  Nor-  
r ish and Por te r  (5) and by  Davidson and co -work -  
ers (6) .  A beam of monochromat ic  measur ing  l ight  
(M) passes through the quar tz  cell (C) and falls onto 
a photomul t ip l ie r  (PM).  If the  flash produces  photo-  
chemical  changes in the  solution which give rise to 
a new absorpt ion band, the pho tomul t ip l i e r  wil l  de-  
tect a change in the  in tens i ty  of the measur ing  light.  
The corresponding current  var ia t ion  in the photo-  
mul t ip l ie r  output  can be amplified (A) and indi-  
cated on the oscilloscope (CRO).  The lower  l imit  
of measurement  is fixed by  the noise of the  photo-  
mul t ip l ie r  cathode. The theoret ica l  value  of the 
resolut ion l imi t  is p rac t i ca l ly  reached by  our a r -  
r angement  (7).  At  a s ignal  r i se t ime of ~10 -~ see an 
absorpt ion change of 0.1% is detectable.  

Results 
Electrical measurements .--Exci tat ion of the t r i -  

pheny lamine  solution in n -hexane  wi th  unfi l tered 
flash l ight  produced the expected cur ren t  impulses. 
The cur ren t  impulses r ise  l inear ly  wi th  the  electr ic 
stress E, indicat ing tha t  the l i fe t ime of the  ion is 
small  enough to sat isfy the  condit ion for Eq. [2], 
or, in this case, r << 1 sec. In order  to de te rmine  
which of the absorpt ion bands  of the t r ipheny lamine  
(see Fig. 3, solid curve)  gives r ise to ionization, the 
l ight of the flash was filtered. Measurements  indi-  
cated tha t  ionization accompanies absorpt ion only in 
the u.v. absorpt ion wi th  X < 250 m~. Other  p a r a m -  
eters such as concentrat ion of t r iphenylamine ,  oxy-  
gen content  of the  solution, etc., were  also varied.  
The resul ts  of these measurements  confirmed expec-  
tat ions (1).  

F lash  conduct ivi ty  could also be detected in 
n -hexane  solutions of d iphenlyamine ,  t e t r a m e t h y l -  
pa raphenylend iamine ,  and both types  of chloro-  
phyll .  (Under  equal  exper imen ta l  condit ions the 
electr ical  signal in the  case of chlorophyl l  is about 
three  t imes la rger  than  wi th  t r iphenylamine .  The 
order  of magni tude  of the  cur ren t  impulse  is Q 

The  v o l u m e  of t he  q u a r t z  cel l  was  a p p r o x i m a t e l y  0.1 1. 

967 

Fig. 2. Change of absorption vs. t ime as received on the 
oscilloscope. Upper part: increase of absorption was produced 
by i r radiat ing t r iphenylamine in n-hexane with the intensive 
l ight of an electronic flash. Concentrat ion of t r iphenylamine: 
3 " 10 -~ mo le /1 .  Wavelength of the measuring light, 558 m/~ 
(A2~ ~ 17m#); temperature, 20~ electrical energy of the 
flash discharge, 240  J; length of the quartz cell, 10 cm. The 
max imum of the absorption change corresponds to a decrease 
of transmission of approx imate ly  6 % .  Li fet ime of the photo- 
product (triphenylamine positive ion) ~ <  ] 0 -~ sec. Lower part: 
Response of the optical arrangement on flash l ight exci tat ion 
of pure n-hexane. 
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Fig. 3. Absorpt ion vs. wave length. Solid line: normal ab- 
sorption spectrum of t r iphenylamine in n-hexane; dashed line: 
transient absorption spectrum received by flash photometric 
measurements on i l luminat ing t r iphenylamine in n-hexane by 
intensive flash light. (Prel iminary measurements; position and 
relative heights of maxima may be submitted to some change.) 
Temperature: 20~ Electrical energy of the flash discharge, 
240 j; flash durat ion, approximately  2 " 10 -~ sec; l i fet ime of 
the photoproduct ( tr iphenylamine positive ion) $ < 1 0  -~ sec. 
(Both absorption spectra are plotted in arbi t rary units.) 

i 0  -~ amp sec.) On the other hand, exci t ing a solution 
of benzene in n - h e x a n e  wi th  u.v. l ight  of the spect ra l  
range  X > 200 m~ produced,  as had  been expected,  
no electr ical  signal  (see above) .  

Optical r~easurements.--In addi t ion to the  elec-  
t r ica l  detect ion of charged photoproducts  in the t r i -  
pheny lamine  solution, there  was also a br ief  ap-  
pearance  of a new absorpt ion band.  This may  be 
due to the  t r ipheny lamine  posi t ive ion. The optical  
signal  measured  at a wave  length  of 558 m~ is shown 
in the upper  pa r t  of Fig. 2. I t  was received on the 
oscilloscope when  the intensive flash l ight  exci ted the 
t r i pheny lamine  solution. The t ime course of the  op-  
t ical  signal  corresponds app rox ima te ly  to that  of the 
flash l ight  emission, indicat ing tha t  the l i fe t ime of 
the  t rans ien t  photoproduct  is shor ter  than  10-' sec. 
The ent i re  t rans ien t  absorpt ion spec t rum could be 
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t raced  f rom m e a s u r e m e n t s  t a k e n  at va r ious  wave  
lengths .  The  m a i n  peak  of the  n e w  absorp t ion  b a n d  
lies in  the  spect ra l  r ange  a r o u n d  650 m / ( F i g .  3, 
dashed cu rve ) .  According  to the e x p e r i m e n t a l  work  
of Lewis  (2) as wel l  as to the  ca lcula t ions  of K u h n  
(3) based  on the e lec t ron  gas model,  the re  is good 
ev idence  for the t r i p h e n y l a m i n e  rad ica l  ion to show 
an  abso rp t ion  b a n d  in  this  spect ra l  range .  Thus,  the  
t r a n s i e n t  absorp t ion  b a n d  observed  on exc i t ing  the 
t r i p h e n y l a m i n e  solut ion m a y  be ascr ibed to the  t r i -  
p h e n y l a m i n e  posi t ive  ion. 

E x p e r i m e n t a l . - - T h e  m e a s u r e m e n t s  have  been  de-  
scr ibed in  the i r  essent ia l  f ea tu res  w i thou t  r ega rd  to 
e x p e r i m e n t a l  difficulties. Owing  to its h igh  sensi -  
t iv i ty ,  the appa ra tu s  is v e r y  subjec t  to in te r fe rence ,  
most  of which  is caused by  the i n t ens ive  flash dis-  
charge.  M e a s u r e m e n t s  are  d i s tu rbed  b y  the  e lec t ro-  
magne t i c  field and  by  the  sound and  any  r a n d o m  
l ight  of the  flash. The l a t t e r  causes electrode effects 
in  the  cell or false l ight  s ignals  on the p h o t o m u l t i -  
plier.  N e a r l y  all of these t roub les  may,  however ,  be 
h a n d l e d  app rop r i a t e ly?  

Conclusions 
The me thod  of us ing  flash conduc t iv i ty  m a y  be 

ex t ended  to q u a n t i t a t i v e  m e a s u r e m e n t s ,  i.e., it  m a y  
be used to measu re  ioniza t ion  potent ia ls ,  which  
have,  u n t i l  recent ly ,  been  l i t t le  k n o w n  in  the  l iquid  
state. 

F ina l ly ,  the re  is one c i r cums tance  which  r ema ins  
to be  discussed. In  a sys tem such as t r i p h e n y l a m i n e  
in l iqu id  or r igid so lu t ion  it  is not  c lear ly  k n o w n  
where  the separa ted  e lec t ron  stays d u r i n g  its l i fe-  
t ime. '  I t  might ,  therefore ,  be  des i rab le  to inves t iga te  

I n d e p e n d e n t  of t he  f lash p h o t o m e t r i c  m e a s u r e m e n t s  (Fig.  1) t he  
t r a n s i e n t  a b s o r p t i o n  c u r v e  (Fig. 3, d a s h e d  l ine)  was  m e a s u r e d  re-  
cen t ly  by  us also u s i n g  t he  m e t h o d  of f lash spec t roscopy  (5). 

8 M o r e  de t a i l s  of the  e x p e r i m e n t a l  t e c h n i q u e  are  desc r ibed  in  
ref.  (1) and  (7). 

T e n t a t i v e  ideas  are  d i scussed  by  L e w i s  (2), L i n s c h l t z  (8), and  
e spec ia l ly  b y  L e B l a n c  (4) (see a lso  p a p e r  by  O. H. LeBlanc ,  Jr . ,  
p r e s e n t e d  a t  t he  P h i l a d e l p h i a  M e e t i n g  of the  Society ,  May  6, 1959. 

systems wi th  a defini te  e lec t ron  acceptor  present .  
There  are donor -accep to r  sys tems in  which  an  elec-  
t r on  t r ans fe r  t akes  place f rom the  pho to -exc i t ed  
e lec t ron  state:  

A ~ + B-~ A+ +B--~ A + B 

[This scheme has been used to explain the quench- 
ing of fluorescence of certain organic compounds 
(9) ]. Owing to the high sensitivity it should be pos- 
sible to detect such an electron transfer electrically 
in the apparatus described above. Reactions of this 
kind are the subject of our current investigation. 
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Electrodeless Passage of Direct Current 
through an Electrolyte 

Abner Brenner 

National Bureau of Standards, Washington, D. C. 

ABSTRACT 

An exper imental  setup is described for directly observing the electrical 
migrat ion of a dye in a conducting system without electrodes. Direct current  
was produced in a continuous circuit of electrolyte, which included the dye 
solution, by means of a t ransformer  and a mechanical  commutator.  

The passage of direct  c u r r e n t  b e t w e e n  electrodes 
immersed  in  a conduc t ing  solut ion produces  two 
p h e n o m e n a :  chemical  reac t ions  at the  electrodes 
and  mass t r a n s p o r t  of the  solute.  If one looks at  this  
process phenomenolog ica l ly ,  one is t e m p t e d  to ask 
n a i v e l y  w h e t h e r  the mass t r an spo r t  would  occur if 

1 Ion ic  or  e l ec t r i ca l  m i g r a t i o n  is cons ide red  to be  %he flux of  dis- 
solved matter, in accordance with Faraday's law, through an elec- 
trolyte as a result of the flow of current. 

c u r r e n t  were  passed th rough  the  solut ion in  such a 
w a y  tha t  no e lect rode react ions  occurred.  To p e r -  
fo rm this e x p e r i m e n t  i t  would  be necessa ry  to p ro -  
duce  di rect  c u r r e n t  in  an  e lec t ro ly te  w i thou t  us ing  
electrodes.  

On the basis  of the  c u r r e n t l y  accepted theor ies  of 
the  s t ruc tu re  of electrolytes ,  it  seems obvious tha t  
e lectr ical  m i g r a t i o n  1 would  occur even  in  the ab -  
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sence  of e lec t ro lys i s .  The  ions in solu t ion ,  be ing  
c h a r g e d  pa r t i c l e s ,  w o u l d  m o v e  in t he  e lec t r i c  f ield 
t h a t  is a p p l i e d  across  the  solu t ion .  H o w e v e r ,  t he  
p o s s i b i l i t y  cou ld  be  env i s ioned  t h a t  in t he  absence  
of  e l ec t ro ly s i s  the  pos i t i ve  and  n e g a t i v e  ions  consor t  
t o g e t h e r  as  d ipo les  and  the  c u r r e n t  t hen  could  be  
c a r r i e d  b y  a flow of e l ec t rons  or  holes  as in a s e m i -  
c o n d u c t o r  or  me ta l .  As  an  e x a m p l e ,  t he  conduc t ion  
of e l e c t r i c i t y  t h r o u g h  the  so lu t ion  of an  a l k a l i  m e t a l  
in  a m m o n i a  is supposed  to occur  b y  a f low of e l ec -  
t rons .  

E v e n  t h o u g h  c u r r e n t  t h e o r y  p r e d i c t s  t h a t  e l e c t r i -  
cal  m i g r a t i o n  w o u l d  occur  in t he  absence  of e l ec -  
t ro lys is ,  the  a u t h e r  cons ide red  t h a t  d i r ec t  o b s e r v a -  
t ion  of t he  p r e d i c t e d  p h e n o m e n a  w o u l d  m a k e  an  
i n t e r e s t i n g  e x p e r i m e n t .  A n  a d d i t i o n a l  e l e m e n t  of i n -  
t e r e s t  was  p r o v i d e d  in de s ign ing  the  a p p a r a t u s  for  
p r o d u c i n g  d i r ec t  c u r r e n t  in the  e l e c t r o l y t e  w i t h o u t  
us ing  e lec t rodes .  

In  l ook ing  into  the  l i t e r a t u r e  of t he  e l ec t rode l e s s  
pas sage  of c u r r e n t  t h r o u g h  an  e l ec t ro ly t e ,  t he  a u t h o r  
f o u n d  the  sub j ec t  was  a r a t h e r  old  one. I t  h a d  been  
the  c e n t e r  of l i v e l y  d iscuss ion  a n d  c o n t r o v e r s y  60 
y e a r s  ago and  t h e n  had  been  fo rgo t t en .  The  a u t h o r  
l e a r n e d  of the  e a r l y  l i t e r a t u r e  s o m e w h a t  b y  acc i -  
dent .  In  t h e  course  of p r e p a r i n g  the  J. W. R i c h a r d s  
M e m o r i a l  Lec tu re ,  the  a u t h o r  l e a r n e d  t ha t  bo th  
R icha rds ,  the  first  p r e s i d e n t  of The  E l e c t r o c h e m i c a l  
Socie ty ,  and  Ca r l  Her ing ,  the  f o u r t h  p r e s i d e n t  of 
t he  Socie ty ,  p u b l i s h e d  p a p e r s  on the  subjec t .  R i c h -  
a rd s  (1, 2) b e l i e v e d  t h a t  conduc t ion  t h r o u g h  an  
e l e c t r o l y t e  occu r r ed  b y  the  s ame  m e c h a n i s m  as 
" m e t a l l i c  conduc t i on"  and  t ha t  e l e c t r i c a l  m i g r a t i o n  
was  a s e c o n d a r y  p h e n o m e n o n  w h i c h  r e s u l t e d  f r o m  
the  c h e m i c a l  changes  t h a t  o c c u r r e d  at  the  e lec t rodes .  
A c c o r d i n g  to his  v iew,  in  the  absence  of e l ec t ro ly s i s  
t h e r e  shou ld  be  no e l ec t r i ca l  m ig ra t i on .  

R i c h a r d s  also a t t e m p t e d  to show tha t  c u r r e n t  
cou ld  be passed  t h r o u g h  an  e l e c t r o l y t e  w i t h o u t  caus -  
ing c h e m i c a l  changes .  His e x p e r i m e n t ,  w h i c h  in -  
v o l v e d  z inc  e l ec t rodes  i m m e r s e d  in sol id  zinc ch lo -  
r ide ,  was  unsa t i s f ac to ry ,  because  t h e  c u r r e n t  used 
was  so s m a l l  t h a t  ev idence  of e l ec t ro ly s i s  cou ld  not  
be  de tec t ed .  I t  was  s e v e r e l y  cr i t ic ized .  

H e r i n g  was  of t h e  op in ion  t h a t  t he  e l ec t rode l e s s  
pa s sage  of c u r r e n t  t h r o u g h  a so lu t ion  w o u l d  not  
p r o d u c e  a n y  p h e n o m e n a  r a d i c a l l y  d i f fe ren t  f rom 
those  o b t a i n e d  w i t h  the  pas sage  of c u r r e n t  i n t r o -  
d u c e d  t h r o u g h  e lec t rodes .  He  d id  not  a c t u a l l y  do 
a n y  e x p e r i m e n t a l  w o r k  on the  p r o b l e m ,  bu t  he  
d e s c r i b e d  (3, 4) va r i ous  t ypes  of u n i p o l a r  dev ices  
t h a t  w o u l d  ach ieve  the  e l ec t rode l e s s  flow of cu r ren t .  

M a r v i n  (5)  c o n s t r u c t e d  a u n i p o l a r  dev ice  which ,  
h o w e v e r ,  d id  no t  y i e ld  suff icient  c u r r e n t  fo r  e x p e r i -  
m e n t a l  purposes .  By  i n t r o d u c i n g  two  coppe r  e l ec -  
t r odes  in to  the  c i r cu i t  he  was  ab l e  to ob t a in  a d e -  
f lect ion of a g a l v a n o m e t e r .  His o the r  e x p e r i m e n t s  
i n v o l v e d  t h e  use  of a l t e r n a t i n g  cu r ren t .  Bo th  he  and  
o the r s  (6)  h a v e  shown  tha t  an  a l t e r n a t i n g  m a g n e t i c  
field can  induce  an  a l t e r n a t i n g  c u r r e n t  in a c o n t i n u -  
ous t u b e  of e l ec t ro ly t e .  The  p r e s e n c e  of t he  c u r r e n t  
in t he  e l e c t r o l y t e  was  d e m o n s t r a t e d  b y  i ts  m a g n e t i c  
field or  b y  its h e a t  effect. The  e l ec t rode le s s  m e a s -  
u r e m e n t  of t he  c o n d u c t i v i t y  of e l e c t r o l y t e s  b y  m a k -  
ing  a t u b e  of e l e c t r o l y t e  one e l e m e n t  of a t r a n s -  

f o r m e r  is now in r o u t i n e  use  (7) .  E x p e r i m e n t s  w i t h  
i n d u c e d  a l t e r n a t i n g  c u r r e n t s  g ive  no  d i r ec t  i n f o r -  
r aa t ion  on t r a n s p o r t  of m a t e r i a l  in the  a bse n ce  of 
e lec t rodes .  

T h e  m a j o r  p a r t  of t he  effort  in  th is  i nve s t i ga t i on  
was  e x p e n d e d  on the  cons t ruc t ion  of a p p a r a t u s  and  
the  d e v e l o p m e n t  of a m e t h o d  for  d e t e c t i n g  e l ec t r i c a l  
m i g r a t i o n  p r o d u c e d  b y  s m a l l  c u r r e n t s  of the  o r d e r  
of m i c r o a m p e r e s .  The  o b j e c t i v e  of t he  i nve s t i ga t i on  
was  to set  up  an  e x p e r i m e n t  wh ich  w o u l d  p e r m i t  
one to obse rve ,  q u a l i t a t i v e l y ,  e l ec t r i ca l  m i g r a t i o n  in 
the  absence  of e lec t ro lys i s .  H o w e v e r ,  a c o m p a r i s o n  
b e t w e e n  the  effects of the  i n d u c e d  d i r ec t  c u r r e n t  
and  a c u r r e n t  i n t r o d u c e d  b y  e l ec t rodes  p u t  t he  e x -  
p e r i m e n t s  on a s e m i q u a n t i t a t i v e  basis.  

Apparatus 
Electrical and mechanicaL--The  a p p a r a t u s  con-  

s i s ted  of t h r e e  pa r t s :  a t r a n s f o r m e r ,  a c o m m u t a t o r ,  
and  an  e l e c t r o l y t e  sys tem.  The  a p p a r a t u s  is shown 
d i a g r a m m a t i c a l l y  in Fig .  1 and  3 and  a p h o t o g r a p h  
is shown  in Fig .  4. 

The  t r a n s f o r m e r  core  was  o r i g i n a l l y  p a r t  of the  
con t ro l  e q u i p m e n t  on an  e lec t r i c  f u r n a c e  a n d  h a d  
l a r g e  s e c o n d a r y  w i n d i n g s  t ha t  c a r r i e d  s e v e r a l  h u n -  
d r e d  a m p e r e s .  A l l  w i n d i n g s  w e r e  r e m o v e d  and  the  
core  was  w o u n d  w i t h  a p r i m a r y  cons i s t ing  of s ev -  
e ra l  h u n d r e d  t u r n s  of No. 12 coppe r  w i r e  and  a 
s e c o n d a r y  cons i s t ing  of a r u b b e r  tube ,  a b o u t  4 cm 
ins ide  d i a m e t e r  and  8 m e t e r s  long,  f i l led w i t h  a 
s a t u r a t e d  a m m o n i u m  n i t r a t e  solut ion.  This  sa l t  so lu-  
t ion  was  chosen  because  i t  is a f a i r l y  good conduc to r  
and  is no t  v e r y  cor ros ive .  

The  m e t h o d  of p r o d u c i n g  the  d i r ec t  c u r r e n t  in 
the  e l e c t r o l y t e  c i rcu i t  was  p e r i o d i c a l l y  to r e v e r s e  a 
d i r ec t  c u r r e n t  pa s s ing  t h r o u g h  the  p r i m a r y  coi l  of 
t he  t r a n s f o r m e r .  This  o r d i n a r i l y  w o u l d  p r o d u c e  an  
a l t e r n a t i n g  c u r r e n t  in the  t ube  of e l ec t ro ly te ,  b u t  b y  
b r e a k i n g  the  c i r cu i t  in t h e  l a t t e r  a t  t he  p r o p e r  t ime  
the  r e v e r s a l  of c u r r e n t  was  p r e v e n t e d .  The  a p p a r a -  

COPPER 

B 

ELECTROLYTE III ~ , ~  
CIRCUIT BRUSHES- ~ ~"~"~~% 

(.,/~,~KCI AGAR OEL 

SOAK,O ,N SAT'I~ NH4NO~ SOLUTION 
Fig. 1. Diagram of commutator. U-tube at bottom of figure 

closes electrolyte circuit by being brought into contact with a 
sponge saturated with ommomum nitrate solution. The U-tube 
moves vertically up and down in synchronization with the 
rotation of the commutator wheels. The current through the 
primary is reversed when the junctions between the copper 
and insulating parts of the wheels pass under the four pairs 
of brushes. 
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Fig. 2. Schematic representation of the currents in the pri- 
mary winding of the transformer and in the secondary wind- 
ing comprising the tube of electrolyte. , Current 
through primary; - -  - -  - -  current through secondary; o o o o, 
open circuit in secondary. 

tus corresponds to a mechanical  h a l f - w a v e  rectifier.  
The pr inc ip le  of operat ion is made  clear  wi th  the 
aid of Fig. 1 and 2. The commuta tor  consisted of 
four wheels  wi th  half  of the pe r iphe ry  of each cov- 
ered wi th  copper and the other half  wi th  insulation.  
Two adjacent  copper brushes  contacted each wheel.  
When the junct ions  be tween the copper and the in-  
sulat ing segments passed the four pairs  of brushes,  
the current  through the p r i m a r y  coil was reversed.  

The circuit  in the e lec t ro ly te  was made and 
broken by  a U- tube  containing potass ium chloride 
solution in a g a r - a g a r  gel. The tube was given a 
ver t ica l  rec iprocat ing motion by  a c rank a t tached 
to the same shaft  as the commuta tor  wheels. The 
U- tube  (see Fig. 4) was closed at both ends wi th  
porous glass d iaphragms which served to re ta in  the 
a g a r - a g a r  gel dur ing operat ion of the device. When 
the U- tube  was in its lowest  position, it  pressed 
against  a sponge sa tu ra ted  wi th  ammonium ni t ra te  
solution and the reby  completed the e lectrolyte  c i r -  
cuit  shown d iag rammat i ca l ly  in Fig. 3. 

The commuta tor  opera ted  in three  steps: Step 1. 
The e lec t ro ly te  circuit  is closed by  the U- tube  (con- 
nected to the crank)  pressing against  the sponge. 
F igure  1 shows the a r r angemen t  of components  jus t  
pr ior  to closing the circuit  for step 1. The closing or 

BRUSH 

COPPER STRIP 

COMMUTATOR 

IN KCI AGAR GEL 

DISCS SPONGE 

AMMONIUM NITRATE 
SOLUTION, SATURATED ..... 

15 mm CAPILLARY 
WITH IN KGI AGAR GEL I D Y E  

TRANSFORMER 

FRITTED GLASS DISCS 
TO COMMUTATOR 

Fig. 3. Diagram of electrolyte circuit. A direct current is pro- 
duced in the circuit by means of cyclically reversing the current 
though the primary of the transformer and interrupting the 
current in the secondary by means of the vert ical ly actuated 
U-tube. 

Fig. 4. Photograph of the apparatus 

opening of the e lec t ro ly te  circuit  does not produce 
a flow of current  through the electrolyte .  Step 2. 
The junct ions on the wheels  pass under  the brushes 
and cause the current  to reverse  through the p r i m -  
ary. This change of magnet ic  flux induces a current  
in the e lectrolyte  circuit .  Step 3. The U- tube  is 
ra ised f rom the sponge, which motion breaks the 
e lec t ro ly te  circuit. Shor t ly  the rea f t e r  the  junctions 
on the wheels again pass under  the brushes,  causing 
the cur ren t  through the p r i m a r y  to reverse  to its 
or iginal  direction. Since the  e lec t ro ly te  circuit was 
broken previously,  this  produces no current  in it. 
The positions of the brushes and the U- tube  are 
now again as shown in Fig. 1 and the cycle is r eady  
for a repet i t ion.  

The commutator  was opera ted  at  about  300 rpm. 
The current  in the p r i m a r y  was about  10 amp. The 
cur ren t  in the e lect rolyte  was measured  roughly by  
in terca lcula t ing  a microameter  and two cadmium 
electrodes immersed  in cadmium chloride solution 
into the e lect rolyte  circuit.  The l a t t e r  consisted of 
the  tube of ammonium n i t ra te  solution, the dye 
solutions, and the 1.0M potass ium chloride solution 
in the capi l lary.  The current  flowed in pulses having 
a peak  value of 300 ~ amp. The vol tage  was about  
0.5v. 

The success of the  t rans former  device depended 
la rge ly  on the use of the U- tube  and sponge to 
b reak  the e lect rolyte  circuit.  A t  first, var ious types 
of revolv ing  and rec iprocat ing  stopcocks were used 
to b reak  the circuit. However,  they  were  unsuccess- 
ful for two reasons. The film of solution tha t  formed 
around the plug p reven ted  the circuit  f rom being 
broken  efficiently and the plugs gal led  and caused 
the cocks to leak. The use of Teflon plugs did not 
solve the  problem. Another  impor tan t  factor  in the 
opera t ion  of the appara tus  was the revers ing  of the 
cur ren t  through the p r i m a r y  instead of mere ly  
b reak ing  the circuit. Reversing the p r i m a r y  current  
increased the current  in the e lec t ro ly te  circuit  about  
f ive fold. 
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Apparatus for observing ionic migration.--Since 
only  smal l  cu r r en t s  were  gene ra t ed  in  the  e lec t ro-  
lyte, a sens i t ive  me thod  of obse rv ing  e lect r ical  m i -  
g ra t ion  was necessary.  The m o v i n g  b o u n d a r y  me thod  
was found  to be unsu i t ab le .  The  method  adopted  
was  to observe  the m o v e m e n t  of a dye, e ry th ros ine  
B, ( the d i - s o d i u m  salt  of te t ra iodof luorescein)  in to  
a cap i l la ry  con t a in ing  a gel. 

The size of the cap i l la ry  was impor t an t .  P r e -  
l i m i n a r y  e x p e r i m e n t s  had  shown  tha t  in  a cap i l l a ry  
about  0.5 m m  in  d iameter ,  the  mig ra t i on  caused by  
a c u r r e n t  of 25 #amp in  15 m i n  was read i ly  detected.  
Wi th  st i l l  sma l l e r  capil laries,  p r o b a b l y  the m i g r a -  
t ion  effects of even  smal le r  c u r r e n t s  can  be detected.  
However ,  the  m i n i m u m  size of the cap i l l a ry  tha t  
could be used in  the  e x p e r i m e n t  was l imi ted  by  the 
smal l  vol tage  tha t  was avai lable ,  and  the ga in  in  
sens i t iv i ty  was  offset by  the  r educ t ion  in  c u r r e n t  
due to the h igh electr ical  res i s tance  of the  so lu t ion  
in  the  capi l lary .  On the  other  hand,  a la rge  cap i l l a ry  
decreased the  sens i t iv i ty  of the  e x p e r i m e n t  because  
of increased  a m o u n t  of dye diffusing into the  capi l -  
lary.  This  could be g rea te r  t h a n  tha t  car r ied  in  by  
electr ical  migra t ion .  The  o p t i m u m  inside  d i ame te r  
of the cap i l l a ry  was  1.5 ram. The  cap i l l a ry  was  filled 
wi th  an agar  gel con ta in ing  abou t  2% a g a r - a g a r  and  
1.0N in  po t a s s ium chloride.  A more  d i lu te  so lu t ion  
of po ta s s ium chlor ide would  have  b e e n  preferab le ,  
s ince it  wou ld  ca r ry  less c u r r e n t  at  the j u n c t i o n  
wi th  the  dye solut ion.  However ,  the  res i s tance  of a 
0.1N solu t ion  of po ta s s ium chlor ide  in  the  cap i l l a ry  
was too high. 

The use of the  cap i l la ry  filled wi th  agar  gel also 
invo lved  a mechan ica l  p roblem,  because  the  t h r ead  
of gel r ead i ly  became  de tached  f rom the  cap i l l a ry  
wa l l  and  occas ional ly  even  s l ipped out  of the  tube.  
To obvia te  this  difficulty the cap i l l a ry  surface  was  
roughened  wi th  glass powder  in  the  fo l lowing m a n -  
ner .  A drop of m i n e r a l  oil was a l lowed to flow 
th rough  the cap i l l a ry  and  wet  the  surface.  T h e n  
glass powder  was  d r a w n  th rough  the  tube  by  con-  
nec t ing  one end  to a v a c u u m  l ine  and  p lac ing  the  
o ther  end  n e a r  a smal l  q u a n t i t y  of powder .  F ina l ly ,  
t he  cap i l l a ry  was  hea ted  severa l  hours  at 600~ to 
cause the  glass p o w d e r  to fuse to the wall .  Cap i l l a r -  
ies abou t  20 cm long were  p r epa red  and  pieces abou t  
2 cm long wh ich  were  used in  the  e x p e r i m e n t s  were  
cut  off wi th  a d i a m o n d  wheel .  

The  cap i l l a ry  was  connec ted  to the  f u n n e l  shaped 
piece of glass shown in  Fig. 4 by  a r u b b e r  s topper  
or tube.  The  en t i r e  cu r r en t  in  the e lec t ro ly te  c i rcu i t  
passed t h r o u g h  the  capi l lary .  

Procedure 
The e x p e r i m e n t s  themse lves  were  s imple  a nd  re -  

qu i r ed  l i t t le  t ime.  A 0.01M solu t ion  of e ry th r o s i ne  
was poured  in to  tha t  vessel  to which  the cap i l l a ry  
was  at tached,  and  the  lower  end  of the  cap i l l a ry  p ro -  
t r ud ing  f rom the  end of the vessel  was i m m e r s e d  
in  a beake r  of the  dye  solut ion.  In  this m a n n e r  both  
ends of the cap i l l a ry  were  in  contac t  wi th  the  dye. 
In  Fig. 4 the  dye  solut ion has been  omit ted.  The  
circui t  b e t w e e n  the  beake r  of dye solut ion and  the 
solut ion in  the  e lec t ro ly te  coil was  comple ted  wi th  
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Table I. Summary of experiments 
C o m p a r i s o n  of t he  e l ec t r i ca l  m i g r a t i o n  of e r y t h r o s i n e  B w i t h  and  

w i t h o u t  convent ional  electrodes.  D y e  solution,  0.01M. S o l u t i o n  i n  
c a p i l l a r y  was  1.0M p o t a s s i u m  ch lo r ide  and  c o n t a i n e d  a b o u t  2% of 
agar .  D i a m e t e r  of cap i l l a ry ,  1.5 ram. T h i r t y  m i n u t e  r u n  a t  about  
300 r p m .  P e a k  cu r ren t ,  300 /~amp. 

Migrat ion 
of dye,* 

Descr ipt ion  of  e x p e r i m e n t  mo le  • 10 -s 

1. Electrodeless 6.0 
2. Electrodeless. Direction of current  op- 

posite to that  of No. 1 6.7 
3. Current,  150 t, amp, from an external  

source introduced by electrodes 6.0 
4. Current ,  90 t, amp, from an external  

source introduced by electrodes 3.4 
5. Induced direct cur rent  as in  No. 1 and 

No. 2, except that  Cd electrodes were 
placed in the electrolyte circuit 2.8 

6. Control. Diffusion of dye into capil lary 
without current  1.4 

* A l l  e l ec t r i ca l  m i g r a t i o n  e x p e r i m e n t s  w e r e  cor rec ted  b y  sub-  
t r a c t i n g  1.4 • 10 -8 mo les  of  dye  as d e t e r m i n e d  by  con t ro l  expe r i -  
m e n t  No. 6. 

ano the r  U - t u b e  filled w i th  po tas s ium ch lo r ide -aga r  
gel. 

S ince  d u r i n g  the  e x p e r i m e n t  dye diffused into the  
cap i l l a ry  tube,  it was  necessa ry  to m a k e  a cont ro l  
e x p e r i m e n t  to correct  for it. This  was  done b y  i m -  
me r s i ng  ano the r  piece of cap i l l a ry  in  the  dye  solu-  
t ion  for the  same  l eng th  of t ime  as the  d u r a t i o n  of 
the  exper imen t .  No c u r r e n t  flowed t h r ough  the  con-  
t ro l  capi l lary.  

Induced  c u r r e n t  was  passed t h r ough  the sys tem 
for 30 min,  which  t ime  was  adequa te  to produce  
apprec iab le  m i g r a t i on  of dye in to  the m a i n  capi l -  
lary .  Both  the  m a i n  a nd  the  cont ro l  capi l lar ies  were  
r emoved  f rom the dye solut ion and  r insed.  The  ends  
con t a in ing  the dye were  cut  off and  placed in  smal l  
test  tubes  con ta in ing  7 ml  of water ,  and  the  gel was  
dissolved by  heat ing.  The  concen t r a t i on  of dye in  
the  so lu t ion  was  m e a s u r e d  w i th  a spec t rophoto-  
meter ,  and  the con ten t  of dye in  the  cap i l l a ry  was 
calculated.  

Since the  color of the  dye is due to the  anion,  d u r -  
ing current flow it migrated into one end of the 
main capillary and away from the other end. How- 
ever, diffusion caused some dye to enter the latter 
end, but the amount was only about one-third that 
in the control capillary. The content of the dye in 
the control capillaries was reproducible within the 
limits of the measurement of the dye concentration. 

Three types of experiments were made. These are 
listed in Table I. Experiments 1 and 2 dealt with 
electrical migration in the absence of electrodes. 
Experiments 3 and 4 involved the use of electrodes 
and permitted a comparison with the electrical mi- 
gration of experiments 1 and 2. Experiment 5 was 
made with induced direct current, but cadmium 
electrodes were placed in series with the electrolyte 
circuit. 

Results 
The  da ta  in  the  t ab l e  show tha t  the  electr ical  

m i g r a t i on  of the  dye  was  r ough l y  abou t  the  same 
in the  presence  or absence  of electrodes.  This was 
of the  order  of 6 x 10 -8 moles.  The c u r r e n t  was  not  



972 JOURNAL OF THE ELECTROCHEMICAL SOCIETY D e c e m b e r  1960 

m e a s u r e d  d u r i n g  the  electrodeless  expe r ime n t s  so 
tha t  a qua l i t a t i ve  compar i son  wi th  expe r im e n t s  3 
and  4 was no t  possible.  However ,  the  c u r r e n t s  in  
the la t te r  e x p e r i m e n t s  were  of abou t  the same order  
of magn i tude ,  since the  peak  va lue  of the induced  
c u r r e n t  was abou t  300 Famp. 

Compar i son  of e x p e r i m e n t s  3 and  4 shows tha t  
the  e lectr ical  m i g r a t i o n  into the  cap i l l a ry  was ap-  
p r o x i m a t e l y  p ropor t iona l  to the  cur ren t ,  so tha t  the  
cap i l l a ry  me thod  is va l id  as a compara t ive  me thod  
of s tudy ing  e lect r ical  migra t ion .  

To m a k e  ce r t a in  t ha t  no geomet r ica l  or e x t r a n e -  
ous effects were  invo lved  in  the  electrodeless  ex -  
pe r imen t s ,  the cu r r en t s  in e x p e r i m e n t s  1 and  2 were  
made  to flow in  opposite direct ions.  In  one expe r i -  
m e n t  the dye m i g r a t e d  into the  uppe r  end  of the  
cap i l l a ry  and  in  the  other  into the  lower  end. 

The  a m o u n t  of m i g r a t i o n  ob ta ined  in  e x p e r i m e n t  
5 w i th  c a d m i u m  electrodes in  the  c i rcui t  was  less 
t h a n  in  e x p e r i m e n t s  1 and  2. This indicates  tha t  the  
c u r r e n t  d u r i n g  this  e x p e r i m e n t  m u s t  have  been  less 
t h a n  tha t  in 1 and  2. This could have  been  caused 
by  the  res i s tance  of the add i t iona l  e lec t ro ly te  in the  
c i rcui t  ( the c a d m i u m  chlor ide so lu t ion)  and  a 
m ic roame te r  or by  va r i a t ions  in  the  pe r fo rmance  of 
the  equ ipmen t .  

The  a m o u n t  of e lectr ical  m i g r a t i o n  of the dye in  
all  of these e x p e r i m e n t s  ind ica ted  tha t  it was ca r -  
r y ing  only  abou t  o n e - t h i r t i e t h  of the  cur ren t .  This  
is u n d e r s t a n d a b l e ,  since the  dye, which  was on ly  
0.01M, was  m i g r a t i n g  into a cap i l l a ry  con t a in ing  
1M po tass ium chloride.  Hence,  at the  j u n c t u r e  of 
the  two solut ions,  the  ma jo r  por t ion  of the c u r r e n t  
m u s t  have  been  car r ied  by  the  po tass ium chlor ide 
solut ion.  

Since the  i nduced  direct  c u r r e n t  p roduced  n o r m a l  
e lect r ical  mig ra t ion ,  it was  of in te res t  to d e t e r m i n e  
whe the r  it also p roduced  n o r m a l  electrolysis.  The  
induced  direct  c u r r e n t  was passed th rough  a copper  
wi re  and  a p l a t i n u m  wire,  s e rv ing  as anode and  
cathode,  respect ive ly ,  i m m e r s e d  in  a copper su l fa te  
solut ion.  A copper  deposit  was ob ta ined  in  an  
a m o u n t  r ough ly  cor responding  to the  c u r r e n t  tha t  
passed. 

Summary 
A n  appa ra tu s  was  devised for p roduc ing  a di rect  

c u r r e n t  in  an  e lec t ro ly te  w i thou t  the use of elec-  
trodes. Wi th  this appa ra tu s  it was  possible to ob-  
serve the  e lect r ical  m ig ra t i on  ~ of a dye in a capi l lary .  
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I t  has  b e e n  s u g g e s t e d  t h a t  the  m o v e m e n t  of the  dye,  i n s t ead  of 
b e i n g  due  to ionic  m i g r a t i o n ,  m i g h t  be  caused  by  e l ec t roosmos i s  of 
w a t e r  t h r o u g h  t he  cap i l l a ry .  Th i s  pos s ib i l i t y  canno t  be  c o m p l e t e l y  
d i scoun ted ,  b u t  i t  is u n l i k e l y ,  s ince t he  m o v e m e n t  of w a t e r  in  so lu-  
t ions  as s t rong  as t he  one  in  the  cap i l l a ry  (1.0M) is c o n s i d e r e d  to  
be  due  to  ion  h y d r a t i o n  a n d  no t  to e l ec t roosmvs i s .  
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F,g. 5. Diagram of the circuit used for studying the migra- 
tion of thiosulfate ion in a system provided with a gaseous 
discharge. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1961 JOURNAL. 
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APPENDIX 
Electrical Migration in an Electrolyte  in Contact 

Only  wi th  a Gas 

Another method of passing current  through an elec- 
trolyte without  immersing electrodes in the liquid is 
to pass the current  through the gaseous space above 
the liquid. The experimental  a r rangement  for this is 
shown in Fig. 5. It  is well  known that the chemical 
effects at the solution-gas interface are several times 
greater than the amount  predicted by Faraday 's  law 
(8). Hence, it was of interest  to determine whether 
the electrical migrat ion in the electrolyte was normal  
or greater than  normal.  

Metallic electrodes were suspended several centi-  
meters above the surface of the electrolyte which was 
contained in a closed vessel, and the system was 
pumped down to a pressure of about 1 cm. A discharge 
through the gas phase was obtained with a few hun-  
dred volts. The current  was set at 0.1 amp, although 
larger currents  could have been obtained. The cur- 
rent  passed from the metall ic electrodes through the 
gas and the electrolyte which was contained in tubes. 
To prevent  the electrolyte from being forced into the 
evacuated chambers, a KCl-agar  gel was placed in the 
circuit in contact with a fri t ted glass partit ion. 
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The migrat ion of ions in  the electrolyte was invest i -  
gated by using a gel containing sodium thiosulfate. The 
migrat ion of the thiosulfate across a boundary  into a 
KCl-agar  gel was determined by t i t rat ion with a 
s tandard iodine solution. The amount  of thiosulfate 

that  migrated in the system with the gas discharge was 
compared with that  which migrated in a conventional  
system provided with metall ic electrodes. The amounts 
were the same within  the exper imental  precision which 
was about 5%. 

Formation of Phosphor Films by Evaporation 
L. R. Koller and H. D. Coghill 
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ABSTRACT 

Three processes for making ZnS phosphor films are described. One process 
for ZnS activated with Cu, Ag, or Mn involves evaporation of powder phos- 
phor onto a room-tempera ture  substrate followed by heat t rea tment  of the film 
in an H2S + HC1 atmosphere. A process for Z n S : M n  alone involves the single 
step of evaporat ing the phosphor onto a substrate held between 250 ~ and 400~ 
The third process involves evaporat ing the phosphor in a single step onto a 
heated substrate in a uni formly  heated enclosure such as the "Hot Wall  Bell 
Jar." A fourth process used for silicate, phosphate, and borate phosphors in-  
volves a reaction dur ing the course of evaporat ion between ZnF2 and a heated 
substrate. 

Thin continuous films of phosphors a few microns 
thick are useful for practical applications as well as 
for investigation of cathodo, photo, and electrolumi- 
nescent phenomena. One method of preparing such 
films is by evaporation in vacuo. The technology of 
forming phosphor films by evaporation is relatively 
new. DeBoer (1) patented a process for evaporating 
ZnS and CaWO~ x-ray intensifying screens in 1934 
although it is questionable whether his films would 
be considered luminescent by present standards. 
Williams (2) prepared a number of different kinds 
of phosphor films by evaporation in 1947. He found 
that efficient films of manganese-activated zinc fluo- 
ride could be evaporated but that zinc sulfide, zinc 
sulfoselenide, and zinc cadmium sulfide films failed 
to show appreciable luminescent efficiency. More re- 
cently Koller (3), and Feldman (4) described meth- 
ods for making sulfide and fluoride phosphor films. 
Feldman also described methods for making oxygen 
containing phosphors. Rychlewski (5) patented 
methods for forming films of ZnS as well as some 
oxygen containing phosphors. All three of these 
methods involve heat treatment at some stage of the 
process. Studer and Cusano (6) have formed films 
of a variety of ZnS:Se phosphors by a different but 
related procedure, namely, vapor reaction. 

Although ZnS and some other host lattice mate- 
rials may be readily evaporated in vacuo and con- 
densed again in the form of thin transparent films, 
these films are not necessarily luminescent (with 
the possible exception of ZnF~). The formation of a 
phosphor film imposes the additional requirement 
t ha t  the fi lm be  c rys ta l l ine  and  con ta in  ac t iva tor  and  
coact ivator  ma te r i a l s  in su i tab le  la t t ice  sites and  
concent ra t ion .  

Since the  vapor  pressures  of the  var ious  cons t i t -  
uen t s  of a phosphor  differ widely ,  the condensa te  
(i.e. the f i lm) wi l l  not  h a v e  the  same composi t ion  as 

the phosphor  ma te r i a l  evapora ted .  F u r t h e r m o r e  the  
composi t ion of the  condensa te  wi l l  change  d u r i n g  
the course of the deposi t ion  as the  phosphor  com-  
posi t ion changes  due to this f r ac t iona l  d is t i l la t ion .  
These effects resu l t  in a g rada t ion  of composi t ion 
t h r o u g h o u t  the dep th  of the  film. 

The composi t ion of the  film is also affected by  the  
difference in  accommoda t ion  coefficients of the phos-  
phor  components .  Not  every  molecu le  wh ich  a r r ives  
at the  subs t ra te  surface  r e ma i ns  there .  M a n y  are  r e -  
flected f rom the  surface  and  condense  on the r e l a -  
t ive ly  cold wal l  of the  bel l  jar .  The  composi t ion of 
the film wi l l  depend  on the  re l a t ive  accommoda t ion  
coefficients of the  phosphor  cons t i tuen t s  which  in  
t u r n  are func t ions  of the t e m p e r a t u r e  of the  sub -  
strate.  Accordingly ,  the composi t ion  of a film wi l l  
depend  in  a r a t h e r  complex  w a y  on the  n a t u r e  of the 
ma te r i a l  be ing  evapora ted ,  the l eng th  of t ime  d u r i n g  
which  the  evapora t ion  has b e e n  in  progress  and  the  
t e m p e r a t u r e  of the  evapora to r  a nd  the  subs t ra te .  

F r o m  these cons idera t ions  it can be seen tha t  the  
o p t i m u m  condi t ions  for fo rming  films of a ny  g iven  
phosphor  wi l l  depend  on the n a t u r e  of the  phosphor  
and  tha t  no one me thod  wi l l  be sa t is factory  for all  
phosphors.  

The  procedures  for fo rming  phosphor  films m a y  
be b r oa d l y  classified as follows. 

Two-s tep  processes: (a) s imu l t aneous  evapora t i on  
of host la t t ice  and  ac t iva tor  ma te r i a l s  and  condensa -  
t ion  on r o o m - t e m p e r a t u r e  subs t r a t e  fol lowed by  
heat  t r e a t m e n t ;  (b)  s equen t i a l  evapora t ion  of host  
la t t ice  and  ac t iva tor  ma te r i a l s  (order  i m m a t e r i a l ) ,  
bo th  condensed  on r o o m - t e m p e r a t u r e  subs t ra te  fo l -  
lowed by  hea t  t r e a tmen t .  

One-step processes: s imu l t aneous  evapora t ion  of 
host la t t ice  and  ac t iva tor  onto hea ted  subs t ra te .  

Reaction processes: phosphor  fo rmed  in  one step 
b y  reac t ion  of a compound  wi th  a hea ted  subs t ra te .  
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Apparatus 

All  of the  two- s t ep  processes and  some of the  one -  
step processes we re  car r ied  out  in  a v a c u u m  sys tem 
wi th  an  18 in. be l l  j a r  exhaus t ed  by  a 6 in. oil d i f -  
fus ion  pump.  The sys tem had  no  cold t rap.  D u r i n g  
the course of an  evapora t ion  the  p ressure  m a i n -  
t a ined  was abou t  10 -~ mm.  

A n u m b e r  of d i f fe rent  types  of evapora tors  made  
of t u n g s t e n  wires  and  t u n g s t e n  foil were  used. The  
most  versa t i l e  and  use fu l  was  a foil boa t  fo rmed  by  
fo ld ing  a s t r ip  of 0.001 in. t u n g s t e n  foil l eng thwi se  
and  c l amping  the  ends. A boat  % in. h igh 13/4 in. 
long is hea ted  to a t e m p e r a t u r e  of 1673~ by  a c u r -  
r e n t  of 60 amp w i t h  a drop of abou t  3.2 v. T u n g s t e n  
was  the  most  sa t i s fac tory  m a t e r i a l  for evapora t i ng  
sulfide phosphors  and  did no t  reac t  s igni f icant ly  w i th  
them.  I t  also had  less copper i m p u r i t y  p resen t  t h a n  
e i ther  p l a t i n u m  or m o l y b d e n u m .  P l a t i n u m  was used 
for evapora t ing  fluoride phosphors .  

The  hea te r  for the  subs t ra te  consisted of a b a n k  
of four  500-w t u b u l a r  quar tz  i n f r a r ed  l amps  
m o u n t e d  on a reflector and  placed a few inches  
above  the  subs t ra te .  

Most of the  ma te r i a l s  evapora ted  were  in  the  fo rm 
of c rys ta l l ine  powders .  In  order  to keep these  f rom 
j u m p i n g  out  of the  boat  and  spu t te r ing ,  they  were  
compressed in to  pel le ts  by  m e a n s  of a smal l  h y -  
d rau l ic  press. These  compact  pel le ts  could be e va p -  
ora ted  at the  ra te  of abou t  0.05 g / m i n  w i th  ve ry  
l i t t le  spu t te r ing .  

Preparation of Surface 
Most of the  films were  deposi ted on 2 in. d i ame te r  

P y r e x  disks. The glass was c leaned wi th  a mi ld  
abras ive ,  r in sed  in  dis t i l led  water ,  and  air  dried.  
Other  c lean ing  methods  appeared  to give equa l ly  
sa t is factory  resul ts .  

Evaporation 
Afte r  the  p r e l i m i n a r y  hea t ing  of the  subs t ra te ,  

films were  fo rmed  by  evapora t i ng  the  phosphor  at  
ra tes  of about  0.05 g / m i n  wi th  the  source 3-6 in. 
f rom the  subs t ra te .  F i lms  were  u sua l l y  deposi ted to 
a th ickness  of abou t  2~. The  fi lm g rowth  could be  
mon i to red  by  obse rva t ion  of the  in t e r f e rence  color. 

The effect of the  vapor  pressures  of the  cons t i t -  
uen t s  on the composi t ion  is i l l u s t r a t ed  by  the  a n a l -  
ysis of Z n S : M n  films fo rmed  by  evapora t i ng  a 
Z n S : M n  phosphor  h a v i n g  an  Mn con ten t  of 0.1%. 
By means  of a slide changer ,  films were  collected 
d u r i n g  the  first, second, and  th i rd  m i n u t e s  of e va p -  
orat ion.  The M n / Z n  rat ios  in  these  films were  0.003, 
0.007, 0.011, respect ive ly ,  compared  wi th  0.001 for 
the  or ig ina l  mate r ia l .  Thus  the M n / Z n  ra t io  in  the  
fi lm was g rea te r  t h a n  tha t  of the  source m a t e r i a l  
and  increased  progress ive ly  d u r i n g  the  course of the  
evapora t ion .  A n u m b e r  of ana lyses  of o ther  ZnS:  Mn 
films showed a M n / Z n  ra t io  of as m u c h  as t en  t imes  
tha t  of the  o r ig ina l  film. Thus  in add i t ion  to a v a r i -  
a t ion  in  ac t iva tor  concen t r a t i on  w i th  film thickness ,  
Z n S : M n  films t end  to have  an  ove r - a l l  h igher  Mn 
con ten t  t h a n  the  source mate r ia l .  

The effect of the  accommoda t ion  coefficient on 
film composi t ion is i l l u s t r a t ed  by  some expe r i me n t s  
on evapora t ion  of a ZnCdS  phosphor  onto subs t ra tes  
at va r ious  t empe ra tu r e s .  The  same evapora t ion  p ro -  

Table I. 

S u b s t r a t e  C a d m i u m  to 
t e m p ,  ~ z inc  r a t i o  

190-250 6.4/1 
250-280 8.1/1 
280-330 4.2/1 
330-370 2.2/1 
430 2.1/1 

cedure  was fol lowed in  successive runs .  The  sub-  
s t ra te  t e m p e r a t u r e  is g iven  in  the first c o l u m n  of 
Table  I. In  these  e x p e r i m e n t s  the  subs t ra te  t e m p e r a -  
t u r e  was no t  cons tan t  b u t  increased  d u r i n g  the  
course of the  evapora t ion  due  to the hea t ing  effect 
of the evapora tor .  The  second co lumn  gives the  cad-  
m i u m  to zinc ratio.  The  source ma te r i a l  had  a cad-  
m i u m  to zinc ra t io  of 9/1. Tab le  I shows the  m a r k e d  
decrease in  the  C d / Z n  ra t io  w i th  increas ing  subs t ra te  
t empera tu re .  The  m a x i m u m  at the  low t e m p e r a t u r e  
end of the  r a nge  was no t  inves t iga ted  fu r the r .  

Two-s tep  process for zinc sulfide phosphors acti- 
vated wi th  Ag, Cu, and M n . - - E v a p o r a t i o n  of sulfide 
phosphors  and  condensa t ion  on a glass subs t r a t e  at 
or nea r  room t e m p e r a t u r e  resul ts  in  c lear  t r a n s -  
pa ren t  films. The  presence  or absence of ac t iva tor  
has r e l a t ive ly  l i t t le  effect on film format ion .  The 
films formed in  this way,  however ,  are  no t  l u m i n e s -  
cent. E lec t ron  diffract ion shows them to be  amor -  
phous. In  order  to conver t  these  films to phosphors  
they  mus t  be crys ta l l ized  by  hea t  t r e a tmen t .  This  is 
accomplished by  hea t ing  t h e m  in  an a tmosphere  of 
H~S + 10% HC1 at abou t  650~ for 1/2 hr. This  t r ea t -  
m e n t  conver ts  t h e m  f rom the  n o n l u m i n e s c e n t  amor -  
phous s tate  to the  l u m i n e s c e n t  c rys ta l l ine  state. 
Elec t ron  diffract ion shows tha t  af ter  this  hea t  t r ea t -  
m e n t  the films are he xa gona l  and  mic roc rys ta l l ine  
wi th  the  c rys ta l  size of the order  of 1000A. Af ter  
this t r ea tmen t ,  the  films have  a ma t t e  surface.  They  
become qui te  t r a n s p a r e n t  if polished.  

The HC1 vapor  is necessa ry  in  order  to in t roduce  
C1 coact ivator  into the  la t t ice  s i m u l t a n e o u s l y  wi th  
the  rec rys ta l l i za t ion  as it is p robab le  t ha t  C1 coac- 
t iva tor  is lost d u r i n g  the  evapora t ion  process. A 
h igher  concen t ra t ion  of HC1 t h a n  25% resul t s  in ex-  
cessive a t tack  on the  film whi le  less t han  2% is not  
effective. The  H~S flow is r egu la t ed  at about  2 f t ' / h r .  
The o p t i m u m  t ime  of hea t ing  is about  1/2 hr. Shor te r  
t imes resu l t  in  s igni f icant ly  less efficient films whi le  
hea t ing  up  to severa l  hours  does not  resu l t  in  any  
fu r the r  i m p r o v e m e n t .  No ac t iva t ion  is ob ta ined  be -  
low 550 ~ or above 750~ The lower  l imi t  is p rob -  
ab ly  d e t e r m i n e d  by  the  ra t e  of diffusion of ac t ivator  
and  coact ivator .  The uppe r  l imi t  is p r o b a b l y  de te r -  
m i ne d  by  the  r e t e n t i on  of chlor ine  by  the phosphor  
which Goldberg  and  K r e m h e l l e r  (7) found  to be a 
m a x i m u m  at  650~ 

At t empt s  to in t roduce  C1 by  evapora t ion  of AgC1 
or ZnCL s i m u l t a n e o u s l y  w i th  the  ZnS  were  no t  suc-  
cessful. 

A t t empt s  we re  made  to use A1 as a coact ivator  for 
Z n S : A g  by  evapora t i ng  A1 onto the surface  of the  
film and  t h e n  hea t  t r e a t i ng  in vacuo or d ry  n i t rogen .  
A m o u n t s  of A1 less t h a n  1% of the  weigh t  of the  film 
were  ineffective.  La rge r  a m o u n t s  resu l ted  in  mode r -  
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a te  b l u i s h - g r e e n  luminescence .  The  f i lms r e m a i n e d  
c lear ,  t r a n s p a r e n t ,  a n d  color less  a l t h o u g h  s i m i l a r  
f i lms w i t h o u t  t he  A1 s u b j e c t e d  to t h e  s ame  h e a t  
t r e a t m e n t  d e v e l o p e d  a m a t t e  e t ched  sur face .  

I n d i u m  a n d  g a l l i u m  coac t iva to r s  o n l y  r e s u l t e d  in 
w e a k  o r a n g e  l u m i n e s c e n c e  w h e n  a d d e d  to Z n S : A g .  

The  m e t h o d  o f  i n t r o d u c t i o n  of t he  a c t i v a t o r  is 
r e l a t i v e l y  u n i m p o r t a n t .  I t  m a y  be  i n t r o d u c e d  s i m u l -  
t a n e o u s l y  w i t h  t he  depos i t i on  of t he  Z n S  b y  e v a p o -  
r a t i ng  a s t a n d a r d  p o w d e r  phosphor .  I t  m a y  be  m i x e d  
w i t h  the  ZnS,  or  i t  m a y  be  e v a p o r a t e d  f r o m  a s e p a -  
r a t e  boa t  in t he  fo rm of a sa l t  or  t h e  p u r e  m e t a l  
e i the r  s i m u l t a n e o u s l y  wi th ,  p r i o r  to or  a f t e r  t he  
ZnS e v a p o r a t i o n .  The  o v e r - a l l  a c t i v a t o r  p h o s p h o r  
r a t i o  m u s t  b e  co r rec t  h o w e v e r ;  hence  t h e  e v a p o r a -  
t ion  cond i t ions  m u s t  b e  d e t e r m i n e d  e m p i r i c a l l y .  

The  t e m p e r a t u r e  of  t he  s u b s t r a t e  on w h i c h  the  
p h o s p h o r  is depos i t ed  is crucia l .  F i l m s  d e p o s i t e d  in 
vacuo on a s u b s t r a t e  a t  a t e m p e r a t u r e  a b o v e  a b o u t  
100~ a r e  c r y s t a l l i n e  b u t  t h e y  a r e  n o n l u m i n e s c e n t  
( w i t h  t h e  e x c e p t i o n  of Z n S : M n )  and  do no t  become  
l u m i n e s c e n t  w h e n  h e a t  t r e a t e d  (a t  650~ in H~S -t- 
10% HC1. A poss ib l e  e x p l a n a t i o n  is t h a t  in t he  c r y s -  
t a l l i zed  m a t e r i a l  d i f fus ion  of ch lo r ine  a t  th is  t e m -  
p e r a t u r e  t a k e s  p l ace  m a i n l y  a long  the  g r a i n  b o u n d -  
ar ies ,  and  no t  t h r o u g h  t h e  b o d y  of t he  c rys ta l s .  H e a t  
t r e a t m e n t  ( b e l o w  650~ is o n l y  ef fec t ive  in  a c t i -  
va t i ng  sulf ide  f i lms p r o v i d e d  t h e y  a r e  i n i t i a l l y  in t he  
a m o r p h o u s  cond i t ion  c o r r e s p o n d i n g  to  depos i t i on  at  
s u b s t r a t e  t e m p e r a t u r e s  b e l o w  100~ 

This  t w o - s t e p  p r o c e d u r e  has  p r o v e d  to be  effect ive  
for  m a k i n g  pho to  and  c a t h o d o l u m i n e s c e n t  Zn and  
Cd sulf ide  f i lms w i t h  Ag, Cu, and  Mn a c t i v a t o r s  h a v -  
ing b r i g h t n e s s e s  1/5 to 1/10 of t he  c o r r e s p o n d i n g  
phosphors .  

One-step process ]or Mn activated Z n S . - - M a n -  
ganese  a c t i v a t e d  ZnS  differs  f rom the  Cu and  A g  
a c t i v a t e d  Zn  sulf ides in t h a t  i t  can  be  f o r m e d  b y  a 
o n e - s t e p  process .  This  consis ts  of e v a p o r a t i n g  the  
p h o s p h o r  m a t e r i a l  and  depos i t i ng  i t  on a s u b s t r a t e  
in t he  r a n g e  f rom 250 ~ to 400~ This  resu l t s ,  w i t h -  
out  a n y  f u r t h e r  t r e a t m e n t ,  in  a ca thodo  and  w e a k l y  
p h o t o l u m i n e s c e n t  film. T h e  r e a s o n  for  th i s  d i f fe rence  
in b e h a v i o r  b e t w e e n  the  M n  and  the  A g  and  Cu ac -  
t i v a t e d  p h o s p h o r s  is t h a t  t he  l u m i n e s c e n c e  is t he  
r e su l t  of e l ec t ron  t r a n s i t i o n s  b e t w e e n  l eve l s  in t he  
Mn c e n t e r  w h i l e  in t he  o t h e r  p h o s p h o r s  t he  t r a n s i -  
t ion  is f r o m  the  conduc t ion  b a n d  to t he  cen te r .  The  
l a t t e r  p rocess  r e q u i r e s  a h i g h e r  d e g r e e  of p e r f e c t i o n  
of t he  hos t  l a t t i c e  t h a n  is o b t a i n e d  b y  c r y s t a l l i z a t i o n  
at  250~ A t  h i g h e r  s u b s t r a t e  t e m p e r a t u r e s  the  ch lo -  
r ine  c o a c t i v a t o r  is los t  as po in t ed  out  in the  p r e -  
v ious  sect ion.  

One-step process for ZnS  phosphors- -"Hot  Wall  
Bell Ja r . " - -The  i dea l  cond i t ion  for  f o r m i n g  p h o s -  
pho r  f i lms is to depos i t  t h e m  on a s u b s t r a t e  a t  a 
t e m p e r a t u r e  h igh  enough  so t ha t  the  i n c i d e n t  m o l e -  
cules  w i l l  h a v e  sufficient  m o b i l i t y  to f o r m  an  o r d e r e d  
s t ruc tu re .  W i t h  sulf ide p h o s p h o r s  e v a p o r a t e d  in an  
o r d i n a r y  be l l  j a r  t h e  s u b s t r a t e  t e m p e r a t u r e  is l i m -  
i t ed  to no t  m u c h  a b o v e  300~ This  is because  of t he  
r e - e v a p o r a t i o n  or  re f lec t ion  f rom the  h e a t e d  s u b -  
s t rafe .  A t  400~ this  is so g r e a t  t h a t  on ly  v e r y  th in  
fi lms a r e  f o r m e d  w h i l e  a t  600~ no depos i t i on  t a k e s  
p lace  at  al l .  This  is in sp i te  of t he  fac t  t h a t  a t  600~ 
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Fig. la .  Bulb for evaporahon on heated wall ;  Fig. lb .  Hot 
wall bell jar. 

t he  r a t e  of e v a p o r a t i o n  of Z n S  is on ly  of the  o r d e r  
of 10 -11 g / cmVsec .  In  o r d e r  to f o r m  films on su r faces  
a t  e l e v a t e d  t e m p e r a t u r e s  i t  is n e c e s s a r y  to c a r r y  out  
t he  e v a p o r a t i o n  in a vesse l  whose  w a l l s  a r e  u n i -  
f o r m l y  at  t he  s u b s t r a t e  t e m p e r a t u r e .  In  a n y  o r d i -  
n a r y  be l l  j a r  s y s t e m  t h e  w a l l s  and  the  base  a r e  u s u -  
a l l y  a t  a s u b s t a n t i a l l y  l o w e r  t e m p e r a t u r e  t h a n  the  
s u b s t r a t e  and  so act  as a s ink  for  ZnS.  

This  d i f f icul ty  can  be  a v o i d e d  b y  depos i t i ng  the  
f i lm on the  w a l l  of a u n i f o r m l y  h e a t e d  s p h e r i c a l  b u l b  
w i t h  an  e v a p o r a t o r  a t  t h e  center .  This  a r r a n g e m e n t  
is shown in Fig .  1. The  e v a p o r a t o r  consis ts  of a h e l i -  
cal  t u n g s t e n  f i l amen t  in  w h i c h  is p l a c e d  a p e l l e t  of 
t he  phosphor .  The  b u l b  is p u m p e d  c o n t i n u o u s l y  and  
is in an  oven  to m a i n t a i n  a u n i f o r m  w a l l  t e m p e r a -  
tu re .  A sma l l  f low of HC1 is m a i n t a i n e d  t h r o u g h  t h e  
bu lb  to m a k e  u p  for  t he  loss of c o a c t i v a t o r  d u r i n g  
the  e v a p o r a t i o n  of  the  phosphor .  The  loss of hos t  
l a t t i c e  m a t e r i a l  or  a c t i v a t o r  t h r o u g h  the  connec t ion  
to t he  p u m p  is neg l ig ib le ,  b u t  t he  ch lo r ine  is m o r e  
v o l a t i l e  and  i t  is n e c e s s a r y  to  i n t r o d u c e  some  to 
m a k e  up  for  t h e  losses.  The  HC1 flow r e q u i r e d  is 
a b o u t  10,000 ~ l / g  of p h o s p h o r  e v a p o r a t e d .  

To the  e x t e n t  t h a t  t he  bu lb  w a l l s  a r e  a t  u n i f o r m  
t e m p e r a t u r e  t h e r e  is no t e n d e n c y  for  t he  d i f fe ren t  
p h o s p h o r  c o m p o n e n t s  o the r  t h a n  the  c o a c t i v a t o r  to 
s e p a r a t e  out,  a n d  the  compos i t i on  of the  depos i t  w i l l  
be  the  s a m e  as t he  m a t e r i a l  e v a p o r a t e d .  The  r e l a -  
t i v e l y  h igh  t e m p e r a t u r e  of t he  w a l l s  d u r i n g  d e -  
pos i t ion  insu res  d i f fus ion  of t he  a c t i v a t o r  u n i f o r m l y  
t h r o u g h o u t  t he  film. 

B y  this  p r o c e d u r e  Cu, Ag,  and  Mn a c t i v a t e d  Z n S  
p h o s p h o r  fi lms w e r e  m a d e  b y  e v a p o r a t i o n  of c o m -  
m e r c i a l  p o w d e r  phosphor s .  A n u m b e r  of su l fose l e -  
n ide  p h o s p h o r  f i lms h a v e  also been  p r e p a r e d  in  t h e  
s ame  way .  The  f i lms show bo th  ca thodo  and  p h o t o -  
l u m i n e s c e n c e  w h e n  depos i t ed  a t  650~ As  the  d e -  
pos i t ion  t e m p e r a t u r e  is l owered ,  bo th  of these  d e -  
c rease  in efficiency b u t  t he  effect  on t h e  p h o t o l u m i -  
nescence  is m o r e  m a r k e d .  A t  500~ the  l a t t e r  is 
ne g l i g ib l e  w h i l e  t he  c a t h o d o l u m i n e s c e n c e  is s t i l l  
f a i r l y  efficient. B e l o w  this  t e m p e r a t u r e  t he  c a t h o d o -  
l u m i n e s c e n c e  also fa l l s  off r a p i d l y .  
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The  p h o s p h o r s  p r e p a r e d  in th is  w a y  show a p -  
p r o x i m a t e l y  the  s ame  emiss ion  and  exc i t a t i on  spec -  
t r a  as t he  c o r r e s p o n d i n g  p o w d e r  phosphors .  The i r  
b r i g h t n e s s  is 1/5 to 1/10 of t h a t  of t he  p o w d e r s  
u n d e r  t he  s ame  exc i t a t ion .  The  d e c a y  r a t e  of t he  
l u m i n e s c e n c e  is u s u a l l y  h i g h e r  for  the  f i lms t h a n  for  
t he  c o r r e s p o n d i n g  p o w d e r s .  

W h i l e  th i s  p r o c e d u r e  is v e r y  effect ive  in f o r m i n g  
films, the  s amp le s  on c u r v e d  b u l b  w a l l s  a r e  u n s u i t -  
ab le  for  m a n y  app l i ca t ions .  A c c o r d i n g l y  a sy s t em 
was  dev i s ed  for  depos i t i ng  the  f i lms on flat  2 in. 
d i a m e t e r  P y r e x  disks .  This  sy s t em is s h o w n  sche-  
m a t i c a l l y  in Fig.  lb .  I t  consis ts  e s s e n t i a l l y  of a sma l l  
q u a r t z  c h a m b e r  c losed  a t  t he  top  and  b o t t o m  b y  
glass  d i sks  w h i c h  sea t  aga ins t  g r o u n d  shoulders .  
The  u p p e r  d i sk  is the  s a m p l e  to be coated ,  t he  l o w e r  
one is p e r f o r a t e d  for  e v a p o r a t o r  f i l ament  l eads  and  
HC1 in le t  tube .  This  c h a m b e r  is e s s e n t i a l l y  a d e -  
m o u n t a b l e  bu lb .  I t  is p l a c e d  in a s m a l l  q u a r t z  be l l  
j a r .  The  be l l  j a r  is coa ted  on the  ou t s ide  w i t h  a con-  
duc t i ng  t in  ox ide  coa t ing  h a v i n g  a r e s i s t ance  of abou t  
30~ b e t w e e n  the  s i lve r  p a s t e  r ing  e lec t rodes .  By  p a s -  
s ing a c u r r e n t  t h r o u g h  th is  coa t ing  the  w a l l s  m a y  be  
h e a t e d  r a p i d l y  and  u n i f o r m l y  to as m u c h  as 700~ 
The  be l l  j a r  is sea led  b y  an  "O" r ing.  The  base  p l a t e  
is w a t e r  cooled  and  an  a d d i t i o n a l  m e t a l  r i ng  on top  
of t he  be l l  j a r  f lange is also w a t e r  cooled  to p r o t e c t  
the  "O" r ing.  

Va r ious  ca thodo,  photo ,  and  e l e c t r o l u m i n e s c e n t  
su l fo se l en ide  p h o s p h o r s  h a v e  been  m a d e  w i t h  th is  
a p p a r a t u s .  

Reaction process ]or ]orming oxygen containing 
phosphors.--A n u m b e r  of o x y g e n  con ta in ing  p h o s -  
phors  m a y  be  f o r m e d  b y  r e a c t i o n  of a v a p o r i z e d  s u b -  
s tance  w i t h  a h e a t e d  s u b s t r a t e  in a s ingle  step.  One 
of these  is Zn~SiO4: Mn. This  is f o r m e d  b y  r e a c t i o n  of 
ZnF.o:Mn w i t h  a h e a t e d  s u b s t r a t e  cons i s t ing  of a 
h igh  s i l ica  con ten t  g lass  such as fused  qua r t z ,  Vycor ,  
P y r e x ,  or  C o m i n g  No. 1710. The  glass  s u b s t r a t e  is 
m a i n t a i n e d  at  a t e m p e r a t u r e  in the  550~ ~ r a n g e  
wh i l e  ZnF2: Mn is e v a p o r a t e d  f rom a p l a t i n u m  e v a p -  
o r a t o r  f i l ament .  The  ZnF~ reac t s  w i th  the  SiO2 of the  
glass  accord ing  to  t he  r e a c t i o n  

2ZnF., § 2SiO._.-* Zn.oSiO~ -~ SiF~ 

The  SiF4 is vo l a t i l e  and  is p u m p e d  ou t  of t h e  s y s t e m  
l e a v i n g  a l a y e r  of Zn.~SiO~ we l l  b o n d e d  to t he  glass.  
As the  e v a p o r a t i o n  cont inues ,  t he  w i l l e m i t e  becomes  
cove red  w i t h  a l a y e r  of ZnF2. Thus  the  depos i t  con-  
sists  of two  l aye r s ;  t he  Zn~SiO~ n e x t  to t h e  glass  and  
on top  of th i s  l a y e r  of ZnF~. The  ZnF~ can be  r e a d i l y  
d i s so lved  in NH~OH l e a v i n g  the  i n so lub le  f i lm of 
w i l l emi t e .  The  t w o - l a y e r  sy s t em of a y e l l o w  p h o s -  
pho r  on top  of g reen  p h o s p h o r  m a y  also be  used  as 
a p e n e t r o n  (8, 9) .  This  r e a c t i o n  m e t h o d  of f o r m i n g  
w i l l e m i t e  p e r m i t s  t he  f o r m a t i o n  on P y r e x  or  o the r  
h igh  s i l ica  g lasses  at  t e m p e r a t u r e s  s e v e r a l  h u n d r e d  
deg rees  b e l o w  those  r e q u i r e d  w h e n  the  p h o s p h o r  is 
f o r m e d  b y  t h e  t w o - s t e p  process .  

R o t t g a r d t  (10) has  d e s c r i b e d  a r e l a t e d  m e t h o d  of 
f o r m i n g  s i l i ca te  p h o s p h o r s  b y  e v a p o r a t i n g  a f luo-  

r ide  onto a s i l i ca te  base  and  s u b s e q u e n t l y  c a r r y i n g  
out  the  r e a c t i o n  b y  hea t  t r e a t m e n t  in air .  

A n  ana logous  p rocess  m a y  be  used  to fo rm a zinc 
b o r a t e  phosphor .  In  th is  case  a b o r a t e  g lass  is u sed  
as the  s u b s t r a t e  and  ZnF~ a g a i n  is e v a p o r a t e d .  S ince  
good b o r a t e  g lasses  w i t h  suff ic ient ly  h igh  m e l t i n g  
po in t s  a re  no t  a v a i l a b l e  th i s  p rocess  is c a r r i e d  ou t  
w i t h  a b o r a t e  g lass  g laze  on t h e  su r f ace  of No. 7052 
F N  glass.  The  r e s u l t a n t  p h o s p h o r  is a r e d  c a t h o d o -  
l u m i n e s c e n t  zinc b o r a t e  w i t h  an  o v e r l y i n g  l a y e r  of 
ZnF~: Mn. The  l a t t e r  m a y  be  d i s so lved  off in  NH~OH 
w i t h o u t  d a m a g e  to t he  zinc bora te .  

A n  ana logous  p rocess  can also be  used  w i t h  p h o s -  
p h a t e  glasses.  These ,  h o w e v e r ,  a r e  low m e l t i n g  and  
u n s a t i s f a c t o r y  for  m a n y  purposes .  A n  a l t e r n a t i v e  
process  is pos s ib l e  here .  This  is to first  e v a p o r a t e  a 
l a y e r  of ZnF~:Mn onto a P y r e x  s u b s t r a t e  at,  say,  
300~ w h i c h  is low enough  to avo id  r e a c t i o n  w i t h  
t he  glass  bu t  h igh  enough  to i n s u r e  good adhes ion .  
The  t e m p e r a t u r e  is t h e n  r a i s ed  to 550~ and  a pe l l e t  
of P~O.~ is e v a p o r a t e d .  This  r eac t s  w i t h  t he  ZnF~o to 
fo rm Zn~ (POe) _~: Mn. 

Summary 
A c ons ide r a b l e  n u m b e r  of zinc c a d m i u m  su l fo -  

se len ide  p h o s p h o r  fi lms can  be  m a d e  b y  v a c u u m  
e v a p o r a t i o n  of c o m m e r c i a l  p o w d e r  phosphors .  L u -  
m i n e s c e n t  f i lms of zinc sulf ide a c t i v a t e d  w i t h  Cu, Ag,  
or  Mn m a y  be  f o r m e d  b y  depos i t i on  at  r o o m  t e m -  
p e r a t u r e  fo l l owed  b y  hea t  t r e a t m e n t  in a su i t ab l e  
a tmosphe re .  The  s a m e  p h o s p h o r s  m a y  be  f o r m e d  in 
a s ingle  s tep  b y  e v a p o r a t i o n  onto a h e a t e d  s u b s t r a t e  
in t he  "Hot  W a l l  Be l l  J a r . "  

M a n g a n e s e  a c t i v a t e d  ZnS  m a y  also be  f o r m e d  in 
a s ingle  s tep  b y  depos i t i on  on a s u b s t r a t e  b e t w e e n  
250 ~ and  400~ 

Zinc s i l icate ,  phospha t e ,  and  b o r a t e  m a y  be  
f o r m e d  in a s ing le  s tep  b y  r e a c t i o n  of zinc f luor ide  
w i th  a hea t ed  subs t r a t e .  

Manuscr ip t  rece ived  June  15, 1960; revised m a n u -  
script  received J u l y  20, 1960. This pape r  was p repa red  
for de l ivery  before  the Chicago Meeting, May 1-5, 
1960. 

Any  discussion of this pape r  wil l  appear  in a Discus-  
sion Section to be publ ished in the June  1961 JOURNAL. 
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ABSTRACT 

Si lver  selenide has been p repa red  by  fusion techniques and found to be a 
good thermoelec t r ic  mater ia l .  The Seebeck coefficient, res is t ivi ty ,  and the rmal  
conduct ivi ty  have been measured  as a funct ion of t empera ture .  The effect 
of doping with  30 different  e lements  and compounds at different  doping con- 
centra t ions  has been studied. The in te r - re la t ionships  be tween  the the rmoelec -  
tr ic p roper t ies  have been examined  and are  discussed. The crys ta l  la t t ice  of 
si lver selenide has been determined,  and the subcell  and supers t ruc ture  are  
elucidated.  

D u r i n g  the  pa s t  f ew years ,  th is  l a b o r a t o r y  has  
been  e n g a g e d  in a s t u d y  of t h e r m o e l e c t r i c  ma t e r i a l s .  
In  the  course  of these  inves t iga t ions ,  t h e  e x c e l l e n t  
p r o p e r t i e s  of s i lve r  se len ide  w e r e  d i scovered .  A 
t h o r o u g h  e x a m i n a t i o n  of t he  m a t e r i a l  was  made ,  i n -  
c lud ing  c r y s t a l l o g r a p h i c  s tudies ,  t e m p e r a t u r e  d e -  
p e n d e n c e  of  i ts  t h e r m o e l e c t r i c  p rope r t i e s ,  and  effect 
of a l l o y i n g  and  dop ing  on these  p rope r t i e s .  

The  s e m i c o n d u c t i n g  p r o p e r t i e s  of s i lve r  s e l en ide  
have  been  p u t  to use  in t h e r m o p i l e s  b y  S c h w a r z  (1) .  
His n - t y p e  m a t e r i a l  was  a s i lve r  su l f i de - s i l ve r  se le -  
n ide  a l l o y  w i t h  a f igure  of m e r i t  of 0.9 x 10 -~ deg  -1. 
The  c o r r e s p o n d i n g  p - t y p e  m a t e r i a l  was  an  a l l oy  of 
s i lver ,  copper ,  t e l l u r i um,  and  s e l e n i u m  w i t h  a f igure  
of m e r i t  of 1.0 x 10 - '  deg -1. R e s i s t i v i t y  and  H a l l  effect 
of s i lve r  s e l en ide  h a v e  been  s t ud i ed  b y  Mooser  and  
P e a r s o n  (2)  and  b y  Busch  and  J u n o d  (3) .  The  e n -  
e rgy  gap  and  r o o m - t e m p e r a t u r e  e l ec t ron  m o b i l i t y  
w e r e  also d e t e r m i n e d  b y  Busch  and  J u n o d  to be  
0.075 ev and  2000 cm~/v-sec ,  r e spec t i ve ly .  T h e y  
found  t h e  m a t e r i a l  to show m e t a l l i c  b e h a v i o r  a b o v e  
the  t r a n s i t i o n  t e m p e r a t u r e  of 133~ T h e y  o b s e r v e d  
no m e a s u r a b l e  ionic  conduc t iv i ty .  M i y a t a n i  (4)  
m e a s u r e d  t h e  p r o p e r t i e s  of s i lve r  s e l e n i d e  v i a  t he  
emf  of t h e  g a l v a n i c  cel l  A g / A g I / A g ~ S e / P t  and  at  
130~ d e t e r m i n e d  the  e l ec t ron  m o b i l i t y  to be  810 
cm~/v sec a n d  the  ef fec t ive  e l ec t ron  mass  to be  0.11 
m. J u n o d  (5)  r e c e n t l y  p u b l i s h e d  an e x t e n s i v e  i n -  
ves t iga t ion  of the  c r y s t a l l o g r a p h i c  and  s e m i c o n d u c t -  
ing p r o p e r t i e s  of s i lve r  se lenide ,  s i lve r  sulf ide,  and  
copper  se len ide ,  i nc lud ing  conduc t iv i ty ,  H a l l  effect, 
Seebeck  coefficient,  and  o the r  p rope r t i e s .  

Materials 

S t a r t i n g  m a t e r i a l s  w e r e  suff ic ient ly  p u r e  so t h a t  
f u r t h e r  pu r i f i ca t ion  was  no t  cons ide red  necessa ry .  
S e l e n i u m  was  o b t a i n e d  in 99.999~-% p u r i t y  f rom 
A m e r i c a n  S m e l t i n g  and  Ref in ing  C o m p a n y .  S i l v e r  
of 99.99-~% p u r i t y  f rom A m e r i c a n  S m e l t i n g  and  
Refining and  of 99.9999% p u r i t y  f r o m  C o n s o l i d a t e d  
Min ing  and  S m e l t i n g  C o m p a n y  of Canada ,  L td .  was  
used.  Dop ing  m a t e r i a l s  w e r e  of a s im i l a r  h igh  p u r i t y .  

Preparation.--All s a m p l e s  w e r e  p r e p a r e d  in 12 
m m  1D q u a r t z  t ubes  w h i c h  h a d  been  c a r b o n - c o a t e d  
p r i o r  to i n t r o d u c t i o n  of the  ma t e r i a l s .  C a r b o n - c o a t -  

ing  was  a c c o m p l i s h e d  b y  p y r o l y s i s  of ace tone  v a p o r  
(us ing  n i t r o g e n  as a c a r r i e r  gas)  on the  ins ide  su r f ace  
of the  qua r t z  t u b e  a t  abou t  900~ C a r b o n - c o a t i n g  
h a d  t h e  r e d u c i n g  p r o p e r t i e s  w h i c h  a r e  f o u n d  so a d -  
v a n t a g e o u s  in g r a p h i t e  c ruc ib le s  and  so p r e v e n t e d  
r e a c t i o n  of ox ides  w i t h  t he  qua r t z .  A t  the  s ame  t i m e  
the  u n d e s i r a b l e  a b s o r p t i o n  of s e l e n i u m  v a p o r  in to  
g r a p h i t e  was  e l i m i n a t e d  b y  s u b s t i t u t i o n  of the  th in  
ca rbon  coat ing.  The  m a t e r i a l s  w e r e  t hen  i n t r o d u c e d  
in to  t h e  q u a r t z  t u b e  in  the  d e s i r e d  compos i t ion ,  t he  
t u b e  e v a c u a t e d  to a b o u t  10 _5 m m  and  sealed.  The  
t u b e  was  k e p t  a t  1050~176 for  16 h r  fo l l owed  b y  
a 3 - h r  cool ing p e r i o d  in t he  fu rnace ,  or  a 24 -h r  
d r o p  t ime  t h r o u g h  a t e m p e r a t u r e  g rad i en t .  No d i f fe r -  
ence in p r o p e r t i e s  was  found  b e t w e e n  ingots  p r e -  
p a r e d  b y  the  two  d i f fe ren t  me thods ,  nor  w e r e  w e  
ab le  to p r o d u c e  m o r e  t h a n  s l i g h t l y  o r i e n t e d  ingots  
be c a use  of t he  p h a s e  change  at  133~ Ingo t s  
w e i g h e d  abou t  40 g. A f t e r  r e m o v a l  f rom the  q u a r t z  
tubes ,  the  ingots  w e r e  m a c h i n e d  for  m e a s u r e m e n t .  
S a m p l e s  w e r e  f o u n d  to be  homogeneous ,  w i th  c lean,  
b u t  s l i gh t ly  p i t t e d  surfaces .  E x c e p t  in t he  few cases  
w h e r e  t he  q u a r t z  t u b e s  c r a c k e d  in cool ing ( a n d  th is  
was  i n v a r i a b l y  f o u n d  to be  due  to insuff ic ient  c a rbon  
coa t ing )  the  ingots  w e r e  f r ee  of su r f ace  ox ida t ion .  
In  mos t  cases t he  ingots  w e r e  m a l l e a b l e  and  eas i ly  
mach ined .  A f ew of t he  s a m p l e s  w h i c h  had  been  
doped  w i th  excess  su l fur ,  se len ium,  t e l l u r i u m ,  or  
s i lve r  iod ide  w e r e  found  to be b r i t t l e ;  a p p a r e n t l y  t he  
h igh  v a p o r  p r e s s u r e  of these  dop ing  agen t s  p r o -  
duces  i n t e r n a l  c r acks  in t he  ingot .  M a n y  of the  i n -  
gots  w e r e  a n n e a l e d  a t  125~ for  48 h r  w i t h  no a p -  
p a r e n t  effect. 

Measurements 

The  samples  w e r e  cut  to a p p r o x i m a t e l y  3~ in. 
long  and  faced  off on a la the .  Two  r ings  w e r e  m a -  
ch ined  into  t he  s u r f a c e  of t he  s a m p l e  and  into  t hese  
r i ngs  p l a t i n u m  w i r e s  w e r e  t i g h t l y  w o u n d  to act  as 
t h e  p r o b e  for  a - c  r e s i s t i v i t y  m e a s u r e m e n t s .  The  
s a m p l e  was  t hen  p l a c e d  b e t w e e n  two  r e s i s t ance  w i r e  
w o u n d  g r a p h i t e  hea te r s ,  and  p r e s s u r e  for  t h e r m a l  
and  e l ec t r i ca l  con tac t  was  a p p l i e d  to t he  un i t  b y  a 
v i se  t y p e  j ig.  A t e m p e r a t u r e  g r a d i e n t  of 5~ ~ was  
m a i n t a i n e d  across  t he  l e n g t h  of t he  s a m p l e  b y  
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p o w e r  s u p p l i e d  f rom a d - c  source  to t he  r e s i s t ance  
hea te r s .  A t  t h e r m a l  e q u i l i b r i u m  AT was  d e t e r m i n e d  
f r o m  two t h e r m o c o u p l e s  p l a c e d  t h r o u g h  the  cen t e r  
of each  h e a t e r  and  in con tac t  w i t h  the  sample .  The  
t h e r m a l  emf  was  m e a s u r e d  f r o m  t h e  copper  l eads  
of each  t he rmocoup l e .  M e a s u r e m e n t s  w e r e  m a d e  
w i t h  a L&N t y p e  K - 3  p o t e n t i o m e t e r .  The  m e a s u r e -  
m e n t  t e m p e r a t u r e  was  t a k e n  as the  a v e r a g e  b e t w e e n  
hot  and  cold  ends  of t he  sample .  

R e s i s t i v i t y  as a func t ion  of t e m p e r a t u r e  was  d e -  
t e r m i n e d  b y  m e a n s  of c u r r e n t  con tac t s  m a d e  to t he  
s a m p l e  t h r o u g h  the  g r a p h i t e  h e a t e r s ;  t he  p o t e n t i a l  
d rop  was  m e a s u r e d  across  the  p l a t i n u m  probes .  

T h e r m a l  c o n d u c t i v i t y  d a t a  w e r e  o b t a i n e d  b y  p l a c -  
ing the  s a m p l e  b e t w e e n  a copper  s ink  in con tac t  
w i th  an  i c e - w a t e r  r e s e r v o i r  and  a r e s i s t ance  he a t e r ;  
AT was  m e a s u r e d  w i t h  t h e r m o c o u p l e s  p l a c e d  in t he  
s ink  and  h e a t e r  a b o u t  1 m m  f r o m  the  s a m p l e  con-  
tact .  The  h e a t  lost  b y  conduc t ion  t h r o u g h  the  s a m p l e  
to t he  cold  s ink  was  b a l a n c e d  b y  the  i n p u t  to t he  
hea te r ,  t he  t e m p e r a t u r e  of w h i c h  was  k e p t  w i t h i n  
l ~  of amb ien t .  K is c a l c u l a t e d  f r o m  the  r e s i s t ance  
and  t h e  c u r r e n t  r e q u i r e d  to k e e p  t h e  h e a t e r  a t  a m -  
b ient .  

Crystallographic Investigations 

A n  e x t e n s i v e  s t u d y  of t he  s t r u c t u r e  of l o w - s i l v e r  
s e l en ide  was  p u b l i s h e d  b y  Boe t t cher ,  et al. (6) .  The  
un i t  ce l l  was  d e s c r i b e d  as t e t r agona l ,  a = 7.06A, 
c = 4.98A, t he  a x i a l  r a t i o  c h a n g i n g  w i t h  t e m p e r a -  
ture .  The  l a t t i ce  was  d e d u c e d  as e s s e n t i a l l y  s e l e n i u m  
pack ing ,  w i t h  s i lve r  a toms  occupy ing  r a n d o m  si tes in 
t he  in te rs t ices .  

N u m e r o u s  s a m p l e s  of  cast  s i l ve r  se len ide  have  
been  s u b j e c t e d  to x - r a y  d i f f rac t ion  s t u d y  d u r i n g  the  
course  of th is  work ,  and  the  p a t t e r n s  w e r e  s ens ib ly  
t he  same,  save  for  c r y s t a l  o rde r ing .  H o w e v e r ,  f a r  
too m a n y  ref lec t ions  w e r e  p r e s e n t  to be  accoun ted  
for  on the  bas is  of B o e t t c h e r ' s  t e t r a g o n a l  axes.  On 
t h e  o t h e r  hand ,  an  a s s i g n m e n t  was  a r r i v e d a t  on the  
bas is  of a 4 - m o l e c u l e  o r t h o r h o m b i c  un i t  cell ,  
a = 4.344A, b = 7.111A, c = 7.790A; this  r e p r o d u c e d  
n e a r l y  a l l  of t he  o b s e r v e d  ref lec t ions  exac t ly ,  t he  
excep t ions  be ing  occas iona l  sp l i t  l ines,  one m e m b e r  
of w h i c h  could  no t  be  i n c o r p o r a t e d  un les s  a l l  axes  
w e r e  doub led .  This  sugges t ed  the  ex i s t ence  of a 
s u p e r s t r u c t u r e ,  bu t  i ts  n a t u r e  r e m a i n e d  in d o u b t  
un t i l  c o m p l e t i o n  of t he  e x p e r i m e n t  d e s c r i b e d  be low.  

I t  was  dec ided  to a t t e m p t  d i r ec t  p r e p a r a t i o n  of 
c r y s t a l l i n e  l o w - s i l v e r  s e l en ide  b y  w e t  p rocess  at  
r oom t e m p e r a t u r e ,  i n v o l v i n g  r e a c t i o n  of  a w a t e r -  
so lub le  s i lve r  sa l t  w i t h  a so lub le  se len ide .  S ince  the  
s i lve r  cha lcogen ides  a r e  so lub le  in  a l k a l i  c ya n ide  
solut ions ,  i t  was  a n t i c i p a t e d  t h a t  i n t e r a c t i o n  of p o -  
t a s s i u m  s i lve r  c y a n i d e  w i t h  p o t a s s i u m  se len ide  
w o u l d  p r o v i d e  a c r y s t a l l i z a t i o n  m e d i u m  for  s i lve r  
se lenide .  A c c o r d i n g l y ,  a c o n c e n t r a t e d  so lu t ion  of 
s i l v e r ( I )  ox ide  in p o t a s s i u m  cyan ide ,  h a v i n g  c o m -  
pos i t i on  K~Ag (CN)~, w a s  a d d e d  g r a d u a l l y  to a 
f r e s h l y  p r e p a r e d  s t r o n g l y  a l k a l i n e  so lu t ion  of t h e  
s to i ch iome t r i c  a m o u n t  of p o t a s s i u m  se l en ide  u n d e r  
s t i r r i n g  and  n i t r o g e n  a t m o s p h e r e .  The  p r e c i p i t a t e  
p r o d u c e d  at  f i rs t  was  b l a c k  and  f inely  d iv ided ,  b u t  
w h e n  a b o u t  ha l f  of t h e  s i lve r  c y a n i d e  r e a g e n t  h a d  
been  added ,  a r a p i d  t r a n s f o r m a t i o n  set  in, w i t h  con-  
v e r s i o n  to a g ray ,  coarse ,  a n d  v e r y  b u l k y  solid.  A f t e r  

c omp le t i on  of t he  me ta thes i s ,  t h e  p r o d u c t  was  col-  
lec ted ,  w a she d ,  and  d r i e d  in vacuo. 

U n d e r  the  mic roscope  the  p a r t i c l e s  w e r e  seen  to 
consis t  of g l o b u l a r  ro se t t e s  of l u s t rous  m i n u t e  
p r i sms ;  t he  x - r a y  d i f f r ac t ion  p a t t e r n  w a s  e s s e n t i a l l y  
t h a t  of a l l  o the r  l o w - s i l v e r  s e l en ide  s amples  b u t  was  
e x c e p t i o n a l l y  b r i gh t ,  and  s h o w e d  a w e a l t h  of de t a i l  
not  p r e v i o u s l y  obse rved .  The  a n a l y t i c a l  d a t a  w e r e  
s u r p r i s i n g  and  a t  f irst  s ight  v e r y  d i s a p p o i n t i n g :  the  
A g / S e  ra t io  was  2.28, a l a r g e  d i v e r g e n c e  f r o m  the  
s to ich iomet r ic .  I t  was  no t i ced  h o w e v e r ,  t h a t  th is  
r a t i o  is 16/7 w i t h i n  t he  a c c u r a c y  of t he  m i c r o a n a -  
l y t i c a l  d e t e r m i n a t i o n .  

F o r  Agl,  SeT, F. W. 2278.8, Calc.  F o u n d  
A g  75.75 76.1 
Se 24.25 24.4 

100.00 100.5 

The  x - r a y  d i f f r ac t ion  d a t a  w e r e  then  w o r k e d  up  
(Nore lco  W i d e - R a n g e  Di f f r ac tome te r ,  CuK~ r a d i a -  
t i on ) .  The  spac ings  fit an  o r t h o r h o m b i c  un i t  ce11, 
a = 8.630A, b ~ 14.13A, c = 15.50A, and  con ta in ing  
4Ag1~SeT. The  c a l c u l a t e d  d e n s i t y  is 8.00; o b s e r v e d  
p y k n o m e t r i c a l l y ,  7.96. The  subce l l  con ta ins  4Ag~Se; 
t h e  s u p e r s t r u c t u r e  is d e r i v e d  f rom it  b y  a s y s t e m a t i c  
v a c a n c y  at  e v e r y  e igh th  s e l e n i u m  l a t t i c e  site.  The  
f o r m a t i o n  of th i s  de fec t  phase  is a l l  the  m o r e  s t r i k -  
ing  w h e n  it  is r eca l l ed ,  as s t a t e d  above,  t h a t  i t  b e -  
gan  to c r y s t a l l i z e  in t he  p r e s e n c e  of a l a rge  excess  of 
se len ide  ion. 

In spec t ion  of t he  phase  d i a g r a m  for the  sy s t em 
A g - S e ,  as p u b l i s h e d  b y  H a n s e n  (7) ,  shows  t h a t  a 
h o m o g e n e o u s  p h a s e  of compos i t i on  Ag1~Se7 cannot  
be  a t t a i n e d  f rom a mel t ,  s ince  a l iqu id  m i s c i b i l i t y -  
gap  in t e rvenes .  Indeed ,  w h e n  the  p o w d e r  was  
m e l t e d  in sea l ed  q u a r t z  u n d e r  vacuum,  the  r e su l t i ng  
ingot  was  coa ted  w i t h  s i lver .  E v ide n t l y ,  w h e n  h i g h -  
s i lve r  se lenide ,  w h i c h  is s to ich iomet r ic ,  is cooled 
t h r o u g h  the  t r ans i t i on ,  i t  can  on ly  a p p r o x i m a t e  the  
s t r u c t u r e  of t h e  t r u e  l o w - t e m p e r a t u r e  phase .  

The  ques t ion  conce rn ing  the  t e t r a g o n a l  p h a s e  de -  
sc r ibed  b y  B o e t t c h e r  becomes  even  more  puzz l ing  in 
v i ew  of the  r e c e n t  p u b l i c a t i o n  of J u n o d  (5) who  
s ta tes  t ha t  his  x - r a y  d i f f r ac t ion  d a t a  w e r e  in com-  
p l e t e  a g r e e m e n t  w i t h  Boe t t che r .  The  p r e s e n t  a u tho r s  
have  had  o p p o r t u n i t y  to d iscuss  th is  m a t t e r  w i th  
m e m b e r s  of t he  r e s e a r c h  staffs of o the r  o r g a n i z a -  
t ions,  who  also have  s t ud i e d  l o w - s i l v e r  se len ide ;  
t h e y  found  as w e  did,  t h a t  t he  sys t em is no t  t e t r a -  
gonal .  In  fact ,  one g r o u p  a r r i v e d  i n d e p e n d e n t l y  at  
an  o r t h o r h o m b i c  a x i a l  a s s i g n m e n t  in close a g r e e m e n t  
w i t h  our  own d a t a  for  t he  subcel l .  I t  can on ly  be 
s u r m i s e d  t ha t  if  t he  t e t r a g o n a l  phase  does  exis t ,  i t  
m u s t  be  a m e t a s t a b l e  t r a n s i t i o n a l  form.  

Thermoelectric Properties 
Stoichiometric silver se lenide . - -S i lver  se l en ide  is 

a s e m i c o n d u c t i n g  m a t e r i a l  w i t h  o r t h o r h o m b i c  s y m -  
m e t r y  at  r oom t e m p e r a t u r e .  A t  133~ it  u n d e r g o e s  a 
t r a n s i t i o n  to a cubic  la t t ice .  The  me l t i ng  p o i n t  is 
897~ A c c o r d i n g  to t he  p h a s e  d i a g r a m  (7) ,  the  
r a n g e  of m i s c i b i l i t y  in t he  l i q u i d  s ta te  of excess  s i l -  
v e r  or s e l e n i u m  in s i lve r  s e l en ide  e x t e n d s  f r o m  32 to 
44.5 at. % se len ium.  B e y o n d  these  l imi t s  a l a y e r e d  
ingo t  r e su l t s  on cool ing f r o m  the  mel t .  
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THERMOELECTRIC PROPERTIES OF Ag2Se 

Table I. Room temperature properties of Ag2Se 
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73 2 3 7 3  4 7 3  
T 'K  

Fig. 1. Variation of thermoelectric properties of stoichio- 
metric silver selenide with temperature. 

The v a r i a t i o n  of the  t h e r m o e l e c t r i c  p rope r t i e s  of 
s i lver  se l en ide  w i t h  t e m p e r a t u r e  is shown in Fig. 1. 
The  Seebeck  coefficient shows a l inea r  decrease  f r o m  
--167 ~ to 120~ then  fal ls  sha rp ly  at t he  t r ans i t ion  
t e m p e r a t u r e  of 133~ fo l lowed  by  a s low r ise  to 
220~ The  da ta  of J u n o d  (5) show an inc rease  in 
Seebeck  coefficient to about  0~ fo l lowed  by  a de -  
c rease  to t he  t r ans i t ion  point ,  then  a sharp  b r eak  
at the  t r ans i t ion  point.  Whi l e  our  s tudies  ind ica te  a 
decrease  in Seebeck  coefficient of only  about  40 
~ v / ~  t h r o u g h  the  t r ans i t ion  15oint, those  of J u n o d  
show a dec rease  of about  80 /~v /~  

S i lve r  se len ide  exh ib i t s  typ ica l  n o n d e g e n e r a t e  
s emiconduc to r  b e h a v i o r  in its res i s t iv i ty ,  w h i c h  de-  
creases  w i t h  inc reas ing  t e m p e r a t u r e  f r o m  - - I 8 0 ~  
to t he  t r ans i t i on  point.  H e r e  a sudden  inc rease  in r e -  
s i s t iv i ty  occurs  fo l lowed  by  a s low rise. Thus  the  
cubic  h i g h - t e m p e r a t u r e  f o r m  exh ib i t s  the  b e h a v i o r  

R (cm3/cou]omb) ~ (cm2/v-sec) n (cm -~) 
2.2 2050 2.8 X 101~ 
S (gv/~  p (ohrn-cm) k (wa t t s /deg-cm)  
--150 10.2 X 10-' 0.009 

of  a m e t a l  or  d e g e n e r a t e  semiconduc tor ,  as r e p o r t e d  
by  Junod .  His  data ,  wh i l e  be ing  in subs tan t i a l  a g r e e -  
m e n t  w i th  ours,  show a dec rease  in r e s i s t i v i t y  
t h r o u g h  the  t r ans i t ion  point,  th is  be ing  fo l lowed  by 
a s low increase.  

The  t h e r m a l  conduc t iv i t y  c u r v e  shows a m i n i m u m  
at room t e m p e r a t u r e .  An  inc rease  occurs  as the  t e m -  
p e r a t u r e  increases  due  to the  p re sence  of t r a n s p o r t  
processes  o the r  t han  those  associa ted  sole ly  w i t h  
e lec t rons  or  phonons ,  such as a m b i p o l a r  diffusion. 
The  inc rease  as t e m p e r a t u r e  decreases  is a r e su l t  of 
r educed  p h o n o n - p h o n o n  in te rac t ions .  A m a x i m u m  
f igure  of mer i t ,  in excess of 3.0 x 10 _8 deg -1 occurs  at 
abou t  40 ~ C. 

A s u m m a r y  of t he  room t e m p e r a t u r e  p rope r t i e s  of 
s to ich iomet r i c  s i lve r  se lenide  a re  shown in Tab le  I. 
These  va lues  a re  found  to be in close a g r e e m e n t  w i t h  
those  of Junod .  

Effect of doping.--The t h e r m o e l e c t r i c  p rope r t i e s  
a r e  l i s ted in Tab le  II. Wi th  the  e x c e p t i o n  of Cu, AgI ,  
and the  g roup  I IB e lements ,  dop ing  agents  had  v e r y  
l i t t l e  effect on Ag~Se. In m a n y  cases, the  t h e r m o -  
e lec t r ic  p rope r t i e s  a re  iden t ica l  for  a p a r t i c u l a r  e le -  
m e n t  at the  dop ing  leve ls  of both 0.1 and 0.5 mole  
%, ind ica t ing  tha t  Ag2Se is s a t u r a t e d  w i t h  respec t  
to t ha t  e l e m e n t  at <0.1 mole  %. This  low so lub i l i ty  
of most  fo re ign  ma te r i a l s  in Ag~Se is a p r i m e  fac to r  
in its i n sens i t i v i ty  to doping.  I t  is obv ious ly  i m -  
poss ible  to p - d o p e  s i lve r  se lenide,  a p h e n o m e n o n  
w h i c h  has been  obse rved  in o the r  cases such as 
Z n S b  (8) .  

The  r e p r o d u c i b i l i t y  of Seebeck  coefficient for  du -  
p l i ca te  ingots,  w i t h  v e r y  f ew  except ions ,  has  been  
exce l len t .  R e p r o d u c i b i l i t y  of  res i s t iv i t i e s  was  not  

Table II. Properties of doped Ag~Se 

K ,  Z ,  K ,  Z ,  
S, p, • 10 '  w a t t s /  • 10 8 S,  p, X 10 '  w a t t s /  • 10 ~ 

/~v/~ o h m - c m  d e g - c m  d e g  -1 /~v/~ o h m - c m  d e g - c m  deg  -1 

Stoich --150 10.2 0.0092 2.4 0.1 Ga --118 4.9 0.0119 2.4 
0.5 Cu --52 2.2 0.0254 0.5 0.5 Ga --113 4.7 0.0125 2.2 
0.5 Ag --122 6.2 0.0113 2.1 0.1 In --114 5.4 0.0121 2.0 
0.1 Au --151 10.5 0.0094 2.3 0.5 In --118 5.1 0.0129 2.1 
0.5 Au --139 8.5 0.0101 2.2 0.1 T1 --151 13.0 - -  - -  
0.1 S --153 t3.5 0.0090 1.9 0.1 Zn --123 6.6 0.0099 2.3 
0.5 S --142 8.9 0.0100 2.3 0.5 Zn --124 6.3 0.0124 2.0 
0.5 Se --151 9.8 0.0089 2.6 0.1 Cd --98 4.6 0.0152 1.4 
0.5 Te --152 12.0 0.0093 2.1 0.5 Cd --73 3.2 0.0167 1.0 
0.1 Ge --118 6.6 0.0115 1.8 0.1 I tg  --66 2.7 0.0226 0.7 
0.5 Ge --125 6.5 0.0108 2.2 0.5 Hg --35 2.5 - -  - -  
0.1 Sn --150 12.0 0.0091 2.1 0.1 Fe --110 4.8 0.0122 2.1 
0.5 Sn --120 5.3 0.0115 2.4 0.1 Co --119 5.8 0.0108 2.3 
0.1 Pb --120 5.9 0.0109 2.2 0.1 Pd --151 9.7 0.0094 2.5 
0.5 Pb --121 5.8 0.0125 2.0 0.1 V --117 5.5 0.0119 2.1 
0.1 P --136 7.6 0.0104 2.3 0.1 Cr --149 9.4 0.0091 2.6 
0.1 As --152 10.6 0.0104 2.1 0.1 Mn --104 4.6 - -  - -  
0.5 As --124 5.6 0.0114 2.4 0.1 Re --145 10.6 0.0094 2.1 
0.5 Sb --114 5.5 0.0121 2.0 0.5 Li --127 6.0 0.0104 2.6 
0.1 Bi --119 6.2 0.0105 2.2 0.1 AgI --60 3.1 - -  - -  
0.5 Bi --122 5.9 0.0117 2.2 0.5 AgI --23 1.8 0.0552 0.05 
0.1 A1 --147 9.0 - -  J 0.01 MoSe2 --149 10.1 0.0097 2.3 

0.03 MoSe2 --149 9.4 0.0098 2.4 
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qui te  as good, especia l ly  in  the case of s to ichiometr ic  
Ag~Se, where  Seebeck coefficient for six samples  is 
w i t h i n  the  l imi t  of --146 to --153 ~ v / ~  whi le  p 
covers a r ange  of 7.7 to 13.3 ohm-cm.  

The  effects of the var ious  doping agents  can be 
cons idered  f rom the  v i ewpo in t  of the  periodic 
groups  of e lements .  On ly  the  effect on one p a r a m e t e r  
need  be discussed, s ince the  va lue  of one de t e rmines  
the va lues  of the  others,  as wi l l  be  seen in  the fol-  
lowing  sections. 

E l emen t s  of groups  IB and  IIB are the  on ly  ones 
to show a la rge  effect on the  the rmoe lec t r i c  p r ope r -  
ties. I n  group IB, the  order  of effect is Cu > Ag 
Au. In  group  IIB, the order  is reversed,  be ing  
Hg ~ Cd ) Zn. The  order  in  the  group I IB e lements  
para l l e l s  the  ene rgy  gaps of the selenides  of these  
e lements ,  as shown in  Tab l e  III. 

I n  bo th  cases meta l l i c  behav io r  is approached  as 
one goes f rom Zn  to Cd to Hg. The ene rgy  gap of 
Ag~Se is 0.075 ev (3) .  The  c o m p o u n d  Au~Se does 
no t  form. The  ene rgy  gap of CurSe is no t  k n o w n  bu t  
is most  l ike ly  lower  t h a n  tha t  of Ag~Se, since the  
Seebeck coefficient and  res i s t iv i ty  of Cu,~Se are 
lower  t h a n  those of Ag~Se. Thus  in  the  group IB 
e lements ,  meta l l i c  behav io r  would  be approached  in  
the order  A u - A g - C u ,  as shown  in  Tab le  IV. The i m-  
p l ica t ion  of the reverse  t r ends  in  the  two groups in  
the i r  doping  act ion on Ag._Se is tha t  the  e lements  
form the i r  n o r m a l  bond  pa t t e rn s  r a t h e r  t h a n  e n t e r -  
ing in  s imple  i somorphous  r ep lacement .  

Group  VIA has no effect wha tsoever ,  the  Seebeck 
coefficient r e m a i n i n g  in  the  r ange  of --150 ~ v / ~  at 
bo th  doping  levels  for S, Se, and  Te. If, as m e n t i o n e d  
previous ly ,  e l ements  fo rm the i r  n o r m a l  se lenide 
bonds,  this  wou ld  exp la in  the  lack of effect of the  
VIA e lements .  Groups  I I IA  (A1, Ga, In, TI ) ,  IVA 
(Ge ,Sn ,Pb ) ,  and  VA (P,As,Sb,Bi)  al l  behave  s imi-  
lar ly ,  l ower ing  the Seebeck coefficient to the  r ange  
of - -120 /~v /~  at 0.5 mole %. A p p a r e n t l y  all  bu t  Sn  
and  As sa tu ra t e  Ag~Se at less t h a n  0.1 mole %, ac-  
coun t ing  for the l eve l ing  of Seebeck coefficient at 
--120. The  t r ans i t i on  e lements  d i sp layed  wide ly  di -  
ve rgen t  effects on the proper t ies ,  no t r ends  be ing  
obvious.  

As shown  in  Fig. 3 and  4, the  samples  m a i n l y  fal l  
into two groups,  one wi th  a Seebeck r ange  of 115- 
125 ~v/~ and  the  second wi th  a r ange  of 145-155 
/~v/~ The  average  figure of mer i t  of 18 mate r i a l s  
in the 145-155 r ange  is 2.4 x 10 -'~ deg -~, wi th  six of 

Table III 

S of Ag~Se a t  0.5 m o l e  E n e r g y  g a p  of 
E l e m e n t  % d o p i n g  l e v e l  s e l e n i d e ,  ev  

Hg --35 HgSe ~ 0.16 
Cd --80 CdSe ~ 1.74 
Zn --126 ZnSe ~-- 2.58 

Table IV 

S o~ Ag~Se a t  0.5 m o l e  E n e r g y  g a p  of  
E l e m e n t  % d o p i n g  l e v e l  s e l e n i d e ,  ev  

Cu --51 CurSe ~ 0.075 
A g  --122 Ag~Se ~ 0.075 
Au --139 Au~Se 

z 

o3- / 3 , 
. 

oe. 

. o l -  

o- 
eooo 4ooo ~ooo 

cr ~ Ohm -cm ) - I 

Fig. 2. Electricol conduct iv i ty vs. thermol conduct iv i ty for 
stoichnometric ond doped samples os silver selenide ot room 
tempereture. Curve 1, WiedemQn Fronz IQw, nondegenerate 
semiconductor, Kelp = 4.35 x i 0  -6 v~/deg. Curve 2, Wiede- 
man Franz low, metals, Kelp ~ 7.35 x 10 -~ v~/deg. Curve 3, 
si lver selenide. 

the  samples  exceed ing  2.5 x 10 -~ deg -~. The average  Z 
in  the 115-125 range,  for 19 al loys is 2.2 x 10 -' deg -1, 
wi th  only  one exceeding  2.5 x 10-' deg -1. 

Relationship between K and o-.--The re l a t ionsh ip  
b e t w e e n  t h e r m a l  and  electr ical  conduc t iv i ty  at room 
t e m p e r a t u r e  is shown  in  Fig. 2. L ine  1 r ep resen t s  the 
W e i d e m a n n - F r a n z  ra t io  for n o n d e g e n e r a t e  semicon-  
ductors  (<2.5 x 10 TM carr iers  cm-~), w he r e  Kel / ( r -~  
4.35 x 10 ~ V~/deg. L ine  2 is the  W i e d e m a n n - F r a n z  
rat io for meta l s  (or degenera te  semiconductors )  
where  K e l / ~  ~ 7.35 .x 10 -~ V~/deg. L ine  3 is tha t  for 
the e x p e r i m e n t a l l y  d e t e r m i n e d  va lues  for Ag~Se, 
s to ichiometr ic  and  doped, w he r e  K is the sum 
Kel  + Kph.  I t  is seen tha t  a s t ra igh t  l ine  re la t ionsh ip  
exists  b e t w e e n  K and  ~ for s i lver  se lenide  which 
para l le l s  the W i e d e m a n n - F r a n z  law for n o n d e g e n -  
erate  semiconductors .  Since Ag~Se is t hen  a n o n d e -  
genera te  semiconductor ,  the ra t io  Kel/cr = 4.35 x 10 -" 
V~/deg mus t  hold. Ex t r apo la t i on  of the da ta  to r --~ 0 
yields  a K p h  va lue  of 0.0046 w a t t s / d e g - c m .  By re -  
duc ing  the t h e r m a l  conduc t iv i ty  va lues  of the si lver  
se lenide samples  0.0046 w a t t / d e g  cm, it  is found  tha t  
the  l ine  for Ag~Se and  tha t  for n o n d e g e n e r a t e  semi-  
conductors  coincide. The average  p roduc t  Kelp for 
all  samples  is 4.37 x 10 -~ V"/deg, as necess i ta ted  by  
the W i e d e m a n n - F r a n z  law. A n y  dev ia t ion  f rom l ine  
3 for a ny  s i lver  se lenide samples  can be a t t r i bu t ed  
theore t ica l ly  to some degree  of s t r uc t u r e  doping,  
which  would  t hen  a l ter  the  la t t ice  con t r ibu t ion ,  Kph,  
f rom its va l ue  of 0.0046 w a t t / d e g - c m .  Dev ia t ion  of 
the p roduc t  Kelp f rom 4.35 x 10 -~ V~/deg is then  a 
measu re  of the  crys ta l  disorder,  except  at  ve ry  high 
conduct iv i t i es  w he r e  the ma te r i a l s  become degen -  
erate.  

Relationship between S and ~.----The re la t ionsh ip  
exis t ing  b e t w e e n  Seebeck coefficient and  electr ical  
conduc t iv i ty  is shown in Fig. 3. A large  sca t te r ing  
exists at the  h igh  conduc t iv i ty  end of the  l ine.  As 
doping agents  in jec t  a h igher  concen t r a t i on  of car-  
riers,  e lectr ical  conduc t iv i ty  increases  and  Seebeck 
coefficient decreases.  The va lues  of S ~  r e m a i n  
w i t h i n  the  reg ion  of 2-3 x 10 -~ w a t t s / c m - d e g  -~, for 
ma te r i a l s  w i th  Seebeck coefficients b e t w e e n  --90 
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Fig 3. EJectricol conductivity vs. Seebeck coefficient for 
stoichiometric and doped silver selenide at room temperature. 
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Fig. 4. Thermal resistivity vs. Seebeck coefficient for stoi- 
chiometric and doped samples of silver selemde at room tem- 
perature. 

and --150 ~v/~ The highest  values  of S ~  are found 
in the Seebeck coefficient range  of --120 ~v/~ 
however,  thei r  Z values  are lower  than those in the 
--150 ~v/~  range  due to h igher  the rmal  conduc-  
t ivity.  

Relationship between S and K . - - T h e  product  of 
Seebeck coefficient and the rmal  conduct ivi ty  is r e -  
m a r k a b l y  constant  at  1.4, resul t ing  in a s t ra ight  l ine 
passing through the origin when Seebeck coefficient 
is p lo t ted  against  t he rma l  resis t ivi ty,  as shown in 
Fig. 4. The constancy of this product  suggests a con- 
s iderable  phonon drag te rm in the Seebeck coeffi- 
cient, the  product  being (Sel  + Sph) (Kel  + Kph) .  
If no phonon te rm were  present  for S, the product  
would not be expected to be constant  any  more than 
it would be for  p (Kph + Kel ) ,  since one te rm would 
be en t i re ly  electronic, and the other  both electronic 
and phonon. Thus the product  Sel ~ is p robab ly  con- 
stant  as is Kelp .  However,  the problem of de te rmin -  
ing Sel presents  far  more difficulty than does Kel  
since only a cer tain propor t ion  of the phonon ac-  
t iv i ty  contr ibut ing to K wil l  cont r ibute  to S. A wave -  
length requ i rement  for phonons must  be met  be -  
fore they  wil l  contr ibute  to S. This requ i rement  is 
that  only phonons which have wave  lengths not less 
than the electron wave  length wil l  cont r ibute  to S. 

i0  -I. 

10 ̀2 

10 -3  

10 ̀ 4  . 

10-5 

K ( WQ t t$ /deg  - r  ) 

Z(deg I) 

p (ohm-cm ) 

S( volts/dog ) 

T 'K  

Fig. 5. Variation of thermoelectric properties with temper- 
ature of silver selenide doped with 0.1 mole % P. 
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~ / ~  $21p(wot ts l r  m -d192 ) 

,o--' 7'3 ~ ' ~ ~  
,~3 273 ~ 3  4-;~ 

T*K 

Fig. 6. Variation of thermoelectric properties with tempera- 
ture of silver selenide doped with 0.1 mole % Hg, 

Phonons sat isfying this r equ i rement  possess a much 
longer  free pa th  length than the bulk of the phonons, 
and these phonons possess the most marked  di rec-  
t ional  proper t ies  along the t empera tu re  gradient  
(9).  Therefore  the effect of dragging  of electrons by  
such phonons is pa r t i cu la r ly  large.  The number  of 
phonons possessing these long wave  lengths is p rob -  
ab ly  ex t r eme ly  dependent  on crys ta l  perfection. 
Normal ly  a phonon wave length ranges from one 
to a few atomic distances, whi le  electronic wave 
lengths may  easi ly exceed 10 atomic distances. 

ELfect of temperature on doped Ag~Se.--The t em-  
pe ra tu re  dependence of Seebeck coefficient, res is-  
t ivity,  and the rmal  conductivity of s i lver  selenide 
doped with  0.1 mole % phosphorus and 0.1 mole % 
mercu ry  was invest igated.  The resul ts  are shown in 
Fig. 5 and 6. The Seebeck coefficient for phosphorus-  
doped Ag~Se increases fa i r ly  r a p i d l y  with t empera -  
ture  to a m a x i m um  at about --40~ and then falls  
s lowly to the t rans i t ion  t empera tu re  where  a sharp 
drop occurs, fol lowed by  a r ise to 175~ In the m e r -  
cu ry-doped  sample, the Seebeck coefficient increases 
wi th  t empera tu re  to a m a x i m um  at 95~ followed 
by a decrease at the t rans i t ion  point  which is more 
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g radua l  t h a n  for the s to ichiometr ic  or phosphorus -  
doped samples.  

In  its res is t iv i ty ,  phosphorus -doped  Ag~Se behaves  
in  a fash ion  s imi la r  to the  s to ichiometr ic  m a t e r i a l  
except  tha t  degene ra t e  conduc t ion  exists  be low 
--120~ M e r c u r y - d o p e d  Ag~Se, on the  o ther  hand ,  
acts as a degene ra t e  semiconduc to r  t h r o u g h o u t  the 
en t i r e  t e m p e r a t u r e  r ange  as wou ld  be expec ted  f rom 
its low res is t iv i ty .  

The va r i a t i on  of t h e r m a l  conduc t iv i ty  and  figure 
of me r i t  w i th  t e m p e r a t u r e  is s imi la r  to tha t  for 
Ag~Se. T h e r m a l  conduc t iv i ty  m i n i m a  in  all  cases 
occur at abou t  room t empera tu r e .  I t  can be seen tha t  
the  h i g h - t e m p e r a t u r e  increase  in  t h e r m a l  conduc-  
t i v i ty  is m u c h  more  g r adua l  for the  m e r c u r y - d o p e d  
sample.  Since this  m a t e r i a l  is degenera te ,  ambipo la r  
diffusion,  if it  occurs at  all, wi l l  have  m u c h  less 
effect at h ighe r  t e m p e r a t u r e s  due  to the  l a rge r  n u m -  
ber  of excess carr iers  present .  

S to ichiometr ic  and  m e r c u r y - d o p e d  s i lver  se lenide 
a l ike  d i sp lay  a m a x i m u m  figure of mer i t  at  about  
40~ However ,  the  m a x i m u m  figure of mer i t  for 
m e r c u r y - d o p e d  Ag~Se is on ly  1.2 x 10 -8 deg -1 as 
aga ins t  3.3 x 10 -8 deg -~ for the  undoped  compound.  
Phosphorus  doping shifts  the m a x i m u m  to about  
30~ and  is 3.2 x 10 -~ deg-L 

Conclusions 
Si lver  se lenide  has been  found  to be a good t he r -  

moelec t r ic  mater ia l .  It  has a f igure of mer i t  of the  
order  of 3 x 10 -~ deg -~ in  the  v ic in i ty  of room t e m -  
pe ra tu re .  I t  has been  found  imposs ib le  to p -dope  
s i lver  selenide.  The s to ichiometr ic  ma te r i a l  shows 
the  best  the rmoelec t r i c  proper t ies ,  no i m p r o v e m e n t  
be ing  ob ta ined  by  doping.  The compound  is n o n d e -  

genera te  f rom - -167~ to the t r a n s i t i o n  point  of 
133~ af ter  wh ich  its behav io r  is metal l ic .  Doping  
was  found  to occur by  f o r ma t i on  of n o r m a l  bond  
pa t te rns .  K p h  for s i lver  se lenide  is 0.0046 w a t t / ~  
a nd  it  is be l i eved  tha t  a p h o n o n  drag  t e r m  exists  in  
the  Seebeck coefficient. The m a t e r i a l  becomes de -  
genera te  if doped w i t h  mercury .  The favorab le  com-  
b i n a t i o n  of e lect r ical  and  t h e r m a l  conduct iv i t i es  
character is t ic  of low-Ag~Se is ascr ibed  to the  ex is t -  
ence of a c rys ta l  s u p e r s t r u c t u r e  based on an  o r thor -  
hombic  defect  phase  hav ing  composi t ion  Agl~Se~. 
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ABSTRACT 

Three methods have been investigated for separating trace amounts of sul-  
fur  present  in h igh-pur i ty  arsenic. These are: (a) vacuum sublimation, (b) 
subl imation in a hydrogen stream, and (c) disti l lation of arsenic from an 
arsenic- lead solution. The last method is somewhat more effective than the 
second. The first was unsatisfactory. The lead process yielded arsenic contain-  
ing the following atom fractions of sulfur,  selenium, and  te l lur ium;  1 x 10 -~, 

2.7 x 10 -8, and ~2  x 10 -8, respectively. Concentrat ions of these impuri t ies  
were measured with the aid of radiotracer techniques. 

Arsen ic  of high p u r i t y  is r equ i r ed  for the  p r e p -  
a ra t ion  of the  semiconductors  InAs  and  GaAs. The  
a tom f rac t ions  of su l fu r  and  s e l en ium in  ava i l ab le  
" semiconduc to r  grade"  arsenic  are  in  the  r a nge  
0.2 to 5 x 10 -~. These impur i t i e s  are  donors  in  the  
above  semiconduc tors  wh ich  canno t  be  r e move d  
read i ly  by  zone ref in ing  because  of the i r  u n f a v o r a b l e  
d i s t r i bu t i on  coefficients (1-5) .  The donor  concen-  
t ra t ions ,  ~ 2 x 10 TM cm -8, in  be t t e r  samples  of InAs  

and  GaAs can be a t t r i bu t ed  to the  r e s idua l  a moun t s  
of su l fu r  and  s e l e n i u m  in  the arsenic .  

A n u m b e r  of methods  have  b e e n  proposed to r e -  
duce  f u r t he r  the  concen t ra t ion  of su l fu r  in  arsenic.  
These are:  (a)  v a c u u m  s u b l i m a t i o n  (6) ,  (b) sub -  
l ima t ion  in  H~ (5, 7),  (c) condensa t ion  into Pb  fol-  
lowed by  d i s t i l l a t ion  (7) ,  (d) r epea ted  oxida t ion  and  
r educ t ion  w i th  ca rbon  (8), and  (e) H~ reduc t ion  
of redis t i l led  AsC18 (9) .  These methods  have  been  
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e v a l u a t e d  p r i m a r i l y  by d i f fe rences  in the  ca r r i e r  
concen t r a t ions  and mobi l i t i es  of InAs  samples  m a d e  
f r o m  the  in i t ia l  and pur i f ied  As. This  eva lua t i on  is 
sub jec t  to a n u m b e r  of unce r t a in t i e s  such as the  
p u r i t y  of the  i n d i u m  and c o n t a m i n a t i o n  associa ted 
w i t h  the  InAs  p repa ra t ion .  H o w e v e r ,  the  Pb con-  
densa t i on -d i s t i l l a t i on  proposed  by H a r m a n ,  S t a m -  
baugh,  and Goer ing  was  s o m e w h a t  m o r e  p romis ing  
t h a n  the  others.  An  a tom f rac t ion  of su l fu r  in the  
arsenic  equa l  to 9 x 10 -7 wou ld  account  for  the  ne t  
donor  concen t r a t i on  in the i r  InAs.  C o m p e n s a t i o n  or 
o the r  donor  impur i t i e s  wou ld  e i t he r  ra i se  or  l o w e r  
this  es t imate .  

We r e - e x a m i n e d  the  v a c u u m  sub l imat ion ,  Ha sub-  
l imat ion ,  and Pb condensa t i on -d i s t i l l a t i on  me thods  
for  the i r  r e l a t i v e  efficiencies for  r e d u c i n g  the  su l fu r  
con ten t  in arsenic.  As wi l l  be descr ibed,  we  found  
the  Pb condensa t ion -d i s t i l l a t i on  to be  m o r e  ef fec t ive  
t h a n  the  others .  Q u a n t i t a t i v e  resu l t s  a re  g iven  l a t e r  
to ind ica te  the  r e s idua l  concen t r a t ions  of sulfur ,  
se len ium,  and t e l l u r i u m  in a rsen ic  pur i f ied  by  this  
method .  Concen t r a t ions  of the  above  impur i t i e s  w e r e  
m e a s u r e d  by  r a d i o t r a c e r  t echn iques .  By  the  use 
of r ad ioac t i ve  t r ace r s  it is poss ible  to d e t e r m i n e  con-  
cen t ra t ions  of sulfur ,  se lenium,  and t e l l u r i u m  which  
are  l ower  by  seve ra l  o rders  of m a g n i t u d e  than  can 
be d e t e r m i n e d  by  chemical ,  spec t rograph ic ,  or spec-  
t r o p h o t o m e t r i c  methods .  S u l f u r  ~~ was  ob ta ined  as 
BaS  in Ba (OH)2 solut ion and c o n v e r t e d  to As~S~ for  
a rsenic  doping.  Rad ioac t i ve  Se and Te w e r e  used d i -  
r ec t l y  a f t e r  i r r ad i a t i on  at the  B r o o k h a v e n  r eac to r  in 
a f lux of 8 x 12 ~ n e u t r o n s / c m ~ / s e c  for  31 days. Beta  
coun t ing  was  used for  the  p o w d e r e d  a rsen ic  samples  
con ta in ing  su l fu r  and t e l l u r ium.  G a m m a  coun t ing  
was  used  for  those  samples  con ta in ing  se lenium.  

The  t h r ee  me thods  used for  s epa ra t i ng  t race  
amoun t s  of su l fu r  f r o m  arsenic  are  based  on the  
r e l a t i v e  vapo r  p ressures  of a rsenic  and the  su l fu r  
species. A t  low concent ra t ions ,  ~ 1 ppm, su l fu r  is 
p r o b a b l y  p re sen t  in arsenic  as a solute,  As._.S~. The  
r e l a t i v e  d i f fe rence  in vapo r  p r e s su re  of this sulfide 
and arsenic  (1.0 and 0.4 atm, r e spec t ive ly ,  at 565~ 
is p r o b a b l y  too smal l  for the  deg ree  of separa t ion  
des i red  u n d e r  idea l  condi t ions  by a s ingle  s u b l i m a -  
tion. S u b l i m a t i o n  in h y d r o g e n  favors  the  r educ t ion  
of the sulfide in the vapor phase to H~S(g) and 
As~(g). Arsenic is condensed in the exhaust hydro- 
gen stream. It is desirable to use a high ratio of H o 
to As4 partial pressures to shift the equilibrium to 
the right for the reaction: As,~S~(g) + 2H~(g) ~I/2 
As~(g) + 2H~S (g). The third method consists of dis- 
solving arsenic in lead followed by distillation from 
the resulting solution. Many metals form stable sul- 
fides with low vapor pressures. Lead was a particu- 
larly good choice because it does not form arsenides. 
This facilitates the arsenic recovery by distillation. 

Experimental 
The first series of experiments were intended to 

determine the relative effectiveness of the three 
processes for separating small amounts of sulfur 
from arsenic. Arsenic, containing an estimated sul- 
fur concentration of 1-10 ppm, was mixed with an 
amount of radioactive sulfur equivalent to 2 ppm of 
the arsenic. This mixture was sublimed twice to mix 
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the  t r ace r  su l fu r  w i t h  tha t  o r ig ina l ly  present .  The  
arsenic  was  condensed  as a rod du r ing  the  second 
subl imat ion .  The  end and cen te r  sect ions w e r e  a n a -  
lyzed  to d e t e r m i n e  the i r  r e l a t i ve  su l fu r  c o n c e n t r a -  
tions. Abso lu t e  concen t ra t ions  w e r e  not  ob ta ined  be-  
cause of the  u n c e r t a i n t y  of the  su l fu r  concen t r a t i on  
o r ig ina l ly  p re sen t  in the  arsenic.  I n t e r m e d i a t e  sec- 
t ions of the  arsenic  rod  w e r e  used for the  separa t ion  
e x p e r i m e n t s  desc r ibed  below.  The  in i t ia l  su l fu r  con-  
cen t ra t ions  of these  sect ions w e r e  t aken  as ave rages  
of the  a p p r o p r i a t e  end  and cen te r  sections.  One 
section of the above rod was sublimed in a sealed 
quartz tube 50 cm long which had been previously 
evacuated. This tube was heated uniformly to 600~ 
and then one end cooled to 350~ The resulting 
temperature gradient was maintained for 58 hr. 
Arsenic condensed in the cold end to form a rod 22 
cm long. The rod was then divided into five approxi- 
mately equal sections. The first and last section cor- 
responded to the coldest and hottest sections of the 
rod, respectively. Sulfur concentrations of the five 
sections are listed in the first column of Table I. The 
initial sulfur atom fraction is 1.6 ~ where .a is a con- 
stant h a v i n g  a v a l u e  b e t w e e n  the  l imi t s  10 -~ to 10 -~. 
As p r e v i o u s l y  men t ioned ,  t he  u n c e r t a i n t y  in the  
va lue  of a ar ises  f r o m  the  u n c e r t a i n t y  in the  su l fu r  
concen t r a t i on  of the  arsenic  be fo re  dop ing  wi th  
t r ace r  sul fur .  A f t e r  subl imat ion ,  the  first  and last  
sect ions to condense  had  a tom f rac t ions  of su l fu r  
equa l  to 2.7 a and 1.0 a, r e spec t ive ly .  The  smal l  d i f -  
f e r ence  b e t w e e n  these  concen t ra t ions  i l lus t r a t e s  the  
l imi ta t ions  of s imple  v a c u u m  sub l ima t ion  for  sepa-  
r a t ing  t race  am oun t s  of su l fu r  f r o m  arsenic.  

A second arsen ic  s ample  in w h i c h  the  su l fu r  a tom 
f rac t ion  was  1.4 a was  sub l imed  in a h y d r o g e n  
s t r eam at 450~ The  h y d r o g e n  at 1 a tm  was  first 
passed t h r o u g h  a charcoa l  t r ap  at 78~ and then  
over  the  arsenic  at 450~ at a ra te  of a p p r o x i m a t e l y  
400 c c / m i n .  F r o m  the  t ime  r e q u i r e d  to sub l ime  the  
arsenic,  we  e s t ima ted  the  ra t io  of H~ to As4 pressures  
to be  b e t w e e n  100 and 200 to 1. The  a tom f rac t ion  of 
su l fu r  in the  arsenic  co l lec ted  in the  exhaus t  s t r eam 
was 0.004 a, a subs tan t i a l  r educ t ion  f r o m  1.4 a in the  
s ta r t ing  mate r i a l .  

The  su l fu r  a tom f rac t ion  in the  arsenic  used  for  
the  P b - c o n d e n s a t i o n - d i s t i l l a t i o n  e x p e r i m e n t  was  2.0 
~. This  a rsenic  was  condensed  into lead  at 550~ 
con ta ined  in a sea led  tube.  The  w e i g h t  ra t io  of a r -  
senic to lead  was  1:2. It  was  then  d is t i l led  f r o m  the  
solut ion at 535 ~ and condensed  into a cooler  reg ion  

Table I. Relative effectiveness of vacuum sublimation, He 
sublimation, and Pb condensation-distillation for separating trace 

amounts of sulfur from arsenic 

P b  c o n d e n -  
V a c u u m  S u b l i m a -  s a t i o n  a n d  

s u b l i m a t i o n  t i o n  i n  H2 d i s t i l l a t i o n  

1.6 ~ 1.4 ~ 2,0 

<0.001 

Initial atom frac- 
tion of S in As 

Final atom frac-  
tion of S in As 

1st fract ion 2.7 a 0.044a 
2nd fraction 1.6 
3rd fract ion 1.4 a 
4th fraction 1.5 
5th fraction 1.0 a 

10 -5 > a > 10 _6 
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of the  tube.  The  a tom f rac t ion  of the  su l fur  in  the  
recovered  arsenic  was  equa l  to or less t h a n  the  de-  
tec t ion  l imit ,  0.001 a. These resu l t s  are s u m m a r i z e d  
in  Tab le  I. 

The lead condensa t i on -d i s t i l l a t i on  was somewha t  
more  effective t h a n  s u b l i m a t i o n  in  h y d r o g e n  for r e -  
m o v i n g  smal l  a m o u n t s  of su l fu r  f rom arsenic.  The 
l a t t e r  me thod  wou ld  no t  be  expec ted  to be as good 
for separa t ing  smal l  a m o u n t s  of s e l en ium and  t e l -  
l u r i u m  f rom arsenic  because  of the  lower  s tab i l i ty  of 
H2Se and  H~Te. Lead  se lenide  and  t e l lu r ide  are 
stable.  They  were  expected to have  low vapor  p re s -  
sures w h e n  d i lu ted  wi th  a la rge  excess of lead at  
t e m p e r a t u r e s  in  the  r ange  of 600~176 The ex -  
pe r imen t s  descr ibed  be low i l lu s t r a t e  the  effect ive-  
ness of the  lead me thod  for s epa ra t ing  t race  amoun t s  
of sulfur ,  se len ium,  and  t e l l u r i u m  f rom arsenic.  The  
example for sulfur differs from the previous one in 
that isotopic dilution effects were greatly reduced. 

The arsenic used in these experiments was sup- 
plied by American Smelting and Refining Co. Es- 
timated atom fractions of sulfur, selenium, and tel- 
lurium in the arsenic are ~ 2 x I0 -~, ~ I0 -~, and 

lff ~, respectively. Those for sulfur and selenium 
were furnished by the supplier and that for tellu- 
rium was based on the failure to detect it by mass 
spectrographic means (i0). Dilution errors associ- 
ated with tracer techniques were minimized by first 
doping the arsenic with the large amount of the ap- 
propriate tracer impurity in comparison to that 
originally present. An amount of radioactive sulfur 
as As~S8 equivalent to 500 times the sulfur originally 
present was sealed in an evacuated quartz tube with 
the first arsenic sample. This was sublimed and con- 
densed six times from one end of the tube to the 
other at approximately 600~ to insure adequate 
mixing. The sample was then crushed and resub- 
limed to form a rod. After discarding the ends of 
this rod, the remainder was divided into five sec- 
tions. The end and center sections were analyzed 
for their sulfur content. Averages of these were 
used to estimate the concentration of the two re- 
maining pieces prior to purification by distillation 
from lead. The minimum and maximum atom frac- 
tions of sulfur were I.I and 3.9 x I0 -~. These figures 
combined with those in Table I show that sublima- 
tion is a satisfactory method for reducing the atom 
fraction of sulfur in impure arsenic to ~ I0 ~'. 

Radioactive elemental selenium was mixed with 
another arsenic sample in the same manner as that 
described above for mixing arsenic and As~Ss. The 
minimum and maximum limits for the atom frac- 
tion of selenium in this sample were 1.0 and 1.7 x 
10 -4 . The large amount of selenium in the final 

arsenic  suggests tha t  s imple  s u b l i m a t i o n  is r e la t ive ly  
ineffect ive for separa t ing  even  mode ra t e  amount s  
of s e l e n i u m  f rom arsenic.  

T e l l u r i u m  doped arsenic  was p r e p a r e d  by  sub-  
l iming  twice a m i x t u r e  e q u i v a l e n t  to an  a tom f rac-  
t ion  of rad ioac t ive  t e l l u r i u m  of 10 -6 . The  t e l l u r i u m  
a tom f rac t ion  in  the  cen te r  por t ion  of the  final a r -  
senic pr ior  to the  pur i f ica t ion  was b e t w e e n  1.3 and  
2.4 x 10 -~. 

Each of the  arsenic  samples  p r e p a r e d  for pur i f i -  
ca t ion was  sealed in  an  evacua ted  qua r t z  tube  wi th  
twice  its we igh t  of h i g h - p u r i t y  lead a nd  placed in  a 
ver t ica l  t u b u l a r  furnace .  The  bo t tom of the t ube  
con t a in ing  the  lead was  m a i n t a i n e d  at  600~ and  the  
uppe r  por t ion  b e t w e e n  600 ~ and  650~ The  arsenic  
dissolved in  the lead overn ight .  Fo l lowing  this, the 
t h e r m a l  g r ad i en t  of the  fu rnace  was  r ead jus t ed  to 
give a u n i f o r m  t e m p e r a t u r e  of 600~ Arsen ic  was  
d is t i l led  f rom the  so lu t ion  by  g r a dua l l y  w i t h d r a w i n g  
the t u b e  f rom the  f u r na c e  and  a l lowing  the  arsenic 
to condense  in  the  u p p e r  colder section. This  section 
con ta in ing  the arsenic  was  sealed off a nd  an addi -  
t iona l  a m o u n t  of a rsenic  was  dis t i l led a nd  condensed  
af ter  inc reas ing  the t e m p e r a t u r e  of the  lead solut ion 
to 700~ The arsenic  f rac t ions  d is t i l led  f rom the 
lead at 600 ~ and  700~ were  ana lyzed  for sulfur ,  
se len ium,  and  t e l l u r ium.  A tom f rac t ions  of sulfur ,  
se len ium,  and  t e l l u r i u m  in  the arsenic  dis t i l led f rom 
the  lead solut ion of 600~ were  1.1 x 10 -~, --~ 2.7 x 
10 -8 and  --~ 2 x 10 -~, respect ively .  The m a j o r  errors in  
concen t ra t ions  of sul fur ,  se len ium,  and  t e l l u r i u m  
found  in  the purif ied arsenic  resu l t  f rom errors in 
the  p r e pa r a t i on  of the  compar i son  s t andards  and  
f rom the  s tat is t ical  f luctuat ions  i n h e r e n t  in count ing  
data.  I t  is es t imated  tha t  the  ana ly t i ca l  da ta  are ac-  
cura te  to w i th in  •  The average  arsenic  yie ld  
was 65% w h e n  dis t i l led  f rom the so lu t ion  at 600 ~ 
a nd  84% at  700~ However ,  the  a tom fract ions of 
su l fu r  a nd  se l en ium in  the  f rac t ions  dis t i l led f rom 
the  so lu t ion  of 700~ were  s u b s t a n t i a l l y  higher,  6.6 
x 10 -8 and  7.4 x 10 -~, respect ively .  No change  was ob-  
served in  the t e l l u r i u m  concen t r a t i on  of the con-  
densa te  even  w h e n  the  t e m p e r a t u r e  of the  lead solu-  
t ion  was ra ised to 760~ These resu l t s  are s u m -  
mar ized  in  Table  II. The  weights  of the  in i t i a l  doped 
arsenic  samples  va r i ed  b e t w e e n  1.5 and  5 g. I n -  
creas ing the  a m o u n t  of arsenic  to 250 g and  m a i n -  
t a i n i ng  the  1:2 weigh t  ra t io  of a rsenic  to lead has 
raised the  average  y ie ld  dis t i l led f rom the lead 
solut ion of 600~ to 85%. 

Discussion 

Lead has a vapor  p ressure  of ~ 10 -~ m m  at 600~ 
Therefore ,  one expects  to find a smal l  concen t ra t ion  

Table II. Effectiveness of Pb condensation and distillation 
for separating sulfur, selenium, and tellurium from arsenic 

Sul fur  Se len ium Te] lur ium 

Ini t ia l  atom fraction 

Atom fraction in As distilled from Pb 
bath at 600~ 

Atom fraction in As distilled from Pb 
at 700~ 

1.1 to 3.9 X 10 -6 1.0 to 1.7 X 10 -~ 1.3 to 2.4 X 10 -~ 

1.1 X 10 -9 ~ 2 . 7  X 10 -8 ~--2 X 10 -s 

6.6 X 10 -s 7.4 X 10 -~ --~2 X 10 -s 
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of lead in  the  arsenic  af ter  separa t ion  of sulfur ,  
se lenium,  and  t e l lu r ium.  Before us ing  the  arsenic  to 
p repa re  GaAs, it  is r e s u b l i m e d  twice. The  lead con-  
cen t r a t i on  af ter  this is ~ 1 ppm.  Concen t r a t ions  of 
1 ppm of lead in  arsenic  are  not  n e a r l y  as ser ious as 
s imi lar  concen t ra t ions  of su l fu r  and  se len ium,  be -  
cause the  lead can be r ead i ly  r emoved  f rom GaAs 
by  zone ref ining.  Its d i s t r i bu t ion  coefficient is < 0.02 
(4).  

The resu l t s  in  Table  II ind ica te  tha t  even  lower  
concen t ra t ions  of s u l f u r  and  s e l en ium in  arsenic  
could be ob ta ined  by  d is t i l l ing  the  arsenic  f rom the  
lead so lu t ion  at a lower  t empera tu re .  The only  d is-  
advan t age  to us ing  a lower  t e m p e r a t u r e  is the r e -  
duc t ion  in  a rsen ic  yield due  to a lower  a rsen ic  vapor  
pressure.  Dis t i l l a t ion  be low 550~ would  r equ i r e  a 
more  d i lu te  solut ion of a rsen ic  in  lead in  accordance  
wi th  the A s - P b  phase  d iagram.  This wou ld  f u r t he r  
reduce the  arsenic  yield.  

A s s u m i n g  arsenic  is the  on ly  source of sulfur ,  
se lenium,  and  t e l l u r i u m  in  GaAs or InAs,  the  equ iv -  
a len t  concen t ra t ions  in  these  compounds  to those in 
Tab le  II  wou ld  be 2 x 10 TM, --~ 6 x 101~, and  --~ 4 x 1014 
atoms cm -8, respect ively .  Weisbe rg  and  Rosi no ted  a 
difference in  the  e lectr ical  proper t ies  of InAs  made  
f rom arsen ic  dis t i l led f rom lead w h e n  the  lead a r -  
senic so lu t ion  was  first equ i l ib ra t ed  at  600 ~ and  
750~ pr ior  to d is t i l la t ion  f rom the  so lu t ion  at  600~ 
(5).  The InAs  m a d e  f rom arsenic  equ i l i b ra t ed  at the  
h igher  t e m p e r a t u r e  had  a ne t  donor  concen t r a t i on  of 
1.4 x 10 TM whereas  arsenic  equ i l i b ra t ed  at  600~ 
y ie lded  InAs  wi th  a ne t  donor  concen t ra t ion  of 2.7 
x 101" cm -8. These differences are no t  l ike ly  to be  due 
to differences in  the  su l fu r  and  s e l en ium concen t r a -  
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t ions in  the two arsenic  samples  in  l ight  of the data  
in  Tab le  II. 

Conclusion 
Simple  s u b l i m a t i o n  is no t  a sa t is factory  m e t h o d  

for separa t ing  t race  a m o u n t s  of su l fu r  f rom arsenic.  
S u b l i m a t i o n  in  h y d r o g e n  is somewha t  less effective 
t h a n  d is t i l la t ion  of arsenic  f rom a l ead -a r sen ic  so lu-  
t ion.  The l a t t e r  me thod  has been  used to reduce  the  
a tom frac t ions  of su l fu r  s e l en ium and  t e l l u r i u m  in  
arsenic  to 1 x 10 -9 , --~ 2.7 x 10 -8 , and  ~ 2 x l f f  8, r e -  
spect ively.  

Manuscript  received May 17, 1960; revised manu-  
script received Aug. 22, 1960. This paper was prepared 
for delivery before the Columbus Meeting, Oct. 18-22, 
1959. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1961 JOURNAL. 

REFERENCES 
1. E. Schil lmann, Z. Natur]orsch., l l a ,  463 (1956). 
2. T. C. Harman,  H. L. Goering, and A. C. Beer, Phys. 

Rev., 104, 1562 (1959). 
3. R. Gremmelmairer ,  Z. Natur]orsch., l l a ,  511 

(1956). 
4. H. C. Gatos, Editor, "Properties of Elemental  and 

Compound Semiconductors," p. 141, Interscience 
Publishers,  New York (1960). 

5. Ibid., p. 25. 
6. J. Richards, see R. Barrie, F. A. Cunnell ,  J. T. 

Edmond, and I. M. Ross, Physica, 20, 1087 (1954). 
7. T. C. Harman,  E. P. Stambaugh,  and H. L. Goering, 

Paper delivered at Electrochemical Soc. Meeting, 
Cleveland (1956). 

8. D. P. Enright,  Naval Ordnance Laboratory Re- 
port 6024 (1958). 

9. R. H. Harada and A. J. Strauss, J. Appl. Phys., 30, 
121 (1959). 

10. A. J. Ahearn,  Bell Telephone Laboratories, Pr ivate  
communication. 

Electrolytic Vanadium and Its Properties 
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ABSTRACT 

The fused salt electrorefining technique has been applied successfully to 
vanadium.  The electrolyte was sodium chloride containing 3-6% vanadium as 
vanad ium dichloride. Curren t  efficiency was approximately 91%. Oxygen and 
ni t rogen impurit ies were reduced by two thirds of the amount  contained in 
the feed material.  The hardness of the product  was reduced from 97 Rockwell 
B to 35 R~. Arc melted ingots could be given a 99% cold reduct ion by roll ing 
before edge cracking appeared. 

Growing  in te res t  and  the  i ndus t r i a l  need  for p u r e r  
meta ls  and  improved  al loys for appl ica t ion  u n d e r  
h i g h - t e m p e r a t u r e  and  h igh - speed  condi t ions  has de-  
m a n d e d  the  e l imina t ion  a n d / o r  control ,  as far  as 
possible, of impur i t ies .  

As a pa r t  of this  p r o g r a m  of in tensif ied research,  
the  Fede ra l  B u r e a u  of Mines  Reno M e t a l l u r g y  Re-  
search Cen te r  and  the  Boulder  City M e t a l l u r g y  Re-  
search L a b o r a t o r y  have  u n d e r t a k e n  a j o in t  i nves t i -  

1 P r e s e n t  a d d r e s s :  U.  S. B u r e a u  of  M i n e s ,  W a s h i n g t o n  25, D.  C. 

gat ion  to p roduce  and  eva lua t e  h i g h - p u r i t y  v a n a -  
d ium.  

In  the  past  few years  the  B u r e a u  of Mines  has 
developed and  proved  the  technica l  feas ib i l i ty  of 
fused salt  e lec t roref in ing  of meta l s  such as t i t a n i u m  
(1) ,  b e r y l l i u m  (2) ,  h a f n i u m  (3),  z i rconium,  to r e -  
move  impur i t i es ,  such as O~ and  N~, as wel l  as cer-  
t a in  o ther  e lements .  

Fused  salt  re f in ing  of v a n a d i u m  was cons idered  
because  the gaseous impur i t ies ,  n i t r ogen  and  ox-  
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ygen, wh i ch  can be contro l led by this technique, 
have  se r ious  effects on v a n a d i u m ' s  p h y s i c a l  p r o p -  
er t ies .  C o m m e r c i a l l y ,  t he  p r o d u c t i o n  of low n i t r o -  
g e n - o x y g e n  v a n a d i u m  is an  expens ive ,  c o m p l i c a t e d  
and  t i m e - c o n s u m i n g  process  b y  any  of t he  s t a n d a r d  
r e d u c t i o n  t echn iques .  

S ince  the  fused  sa l t  e l ec t ro re f in ing  t e c h n i q u e  has  
shown  the  a b i l i t y  to con t ro l  gaseous  i m p u r i t i e s  in 
o the r  r e a c t i v e  m e t a l s  such as t i t a n i u m  and  has  
been  sca led  up  to a 10 ,000-amp cell ,  the  t e c h n i q u e  
offered a m e a n s  of i m p r o v i n g  the  q u a l i t y  of t echn ica l  
g r a d e  v a n a d i u m  at  some th ing  a p p r o a c h i n g  a com-  
m e r c i a l  scale.  

This  i n v e s t i g a t i o n  was  u n d e r t a k e n  to a sce r t a in  t he  
f e a s i b i l i t y  of a p p l y i n g  the  fused  sa l t  e l ec t ro re f in ing  
m e t h o d  to t he  p r o d u c t i o n  of a m e t a l  p r o d u c t  e x c e e d -  
ing the  p u r i t y  of p r e s e n t  c o m m e r c i a l  v a n a d i u m  
m e t a l  (99.5 V) .  The  p r i n c i p a l  specific ob jec t  was  to 
i m p r o v e  the  d u c t i l i t y  of the  final p r o d u c t  b y  r e m o v -  
ing o x y g e n  and  n i t rogen .  

Description of Process 
Input material.--The anode,  or feed  ma te r i a l ,  is 

c o m m e r c i a l l y  p r o d u c e d  v a n a d i u m  m e t a l  h a v i n g  a 
R o c k w e l l  B h a r d n e s s  of 97 and  con ta in ing ,  accord ing  
to t he  p r o d u c e r ,  99.5% V, 0.30 Fe,  0.18 O~, 0.03 N~, 
0.006 H2, and  0.03 Cr. 

Equipment--Figure 1 is a s chema t i c  d i a g r a m  of 
t he  12-in.  d i a m e t e r  e l e c t ro ly t i c  cel l  used.  This  cel l  
was  i d e n t i c a l  to those  used  for  re f in ing  t i t a n i u m  
meta l ,  e x c e p t  for  a g r a p h i t e  l ine r  to m i n i m i z e  i ron  
c o n t a m i n a t i o n  of the  ba th .  A r ece iv ing  c h a m b e r  and  
v a l v e  s y s t e m  p e r m i t t e d  the  i n t r o d u c t i o n  and  r e -  
m o v a l  of t he  ca thode  w i t h o u t  d i s t u r b i n g  the  i ne r t  
a t m o s p h e r e  of the  cel l  p rope r .  

E x t e r n a l  h e a t  was  used  to m a i n t a i n  t he  e l e c t r o l y t e  
at  an  o p e r a t i o n  t e m p e r a t u r e  of abou t  800~ 

V a n a d i u m  meta l ,  c r u s h e d  to --~/2 in., was  c h a r g e d  
to t h e  b o t t o m  for  t he  anode.  On the  bas is  of e x -  
p e r i e n c e  g a i n e d  in  o p e r a t i n g  s im i l a r  cel ls  on o the r  
meta l s ,  t h e  m i n i m u m  ra t io  of the  ca thode  to t he  
anode  a r e a  was  f ixed at  1:3. U n d e r  h i g h e r  anode  
areas ,  e x c e e d i n g  the  m i n i m u m ,  m o r e  o p e r a t i v e  s t a -  
b i l i t y  was  ob ta ined .  The  ca thode  used  in the  12-in.  
d i a m e t e r  cel l  was  a 3/4-in. d i a m e t e r  i ron  rod.  

V a n a d i u m  ch lo r ide  was  a p p l i e d  to the  60-1b so-  
d i u m - c h l o r i d e  b a t h  t h r o u g h  the  r eac t i on  of ch lo r ine  
gas  and  a s m a l l  a m o u n t  of a d m i x e d  h y d r o g e n  ch lo -  
r i de  w i th  the  g r a n u l a r  anode  m e t a l  con t a ined  in the  
ce l l  bo t tom.  The  r e a c t i o n  of h y d r o g e n  ch lo r ide  a lone  
w i t h  t he  v a n a d i u m  anode  m a t e r i a l  was  e x t r e m e l y  
slow. The  h y d r o g e n  e vo lve d  f r o m  the  h y d r o g e n  ch lo -  
r i d e  passed  f r o m  the  c h l o r i n a t o r  and  t h r o u g h  the  
b a t h  ass is t ing  in  the  pu r i f i ca t ion  of t he  sod ium ch lo -  
r ide .  The  off gas  was  p e r m i t t e d  to escape  f rom the  
ce l l  t h r o u g h  an  oi l  b u b b l e r .  

Working procedure.--The ca thode ,  c l e a ne d  and  
bu rn i shed ,  was  i n t r o d u c e d  in to  t he  cel l  t h r o u g h  the  
r ece iv ing  c h a m b e r  a b o v e  the  b a t h  c o m p a r t m e n t .  The  
r ece iv ing  c h a m b e r  w a s  e v a c u a t e d  and  c h a r g e d  w i t h  
i n e r t  gas  ( h e l i u m ) ,  a f t e r  w h i c h  the  ca thode  was  
l o w e r e d  into t h e  b a t h  t h r o u g h  a va lve .  P r i o r  to use, 
t he  ca thodes  w e r e  s to red  in a d r y i n g  oven  u n d e r  
con t ro l l ed  l o w - h u m i d i t y  a t m o s p h e r e .  

Upon  c o m p l e t i n g  the  c a thode  p l a c e me n t ,  t he  a p -  
p r o p r i a t e  v o l t a g e  was  a p p l i e d  for  the  p a r t i c u l a r  tes t ,  
and  the  ref in ing  p rocess  was  conduc ted .  

On c omple t i on  of t he  " run , "  t he  ca thode ,  b e a r i n g  
the  p r o d u c t  me ta l ,  was  w i t h d r a w n  into t he  u p p e r  
cel l  chamber ,  p r e v i o u s l y  e v a c u a t e d  and  c h a r g e d  
w i t h  i ne r t  gas,  to cool b e f o r e  f inal  r e m o v a l  f rom 
t h e  cell.  

Depos i t s  w e r e  l eached  w i t h  a 2 -3% HC1 so lu-  
t ion  to d i s so lve  t he  e n t r a i n e d  sa l t s  and  sub j ec t ed  
to ag i t a t i on  in a h igh  s p e e d  m e c h a n i c a l  a g i t a -  
to r  to s e p a r a t e  t he  m e t a l  c rys ta l s .  S a l t - f r e e  m e t a l  
c rys t a l s  w e r e  t h e n  w a s h e d  w i t h  ace tone  to ass is t  in 
t he  r a p i d  r e m o v a l  of m o i s t u r e  and  s ized t h r o u g h  the  
a p p r o p r i a t e  screens .  

Testing the product--The g e n e r a l  q u a l i t y  of the  
p r o d u c t  was  q u i c k l y  d e t e r m i n e d  on the  bas is  of 
h a r d n e s s  tes ts  a lone  for  p r e l i m i n a r y  " r u n "  e v a l u -  
a t ion  purposes .  I n d i v i d u a l  r u n  p r o d u c t s  shown to be  
s im i l a r  b y  c h e m i c a l  and  h a r d n e s s  e v a l u a t i o n  w e r e  
compos i t ed  for  f u r t h e r  s tudy .  Compac t s  of the  c r y s -  
t a l l i ne  v a n a d i u m  p o w d e r s  w e i g h i n g  10-70 g w e r e  
m e l t e d  into b u t t o n s  or  c i g a r - s h a p e d  ingots  in a t u n g -  
s ten  e l ec t rode  a rc  f u rna c e  u n d e r  he l ium.  Ingots  w e r e  
homogen ized  b y  r e m e l t i n g  five t imes ,  be ing  t u r n e d  
ove r  a f t e r  each  mel t .  S a m p l e s  w e r e  also t a k e n  for  
c o m p l e t e  ana lys i s  or for  s e m i q u a n t i t a t i v e  analys is .  
H a r d n e s s  was  found  to c o r r e l a t e  r e a s o n a b l y  we l l  
w i t h  the  d e g r e e  of  pu r i t y .  The  r e l a t i o n  of h a r d n e s s  
to o x y g e n  con ten t  is shown  in Fig .  2. 

Investigations 
A to ta l  of 127 cycles  or r uns  w e r e  m a d e  in t he  

12-in.  cel l  be fo re  t he  g r a p h i t e  l i ne r  fa i led  t e r m i n a t -  
ing  the  ope ra t ion .  The  specific fac tors  c o n t r i b u t i n g  
to the  f a i l u r e  of g r a p h i t e  w e r e  p r i m a r i l y  the  r e su l t  
of s t resses  a r i s ing  f rom t h e r m a l  cycles  of the  i ron  
con t a ine r  and  g r a p h i t e  l iner .  No ev idence  of c o r r o -  
s ion or r eac t i on  w i t h  the  g r a p h i t e  w e r e  d e t e c t e d  as 
i l l u s t r a t e d  b y  the  m e t a l  ana lys i s  of less t h a n  0.01% 
carbon.  

W h e n  the  cel l  w a s  p l a c e d  in  ope ra t ion ,  t he  e l e c t r o -  
l y t e  con ta ined  2.8% so lub le  v a n a d i u m .  The  first  
t h r e e  cycles  w e r e  m a d e  for  t h e  p u r p o s e  of c o n d i t i o n -  
ing  the  e l ec t ro ly t e ,  a t o t a l  of 68 a m p - h r  at  0.2 v. 
V e r y  fine, n e e d l e - l i k e ,  c r y s t a l s  of ca thode  m e t a l  
w e r e  d i s c a r d e d  be c a use  of i ron  con t amina t i on .  
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Fig. 2. Effect of oxygen on the hardness of arc-melted 
vanadium. 

The me ta l  p roduc t  f rom the  four th  r u n  tes ted 95 
R~ in  ha rdness  and  there  was a progress ive  i m p r o v e -  
m e n t  in  succeeding cycles wi th  a ha rdness  as low as 
35 on the  +35  mesh  fract ion.  V a n a d i u m  me ta l  p ro -  
duced in  the  fo l lowing 60 cycles of opera t ion  was 
separa ted  in to  four  s ieve products  as shown  in  
Table  I. A p p r o x i m a t e l y  72% of the cathode me ta l  
p roduced  was  coarser  t h a n  80 mesh  s t a n d a r d  Tyler .  
The tota l  deposi ted me ta l  had  a we igh ted  average  
hardness  of 52 R~. 

P roduc t ion  of soft, coarsely  crys ta l l ine ,  cathode 
meta l  is affected by  the anode area in  add i t ion  to 
other  factors.  A large  anode  area wi th  f resh  me ta l  
surface  resu l t s  in a high qua l i ty  product ;  the  effect 
is shown  in  Tab le  II. Hardness  of the  me ta l  p roduc t  
decreases v e r y  qu ick ly  af ter  the addi t ion  of anode 
mater ia l .  

Table I. Typical screen and hardness distribution of vanadium 
deposits 

S c r e e n  s i z e ,  s t a n d a r d  T y l e r  m e s h  

+ 3 5  - - 3 5  + 8 0  - - 8 0  + 150  - - 1 5 0  

Weight, % 27 45 16 12 
Hardness, R~ 36 46 55 62 

Table II. Effect of metal addition on product hardness 

T e s t  
c y c l e  H a r d n e s s  R e m a r k s  

28 63 Deposit prior to 900 g addition of 
anode metal. 

First  deposit after addition. 29 54 
30 60 
31 49 
32 51 
33 50 
50 84 

51 60 
52 65 
53 60 
54 59 

Deposit prior to 1100 g addition 
of anode metal. 

Fig. 3. Vanadium cathode deposit, as removed from the 
cell, produced 0.45 v. 

Coarse c rys ta l l ine  me t a l  was p roduced  at  appl ied  
vol tages  be t w e e n  0.4 and  0.7 v. The  ba th  con ta ined  
3.0% v a n a d i u m  as the  d ichlor ide  and  was at a t e m -  
p e r a t u r e  of at least  800~ F igu re  3 i l lus t ra tes  the  
coarser  deposits ob ta ined  at 0.45 v. Deposits p ro -  
duced at  ve ry  low vol tages  (less t h a n  0.3 v)  or above 
1.0 v conta in  m u c h  f iner  crystals .  Voltages above 2.0 
v wou ld  cause e l e c t r o w i n n i n g  f rom the  ba th  wi th  
the  evo lu t ion  of ch lo r ine  gas, chemical  a t tack  on the  
i ron of the cell, a nd  i ron  c o n t a m i n a t i o n  of the ba th  
and  the  product .  A typ ica l  r a nge  of ana lyses  of the  
ref ined me ta l  is C < 0.01%, Fe 0.003-0.05% O~ 0.04- 
0.10%, N~ < 0.002%. 

C u r r e n t  efficiencies for 100 cycles or runs  were  
n e a r l y  all  w i t h i n  the  r ange  of 88-94% wi th  an  a v e r -  
age of 91%, based on the a s sumpt ion  tha t  v a n a d i u m  
is t r anspo r t ed  at a va lence  of 2. At  the average  cu r -  
r e n t  efficiency, 522 a m p - h r  wi l l  deposit  1 lb of v a n a -  
d i u m  metal .  

The first 100 r u n s  wi th  the 12-in. cell were  m a d e  
at vol tages  f rom 0.2 to 1.5 v and  wi th  in i t i a l  c u r r en t  
densi t ies  f rom 100 to 3500 a m p / f t  ~. No ma j o r  i m -  
po r t ance  can be g iven  to the ca lcula ted  c u r r e n t  d e n -  
s i ty  because  the  cathode area begins  to increase  the  
i n s t a n t  me ta l  deposits.  The cu r r en t s  are kept  w i t h i n  
the l imi ts  f rom 2 to 68 amp by  choice of i mmer s ion  
depth  of the  cathodes used. 

V a n a d i u m  me t a l  can be pur i f ied in  respect  to O~ 
and  N~ by  the fused salt  e lec t roref in ing technique .  
Reduc t ion  of these  gaseous impur i t i e s  was in  the  
order  of two thirds ,  ha rdness  was  reduced  f rom 97 
Rockwel l  B to a low of 35 R~. 

Primary Fabrication 

A r c - m e l t e d  e lect roref ined v a n a d i u m  is charac-  
ter ized by  large  r a n d o m l y  or ien ted  grains.  W i t h i n  
the  gra ins  are conf igura t ions  ( revea led  by c onven -  
t iona l  e tching t echn iques )  in  the  form of pits and  
s u b - b o u n d a r i e s  s imi la r  to s t ruc tu res  associated wi th  
dis locat ion sites. 
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After  melt ing,  the  ]0 -g  but tons  were  easi ly  cold 
rol led to 0.005 in. sheet, a total  reduct ion  of 98%, 
wi th  no in te rmedia te  anneals.  Electrorefined vana -  
dium shows a hardness  increase of approx ima te ly  55 
V.h.n. grea ter  than  its or iginal  annea led  hardness  
when cold reduced 65%. Most of the hardening  oc- 
curs in the 0-15% cold work  range, approx ima te ly  
27 V.h.n. for a reduct ion of 5% and about  38 V.h.n. 
for a reduct ion of 15%. Above 15% reduct ion range,  
hardening  increases at  a reduced ra te  wi th  increas-  
ing amounts  of deformation.  

The la rge  co lumnar  grains  of the  l a rge r  a rc -  
mel ted  ingots deformed nonuniformly,  and when-  
ever  anneal ing was preceded by  heavy  reduct ions 
recrys ta l l iza t ion  produced  a banded  s t ruc ture  tha t  
pers is ted dur ing gra in  growth.  Af ter  considerable  
exper imenta l  work  wi th  various sequences of flat 
rolling, swaging, square  rolling, and cold pressing, a 
schedule of cold press ing and square rol l ing fol lowed 
by  anneal ing  was adopted for ini t ia l  la rge  ingot 
b reakdown  of app rox ima te ly  75% reduct ion in area. 
Al though some banding  was stil l  present ,  this w o r k -  
ing sequence produced  opt imum grain  s t ruc ture  and 
re ta ined  enough cross-sect ional  area  for fur ther  
testing. 

Recrystall ization 

For recrys ta l l iza t ion  studies, these bars  were  fu r -  
ther  co ld- ro l led  f rom 5 to 65% reduct ion in area. To 
protect  the specimens f rom gaseous contaminat ion 
during annealing,  they  were  sealed in Vycor cap-  
sules, and were  annealed for 1 hr at t empera tu res  
of 200 ~ to 1000~ The effect of t e m p e r a t u r e  on the 
Vickers hardness  for one lot of e lectrolyt ic  vana -  
dium is shown in Fig. 4. 

For  all  reduct ions hea ted  to t empera tu res  in the 
range  of 200 ~ and 400~ an increase in hardness  of 
3-15 V.h.n. over tha t  of the cold worked  meta l  is 
noted. As the t empe ra tu r e  is increased above 400~ 
hardness  decreases r ap id ly  for all  reductions unt i l  
the  pr ior  to deformat ion hardness  is reached. The 
re tu rn  to p re -de fo rma t ion  hardness  occurs for an-  
neal ing t empera tu res  in the range of 900~176 
and corresponds to the t empera tu re  range  for the 
beginning of gra in  growth.  In general ,  for anneal ing 
t empera tu res  be tween 900 ~ and 1000~ the 65% 
cold worked  meta l  show an increase in hardness  
whi le  the 5% cold work  specimens show a cont inu-  
ing decrease in hardness.  The 35% cold worked  
specimens exhibi t  both increasing and decreasing 
hardness  in this anneal ing  range (900~176 A 
s imilar  h i g h - t e m p e r a t u r e  hardening effect was noted 
by Pugh (4) for 80% cold reduced vanad ium an-  
nealed above 1200~ 

An anomaly  occurs in the t empera tu re  range of 
600 ~ to 800~ in the hardness  vs. anneal ing t em-  
pera tu re  curve for al l  reductions in general ;  it is 
most  pronounced for the  Iow reductions.  According 
to Lacy and Beck (5) ,  this anomaly  is a t t r ibu ted  to 
an aging mechanism s imi lar  to s t ra in  aging in steel 
and t i tanium. Rostoker,  et aL (6) noticed this same 
anomaly  for high percentages  of cold work  r a the r  
than for the  low reduct ions as noted in this inves t i -  
gation. I t  appears,  if this  anomaly  is due to s t ra in  
aging, tha t  decreasing the quan t i ty  of in ters t i t ia l  im-  
pur i t ies  in vanad ium reduces the amount  of defor -  
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Fig. 4. Effect of  temperature  an the Vickers hardness of  
e lectroref ined vanad ium.  

mation necessary to promote  s t ra in  aging in this 
t empera tu re  range. 

The rapid  decrease in hardness  for the 35, 50, and 
65% cold worked  meta l  annealed  in the range  of 
700~176 corresponds to the terminus  of the men-  
t ioned anomaly  and also to the ini t ial  microscopic 
evidence of recrys ta l l iza t ion  for these same reduc-  
tions. 

Microscopic evidence of recrys ta l l iza t ion  by  nu-  
cleus growth for vanad ium cold- reduced 65% is 
first observed for  the 700~ anneal ;  recrys ta l l iza t ion  
by  nucleus growth  for reduct ions of 35-50% is first 
observed for the 800~ anneal.  Recrysta l l izat ion is 
essent ial ly  complete  for these three  reductions af ter  
a 900~ anneal.  The 35% reduct ion is near  the mini -  
mum cri t ical  deformat ion necessary to promote  nu-  
cleus growth r a the r  than gra in  coarsening. Grain  
coarsening was observed for reductions of 5, 15, and 
25%. Lacy and Beck (5) repor t  meta l lographic  re -  
crys ta l l iza t ion occurr ing in 60% ex t ruded  vanad ium 
for anneal ing t empera tu res  in excess of 750~ while  
Nash, et aL (7) noted tha t  meta l lographic  evidence 
of recrys ta l l iza t ion  for iodide vanad ium cold work  
90% was present  for anneal ing  t empera tu res  be-  
tween 650 ~ and 700~ 

Grain growth  is evident  in all  reduct ions for an-  
neal ing t empera tu res  in excess of 900~ and is con- 
t inuous except  for the 5% co ld-worked  metal ,  which 
exhibi ts  ex t reme  discontinuous grain growth  be-  
tween 900 ~ and 1000~ 

Mechanical Properties 

Tensile da ta  for vanad ium cold rol led 50% and 
annealed at  950~ is p lo t ted  as a function of oxygen 
content  in Fig. 5. Oxygen is used as a pa ramete r  
since the authors  observed it to have a grea te r  and 
more consistent effect on the s t rength and hardness  
than  other impur i t ies  found in h i g h - p u r i t y  vana -  
dium. 

St rength  and hardness  are p lot ted  as s t ra ight  l ine 
functions of oxygen content.  As oxygen content  in-  
creases f rom 0.047 to 0.109 w/o ,  tensile s t rength 
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strength, hardness, and elongation of electrorefined vanadium. 

i nc reases  f rom 35,000 to 46,000 psi  w h i l e  h a r d n e s s  
inc reases  f rom 83 to 116 V.h.n. D u c t i l i t y  as  m e a s u r e d  
b y  t ens i l e  e longa t ion  (33-43% in 1 in.)  is no t  a p -  
p r e c i a b l y  in f luenced  b y  o x y g e n  conten t .  

A p p r o x i m a t e l y  60% of t he  t ens i l e  spec imens  
tes ted  e x h i b i t e d  a y i e ld  p h e n o m e n o n  s i m i l a r  to t h a t  
no ted  b y  L a c y  and  Beck  (5)  t h a t  consis ts  of an  
u p p e r  a n d  l o w e r  y i e l d  po in t  w h i c h  di f fer  on an  
a v e r a g e  of 2,000 psi.  

A n  i nd i ca t i on  of t he  s igni f icance  of o x y g e n  r a t h e r  
t han  n i t rogen ,  w h i c h  was  once t h o u g h t  to b e  t he  
m a j o r  h a r d e n e r  and  s t r e n g t h e n e r  of v a n a d i u m ,  b e -  
comes m o r e  a p p a r e n t  b y  i n d i v i d u a l  compar i sons .  

Lot O~ N2 Y.S. U.T.S. 

A 0.093 0.016 45,600 53,000 
J 0.084 0.014 41,800 48,600 
B 0.055 0.014 30,000 37,200 

C o m p a r i s o n  of the  a b o v e  lots  i nd ica t e s  t h a t  t he  t e n -  
si le and  y i e l d  s t r e n g t h s  dec rea se  p r o g r e s s i v e l y  w i t h  
dec rea s ing  o x y g e n  con ten t  and  cons t an t  n i t r o g e n  
content .  

Lot  02 N~ Y.S. U.T.S.  

K 0.107 0.004 46,700 53,000 
488 0.087 0.003 40,500 45,900 
H - I  0.062 0.003 36,000 43,200 

C o m p a r i s o n  of lots  K, 488, and  H - I  a g a i n  ind ica t e s  
t ha t  t he  t ens i l e  and  y i e l d  s t r e n g t h s  dec rea se  w i t h  
l ower  o x y g e n  con ten t  and  cons t an t  n i t r o g e n  con ten t  
of a m u c h  l o w e r  l eve l  t h a n  for  lots  A, 3, and  B. 

Lot  Oe N2 Y.S. U.T.S.  

A 0.093 0.016 45,600 53,000 
K 0.107 0.004 46,700 53,000 

In  th is  compar i son ,  desp i t e  t he  v e r y  m a r k e d  d i f f e r -  
ence in n i t r o g e n  content ,  t he  t ens i l e  and  y i e l d  
s t r e n g t h s  r e m a i n  p r a c t i c a l l y  cons tan t .  

Lot O~ N2 Y.S. U.T.S. 

486 0.053 <0.001 28,900 36,100 
B 0.055 0.014 30,000 37,200 
H- I  0.062 0.003 36,000 43,200 

A c o m p a r i s o n  of lots  486, B and  H - I  shows  t h a t  t he  
t ens i l e  and  y i e l d  s t r e n g t h s  a r e  cons i s t en t  a t  v e r y  
s im i l a r  o x y g e n  con ten t s  and  v e r y  d i s s i m i l a r  n i t r o g e n  
contents .  In  th is  case, t he  o x y g e n  l eve l  is n e a r l y  one -  
ha l f  t h a t  of t h e  p r e v i o u s  compar i sons  of lots  A and  
K. These  c o m p a r i s o n s  ind ica te ,  w i t h i n  t he  l imi t s  of 
t he  compos i t i ons  i nves t i ga t ed ,  t h a t  t he  inf luence  of 
o x y g e n  on the  m e c h a n i c a l  p r o p e r t i e s  is m u c h  m o r e  
p r o n o u n c e d  t h a n  t h a t  of n i t rogen .  

F u r t h e r  s t u d y  is r e q u i r e d  to ob t a in  m o r e  d i r ec t  
c o r r e l a t i o n  of p r o p e r t i e s  w i t h  o x y g e n  a n d / o r  n i t r o -  
gen  con ten t  as t he se  e l e m e n t s  a p p e a r  to be  mos t  p o -  
t en t  in t h e i r  specific inf luence.  

Physical Properties 
T h e r m a l  e x p a n s i o n  p r o p e r t i e s  w e r e  i n d e p e n d e n t  

of i m p u r i t y  c on t e n t  and  the  d e r i v e d  v a l u e  for  t he  
coefficient of t h e r m a l  e x p a n s i o n  at  20~ is 8.84 x 
10-0/~ 

Resistivity correlated well with other properties 
measured for the respective lots of electrolytic va- 
nadium. Resistivity decreased with increasing purity 
and decreasing strength. The values obtained varied 
from 22.6 to 25.2 microhm-cm at 26~ which are, in 
general, lower than those previously reported for 
vanadium: 24.8-26.0 microhm-cm. 

These Bureau of Mines investigations have shown 
that the fused salt e]ectrorefining technique offers a 
feasible means of controlling the quantity of gaseous 
impur i t i e s ,  such  as  O2 and  N~, in v a n a d i u m  m e t a l  to 
low leve ls  cons i s t en t ly .  T h e  s t u d y  also has  shown  
t h a t  t he  p r o p e r t i e s  of e l ec t ro re f ined  v a n a d i u m  a re  
c o n s i d e r a b l y  d i f f e ren t  f r o m  those  e x h i b i t e d  b y  c o m -  
m e r c i a l l y  a v a i l a b l e  v a n a d i u m  be c a use  of t he  r e d u c -  
t ion  of i m p u r i t y  content .  The  o x y g e n  con ten t  m o r e  
t h a n  a n y  o t h e r  s ing le  i m p u r i t y  showed  the  mos t  
m a r k e d  affect  on h a r d n e s s  s t r e n g t h  and  w o r k a b i l i t y .  

Manuscr ip t  rece ived  June  6, 1960; rev ised  manuscr ip t  
received Aug. 26, 1960. This paper  was p repa red  for 
de l ivery  before  the  Chicago Meeting, May 1-5, 1960. 

A n y  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1961 JOURNAL. 
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On the Vacuum Sintering of Tungsten Ingots 
J. W.  Pugh and L. H. Amra 

Refractory Metals Laboratory, General Electric Company, Cleveland, Ohio 

ABSTRACT 

A furnace for vacuum sintering tungsten is described, and results obtained 
from tungsten sintering experiments are discussed. The rate of densification at 
various temperatures is given special emphasis, but microstructure, hardness, 
fabricability, and purity are also examined. Temperatures from 1800 ~ to 3100~ 
and times from 0.25 to 8.00 hr were employed. Results indicate that sintered 
densities at least as high as 82.5% of theoretical density are necessary for suc- 
cessful fabrication, and that densities as high as 97.0 have structures which 
are readily fabricable. High-temperature vacuum sintering is found to pro- 
duce very pure tungsten, commensurate in this respect with the best arc cast 
tungsten. 

The s in t e r ing  of t u n g s t e n  is no t  a n e w  process. In  
the  first decade of this c e n t u r y  at least  seven  i n -  
genious  t echn iques  were  employed  to consol idate  
t u n g s t e n  so tha t  it could be used for electric l amp  
f i laments  (1) .  The t echn ique  devised by  Coolidge in 
1909 was  the  most  successful  (2) .  His process which  
invo lved  s in t e r ing  pressed powder  ingots in  h y d r o -  
gen and  fab r i ca t ing  t hem to wi re  by  swaging  and  
d r awing  at  p rogress ive ly  lower  t e m p e r a t u r e s  is es- 
sen t ia l ly  the  one be ing  used today.  L i t t l e  in te res t  in  
v a c u u m  s in te red  t u n g s t e n  has been  repor ted,  a l -  
though  severa l  advan tages  over hyd rogen  s in te red  
meta l  migh t  be expected.  

Some of the  most  p romis ing  a l loying  e lements  for 
t u n g s t e n  al loys are Ti, Zr, Hf, Cb, and  Ta. These 
e lements  are  all  hyd r ide  formers ,  and  the i r  addi t ion  
to t u n g s t e n  requ i res  consol ida t ion  in  an ine r t  a tmos-  
phere.  High v a c u u m  is pe rhaps  the easiest and  most  
sa t i s fac tory  a n s w e r  to this  r e q u i r e m e n t .  Moreover ,  
v a c u u m  offers the  add i t iona l  advan tage  of deox ida-  
t ion since the  vapor  p ressure  of t u n g s t e n  oxide is 
qui te  high at s in t e r ing  t e m p e r a t u r e s  and  the  vapor  
pressure  of t u n g s t e n  is r e l a t i ve ly  low. The s in t e r ing  
process can take  effective advan t age  of this  r e l a -  
t ive ly  u n i q u e  s i tua t ion  because  the  vapor  can be 
r emoved  read i ly  t h rough  the porous n e t w o r k  of the  
compacted ingot.  I t  is also t rue ,  of course, tha t  the 
e q u i l i b r i u m  of any  pur i f ica t ion  reac t ion  which  re -  
sul ts  in gas evolution would be shifted favorably in 
vacuum. 

In view of the foregoing, a vacuum sintering fur- 
nace was constructed, and some basic data on the 
vacuum sintering of tungsten were obtained. 

Procedure 
A schemat ic  d i ag ram of the fu rnace  employed  for 

these expe r imen t s  is shown in  Fig. 1. This  fu rnace  
provides  for hea t ing  compressed powder  ingots  by  
means  of the i r  own  elect r ical  res is tance.  720 K W  of 
powder  is ava i l ab le  b e t w e e n  a s t a t iona ry  top elec-  
t rode  and  a movab l e  lower  electrode,  both  of which  
are wa t e r  cooled. Expans ion  and  con t rac t ion  of i n -  
gots d u r i n g  s in t e r ing  is compensa ted  for by  me a ns  

of a feed back device which involves a strain gauge, 
amplifier, and electrode drive mechanism. Vacuum 
of about 10 'mm pressure is maintained by means 
of a 25 cm, (i0 in.) oil diffusion pump and a Kinny 
3.12 cubic meter/rain, (ii0 ff/min) mechanical 
pump. An auxiliary 0.42 cubic meter/rain (15 ft*/ 
rain) mechanical pump is used for rough pumping 
the system. 

Tungsten powders having a Fisher Sub-sieve size 

of 4.53 tL were  compressed in a double  act ing h y -  
drau l ic  press at pressures  of 1.89 met r ic  t o n s / c m  '~ 
(12 TSI)  to form ingots hav ing  the d imens ions  0.95 x 
0.95 x 61.0 cm (3/s x 3/s x 24 in . ) .  The green  ingots  
were  p res in te red  1 hr  at 1200~ in  hyd rogen  so tha t  
t hey  had a p r e s in t e r ed  dens i ty  of 11.5 g/cc. They  
were  then  placed in  the v a c u u m  s in te r ing  fu rnace  
and  b rough t  to the  prescr ibed  s in t e r ing  t e m p e r a t u r e  
at the rate  of 20~ Af te r  p rescr ibed  t imes at  
t empera tu re ,  each ingot  was  cooled r ap id ly  to room 
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FJg. 1. Schematic representation of vacuum sintering fur- 
nace: A, electrodes; B, ingot; C, lead; D, sight port positions. 
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F~g. 2. Effect o f  tempera ture  on the dens i f i cahon of  tung- 
sten ingots 

temperature. The initiM cooling rate in each case 
was approximately 500~ 

After the ingots were sintered, they were evalu- 
ated for density, microstructure, fabricability, and 
purity. Fabrication testing consisted of attempting 
to s w a g e  each ingo t  to 40% r e d u c t i o n  in a r e a  a f t e r  
h e a t i n g  i t  to 1600~ 

Results and Discussion 

F i g u r e  2 ind ica t e s  t he  effect of t e m p e r a t u r e  on 
s i n t e r e d  d e n s i t y  for  va r ious  t imes  a t  t e m p e r a t u r e s .  
The  p a r a m e t e r  p l o t t e d  as  t he  o r d i n a t e  is t h e  one 
c o m m o n l y  used  to desc r ibe  t he  d e g r e e  of dens i f ica -  
t ion in s i n t e r e d  ingots :  the  d e n s i t y  of the  ingot  (D)  
d i v i d e d  b y  the  d e n s i t y  of c o m p l e t e l y  conso l ida t ed  
t u n g s t e n  D~. The  Dens i f ica t ion  P a r a m e t e r  (~) a t  t he  
r i g h t  is the  dens i f iea t ion  ach ieved  for  t he  ingot  d i -  
v i d e d  b y  the  m a x i m u m  dens i f iea t ion  poss ib le .  

D --Do 

DT -- Do 

where Do is the density of the ingot before sintering. 
The solid data point symbols in Fig. 9. represent in- 
gots which could not be swaged satisfactorily. Ap- 
parently an ingot must attain more than 89..5% of 
its theoretical density before it can be fabricated in 
this way. 

These data are plotted in another way in Fig. 3. 
Here the densification parameter is plotted as a 
function of time for each of the five temperatures 
employed. Figure 3 was used to plot the relationships 
shown in Fig. 4. Here the logarithm of sintering time 
is shown as a function of reciprocal absolute tem- 
perature for five different states of constant densifi- 
cation. These relationships are apparently straight 
lines and the empirical Arrhenius equation, 

( ~ H )  
t = A e x p  

is sugges ted .  H e r e  t is t ime,  A is a eons tan t ,  R is t he  
gas  cons tan t ,  T is abso lu t e  t e m p e r a t u r e ,  and  AH is 
t he  a p p a r e n t  a c t i va t i on  e n e r g y  fo r  s in te r ing .  Note  
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Fig. 3. Effect of hme on the densificotion of tungsten ingots 
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Fig. 4. T ime- tempera ture  relationships for  vocuum sintered 
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t ha t  w h i l e  these  r e l a t i o n s h i p s  a r e  s t r a igh t ,  t h e y  
a re  not  p a r a l l e l  and  t h a t  t he  a p p a r e n t  ac t i va t i on  
e n e r g y  changes  f rom abou t  55 k c a l / m o l e  for  a d e n -  
s i f icat ion p a r a m e t e r  of 0.5-105 k c a l / m o l e  for  a p a -  
r a m e t e r  of 0.9. The  p rec i s ion  of these  d e t e r m i n a t i o n s  
is not  g rea t ,  and  the  i n t e r p r e t a t i o n  of these  a c t i v a -  
t ion  ene rg ie s  in t e r m s  of r a t e  p rocesses  and  m e c h -  
an i sms  is not  w i t h i n  the  scope of th is  i nves t iga t ion .  
I t  does seem clear ,  howeve r ,  t h a t  the  ef fec t ive  or  
a p p a r e n t  a c t i va t i on  e n e r g y  as  o b t a i n e d  f r o m  Fig.  4 
inc reases  w i t h  densi f ica t ion.  A s im i l a r  r e s u l t  for  
p r e - r e d u c e d  c o p p e r  p o w d e r  s i n t e r e d  in v a c u u m  has  
been  r e p o r t e d  b y  J o r d a n  and  Duwez  (3) .  F i g u r e  5 
shows h o w  g r a i n  size inc reases  as a func t ion  of t ime  
for  t h r e e  s i n t e r i n g  t e m p e r a t u r e ,  and  Fig.  6 p e r m i t s  
a c o m p a r i s o n  of t h r e e  m i c r o s t r u c t u r e s  w h i c h  r e -  
su l t ed  f rom 2 - h r  t r e a t m e n t s  a t  the  same  t h r e e  t e m -  
pe r a tu r e s .  The  i nc rea se  in po re  size o b s e r v e d  w i th  
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Fig. 6. Microstructures of tungsten ingots vacuum sintered 
120 min. (a) (top) 2540~ (b) (center)2820~ (c) (bottom) 
3100~ Magnif icat ion 250X before reduction for publication. 

i n c r e a s i n g  d e n s i t y  a g r e e s  w i t h  t h e  f i n d i n g s  of  
R h i n e s ,  B i r c h e n a l l  a n d  H u g h e s  ( 4 ) .  F i g u r e  7 s h o w s  
t h e  e f f ec t  of  d e n s i t y  o n  t h e  h a r d n e s s  of t h e  s i n t e r e d  
i n g o t s .  R o c k w e l l  A m e a s u r e m e n t s  w e r e  t a k e n  f i r s t  
o n  e a c h  i n g o t .  D i a m o n d  P y r a m i d  H a r d n e s s  w a s  
m a d e  o n  s e v e n  i n g o t s  to  p r o v i d e  t h e  r e l a t i o n s h i p  
s h o w n  h e r e .  
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Table I. Gas analysis of sintered tungsten 

Conditions of sintering Gas content,  ppm* 
No. os 
ingot temp, ~ time, rnin O~ N2 It2 

333W17 3100 120 2 1 0 
337W21 2820 122 8 2 1 
315W7 2820 30 12 2 1 
339W23 2540 360 6 1 0 
336W20 2540 120 5 1 1 
343W26 2020 120 57 5 2 

* All results are • ppm. 

Table II. Data on sintered tungsten 

Sintering 
conditions Density 

Grain  
Temp,  Time, Hardness,  count, 

~ rain g /cc  % theor. 1~ " A "  g / rnm 2 

1800 120 H g  25 
1800 480 14.40 74.6 46 
2020 120 14.65 75.6 47 
2020 198 14.85 77.0 
2020 360 16.00 82.6 54 
2020 480 16.10 83.4 
2300 15 13.76 71.2 42.5 
2300 30 14.57 75.4 47.2 
2300 60 15.46 80.0 50.0 
2300 240 17.34 89.8 
2309 420 17.42 90.0 62.0 
2300 480 17.65 91.3 
2540 15 15.05 78.0 49.0 
2540 30 15.95 82.5 54.3 
2540 60 16.75 87.0 57.5 
2540 120 17.60 91.0 60.5 
2540 240 17.94 93.7 
2540 360 18.24 94.5 64.5 
2820 15 16.85 87.3 60.0 
2820 30 17.39 90.0 61.0 
2820 47 17.70 91.0 61.4 
2820 120 18.49 95.7 62.4 
2820 240 18.56 96.0 65.2 
2820 480 18.70 96.7 
3100 15 18.26 94.5 63.9 
3100 18 18.42 95.5 63.0 
3100 30 18.44 95.5 
3100 60 18.60 96.4 64.5 
3100 120 18.75 97.0 63.5 

33,500 

8,700 

10,600 
5,700 

700 

540 

334 
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Of spec ia l  i n t e r e s t  a r e  the  v a c u u m  gas  ana lys i s  
r e su l t s  shown  in T a b l e  I. The  i m p r o v e m e n t  in i m -  
p u r i t y  con ten t  w i t h  t ime  and  t e m p e r a t u r e  is r e -  
m a r k a b l e .  The  o x y g e n  con ten t  of t he  ingo t  s i n t e r e d  
for  2 h r  a t  3100~ is p e r h a p s  c o m p a r a b l e  to t he  be s t  
a r c - c a s t  ingot  ana lys i s .  This  c o m p a r i s o n  is i n e x a c t  
be cause  bo th  p r o d u c t s  a r e  so p u r e  t h a t  t h e y  e x t e n d  
the  ana lys i s  t e c h n i q u e  to i ts l im i t  of r eso lu t ion .  

Conclusion 
Tab le  II  p r o v i d e s  a s u m m a r y  of the  d a t a  o b t a i n e d  

in  these  e x p e r i m e n t s .  The  i n f o r m a t i o n  a v a i l a b l e  h e r e  
is sufficient to p e r m i t  t he  p r o g r a m m i n g  of v a c u u m  
s in t e r ing  t r e a t m e n t s  for  t u n g s t e n  w i t h  confidence.  
T h e r e  a r e  a n u m b e r  of u n e x p l o r e d  a v e n u e s  of p r a c -  
t ica l  e x p e r i m e n t a t i o n  r ema in ing .  F o r  e x a m p l e ,  i t  
w o u l d  b e  mos t  u se fu l  to k n o w  the  effect of p a r t i c l e  
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size and  size d i s t r i b u t i o n  on s i n t e r i ng  k ine t ics .  I t  
w o u l d  also be  of i n t e r e s t  to k n o w  the  effect of a 
v a r i e t y  of i m p u r i t i e s  on s i n t e r i ng  k ine t i c s  and  on 
gas content .  

Manuscr ip t  received Apr i l  20, 1960. This paper  was 
p repared  for  de l ivery  before  the Houston Meeting, Oct. 
9-13, 1960. 

Any  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1961 JOURNAL. 
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Liquidus Curves for Aluminum Cell Electrolyte 
III. Systems Cryolite and Cryolite-Alumina with Aluminum Fluoride 

and Calcium Fluoride 

Anne Fenerty I and E. A. Hollingshead 

Aluminium Laboratories Limited, Arvida, Quebec, Canada 

ABSTRACT 

Liquidus  curves  have  been de te rmined  by means  of cooling curves and 
visual  examinat ion  of the cooling melt .  The b ina ry  systems of cryol i te  wi th  
a luminum fluoride and calcium fluoride gave, respect ive ly :  per i tec t ic  point  at  
30% a luminum fluoride and 739~ eutectic point  at  40% a luminum fluoride 
and 694~ eutectic poin t  at  26% calcium fluoride and 945~ In  the system 
c ryo l i t e -a lumina-ca lc ium fluoride the  t e rna ry  eutectic point  was at 2.9% a lu-  
mina,  21% calcium fluoride and 933~ (Composit ions are  in weight  pe r  cent) .  
Diagrams are given for the  c ryo l i t e - r i ch  par t  of the systems c ryo l i t e -ca lc ium 
fluoride, c r y o l i t e - a l u m i n a - a l u m i n u m  fluoride, c ryo l i t e - a lumina -ca l c ium fluo- 
ride, and c ryo l i t e - a lumina -a luminum f luor ide-calc ium fluoride. 

In  t he  two  p r e c e d i n g  p a p e r s  (1, 2) l i qu idus  d i a -  
g r a m s  w e r e  r e p o r t e d  for  c r y o l i t e - a l u m i n a  a n d  for  
c ryo l i t e  and  c r y o l i t e - a l u m i n a  w i t h  s o d i u m  f luoride,  
sod ium chlor ide ,  and  a l u m i n u m  f luor ide .  The  ob j ec t  
of t he  p r e s e n t  p a p e r  is to p r e s e n t  a d d i t i o n a l  da ta ,  
a r ev i s ed  l i qu idus  d i a g r a m  for  c r y o l i t e - a l u m i n a -  
a l u m i n u m  f luoride,  and  l i qu idus  d i a g r a m s  for  t he  
c r y o l i t e - r i c h  p a r t  of the  sys t ems  c r y o l i t e - c a l c i u m  
fluoride,  c r y o l i t e - a l u m i n a - c a l c i u m  f luoride,  and  
c r y o l i t e - a l u m i n a - a l u m i n u m  f l u o r i d e - c a l c i u m  f luo-  
r ide .  

F o s t e r  (3)  r e c e n t l y  r e p o r t e d  the  d e t e r m i n a t i o n  of 
t he  c r y o l i t e - a l u m i n a  p h a s e  d i a g r a m  b y  q u e n c h i n g  
methods .  His  resu l t s ,  excep t  for  p u r e  c ryol i te ,  a g r e e  
w i t h i n  t he  e x p e r i m e n t a l  e r r o r  w i t h  those  o b t a i n e d  
in  th is  l a b o r a t o r y  (1)  b y  cool ing cu rves  and  v i sua l  
e x a m i n a t i o n  of t h e  cool ing  mel t ,  t he  t echn iques  used  
to ob t a in  the  r e su l t s  p r e s e n t e d  in th is  pape r .  

F o r  t he  m e l t i n g  p o i n t  of p u r e  c r y o l i t e  F o s t e r  (4)  
f o u n d  1004~ t h r o u g h  q u e n c h i n g  m e t h o d s  w i t h  a 
t h e r m o c o u p l e  c a l i b r a t i o n  based  in p a r t  on 992~ for  

1 P r e s e n t  addres s :  F l i n t ,  Mich igan .  

t he  m e l t i n g  p o i n t  of sod ium f luoride.  Bo th  these  
a r e  l o w e r  t h a n  the  c o r r e s p o n d i n g  va lue s  of 1009 ~ 
and  994~ f o u n d  in th is  l a b o r a t o r y  (2) b y  the  coo l -  
ing  cu rve  me thod .  F o r  c o m p a r i s o n  G r j o t h e i m  (5) 
found  1008.5 o and  994.5 ~ r e s p e c t i v e l y ,  b y  the  coo l -  
ing  cu rve  me thod .  D w o r k i n  and  B r e d i g  (6) found  
995~ for  s o d i u m  f luoride,  w h i l e  Sense  and  o the r s  
(7)  f o u n d  996~ f rom the  i n t e r c e p t  of t he  v a p o r  
p r e s s u r e - t e m p e r a t u r e  cu rves  of the  l i q u i d  and  solid.  
On the  o t h e r  h a n d  m u c h  h i g h e r  va lue s  for  bo th  c r y o -  
l i t e  and  s o d i u m  f luoride,  1027 ~ and  1012~ r e s p e c -  
t ive ly ,  w e r e  f o u n d  b y  O ' B r i e n  and  K e l l e y  (8) f rom 
hea t  con ten t  m e a s u r e m e n t s .  I t  has  a l r e a d y  been  no ted  
(9)  t ha t  too h igh  a m e l t i n g  p o i n t  was  o b t a i n e d  in 
th is  w a y  for  n i c k e l  ch lor ide ,  1030~ vs. 1009 ~ f rom 
cool ing curves .  

Materials 

H a n d - p i c k e d  n a t u r a l  c r y o l i t e  con t a in ing  no v i s ib le  
i m p u r i t i e s  was  c ru she d  to --100 mesh  or, p r e f e r a b l y ,  
to --20 mesh .  The  p r i n c i p a l  i m p u r i t i e s  in  t he  two  lots  
u sed  w e r e  0.01 and  0.02% i ron  and  0.01 and  0.04% 
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silicon respect ively.  The alumina,  produced exper i -  
mental ly ,  had a loss on ignit ion at 1000~ of 0.08% 
and contained 0.03% Na, 0.03% Ca, 0.03% Fe, 0.03% 
St, 0.02% Ti, and 0.14% F. The a luminum fluoride 
was purif ied by  vacuum dis t i l la t ion of Alcan d r y -  
process a luminum fluoride. I t  contained 0.23% cryo-  
lite, 0 .03%aluminum sulfate, 0.02% iron, 0.02% sil i-  
con, 0.01%manganese,  and 98.4% a luminum fluo- 
r ide (based on total  fluorine content) .  The calcium 
fluoride was reagen t -g rade ,  f rom J. T. Baker  Chem-  
ical Co. I t  had a loss on ignit ion at l l 0 ~  of 0.3-0.4% 
and contained 98-99% calcium fluoride (based on 
to ta l  fluoride content ) .  

Method 

The appara tus  and methods were  subs tan t ia l ly  as 
described in the first paper  (1).  The 150-g samples 
were  made up by weight,  thoroughly  mixed,  hea ted  
to about 100~ above the mel t ing point, and s t i r red  
at about 100 rpm unt i l  clear  and dur ing the de te r -  
minat ion of the  freezing point. 

P r i m a r y  freezing points were  de te rmined  by  the 
cool ing-curve  method when the first appearance  of 
crystals  in the melt,  as observed through a telescope, 
corresponded to the p r i m a r y  b reak  in the cooling 
curve. In genera l  this was so on the cryoli te  side of 
the eutectic point. On the a lumina  side of the eu-  
tectic point and on most melts containing 25% or 
more of calcium fluoride or aluminum fluoride the 
primary freezing point was obtained by the visual 
method. In this method the temperature at which 
crystals first appear in the slowly cooled melt is de- 
termined. For final determinations rates of cooling of 
0.1-0.15~ were used and the melt was ob- 
served every 5-15 min. The failure of the cooling- 
curve method to detect the primary crystallization 
of alumina is attributed to the steepness of the 
liquidus curve (low heat of crystallization and small 
percentage of crystals forming per unit decrease in 
temperature), and to the sluggishness with which 
alumina crystallizes. 

The platinum, 10% rhodium-platinum thermo- 
couples were all made from the same two spools of 
wire.  One of them was ca l ibra ted  in pure  silver, in 
copper -s i lver  eutectic al loy (799.0~ and in s tand-  
ard samples of a luminum and copper certified by the 
Nat ional  Bureau  of Standards .  Each thermocouple  
was checked per iodica l ly  at the freezing point  of re -  
agen t -g rade  sodium chloride, 801~ 

Accuracy 
Two or more de terminat ions  were  usual ly  made 

for each composition and the mean or median  value  
selected. With  the cool ing-curve method this value 
should not be in e r ror  by more than  3~ 

With the visual  method dupl ica te  values usual ly  
differed by  less than 10~ They would tend to be 
low because it was not possible to make a proper  
correction for supercooling. An upper  l imit  for this 
correction was de te rmined  for one composition 
( c r y o l i t e - - l l %  a lumina)  by cooling slowly unt i l  
crystals  appeared,  then heat ing s lowly with  cont inu-  
ous s t i r r ing to de te rmine  the lowest  t empera tu re  at 
which they  would  redissolve. This was found to be 
10~176 h igher  than  the mean t empe ra tu r e  

(972~ at  which the crystals  appeared.  Since some 
superheat ing  must  be required to redissolve, the 
negat ive  bias of the visual  method is p robab ly  less 
than  10~ 

For  melts  containing 25% or more a luminum 
fluoride resul ts  by  the visual  method were  less r e -  
producib le  than indicated above. This may  be a t -  
t r ibu ted  in par t  to the  greater  s teepness of the 
l iquidus curve on the a lumina side of the eutectic 
point. Changes in mel t  composition, as indicated by 
weight  loss, were  s imi lar  to those for c ryo l i t e -a lu -  
mina melts.  

Results 
The l iquidus d iag ram for c ryo l i t e -a luminum 

fluoride, repor ted  in the preceding paper  (2), was 
rede te rmined  and s l ight ly  higher  l iquidus t empera -  
tures obtained.  The revised values for the peri tect ic 
point are 739~ and 30% a luminum fluoride (weight  
per  cent) ,  for the eutectic point  694~ and 40% 
a luminum fluoride. I t  was verified by  the visual  
method tha t  on the a luminum fluoride side of the 
eutectic point  the l iquidus t empera tu re  rises rap id ly  
to 860~ at 45% a luminum fluoride. This contradicts  
Gr jo the im's  finding (5) by the cool ing-curve 
method tha t  there  is a max imum of 731~ at 45.2% 
a luminum fluoride corresponding to the compound 
NaA1F,. 

05o[00, / 

0 I0  2 0  3 0  ~0  
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Fig. 1. LiquLdus diagram for cryolite-calcium fluoride 
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Fig. 2. Liquidus diagrams for cryolite-alumina with 5, 1 O, 
15, and 20% aluminum fluoride. 
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Fig. 3. Liquidus diagrams for cryolite-alumina with 25, 28, 
29, 30, and 32% aluminum fluoride. 
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Fig. 5. Liquidus diagrams for cryolite-alumina with O, 5, 
10, 15, 20, 25, and 26% calcium fluoride. 

15 I I i 

739 5NaF 3AIF 3 

Fig. 4. Liquidus diagram for cryolite-alumina-aluminum 
fluoride 

The liquidus diagram for cryolite-calcium fluoride 
(Fig. i) was found to have a eutectic point at 26% 
calcium fluoride and 945~ This is in good agree- 
ment with the 25.5% calcium fluoride and 942~ 
obtained by Gupalo (i0). 

In the ternary system cryolite-alumina-aluminum 
fluoride sections were determined at 5, i0, 15, 20, 25, 
28, 29, 30, and 32% aluminum fluoride, and the re- 
sults are plotted in Fig. 2 and 3. The ternary dia- 
gram (Fig. 4) is based on these, on the revised dia- 
gram for cryolite-aluminum fluoride (see above), 
and on the diagram for cryolite-alumina (I) re- 
drawn with the eutectic point at 10.2% alumina and 
961~ This ternary diagram replaces the prelimi- 
nary diagram presented in the preceding paper (2). 
The eutectic line separating the fields of crystalliza- 
tion of cryolite and alumina and the isothermal con- 
tours indicating the solubility of alumina show a 
gradual reduction in alumina content with increas- 
ing aluminum fluoride content up to 25% of the 
latter. Beyond this they show a much more rapid 
decrease in alumina content. 

15 ~ I I I 

AI203  

No3AIF  6 I0 Wt % CoF 2 20  30  

Fig. 6. Liquidus diagram for cryolite-alumina-calcium 
fluoride. 

Kostyukov ' s  (11) d iag ram for this system, based 
p re sumab ly  on measurements  by the cool ing-curve  
method which does not adequa te ly  detect  the c rys -  
ta l l izat ion of alumina,  gives a lumina  solubil i t ies 
which are much too high. Thus the per i tec t ic  point,  
at which the mel t  is sa tura ted  with  respect  to a lu-  
mina, cryoli te,  and chiolite, is given as 5.7% a lu-  
mina, 27.8% a luminum fluoride and 710~ Also the 
t e rna ry  eutectic point,  at which the mel t  would be 
sa tu ra ted  with  respect  to alumina,  chiolite, and a lu-  
minum fluoride, is given as 3.9% alumina,  36.8% 
a luminum fluoride and 678~ The more recent  work  
of Fuseya  and Takeda  (12), carr ied  out by  the 
cool ing-curve  method, gave a lumina contents h igher  
than those of Kostyukov.  For  comparison the present  
work  indicates tha t  the a lumina  content  at the 
t e rna ry  peri tect ic  and eutectic points is less than  1%. 
It may  be noted too tha t  the resul ts  of both these 
labora tor ies  for the eutectic point  in the system 
c ryo l i t e -a lumina  (16 and 18% alumina,  respec-  
t ive ly)  are also in error.  

For  the t e rna ry  system c ryo l i t e -a lumina -ca lc ium 
fluoride the resul ts  for sections taken  at 5, 10, 15, 20, 
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Fig. 7. Liquidus diagrams for cryolite-alumina 5% 
aluminum fluoride with 5, 10, and 20% calcium fluoride. 
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Fig. 8. Liquidus d i a g r a m s  f o r  c r y o l i t e - a l u m i n a - 1 0 %  a l u m i -  
n u m  f l u o r i d e  w i t h  5, ] 0 ,  and  2 0 %  c a l c i u m  f l uo r i de .  
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Fig. 9, Liquidus diagrams for cryolite-alumina-15% alu- 
minum fluoride with 5 and 10% calcium fluoride. 

22, 24, 25, and  26% ca l c ium f luor ide  a r e  p lo t t e d  in 
Fig.  5. The  t e r n a r y  d i a g r a m ,  b a s e d  on th is  and  on 
the  d i a g r a m s  for  c r y o l i t e - c a l c i u m  f luor ide  and  c r y o -  
l i t e - a l u m i n a ,  is g iven  in  Fig .  6. I t  is a s imple  eu tec t ic  
d i a g r a m  w i t h  t he  t e r n a r y  eu tec t i c  p o i n t  a t  2.9% 
a lumina ,  21% ca l c ium f luor ide  and  933 ~ 

H e n r y  and  L a f k y  (13) d e t e r m i n e d  the  p e r c e n t a g e  
of a l u m i n a  w h i c h  w o u l d  d i sso lve  in c r y o l i t e - c a l c i u m  

I I 

5%AIF 3 

c:~ {0~ N0-% At F6 - AI203 - CO F2 

\ \ ~ 5  \ 933 

No 3 AIF 6 \ \ \  \ \ \ \  C~ 

0 10 Wt% CoF 5 20 30 

Fig. 10. Eutectic lines for cryolite-alumina-calcium fluoride 
with 5, ]0, and ]5% aluminum fluoride. 

fluoride melts on prolonged stirring at a given tem- 
perature. Values at IO00~ interpolated from their 
results and from the present work are compared be- 
low: 

0% 5% lo% 15% 
CaF5 CaF5 CaF,~ CaF5 

Henry and Lafky 12.0 10.3 8.5 6.8 
This work 13.2 10.8 8.9 7.2 

Their results are consistently slightly lower than 
those of the present investigation which is not un- 
expected in view of the methods used. Gupalo's (10) 
result for the ternary eutectic, 10.5% alumina, 
13.6% calcium fluoride and 923~ is quite different 
from that given above. Again the most likely ex- 
planation is failure to detect the initial crystalliza- 
tion of alumina. 

The effect on the system cryolite-alumina of com- 
bined additions of 5, 10, or 15% aluminum fluoride 
and 5, 10, or 20% calcium fluoride was determined; 
results are plotted in Fig. 7, 8, and 9. Figure 10, 
based on these, shows the effect of 5, 10, and 15% 
aluminum fluoride on the eutectic lines of the system 
cryolite-alumina-calcium fluoride taken from Fig. 3. 
The field of crystallization of calcium fluoride is 
shifted to much lower percentages of calcium fluo- 
ride. F o r  e x a m p l e ,  t h e  a d d i t i o n  of 10% a l u m i n u m  
f luor ide  sh i f t s  t h e  t e r n a r y  eu tec t ic  po in t  f r om 21% 
ca l c ium f luor ide  to a p p r o x i m a t e l y  13 %. 

In  th i s  q u a t e r n a r y  s y s t e m  A b r a m o v ,  K o s t y u k o v ,  
and  K u l a k o v  (14) h a v e  e x a m i n e d  the  p s e u d o t e r n a r y  
sect ion c h i o l i t e - a l u m i n a - c a l c i u m  fluoride,  w h i c h  was  
no t  done  b y  the  p r e s e n t  au thors .  H o w e v e r ,  in v i ew  
of the  m e t h o d  used  (coo l ing  cu rves  and  op t ica l  i d e n -  
t i f ica t ion of t he  p r i m a r y  c r y s t a l s )  and  of the  d i s -  
c r e p a n c y  b e t w e e n  K o s t y u k o v ' s  r e su l t s  and  those  r e -  
p o r t e d  he re  for  the  t e r n a r y  s y s t e m  c r y o l i t e - a l u m i n a -  
a l u m i n u m  f luoride,  t h e i r  a l u m i n a  so lub i l i t i e s  a r e  
mos t  l i k e l y  to be  too h igh .  

Manuscr ip t  received May 31, 1960. 

Any  discussion of this  paper  wil l  appear  in a Discus- 
sion Section to be publ ished in  the June  1961 JOURNAL. 
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The Structure of Cryolite-Alumina Melts 
Perry A. Foster, Jr. and William B. Frank 
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ABSTRACT 

The in tegra ted  cryoscopic equation,  Temkin ' s  formula t ion  for  ionic melts ,  
and recent  findings on the const i tut ion of mol ten  cryol i te  are  employed  to 
evalua te  severa l  reac t ion  mechanisms for the solution of a lumina  in cryoli te.  
The react ion mechanism tha t  emerges  as the  most probable  f rom a plot  of 
- log a~ vs. 1 /T  is 3F- ~ A1203 ---- 3/2 AlOe- ~ 1/2 A1F~-. The devia t ion  f rom 
l inear i ty  of the  plot  for  this  reac t ion  at  h igh a lumina  contents  can be a t -  
t r ibu ted  to some dimer iza t ion  of the  AlOe- ions to give A1~O2- ions. 

The re  is no m e t h o d  a v a i l a b l e  for  t he  d i r ec t  s t r u c -  
t u r a l  e v a l u a t i o n  of m o l t e n  sa l t s  c o m p a r a b l e  to x - r a y  
d i f f rac t ion  in t he  s t u d y  of sol ids.  A t e c h n i q u e  f r e -  
q u e n t l y  used  is to e m p l o y  the  i n t e g r a t e d  c ryoscop ic  
equa t ion  

- - l n  a, = (AHr /R)  ( 1 / T  --  1/To) [1]  

w h e r e  a, is t he  a c t i v i t y  of t he  solvent ,  AH r t he  c r y o -  
scopic h e a t  of fus ion  of t he  p u r e  solvent ,  T the  l i q -  
u idus  t e m p e r a t u r e  in  ~ and  To the  m e l t i n g  po in t  
of p u r e  so lvent .  

The  use  of th i s  e q u a t i o n  p r e s u p p o s e s  t h a t  AH, is 
i n d e p e n d e n t l y  known ,  t ha t  AHr does  not  v a r y  w i t h  
t e m p e r a t u r e  (AC, = 0),  t h a t  a r e l i a b l e  p h a s e  d i a -  
g r a m  exis t s  f r o m  w h i c h  l i q u i d u s  t e m p e r a t u r e s  a r e  
k n o w n  ove r  a r a n g e  of compos i t ions ,  and  t h a t  t h e r e  
is no sol id  so lub i l i ty .  

Var ious  r e a c t i o n  m e c h a n i s m s  a r e  n o w  h y p o t h e -  
s ized b e t w e e n  the  so lven t  and  the  so lu te  w h i c h  w i l l  
p e r m i t  an  e v a l u a t i o n  of t he  so lven t  a c t i v i t y  in t he  
l i qu id  ( a , ) . F o r  i d e a l l y  b e h a v i n g  s imple  sa l t  sys tems ,  
w h e r e  the  so lven t  and  so lu te  do not  d issoc ia te ,  t he  
a c t i v i t y  of t h e  so lven t  (a l )  m a y  be  e q u a t e d  to i ts  
w e i g h e d - i n  m o l e  f r ac t ion  (No). This  c r i t e r i o n  has  
been  used  as  a t es t  of i d e a l i t y  in  c e r t a i n  m o l t e n  sa l t  
sy s t ems  (1) .  In  a s y s t e m  such as t ha t  cons ide r e d  in 
th is  r epor t ,  w h e r e  t h e  so lven t  ( c ryo l i t e )  d i ssoc ia tes  
on me l t ing ,  k n o w l e d g e  of t h e  p r o d u c t s  of d i s soc ia -  
t ion  and  t h e  d e g r e e  of d i s soc ia t ion  as a func t ion  of 
t e m p e r a t u r e  is r e q u i r e d .  This  i n f o r m a t i o n  is n o w  
a v a i l a b l e  for  c ryo l i t e .  

If  the  so lven t  a c t i v i t y  is c a l c u l a t e d  f r o m  a r e a c t i o n  
m e c h a n i s m  w h i c h  p r o p e r l y  desc r ibes  t he  cons t i t -  

uen t s  p resen t ,  and  the  s y s t e m  b e h a v e s  idea l ly ,  a p lo t  
of - - l n  a~ vs. 1 / T  wi l l  be  a s t r a i g h t  l ine,  the  s lope of 
w h i c h  c o r r e s p o n d s  to t he  k n o w n  AHf. 

Properties of Molten Cryolite 
Dissociat ion of  c r y o l i t e . - - I t  is n o w  k n o w n  tha t  

c r y o l i t e  d i ssoc ia tes  p a r t i a l l y  to s i m p l e r  c o m p o u n d s  
on me l t ing .  F r o m  ca lcu la t ions  b a s e d  on dens i t i e s  of 
NaF-A1F~ mel t s ,  F r a n k  and  F o s t e r  (2)  a r r i v e d  at  a 
s cheme  of d i s soc ia t ion  to s o d i u m  f luor ide  and  sod ium 
t e t r a f l u o a l u m i n a t e ,  as  fo l lows :  

Na~A1F~ ~ 2NaF  + NaA1F,  [2]  

The  e q u i l i b r i u m  cons t an t  for  t he  r e a c t i o n  can  be  
w r i t t e n :  

KD = a~NoF " a~A1F~/a~a~A,~, [3]  

G r j o t h e i m  (3, 4) a r r i v e d  a t  the  s a m e  scheme  b y  an  
i n d e p e n d e n t  me thod ,  i nvo lv ing  ca l cu l a t i ons  b a s e d  on 
a c ryoscop ic  s t u d y  of t he  NaF-A1F3 sys tem.  The  ac -  
t ua l  v a l u e  of t he  d i s soc ia t ion  cons t an t  a t  t he  m e l t i n g  
p o i n t  o b t a i n e d  b y  these  two  m e t h o d s  dif fers  s o m e -  
w h a t  be c a use  of d i f fe ren t  a p p r o x i m a t i o n s  in t he  ca l -  
cu la t ions .  Neve r the l e s s ,  th is  concep t  of m o l t e n  c r y o -  
l i t e  e x p l a i n s  so m a n y  o b s e r v a t i o n s  of c r y o l i t e  b e -  
h a v i o r  t h a t  t h e r e  is l i t t l e  doub t  t ha t  t he  m e c h a n i s m  
is cor rec t .  

T e m p e r a t u r e  dependence  of  the  cryo l i te  dissocia- 
t ion cons tant  KD.- - In  o r d e r  to c a r r y  out  the  c r y o -  
scopic ca lcu la t ions  ove r  a r a n g e  of c r y o l i t e - a l u m i n a  
compos i t ions ,  i t  was  n e c e s s a r y  to k n o w  the  e x t e n t  of 
d i s soc ia t ion  of m o l t e n  c r y o l i t e  as a func t ion  of t e m -  
p e r a t u r e .  The  d i s soc ia t ion  cons t an t  was  d e t e r m i n e d  
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b y  F r a n k  and  F o s t e r  (2) a t  fou r  t e m p e r a t u r e s  f rom 
1000 ~ to 1090~ A p lo t  of log K ,  vs. 1 / T  was  l i n e a r  
and  the  hea t  of d i s soc ia t ion  was  c a l c u l a t e d  f rom t h e  
s lope  as 22.5 k c a l / m o l e  (Fig .  1). 

S ince  the  v a l i d i t y  of ca lcu la t ions  in t he  c r y o l i t e -  
a l u m i n a  sy s t em is d e p e n d e n t  on a c c u r a t e  k n o w l e d g e  
of t h e  c ryo l i t e  d issoc ia t ion ,  it  was  i m p o r t a n t  to t e s t  
the  v a l u e s  of K~ in a n o t h e r  sy s t em invo lv ing  c r y o -  
l i te  as one of t h e  b i n a r y  cons t i tuen ts .  G r j o t h e i m  (5) 
r e p o r t e d  on a c ryoscop ic  s t u d y  of t he  Na~SO,-r ich  s ide  
of t he  Na~SO~-Na.~A1F~ sys tem.  The  p u r p o s e  of t he  
w o r k  was  to s u b s t a n t i a t e  the  se lec t ion  of t h e  d i s so -  
c ia t ion  scheme  of c ryo l i t e  to N a F  and  NaA1F,  and  his  
v a l u e  of 0.06 for  t h e  d i s soc ia t ion  cons tan t .  Resu l t s  
a r e  shown  in Fig.  2, w h e r e  - - l o g  a~_~o~ is p l o t t e d  
a ga in s t  ( 1 / T - -  1~To). 

The  sol id  l ine  r e p r e s e n t s  the  k n o w n  c a l o r i m e t r i c  
h e a t  of fus ion  of s o d i u m  sul fa te .  The  open  c i rc les  g ive  
t h e  c o n f o r m i t y  to th i s  l ine  w h e n  the  a d d e d  c r y o l i t e  
is cons ide red  to  be  c o m p l e t e l y  d i s soc i a t ed  a t  a l l  
concen t r a t i ons .  T h e  h a l f - f i l l e d  c i rc les  show the  i m -  
p r o v e d  c o n f o r m i t y  w h e n  G r j o t h e i m ' s  d i s soc ia t ion  
cons t an t  of 0.06 is u sed  ove r  t he  r a n g e  of t e m p e r a -  
t u r e s  of the  inves t iga t ion .  The  t r i a n g l e s  show the  a l -  
mos t  pe r f ec t  a g r e e m e n t  t ha t  is o b t a i n e d  w h e n  the  

v a r i a t i o n  of K~ w i t h  t e m p e r a t u r e ,  e x t r a p o l a t e d  f rom 
the  va lues  of F r a n k  and  F o s t e r  (2) ,  d e t e r m i n e d  in 
t h e  t e m p e r a t u r e  r a n g e  1000~176 to the  t e m -  
p e r a t u r e  of t he  Na~SO~-Na~A1F~ sys tem,  800~176 
is used.  The  a g r e e m e n t  g ives  conf idence in t he  use  of 
th is  i n f o r m a t i o n  on the  d e g r e e  of d i s soc ia t ion  of 
c ryo l i t e  for  f u r t h e r  ca l cu la t ions  in the  c r y o l i t e - a l u -  
m i n a  s y s t e m  w i t h  l i qu idus  t e m p e r a t u r e  of 962 ~ 
1004~ 

Heat  o] fus ion of c r y o l i t e . - - T w o  r e c e n t  ca lo r i -  
m e t r i c  d e t e r m i n a t i o n s  of the  h e a t  of fus ion  of c r y o -  
l i t e  gave  v a l u e s  of 27.91 (6)  and  27.64 (7)  k c a l /  
mole.  A n  a v e r a g e  of 27.8 k c a l  is e m p l o y e d  here .  I t  is 
now r e c ogn i z e d  t ha t  th is  is not  on ly  t h e  hea t  of 
fus ion  b u t  also inc ludes  a h e a t  effect due  to the  p a r -  
t i a l  d i s soc ia t ion  of c ryo l i t e .  The  t rue  c ryoscopic  hea t  
of fus ion  AHr, for  und i s soc i a t e d  c ryo l i t e  becomes  

a l l ,  = a H ~  - -  r~ Ago [4]  

w h e r e  AH~. is the  c a l o r i m e t r i c  hea t  of fusion,  27.8 
kcal ;  a t he  d e g r e e  of d i s soc ia t ion  at  the  m e l t i n g  po in t  
(0.35) ( f r o m  ref .  2) ;  and  • the  h e a t  of d i ssoc ia -  
t ion,  22.5 kcal ,  for  r e a c t i o n  [2]  w i th  r e a c t a n t s  and  
p roduc t s  in t he  l iqu id  s ta te .  A v a l u e  of 19.9 k c a l /  
mole  of und i s soc i a t e d  c ryo l i t e  is o b t a i n e d  f rom Eq. 
[4].  This  v a l u e  d e t e r m i n e s  t he  s lope of t he  l ine  t ha t  
a g iven  r e a c t i o n  scheme  of c ryo l i t e  and  a l u m i n a  
mus t  r e p r o d u c e  if i t  is to be  cons ide red  va l id .  

The  a s s u m p t i o n  t ha t  the  c ryoscopic  hea t  of fus ion 
of c ryo l i t e  is i n d e p e n d e n t  of t e m p e r a t u r e  can be  
shown to be  v a l i d  b y  co r r ec t i ng  the  h e a t  con ten t  
d a t a  (6, 7) for  d issocia t ion .  The  four  m e a s u r e m e n t s  
of the  h e a t  con ten t  of c r y o l i t e  above  the  me l t i ng  
po in t  b y  O ' B r i e n  and  K e l l e y  (6) and  the  t h r e e  
m e a s u r e m e n t s  b y  A l b r i g h t  (7)  ind ica te  t h a t  the  a p -  
p a r e n t  h e a t  c a p a c i t y  of the  l i qu id  is g r e a t e r  t han  the  
hea t  c a p a c i t y  of the  solid.  H o w e v e r ,  w h e n  a l l owance  
is m a d e  for  t h e  t e m p e r a t u r e  d e p e n d e n c e  of d i ssoc ia -  
t ion  and the heat of dissociation as determined by 
Frank and Foster (2), the heat capacities of solid 
and liquid cryolite are almost identical. Therefore, 
the assumption of a constant AHr should not lead to 
significant error. 

Activ i t ies in Cryo l i te -A lumina  Me l ts  
The l i q u i d u s  t e m p e r a t u r e s  of the  c r y o l i t e - a l u m i n a  

sys t em a re  t a k e n  f rom the  r e c e n t  w o r k  of F o s t e r  (8) .  
These  t e m p e r a t u r e s  r a n g e  f rom the  m e l t i n g  po in t  of 
c ryo l i t e  (1004 ~ to the  eu tec t ic  t e m p e r a t u r e  
(961~ O n l y  the  q u a n t i t y  a,, the  a c t i v i t y  of the  
und i s soc i a t ed  c ryo l i t e  in t he  mel ts ,  r e m a i n s  to be 
e v a l u a t e d  in Eq. [ 1 ]. 

T e m k i n  ionic mode l  ]or mo l t en  s a l t s . - - T e m k i n ' s  
f o r m u l a t i o n  (9)  for  the  a c t i v i t y  of a c o m p o n e n t  in 
an  ionic m e l t  is accepted .  A c c o r d i n g  to t h a t  model ,  
the  a c t i v i t y  of a c o m p o n e n t  M1A~ is g iven  b y  

a . . . .  = (nMl+/~nM,+) �9 (nA1-/~nAT) = X ~ + .  XA~- [5]  

w h e r e  n~+ is t he  n u m b e r  of ca t ions  of spec ies  M~, 
~:,n~a+ t h e  t o t a l  n u m b e r  of cat ions ,  n,,~- t h e  n u m b e r  
of anions  of species  A1, :~.~n,7 the  t o t a l  n u m b e r  of 
anions,  X~§ the  ca t ion  f rac t ion ,  and  X~-  the  an ion  
f rac t ion .  

The  ion f r ac t ions  a r e  r a i s ed  to the  a p p r o p r i a t e  
p o w e r  i n d i c a t e d  b y  the  n u m b e r  of t imes  a g iven  ion 
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appears  in the  fo rmu la  of the componen t  be ing  con-  
sidered. 

In  m i x t u r e s  of componen t s  tha t  have  a common  
m o n o v a l e n t  cation, such as Na § in most  of the  cases 
considered in  this  report ,  the cat ion f rac t ion  Xs~ + 
equals  u n i t y ;  and  it  can be shown f rom [5] tha t  the  
act ivi t ies  of the  i n d i v i d u a l  componen ts  reduce  to 
the i r  an ion  f rac t ions  XA~-. * 

Method of calculation.--From [5] it follows tha t  
the ac t iv i ty  of cryol i te  ao can be expressed as 

a ~ = X % ~ + - X  . . . .  0- [6] 

When  sodium is the only  cat ion p resen t  in  the melt ,  
Eq. [6] can be simplif ied to 

ao = XA,F~~ [7] 

The va lue  of the  an ion  f rac t ion  for undissoc ia ted  
cryol i te  X~,~o 0- is d e t e r m i n e d  by the degree  of dis-  
sociat ion a as follows. Consider  the e q u i l i b r i u m  

A 1 F 0  ~ ~ A1F4- -{- 2F- 

K,  = (X,,~-)  . (X~-)~ (X~,~o ~-) [8] 

This express ion  is equ iva l en t  to Eq. [3] whe r e  Kn 
had been  expressed in  t e rms  of act ivi t ies  of compo-  
nen t s  r a t h e r  t h a n  an ion  fract ions.  

For  one mole  of cryol i te  before  dissociation, at 
e q u i l i b r i u m  the n u m b e r  of moles of AIF,- is a; of 
F-, 2,a; of AIF~ ~-, i--a; the total moles of anions, 
1 + 2 ~ .  

The express ions  for the an ion  f rac t ions  become:  

XA,~4- : a / ( 1  ~- 2a) 
Xr -  = 2a / (1  A- 2a) 
ao = XA,~0 ~- : ( 1 - - a ) / ( 1  + 2a) [9] 

These an ion  f rac t ions  are  subs t i tu t ed  in to  Eq. [8] 
to give 

Ko = 4,~V(1 --  a) (1 + 2,~) ~ [10] 

Since K~ is k n o w n  as a func t ion  of t empe ra tu r e ,  a 
can be calculated,  and  the  cryol i te  ac t iv i ty  can be 
d e t e r m i n e d  f rom Eq. [9]. 

When  a l u m i n a  is added to cryoli te,  the  degree  of 
dissociat ion a changes  to some new  va lue  a, tha t  is 
different  for d i f ferent  possible reac t ion  schemes. The 
ion fract ions,  expressed as X,, are  now w r i t t e n  in 
te rms  of bo th  a, and  N,, where  N, r ep resen t s  the 
w e i g h e d - i n  mole f rac t ions  of the  s t a r t ing  compo-  
nents .  The w e i g h e d - i n  mole  f rac t ions  of c ryol i te  and  
a l u m i n a  are  No and  N~, respec t ive ly  (No § N~ = 1). 

For  a n y  i sople thal  composit ion,  va lues  for T and  
K ,  are known .  A n  equa t ion  s imi la r  to Eq. [10] is 
ut i l ized to ob ta in  a,. This  q u a n t i t y  is now used in  

1 The e x i s t e n c e  of  a c o m m o n  m o n o v a l e n t  ca t ion  p e r m i t s  e q u a t i n g  
the  an ion  f r a c t i o n  to the  s i m p l e  mo le  f rac t ion .  Th i s  was  done  by  
F r a n k  and  F o s t e r  (loc. cir.) in  t he  s t u d y  of the  c o n s t i t u t i o n  of 
cryol i te .  

STRUCTURE OF CRYOLITE-ALUMINA MELTS 

Table I. Isoplethal compositions with related liquidus 
temperatures and cryolite dissociation constants 

999 

W e i g h e d -  W e i g h e d -  
in mole  in  mo le  L i q u i d u s  CryoI i t e  

f r ac t ion  of f r a c t i o n  of t e m p e r -  10 4 dissoc ia t ion  
W t  % cryo l i t e  AlcOa a tu re  cons t an t  
AlcOa No N1 t ~ ~ -  K n  

0 1.0000 0 1004 7.830 0.0925 
3.25 0.9353 0.0647 990.4 7.914 0.0845 
5.16 0.8992 0.1008 981,4 7.971 0.0792 
8.12 0.8459 0.1541 970.5 8.041 0.0729 

10.50 0.8054 0.1946 961.6 8.099 0.0684 

an  equa t ion  s imi la r  to Eq. [9] to ca lcula te  a~ (c ryo-  
l i te  ac t iv i ty ) .  - -Log ao can now  be p lo t ted  aga ins t  
1/T for each reac t ion  mechan i sm.  If the  chosen 
m e c h a n i s m  is the  p roper  one and  the  sys tem behaves  
ideal ly,  this  p lo t  should be a s t ra igh t  l ine  whose 
slope is AH~/(2.303R). 

Possible mechanisms for the solution of alumina in 
cryoIite.--Some of the schemes for  the  reac t ion  of 
a l u m i n a  wi th  cryolite tha t  h a v e  been  proposed in  
the  l i t e r a tu re  are  p resen ted  below. In  all  bu t  the  
first case, a l u m i n a  is cons idered  to be comple te ly  
consumed  in  the  fo rma t ion  of some n e w  o x y g e n - c o n -  
t a i n i n g  species. In  each case, the  e q u i l i b r i u m  be tween  
cryoli te,  sod ium fluoride, and  sod ium t e t r a f luoa lumi -  
na t e  is ma i n t a i ne d .  The  reac t ion  to fo rm the  o x y g e n -  
con t a in ing  cons t i t uen t  inf luences  this  e q u i l i b r i u m  by  
c o n s u m i n g  a n d / o r  f o r mi ng  one of the  th ree  species, 
and  by  chang ing  the  to ta l  n u m b e r  of moles present .  

List of Schemes 

I. S imple  solut ion,  w i t hou t  ioniza t ion  
II. 5/2A1F6 ~- A- Al~O0 = 3/2A10~F~ ~ A- 3A1Fj  

III. A1F0 ~- -4- Al~Oo ---- 3AlOFt- 
IV. A1Fo s- A- Al~Oo = 3/2AI~O~F/- 
V. ALO~ ---- A10 § § AIO~- 

VI. 3F- -k AI:O~ = 3/2A10~- + 1 /2A1F:-  
VII. 3F- § AI:O~ = 3/4A1._,O, ~- -4- 1 /2A1F:-  

Results 
Detai ls  of the  ca lcula t ions  for the i n d i v i d u a l  

schemes are  g iven  in  the  Append ix .  The n u m e r i c a l  
va lues  for the quan t i t i e s  No, N1, and  K ,  co r respond-  
ing to each l iqu idus  t e m p e r a t u r e  are l is ted in  Tab le  
I. The  va lues  for the  cryol i te  ac t iv i ty  ca lcu la ted  for 
each of the  seven  schemes are  g iven  in  Tab le  II. 
The  l i nea r i t y  of the  plot  of log a~ vs. 1/T and  the  
a g r e e m e n t  of its slope to the cryoscopic hea t  of f u -  
sion (19.9 • 1.0 kcal)  p rovide  the  cr i ter ia  by  which  
the  schemes are eva lua ted .  F i g u r e  3 p resen t s  a 
g raph ica l  compar i son  of the schemes wi th  the  
dashed l ine  r e p r e s e n t i n g  the cryoscopic heat  of f u -  
s ion of cryoli te.  

Table It. Cryolite activities for reaction schemes 

A l u m i n a  Cryo l i t e  a c t i v i t y  ao 
con t en t  S c h e m e  S c h e m e  S c h e m e  S c h e m e  S c h e m e  S c h e m e  S c h e m e  

w t  % I I I  I I I  IV  V VI  VI I  

0 0.3806 0.3806 0.3806 0.3806 0.3806 0.3806 0.3806 
3.25 0.3670 0.3372 0,3196 0.3528 0.3429 0.3507 0.3689 
5.16 0,3604 0.2986 0.2876 0,3362 0.3228 0.3314 0.3586 
8.12 0.3478 0.2224 0.2399 0.3062 0.2914 0.2959 0.3345 

10.50 0,3373 0.1544 0.2044 0.2800 0.2674 0.2651 0.3099 
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Fig. 3. Cryolite activities as a function of temperature in 
the system r 

S c h e m e  I, in w h i c h  a l u m i n a  is cons ide r ed  as a 
m o l e c u l a r  solute ,  p r o d u c e s  po in t s  f a l l i ng  on a l ine  
whose  s lope  g ives  a l ow  v a l u e  for  AH t of 7.5 kcal .  
Schemes  II,  I II ,  a n d  V a r e  r e j e c t e d  b e c a u s e  t h e y  g ive  
h igh  va lue s  of AHr of 25 to 40 kca l  in t he  d i l u t e  r e -  
g ion w h e r e  t he  cu rves  a r e  s o m e w h a t  l inea r .  S c h e m e  
IV (A1,O~FZ-) a p p r o x i m a t e s  t he  e x p e c t e d  s lope a t  
low a l u m i n a  concen t ra t ions .  H o w e v e r ,  even  the  i n i -  
t i a l  s lope  of 17.5 kca l  is ou t s ide  t h e  e x p e c t e d  e r r o r  
in t he  h e a t  of  fus ion  for  c ryo l i t e .  S c h e m e  VII  
(A1,O2-) g ives  a low v a l u e  for  AHr of 7.5 kca l  in 
d i l u t e  solut ions .  S c h e m e  VI  ( A I O ; )  is t he  on ly  
scheme t h a t  r e p r o d u c e s  t he  hea t  of fus ion  l ine  in t he  
d i l u t e  reg ion .  The  po in t s  up  to 5% a l u m i n a  fa l l  es -  
s e n t i a l l y  on a l ine  w h o s e  s lope  c o r r e s p o n d s  to a 
c ryo l i t e  hea t  of fus ion  of  19.7 kca].  A t  h i g h e r  a l u -  
m i n a  con ten t s  t h e r e  is c o n s i d e r a b l e  dev ia t ion .  

Discussion 
S c h e m e  I w h i c h  p r o d u c e d  a l ine  whose  s lope gave  

a low v a l u e  of 7.5 kca l  for  t he  h e a t  of fus ion  can also 
be  r u l e d  out  b y  o t h e r  e x p e r i m e n t a l  ev idence .  In  
c r y o l i t e - a l u m i n a  mel t s ,  c o m p l e t e  e x c h a n g e  occurs  
r a p i d l y  b e t w e e n  t h e  a l u m i n u m  of a l u m i n u m  ox ide  
a n d  t h a t  of  c r y o l i t e  (10) .  The  d e n s i t y  of  fu sed  c r y o -  
l i t e  dec rea se s  u p o n  t h e  a d d i t i o n  of t h e  m o r e  dense  
a l u m i n u m  o x i d e  (11) .  A r e a c t i o n  b e t w e e n  c r y o l i t e  
and  a lumina ,  r a t h e r  t h a n  a p h y s i c a l  so lu t ion  of  a l u -  
m i n a  in  c ryo l i t e ,  is ind ica ted .  

S c h e m e  VI (AlOe-) showed  good a g r e e m e n t  w i t h  
t h e  c ryoscop ic  h e a t  of fus ion  for  a l u m i n a  con ten t s  up  
to 5 w t  %. The  ex i s t ence  of t h e  an ion  A 1 0 ;  in c r y o -  
l i t e  a l u m i n a  me l t s  was  sugges t ed  b y  t r a n s p o r t  n u m -  
b e r  d e t e r m i n a t i o n s  (10) ,  v i scos i ty  and  d e n s i t y  m e a s -  
u r e m e n t s  (12) in c ryo l i t e  a l u m i n a  mel t s .  S o d i u m  
a l u m i n a t e  has  been  iden t i f i ed  b y  x - r a y  p o w d e r  d i f -  
f r a c t i o n  p a t t e r n s  in NaF-ALO~ m e l t s  q u e n c h e d  f rom 
a b o v e  t h e  l iqu idus .  

I t  m a y  no t  be u n r e a s o n a b l e  to e x p e c t  t h a t  t he  ob -  
s e r v e d  d e v i a t i o n  at  h i g h e r  a l u m i n a  con ten t s  is due  

to i n t e r a c t i o n  b e t w e e n  AlOe- ions  t h a t  g ives  r i s e  to 
p a r t i a l  d i m e r i z a t i o n  (A1~O2-). I n  t he  s o d a - a l u m i n a  
sys tem,  sod ium a l u m i n a t e  (Na20.Al~O3) is a w e l l -  
e s t ab l i shed  c o m p o u n d  m e l t i n g  a t  1650~ The  n a -  
t u r e  of i ts  ions  in  t he  m o l t e n  s t a t e  is no t  known .  
Bo th  AlOe- a n d  AI~OZ- a re  pos s ib l e  an ions ;  h o w e v e r ,  
ca l cu la t ions  of a pos s ib l e  e q u i l i b r i u m  b e t w e e n  A10,-  
a n d  ALOe'- o v e r  t he  compos i t i on  r a n g e  f r o m  p u r e  
c r y o l i t e  to  t h e  eu tec t i c  t e m p e r a t u r e  l ed  to  an  u n -  
r e a s o n a b l e  v a r i a t i o n  in  t he  e q u i l i b r i u m  c o n s t a n t  fo r  
the  m o n o m e r - d i m e r  reac t ion .  

A l t h o u g h  t h e  e v a l u a t i o n  con t a ined  in  th i s  p a p e r  
canno t  be  i n t e r p r e t e d  as conc lus ive  ev idence  of the  
v a l i d i t y  of a s ing le  r e a c t i o n  m e c h a n i s m ,  i t  is of i n -  
t e r e s t  to no te  t h a t  s e v e r a l  p r o p o s e d  m e c h a n i s m s  can 
b e  r u l e d  out  a n d  t h a t  the  m e c h a n i s m  sugges t ed  b y  
th i s  i n v e s t i g a t i o n  is in a g r e e m e n t  w i t h  o t h e r  e x -  
p e r i m e n t a l  ev idence .  

Manuscr ip t  rece ived  Apr i l  22, 1960. Revised manu-  
script  received Aug. 3, 1960. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ ished in the  June  1961 JOURNAL. 
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A P P E N D I X  
The documenta t ion  for the  complex anion product  

and the ma themat i ca l  expressions for the cryol i te  ac-  
t iv i ty  and dissociation constant  a re  given here.  

Scheme I.---A conceivable but  un l ike ly  mechanism 
for the incorpora t ion  of a lumina  in croyl i te  is the s im- 
p le  solution of un- ionized A1208 molecules.  In  t rea t ing  
this case, the Temkin  model  mus t  be abandoned  since 
there  is no mean ing  to an "ion fraction." The cryol i te  
ac t iv i ty  is equated  to i ts  mole  fraction,  considering all  
components  in the  molecular  form. At  equi l ib r ium 

ar~.sA,F6 = (No ~ Noa,) / (2N0a, -h I) [I] 

The degree of dissociation a~ is calculated from the 
following expression for the dissociation constant 
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S c h e m e  / / . - -Fo r l and  (13) investigated the equi l ib-  
r ium between carbon dioxide and molten mixtures  of 
sodium fluoride, cryolite and a luminum oxide. The re -  
sults were explained by assuming that  a lumina  dis- 
solves as a complex ion containing two oxygen atoms 
for each a luminum.  Although it was difficult to deter-  
mine the number  of fluorine atoms in the complex, 
For land suggested that  two was the most probable 
number .  The formation of this an ion  can be wr i t ten  as 

(5/2) A1F~ 3- -5 ALO8 --> (3/2) AlOoF, "- -5 3A1F4- 

The anion fraction of cryolite becomes: 

XA,F~*" = ( N o - -  No~s - -  (5 /2 )  N~) / (No -5 2Noas -5 2N~) 
[2] 

The value of as to be employed in  Eq. [2] is obtained 
from the following expression for the dissociation con- 
stant  

7No - -  2Noas - -  5 No -5 2 N ~ s  ~- 2NI 

S c h e m e  / / / . - -Boner  (14) in terpreted the a lumina-  
cryolite phase diagram and x - r ay  analysis of the 
phases in equi l ibr ium as evidence for the existence of 
AlOFt-. The formation of this anion can be wr i t ten  as 

AIF6 ~- + AI~O~--> 3AIOFo.- 

The anion fraction for this reaction becomes 

X,,r~ (No- No~s --N~)/(No + 2Noas + 2N~) [3] 

The values of a~ are obtained from the following ex- 
pression for the dissociation constant 

( )( 
KD = 2No --  No~s - -  1 1Vo -5 2N0~s -5 2N1 

S c h e m e  IV .~Treadwe l l  (15) proposed the formation 
of the oxyfluoride ion A L O ~ F f -  in cryoI i te-a lumina 
melts. The formation of this anion can be wr i t ten  as 

A1FJ- -5 AhO~ ~ (3/2)A12OfFJ- 

The cryolite anion fraction becomes 

XA,~ 3- = (No -- Noas -- ND/(No -5 2N~ + (I/2)N~) [4] 

The following expression provides the values of as to 
be employed in Eq. [4]. 

K D  ~ . 

2 N o -  N 0 a s -  1 No -5 2No~ + (1/2)N~ 

S c h e m e  V.--Rol in  (16) concluded, from the results 
of a cryoscopic study of the c ryol i te -a lumina  system, 
that  the dissociation of a lumina  can be represented by 
the equation 

AL08 .--> AIO + + AlOe- 

The cryolite anion fraction becomes 

XA,Fo 8- ----- (No -- No~s) / (No -5 2N0=s + N1) [5] 
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The following equat ion is solved for as, 

No -5 2No~s -5 N1 

and XA~F~3- is calculated by subst i tu t ing this value of ar 
into Eq. [5]. However, in this case the expression does 
not represent  the activity of the solvent, cryolite, 
since the cation fraction is not un i ty  and must  be 
evaluated also. 
The cation fraction of sodium can be expressed as 

XN~+ ---- (3No)[ (3No -5 N1) [6] 

The cat ion-anion fraction product  becomes 

a c  = Z N a  +3 " X A I ~ 6  z -  

Subst i tut ion of expressions for anion and cation frac- 
tions, (Eq. [5] and [6]) yields 

3No -5 N1 No -5 2Noa -5 N1 

S c h e m e  VI. - -Transpor t  n u m b e r  determinat ions (10) 
in c ryol i te -a lumina  melts and viscosity and density 
measurements  (12) suggest the existence of the alu- 
minate  ion. The formation of this anion can be wr i t ten  
a s  

3F- -5 ALO~--> ( 3 / 2 ) A I O z  + (1/2)A1Fo z- 

The cryolite anion fraction becomes 

XAI~6~- = (No ~ Noas -5 ( 1 / 2 ) N : ) / ( N o  -5 2No~, - -  N~) [7] 

From the following expression for the dissociation con- 
stant, values for a~ are obtained 

S c h e m e  V I I . - - F r e j a c q u e s  (17) postulated the 
existence of the compound Na~AI~O~ in cryol i te -a lumina  
melts. The format ion of the anion of this compound 
may be wr i t ten  as 

3F- -5 ALO~ --> (3/4) AI~OJ- -b (1/2) A1FJ- 

T h e  cryolite anion fraction becomes 

XA,F6~-= (No- -No~s  -5 ( 1 / 2 ) N D /  

(No -5 2Noas - -  (7/4)N~) [8] 

The values of as to be used in Eq. [8] are obtained 
from the following expression of the dissociation con- 
stant  

K~_- - (  No~, ) 

No --  Noas -5 (1/2) NI 

2N0~s - -  3N1 y 

No -5 2N0~s - -  (7/4)N~/ 
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On the Role of the Oxygen Concentration 
Cell in Crevice Corrosion and Pitting 
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Uhlig  (1) states tha t  contact  corrosion of s ta inless  
steels " . . .  proceeds by  a m e c h a n i s m  ident ica l  to 
tha t  descr ibed . . . for p i t  growth ."  In  the  case of 
s ta inless  steel  others  also have  recognized the  s imi-  
l a r i ty  b e t w e e n  crevice corrosion and  p i t t ing  (2) ,  bu t  
it  does no t  appear  to have  been  suggested to date  
t ha t  the  two processes are  iden t ica l  for any  m e t a l  in  
any  electrolyte .  Poss ib ly  because  of the  obvious  d i f -  
ficulties associated w i th  m e a s u r e m e n t s  on pi ts  or 
crevices, r e l a t i ve ly  few f u n d a m e n t a l  inves t iga t ions  
appear  to have  been  a t t empted .  However ,  U lanovsk i i  
and  K o r o v i n  (3) showed tha t  the  solut ion in  s t a in -  
less steel crevices cor roding  in  sea wa t e r  reached 
pH va lues  of about  3 whi le  Rozenfeld  and  Marsh -  
akoff (4) showed tha t  the  solut ion pH in  cor roding  
a l u m i n u m  crevices also fal ls  be low tha t  of the  b u l k  
of the  solut ion.  (They  also suggested tha t  this  low 
pH is more  i m p o r t a n t  t h a n  di f ferent ia l  ae ra t ion  
af ter  corrosion has been  in i t ia ted . )  

The acid n a t u r e  of the  solut ion in  pi ts  has been  
d e m o n s t r a t e d  for a n u m b e r  of meta l s  (5, 6) and  
Hoar ' s  acid theory  (7-9)  is at p resen t  p r o b a b l y  the 
most  gene ra l l y  accepted exp l ana t i on  of the p i t t ing  
a t tack  on m a n y  metals .  

So it can be said tha t  in  all  cases inves t iga ted ,  the 
so lu t ion  pH fel l  at  sites of local  corrosion. 

No oxygen  concen t r a t i on  m e a s u r e m e n t s  in cor-  
rod ing  pi ts  and  crevices have  been  located by  the 
authors ,  b u t  Evans  and  others  have  pos tu la ted  tha t  
crevice corrosion is in i t i a t ed  by  local exhaus t i on  of 
oxygen  (or i nh ib i t o r )  in  a crevice (10-12) whi le  May 
(13) conc luded  tha t  the  p i t t i ng  of copper in  wa te r s  
con ta in ing  chloride was  d e p e n d e n t  on the  in t e rac t ion  
of anodica l ly  produced  cuprous  chloride w i th  oxy-  
gen diffus~ing towards  the  anode,  and  St re tcher  (2) 
a t t r i b u t e d  s ta inless  steel p i t t ing  to the  jo in t  act ion 
of d i f ferent ia l  acid and  oxygen  concen t r a t i on  cells. 

Thus,  whi le  there  is no di rect  evidence,  it  is w ide ly  
held  tha t  p i t t i ng  and  p a r t i c u l a r l y  crevice corrosion 
are inf luenced by  the  ac t ion  of d i f ferent ia l  ae ra t ion  
cells. 

Ano the r  m e c h a n i s m  k n o w n  as the  me t a l  ion con-  
cen t r a t i on  cell is wel l  es tab l i shed  in  the  l i t e r a tu r e  
bu t  has been  shown to be i nva l id  (14) (see also 
A p p e n d i x  I ) .  

~Present  address:  Atomic Energy  Research Establishment,  I-Iar- 
well, England. 

In  the p resen t  w o r k  it is suggested tha t  p i t t ing  
and  crevice corrosion are iden t ica l  processes, each 
de pe nd i ng  on the  conjo in t  ac t ion of the  acid m e c h -  
a n i sm  and  di f ferent ia l  aera t ion.  To suppor t  this  
hypothes is  two a r g u m e n t s  are advanced  agains t  a 
d i f ferent ia l  ae ra t ion  cell m e c h a n i s m  as the  sole agen t  
respons ib le  for a n y  localized corrosion.  

1. Unless  oxygen  is used up  at  anodes,  a self-  
suppor t ing  s t eady- s t a t e  sys tem depend ing  solely on 
d i f ferent ia l  ae ra t ion  is impossible.  This  is shown as 
follows: The d i f ferent ia l  ae ra t ion  cell m e c h a n i s m  
assumes tha t  o x y g e n  concen t r a t i on  on a pa r t i cu l a r  
anode  is smal le r  t h a n  on ad jacen t  cathodes.  Oxygen  
concen t r a t i on  on an  anode mus t  therefore  e i ther  be 
cons tan t  or reach a m i n i m u m  value.  

Consider  a s t eady- s t a t e  d i f ferent ia l  ae ra t ion  sys-  
t e m  in  which  oxygen  is t r a n spo r t e d  by  diffusion 
only,  oxygen  is used  up only  at cathode areas, no 
oxygen  is evolved anywhere ,  and  anodes  of f inite 
area  exist. 

Let C be the oxygen  concent ra t ion .  
At  anodes no oxygen  is consumed  or produced,  so 

grad~ C = 0 on the  anode surface.  I t  follows tha t  C 
cannot  be cons tan t  on the anode because  if so, cal-  
cu la t ion  of C and  VC at a po in t  close to the anode  
by  Taylor ' s  series would  show tha t  C and  VC had  
not  changed  on m o v i n g  off the surface.  The Tay lo r  
series ca lcu la t ion  t h e n  could be repea ted  for a po in t  
a l i t t le  fu r the r  a w a y  and  so on, u n t i l  it was shown 
tha t  C = cons tan t  e v e r y w h e r e  and  VC = 0 e v e r y -  
where .  This cor responds  to the case where  no cor-  
rosion act ion takes  place and  is of no interest .  

Since oxygen  flow is a lways  t oward  cathodes, 
there  can be no m i n i m u m  of C on an  anode surface, 
and  a ny  m i n i m a  of C mus t  be on cathodes. S ince  
oxygen  concen t r a t i on  is a con t inuous  func t ion  of 
posit ion,  this impl ies  that ,  for a ny  anode-ca thode  
in te r face  in  the type  of sys tem considered,  t he re  
mus t  be points  on the  cathode side of the  in te r face  
(perhaps  only  v e r y  close to the  in te r face)  where  the  
oxygen  concen t r a t i on  is smal le r  t h a n  the  c o n c e n t r a -  
t ion  at some place on the anode  side of the  in te r face  
(perhaps  r e l a t i ve ly  far  f rom the  in t e r face ) .  But  th is  
is con t r a ry  to hypothes i s  because  it  is impl ic i t  in  the  
concept  of a d i f fe rent ia l  ae ra t ion  cell tha t  oxygen  
concen t ra t ion  m u s t  a lways  be  g rea te r  at cathodes 
t h a n  at anodes. 
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The on ly  way  to resolve this difficulty whi le  r e -  
t a i n ing  the r e q u i r e m e n t  of s teady s ta te  is to assume 
ei ther  tha t  on ly  po in t  anodes exist,  or tha t  oxygen  
is consumed  at anodes.  The fo rmer  a s sumpt ion  is u n -  
t enab le  because  inf in i te  anode c u r r e n t  densi t ies  
would  occur, hence  oxygen  mus t  be consumed  at  
anodes. 

However ,  the  oxygen  which m u s t  be used at  
anodes in  genera l  r epresen t s  anode corrosion due to 
local microcel l  action. Hence  local microcel l  ac t ion 
at anodes  is essent ia l  for the w o r k i n g  of a se l f - sup-  
por t ing  d i f ferent ia l  ae ra t ion  cell and  mus t  con t r ib -  
u te  to the  dissolut ion of metal .  In  other  words,  if 
the c u r r e n t  f lowing b e t w e e n  the  anodic  and  cathodic 
regions were  measured ,  it would  no t  be found  to 
account  for all  of the  observed corrosion.  

2. The  d i f ferent ia l  ae ra t ion  m e c h a n i s m  itself, if 
considered in detail ,  leads to d i f ferent ia l  acid con-  
cent ra t ions .  For  if a d i f fe rent ia l  ae ra t ion  m e c h a n i s m  
causes localized corrosion,  the pH of the  solut ion at  
anodic  areas m u s t  become lower  t han  the pH of the  
solut ion a t  cathodic areas  due to the  p r e p o n d e r a n c e  
of me ta l  ion p roduc t ion  and  oxygen  depolar iza t ion  
at the two respect ive  surfaces.  

It  is therefore  pos tu la t ed  tha t  af ter  the m e c h a n i s m  
which  de t e rmines  the  site of corrosion in i t i a t ion  has 
ceased to opera te  (i.e., as soon as localized a t tack  
has b e g u n ) ,  for a n y  pa r t i cu l a r  me ta l  in  a ce r ta in  
med ium,  exac t ly  the  same m e c h a n i s m  operates  in  
the case of p i t t ing  and  crevice corrosion.  So in  m a n y  
cases of crevice corrosion it is p r o b a b l y  an  acid 
m e c h a n i s m  which  chiefly accounts  for the  localized 
n a t u r e  of the  at tack.  The local exhaus t ion  theory  
accounts  m a i n l y  for the  posi t ion at which  a t tack  is 
in i t ia ted.  

I t  m a y  be no ted  t ha t  the  opera t ion  of an  acid 
m e c h a n i s m  corrosion cell ipso ]acto produces  a dif-  
f e ren t i a l  ae ra t ion  effect because  the  microcel l  cor-  
rosion due  to acid condi t ions  uses up  oxygen.  So if, 
for example ,  a pi t  is in i t i a t ed  on a piece of s ta inless  
steel e i ther  by  oxygen  s t a rva t ion  or by  acid a t tack  
(o ther  th ings  be ing  equa l ) ,  the  f inal  cor roding  sys-  
tems should  be ident ical .  

I m p o r t a n t  factors  such as ac t ive -pass ive  cells 
(e.g., stainless  steels)  and  o x y g e n - a b s o r b i n g  anodic  
corrosion products  (e.g., copper)  have  not  been  dis-  
cussed here  because,  whi le  they  m a y  inf luence  the  
re la t ive  impor t ance  of the  di f ferent ia l  ae ra t ion  and  
the  d i f ferent ia l  acid concen t ra t ion  cells, the  above 
a r g u m e n t s  are  bas ica l ly  unaffected.  

Conclusion 
It  is proposed tha t  the  crevice corrosion me c h -  

an i sm must ,  l ike  p i t t i ng  (2, 15), be d iv ided  into two 
stages. A di f ferent ia l  ae ra t ion  or inh ib i to r  exhaus t ion  
m e c h a n i s m  is decisive in  d e t e r m i n i n g  the  locat ions 
at which  crevice corrosion is in i t ia ted .  Af te r  i n i t i a -  
tion, however ,  con t inued  crevice corrosion depends  
also on the  acid m e c h a n i s m  f r e q u e n t l y  used to ex-  
p la in  the  au toca ta ly t ic  n a t u r e  of p i t t ing .  

The presence  of oxygen  as a depolar iz ing  agent  is 
sti l l  essential ,  bu t  no t  in  the sense of a d i f ferent ia l  
ae ra t ion  mechan i sm.  The  fo l lowing  example  i l lus -  
t ra tes  this  point .  Copper  corrodes on ly  v e r y  s lowly  
in oxygen - f r ee  HC1, bu t  if oxygen  is added corrosion 
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occurs r ap id ly  (1).  Thus  oxygen  is necessa ry  as a 
depolar iz ing  agent  for the  corrosion of copper in  
HC1, bu t  d i f ferent ia l  ae ra t ion  p lays  no  part .  

P i t t i n g  is cons idered  to be m e r e l y  a l imi t ing  case 
of crevice corrosion,  the  difference be ing  tha t  mac ro -  
scopic geomet r ica l  factors d e t e r m i n e  the  in i t i a t ion  
sites of crevice corrosion, whi le  r a n d o m  microscopic 
factors usually determine the sites of initiation of 
pitting corrosion. For any particular metal, steady- 
state pitting and crevice corrosion occur by identical 
mechanisms involving the conjoint action of differ- 
ential acid concentrations and differential oxygen 
(or other depolarizer) concentrations. 
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APPENDIX I 
The experiments  of Marshakoff and Rozenfeld on 

copper crevice corrosion (16) call for some comment. 
It has been proved that the metal  ion concentrat ion cell 
cannot be a cause of s teady-state  crevice corrosion (14), 
(or, for that matter,  any other type of localized cor- 
rosion), but  Marshakoff and Rozenfeld concluded that  
metal  ion concentrat ion cells were in fact operative in 
their  experiments.  

We agree with their interpretat ion,  but  we consider 
that  the experiments  were designed wrongly, and 
while in the cases of the other metals investigated this 
has only quant i ta t ive ly  influenced the results, in the 
case of copper it has lead to wrong conclusions. 

Our objection is that the electrolyte used in many  
of the experiments  (and in  par t icular  the experiments  
on copper) was far too aggressive. 

Crevice corrosion is not  a serious hazard in situations 
where  the electrolyte causes general  attack of freely 
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Fig. 1. Section of a brazed seam from a copper water tank. 
Slight general attack of the copper on the inside surface has 
occurred. There is no special corrosion at the crevice mouth, 
but the copper has been attacked locally at a number of places 
inside the crevice. Specimens of this kind, where crevice cor- 
rosion has occurred in the absence of interfering effects are 
relatively rare in our experience. Magnif icat ion 9X before re- 
duction for publication. 

exposed metal  (e.g., copper in 2N NaC1 solution).  As 
shown by Marshakoff and Rosenfeld in the cases of 
i ron (17) and copper (16) immersed in  2N NaC1 solu- 
tion, corrosion in the crevices is less severe than cor- 
rosion of the freely exposed metal  surfaces, and the 
electrical coupling of crevices to freely exposed metal  
produces only small  changes in this state of affairs. 
Thus the crevice corrosion mechanisms are inevi tably 
masked to a greater or lesser extent  by the general 
corrosion taking place. 

Crevice corrosion is most serious and most apparent  
when  the freely exposed metal  is relat ively immune  to 
attack and metal  dissolution occurs predominant ly  at 
crevices. Only under  such conditions (which usual ly 
involve a much less aggressive medium than 2N NaC1) 
is it l ikely that mechanisms can be successfully in-  
vestigated, because the interfer ing general  corrosion 
is absent. 

We consider the metal  ion concentrat ion effects ob- 
served by Marshakoff and Rozenfeld to be a result of 
the general  corrosion caused by the aggressive electro- 
lyte, inside and outside the copper crevice and not the 
cause of any corrosion. In  the absence of the aggressive 
electrolyte their  exper imenta l  results  would have been 
quite different. 

A fur ther  objection to the metal  ion concentration 
cell mechanism is that  it offers no explanat ion for the 
local na ture  of the attack at the crevice mouth re-  
ferred to by Marshakoff and Rozenfeld. In  a high con- 
duct ivi ty electrolyte such as 2N NaC1 or sea water, 
corrosion would be expected to spread evenly over 
large areas of freely exposed metal  surrounding a 
crevice. Also crevice corrosion of copper does not al-  
ways occur at the crevice mouth (Fig. 1). 

Electrodeposition of Pure Copper 
Sidney Barnartt  

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

Elec t rodepos i t ion  is a t t r ac t ive  as a me thod  of p r e -  
pa r ing  copper  pla tes  h a v i n g  k n o w n  added i m p u r i -  
ties. Such copper  test  p la tes  are  use fu l  for ox ida t ion  
to cuprous  oxide semiconduc tors  in  the  s tudy  of 
rectifiers and  photovol ta ic  cells. As a s t a r t ing  point ,  
however ,  a me thod  of e lec t rodepos i t ing  h i g h - p u r i t y  
copper is necessary .  The  p r e sen t  repor t  deals w i th  
this phase.  Af t e r  sufficient p u r i t y  is achieved,  cer -  
t a in  meta l l i c  impur i t i e s  m a y  be incorpora ted  one at 
a t ime  by  add i t ion  of an  appropr i a t e  salt  to the  elec- 
t rolyte .  

Smar t ,  Smi th ,  and  Phi l l ips  (1) have  descr ibed  the 
complex  pur i f ica t ion  me thod  used by  the  A m e r i c a n  
Sme l t i ng  and  Refining C o m p a n y  (ASR) .  This  i n -  
vo lved  fer r ic  hyd rox ide  prec ip i ta t ion ,  sulfide p re -  
c ipi ta t ion,  e lec t rodepos i t ion  f rom a sul fa te  solut ion,  
ox ida t ion  of the  m o l t e n  meta l ,  e lec t rodeposi t ion  
f rom a n i t r a t e  solut ion,  and  f inal ly  m e l t i n g  in  a 
h i g h - p u r i t y  g raph i te  crucible .  A m u c h  s imple r  p ro -  
cedure  on a smal le r  scale, i nvo lv ing  one e lec t rode-  
posi t ion step and  no s u b s e q u e n t  mel t ing ,  is r epor ted  
here.  Data  on the  degree  of p u r i t y  a t t a ined  are p r e -  
sented.  

Procedure 

The e lec t ro ly te  used was  CuSO,-0.6M, H2SO,-0.8M. 
This was p r e p a r e d  f rom CuSO,.5H~O ( t e s t e d - p u r i t y  

r eagen t  f rom a s ingle  m a n u f a c t u r e r ' s  lot n u m b e r ) ,  
redis t i l led  water ,  a nd  dis t i l led H~SO, ob ta ined  by  
f rac t iona l  d i s t i l l a t ion  in  a l l - P y r e x  stills. The  copper 
sul fa te  was first dissolved in  water ,  and  a solut ion of 
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r eagen t  g rade  Na~S.9H~O added to a concen t r a t i on  
of 6 x 10-'M. Af te r  h e a t i n g  to 70~ and  cooling ove r -  
n ight ,  the  m i x t u r e  was decan ted  and  f i l tered by  
suct ion th rough  a f r i t t ed  P y r e x  filter ( "u l t ra f ine"  
poros i ty ) .  The H~SO4 was t h e n  added and  the  vo l -  
u m e  adjus ted .  

Elec t rodepos i t ion  was  car r ied  out  at 30~ and  a 
cathode c u r r e n t  dens i ty  of 50 m a / c m  ~. The P y r e x  
cell used is shown in  Fig. 1 and  was  a modified i n -  
ve r t ed  E r l e n m e y e r  flask h a v i n g  a fiat bot tom. The  
cap of the  cell he ld  the  p l a t i n u m  wi re  anode  which  
s u r r o u n d e d  a cen t ra l  ver t ica l  tube,  into the  bo t tom 
of which  a p l a t i n u m  lead was sealed and  p ro t r ude d  
sufficiently to contact  the  cathode washe r  at its i n n e r  
edge. The  cathode d iameters ,  1.3 cm i n n e r  x 3.8 cm 
outer ,  closely ma tched  the  d i ame te r s  of the  cen t r a l  
t ube  and  ca tho ly te  well .  The cy l indr ica l  ca tholy te  
wel l  was  5.1 cm h igh  and  con t r i bu t ed  to u n i f o r m i t y  
of c u r r e n t  d i s t r i bu t ion  over  the  cathode. Al l  deposits  
were  a p p r o x i m a t e l y  180~ in  average  thickness .  
Af te r  be ing  s t r ipped  f rom the base me ta l  and  
t r i m m e d  to 3.6 cm OD x 1.5 cm ID, they  had  a th i ck -  
ness va r i a t ion  of less t h a n  -----5 %. 

The cathode was a s ta inless  steel  washe r  h a v i n g  
rounded  edges. It  was p rep la ted  w i th  copper to a 
th ickness  of 2~ in  an  aux i l i a ry  acid copper  bath ,  
purif ied copper was  deposi ted to the  desired th i ck -  
ness, and  then  the  edges of the  deposit  were  cut  to 
re lease the  copper  disk. The  l a t t e r  was  t rea ted  
anodica l ly  in  an  a lka l ine  cyan ide  so lu t ion  to dissolve 
2.5~ of copper, thus  r e m o v i n g  the  p rep la te  layer .  
F i n a l  c lean ing  before  ana ly t i ca l  or res idua l  res i s t iv i ty  
m e a s u r e m e n t s  compr ised  "b r igh t  dip" in  HNO3- 
H~SO,-HC1 solu t ion  fo l lowed b y  10% I-INO~, red is -  
t i l led  water ,  and  abso lu te  alcohol. 

Copper  deposi t ion f rom the  acid sul fa te  e lec t ro ly te  
used resu l t ed  in  a r educ t ion  of the  CuSO, concen-  
t r a t i on  and  an  increase  in  H~SO, concen t ra t ion .  The  
solut ion was  r ead ju s t ed  to the  or ig ina l  composi t ion  
af ter  each washe r  was  p la ted  by  r e m o v i n g  50 cc of 
the e lec t ro ly te  and  add ing  50 cc of a pur i f ied r e p l e n -  
ishing solut ion h a v i n g  the  appropr i a t e  CuSO~ and  
H~SO~ concen t ra t ion .  By this  m e a n s  the  so lu t ion  
composi t ion was  m a i n t a i n e d  cons tan t  to w i t h i n  
•  

Spectroscopic ana lys i s  was used for d e t e r m i n a t i o n  
of meta l l i c  impur i t i e s  in  the  copper. Arc - spec t r a  of 
50 mg samples  were  ob ta ined  and  compared  w i th  
s imi la r  spectra  for h i g h - p u r i t y  copper  s tandards .  ~ 
Oxygen  was d e t e r m i n e d  on 0.7-g samples  by  the 
v a c u u m - f u s i o n  method,  and  su l fu r  on 1.5-g samples  
by  a combina t ion  v a c u u m - f u s i o n  and  mass - spec t ro -  
met r ic  p rocedure  as descr ibed b y  H i c k a m  (2, 3). 
Res idua l  res i s t iv i ty  m e a s u r e m e n t s  were  made  on 
str ips cut f rom the  electrodeposit ,  which  were  vac -  
u u m  a n n e a l e d  at 900~176 for 15 h r  at  a p ressure  
of 10 -~ m m  Hg. On  each sample  res is t iv i t ies  m e a s -  
u red  at 4.2 ~ and  1.9~ agreed w i t h i n  -----1%. 

Results 
The cathodic copper  deposits  180 ~ th ick  had  v e r y  

smooth,  ma t t e  surfaces.  Ana lyses  of these deposits 
are  g iven  in  par ts  per  mi l l ion  (ppm)  in  Tab le  I. 
Over  30 e lements  no t  l is ted in  the t ab le  were  found  

1 A d a m  H i l g e r  Ltd .  ( J o h n s o n  M a t t h e y  Ltd. ,  E n g l a n d ) .  

Table I. Copper analyses, ppm 

E l e c t r o -  
d e p o s i t e d  copper  A S R  

E l e m e n t  ( th is  r epor t )  copper  (1) 

O 3 
S <1 <1 
Fe <1 <0.7 
As <0.3 <2 
Sn 0.2 <1 
Ag <0.1 <0.3 
Pb 0.05 <1 
Sb <0.05 <I 
Bi <0.03 <0.1 
Cr Not detected <0.5 
Te <2 
Se <I 
Ni Not detected <1 
Si Detected* <0.1 
Mg Detected* 
Mn Detected* 
Zn Detected* 

* A t  l i m i t  of  de t ec t ab i l i t y ,  no s t a n d a r d s  ava i l ab l e .  

Table II. Residual resistivities of polycrystalline copper 

V a c u u m - a n n e a l i n g  1 0 ~ . 2 o /  
C o p p e r  u s e d - - r e f e r e n c e  t e m p e r a t u r e ,  ~  p273.2 o 

Electrodeposited this report  
ASR--MacDonald  and Pearson 

(4) 
ASR Kropschot, Garber,  and 

Blatt  (5) 
ASR--Whi te  and Woods (6) 
ASR--Powel l ,  Roder, and Hall  

(7) 
ASR White and Tainsh (8) 

900-940 1.6-2.0 
(as ca s t i n  9.8 
graphite) 

950 1.85 

530 1.62 
400 0.615 

530 0.56 

to be absen t  in  the  r e l a t i ve ly  sens i t ive  arc spectra  
obta ined.  The  ind ica ted  p u r i t y  is 99 .999+%,  s imi la r  
as far  as is k n o w n  to t ha t  of the  e l abora te ly  purif ied 
ASR copper.  Ana ly t i c a l  da ta  repor ted  for the  l a t t e r  
(1) are l is ted in  the  t ab l e  for compar ison.  Ac tua l  
m e a s u r e m e n t s  of oxygen  concen t r a t i on  were  not  
repor ted  for the ASR metal ,  bu t  this  ce r t a in ly  would  
be less t h a n  our  va lue  of 3 p p m  because  ASR copper  
was  me l t ed  in  h i g h - p u r i t y  g raph i t e  as a final step. 

O ur  r e s idua l  r e s i s t iv i ty  m e a s u r e m e n t s  are com-  
pared  in  Table  II  wi th  m e a s u r e m e n t s  on ASR copper, 
which  has been  s tudied  by  severa l  au thors2  The  l a t t e r  
va lues  v a r y  over  a wide  range .  I t  has been  shown  
tha t  the  r e s idua l  res i s t iv i ty  of h i g h - p u r i t y  copper 
is m a r k e d l y  d e p e n d e n t  on a n n e a l i n g  t e m p e r a t u r e  
and  on s l ight ly  oxidiz ing or r educ ing  condi t ions  d u r -  
ing the  a n n e a l i n g  p rocedure  (4, 9), as we l l  as on i m -  
pur i t ies  u n i n t e n t i o n a l l y  in t roduced.  For  a n n e a l i n g  
t e m p e r a t u r e s  of 900o-950 ~ the  re s idua l  res is t iv i t ies  
of the two types  of copper  are  in  exce l len t  agree -  
ment ,  even  though  the  ASR me ta l  had been  mel ted  
p rev ious ly  whi le  the  e lect rodeposi ted  was  not. This  
wou ld  ind ica te  the  same effective i m p u r i t y  concen -  
t ra t ion ,  b u t  the  a g r e e m e n t  is p r o b a b l y  for tu i tous .  
Thus  one can conclude  on ly  tha t  the low va lue  of 
res idua l  res i s t iv i ty  found  for the  e lect rodeposi ted  
copper indica tes  h igh pu r i t y ;  a re l i ab le  p u r i t y  r a t i n g  
re la t ive  to ASR copper is no t  possible f rom the  da ta  
in  Tab le  II. 

2 I t  is  a s s u m e d  t h a t  the  h i g h - p u r i t y  A S R  coppe r  o b t a i n e d  b y  e a c h  
of  these  g r o u p s  was  m e t a l  p r e p a r e d  b y  the  m e t h o d  of S m a r t ,  S m i t h ,  
a n d  P h i l l i p s  (1).  
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Because  of t he  h igh  p u r i t y  ach ieved ,  t he  s impl i f ied  
p r e p a r a t i o n  d e s c r i b e d  h e r e i n  p r o v i d e s  an  a t t r a c t i v e  
s t a r t i n g  p o i n t  for  l a b o r a t o r y  s tud ies  on coppe r  h a v -  
ing  con t ro l l ed  a d d e d  impur i t i e s ,  the  i m p u r i t i e s  be ing  
a d d e d  to t he  p l a t i n g  ba th .  
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Some Observations on the System ZnS-AIP 
Arrigo Addamiano 

Lamp Research Laboratory, General Electric Company, Nela Park, Cleveland, Ohio 

Zinc sulf ide p h o s p h o r s  w i t h  p h o s p h o r u s  a c t i v a t o r  
and  ch lo r ine  coac t i va to r  h a v e  been  d e s c r i b e d  b y  
M c K e a g  and  R a n b y  (1) .  More  r e c e n t l y  A p p l e  (2)  
has  shown  tha t ,  u n d e r  spec ia l  cond i t ions  (p r e sence  
of Cu a c t i v a t o r ) ,  p h o s p h o r u s  a n d  o the r  g roup  V e l e -  
m e n t s  can b e h a v e  as coac t iva to r s  in zinc sulfide.  We 
h a v e  m a d e  some o b s e r v a t i o n s  on the  r e l a t e d  s y s t e m  
ZnS-A1P.  O u r  w o r k  is in a g r e e m e n t  w i t h  t he  i n v e s -  
t i ga t ions  m e n t i o n e d  a b o v e  and  w i t h  t he  t h e o r y  of 
c h a r g e  c o m p e n s a t i o n  of K r S g e r  and  Dikhoff  (3 ) .  

I n t e r e s t  in  the  sy s t em Z n S - A 1 P  was  m o t i v a t e d  b y  
the  close s i m i l a r i t y  in c r y s t a l  s t r u c t u r e  of t he  two  
subs tances ,  a c c o m p a n i e d  b y  a l a rge  d i f fe rence  in 
the  b a n d  gaps  (3.7 e.v. for  ZnS,  and  3.0 e.v. for  ALP).  
The  l o w - t e m p e r a t u r e  modi f i ca t ion  of zinc sulf ide  has  
the  cubic  z i n c - b l e n d e  s t r u c t u r e  w i t h  a cel l  edge  (4)  
of 5.4060A. A l u m i n u m  p h o s p h i d e  also c rys t a l l i z e s  
w i t h  t he  z i n c - b l e n d e  s t r u c t u r e  and  a l a t t i c e  p a r a m -  
e t e r  (5) ao ~ 5.451A. The  bonds  in these  c o m p o u n d s  
a r e  at  l eas t  p a r t l y  cova len t ,  and  a c o m p a r i s o n  of t he  
t e t r a h e d r a l  cova l en t  r a d i i  of t he  a toms,  as g iven  b y  
P a u l i n g  (6 ) ,  (Zn  1.31A; A1 1.26A; P 1.10A; S 1.04A) 
shows r e l a t i v e l y  s m a l l  d i f ferences .  

F o r  t he  s t u d y  of t he  so lub i l i t y  of A l P  in Z n S  w e  
used  l u m i n e s c e n t  g r a d e  zinc sulf ide (p re f i r ed  in 
H2S) and  a l u m i n u m  p h o s p h i d e  p r e p a r e d  as d e s c r i b e d  
in a n o t h e r  p a p e r  (5) .  I n t i m a t e  m i x t u r e s  of fine p o w -  
de r s  of t he  two  subs tances ,  w i t h  d i f fe ren t  m o l a r  
con ten t  of A l P  (0.5; 1.0; 5.0; 10; 20; 40; 60; 8 0 % )  
w e r e  sea l ed  in fused  s i l ica  t ubes  in an  a rgon  a t m o s -  
p h e r e  ( m e a s u r i n g  200 m m  at  r oom t e m p e r a t u r e )  
and  w e r e  f i red 24 h r  a t  900~ W h e n  the  f u r n a c e  was  
cool the  t ubes  w e r e  e x t r a c t e d  and  the  p r o d u c t s  ob -  
t a i n e d  e x a m i n e d  b y  x - r a y  d i f f r ac t ion  us ing  a G E -  
XRD3 d i f f r ac tome te r .  F o r  c o m p a r i s o n  x - r a y  d a t a  
w e r e  co l l ec ted  also for  p u r e  Z n S  and  AlP ,  and  for  
the  unf i red  m i x t u r e s .  Emiss ion  spec t r a  u n d e r  3650A 
and  o the r  op t i ca l  d a t a  for  the  f ired m i x t u r e s  w e r e  
o b t a i n e d  us ing  a g r a t i n g  s p e c t r o p h o t o m e t e r .  

The  ana lys i s  of t he  x - r a y  d i f f rac t ion  d a t a  was  d e l -  
i ca te  because  mos t  of t he  low-/)  l ines  of zinc b l ende  
and  a l u m i n u m  p h o s p h i d e  over l ap ,  w h i l e  t he  high-/)  
l ines  a r e  r e l a t i v e l y  w e a k .  F o r  a con ten t  of a l u m i n u m  
p h o s p h i d e  b e t w e e n  10 a n d  80 mo le  % the  p a t t e r n s  of 
f l -ZnS  and  A l P  a re  c l e a r l y  d i sce rn ib le ,  the  high-/)  r e -  
f lect ions we l l  r e so lved ,  and  no o the r  l ines  a r e  p r e s -  
ent.  F o r  a con ten t  of A l P  less t h a n  10% the  p a t t e r n  
of A l P  does not  show up e i the r  a b o v e  the  b a c k -  
g r o u n d  in t he  f i red s a m p l e s  or  in t he  unf i r ed  m i x -  
tures .  Yet,  s ince no sh i f t  of the  high-/)  l ines  a p p e a r s  
in t he  p a t t e r n  of zinc sulfide, t he  conclus ion  is 
r e a c h e d  t ha t  the  so lub i l i t y  of A l P  in ZnS  is v e r y  
smal l ,  p r o b a b l y  a b o u t  1 mole  % or  less. This  con-  
c lus ion  is in a g r e e m e n t  w i t h  the  f ind ing  of M c K e a g  
and  R a n b y  (1) who  d id  not  find " a n y  s ignif icant  
d e v i a t i o n  in s t r u c t u r e "  for  t he i r  p h o s p h o r u s  ac t i -  
v a t e d  zinc sulf ide p h o s p h o r s  as c o m p a r e d  to u n a c -  
t i v a t e d  zinc sulfide. 

To f u r t h e r  check  this  po in t  w e  h a v e  r e a c t e d  a 
m i x t u r e  of Zn~Po and  AI~S.~ in a sea led  q u a r t z  tube  in 
an  a r g o n  a t m o s p h e r e  at  900 ~ for  24 hr .  X - r a y  a n a l -  
ys is  of the  p r o d u c t s  so ob t a ined  showed  tha t  an  
a lmos t  comple t e  r e a c t i o n  h a d  occur red ,  w i t h  d i s -  
a p p e a r a n c e  of t he  p a t t e r n s  of Zn,P2 and  Al~S~ and  
a p p e a r a n c e  of the  p a t t e r n s  of A l P  and  ZnS.  1 

As  for  the  emiss ion  spec t ra  u n d e r  u.v. (3650A) 
i r r a d i a t i on ,  a b r i g h t  y e l l o w  emiss ion  is p r e sen t  a t  
l i qu id  a i r  t e m p e r a t u r e  in a l l  t he  f i red m i x t u r e s  for  
concen t r a t i ons  of A l P  up  to 80%. A t  room t e m p e r a -  
ture ,  howeve r ,  t he  y e l l o w  b a n d  a p p e a r s  on ly  in t h e  
s a m p l e s  w i t h  s m a l l  a m o u n t s  of A l P  a d d e d (  up  to 
a b o u t  10 % ), the  b r i g h t n e s s  be ing  a m a x i m u m  in t he  
i n t e r v a l  0.5-1.0% AlP .  The  m a x i m u m  in the  e m i s -  
s ion cu rve  in t he  y e l l o w  reg ion  is a t  abou t  5750A. 
A t y p i c a l  emiss ion  c u r v e  is shown in Fig.  1. E x c e p t  
for  a sh i f t  of t he  emiss ion  peak ,  w h i c h  m a y  be due,  

1 A t r a c e  of z inc  m e t a l  w a s  a lso  found .  T h i s  is b e l i e v e d  to  be  d u e  
to r e a c t i o n  b e t w e e n  exces s  a l u m i n u m  p r e s e n t  i n  t h e  c o m m e r c i a l  
AleS8 u s e d  a n d  e i t h e r  Zn3P2 o r  ZnS.  
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Fig. ]. Emission spectrum for ZnS:P,AI phosphors prepered 
wtth 1 mole % AlP edded. E• by ~+ = 3650A. 

at least  in  part ,  to differences in  e x p e r i m e n t a l  con-  
dit ions,  this  emiss ion closely resembles  tha t  observed 
by  McKeag and  R a n b y  in  ZnS:P ,A1 phosphors  p r e -  
pared  at 900~176 This s imi l a r i ty  in  the  emis -  
sion spectra  of ZnS:P ,C1 and  ZnS:P ,A1  lends  s t rong 
suppor t  to the  t heo ry  of charge  compensa t ion  (3) ac-  
cording to which  a t r i va l en t  cat ion (A1) as coact i -  
va tor  should behave  in  the same way  as a m o n o -  
va len t  an ion  (C1) coactivator.  ~ It  can be assumed 
tha t  in  ZnS:P ,A1 phosphorus  subs t i tu tes  for su l fu r  
and  a l u m i n u m  subs t i tu tes  for zinc. 

-*Note: I t  s h o u l d  be  n o t e d  t h a t ,  as m e n t i o n e d  by  A p p l e  (2) ,  
Z n S : P  w i t h o u t  c o a c t i v a t o r  is p r a c t i c a l l y  n o n l u m i n e s e e n t  w h e n  p r e -  
p a r e d  i n  t t2S a t  950 ~ . 

1007 

We m a y  summa r i z e  the resul ts  of the  p resen t  i n -  
ves t iga t ion  by  say ing  tha t  ZnS:P ,A1 phosphors  wi th  
ye l low emission can be p r epa red  by  diffusion of AlP  
in ZnS  at 900 ~ In  spite of the s imi lar i t ies  in  crys ta l  
s t ruc tu re  and  cova len t  a tomic radi i  b e t w e e n  ZnS  
and  AlP  the  so lubi l i ty  of AlP  in  ZnS  is v e r y  l imited,  
p r o b a b l y  not  in  excess of 1 mole  %. The  exis tence  of 
ZnS: P,AI phosphors with emission similar to that of 
ZnS:P,CI phosphors brings further support to the 
theory of charge compensation and shows that in 
ZnS:P,AI phosphors, P is the activator and A1 the 
coact ivator  atom. 
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High-Temperature Base-Tab for Silicon 
Leon MaisseF 

Research Division, Philco Corporation, Philadelphia, Pennsylvania 

In the course of recent work in silicon transistor 
development, the need arose for a base-tab that 
could be attached to the silicon blank early in the 
manufacturing process so as to serve as a holder for 
the silicon during subsequent steps. As temperatures 
in excess of 800~ occurred during one or more of 
these steps, it was not possible to use a conventional 
gold solder which fuses at approximately 360 ~ 

The following are the general requirements for 
a satisfactory base-tab solder: (i) It should readily 
wet the semiconductor when melted in contact with 
it. The existence of a eutectic reaction between 
solder and semiconductor guarantees this. (ii) It 
should be sufficiently ductile so that considerable 
mismatch between its coefficient of thermal expan- 
sion and that of the semiconductor can be accom- 
modated without undue strain being introduced in 
the joint. Conversely, if it has a coefficient of expan- 
sion close to that of the semiconductor, it need not be 
so ductile. (iii) It should "dope" the region near the 

1 P r e s e n t  a d d r e s s :  I B M  Corp . ,  P r o d u c t  D e v e l o p m e n t  Lab . ,  P o u g h -  
k e e p s i e ,  N.  Y.  

tab to the same type (n or p) as the rest of the semi- 
conductor; otherwise a rectifying junction may be 
formed. Correct doping can be insured in practice 
by including a trace of suitable impurity in the 
solder. (iv) It should substantially reduce the mi- 
nority carrier lifetime in the vicinity of the junc- 
tion. Without this quality the junction, although 
nonrectifying, may still not be entirely ohmic. For 
a sufficiently potent lifetime killer, condition (iii) 
disappears. 

Also the m a t e r i a l  of the  tab  i tself  should  match  
the  semiconduc tor  r e a s o n a b l y  wel l  wi th  r ega rd  to 
coefficient of expans ion  but ,  as is the  case for the  
solder, cons iderab le  m i s m a t c h  can be accommodated  
if the  l a t t e r  is sufficiently ducti le .  

Gold satisfies these r e q u i r e m e n t s  ve ry  well ,  b u t  
in choosing a solder h a v i n g  more  favorab le  h igh -  
t e m p e r a t u r e  proper t ies  t h a n  gold, p l a t i n u m  was con-  
s idered to have  the  most  promise.  I t  has a eutect ic  
react ion w i th  si l icon at  830~ (1) and  possesses h igh 
duc t i l i ty  (2) .  Its effect on m i n o r i t y  ca r r i e r  l i fe t ime 
in  si l icon was  no t  k n o w n ,  b u t  it is no t  one of the  
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r ecogn ized  d o p a n t s  so t ha t  i t  shou ld  be  poss ib le  to 
s a t i s fy  cond i t ion  ( i i i )  for  b o t h  n -  a n d  p - t y p e  si l icon.  
M o l y b d e n u m  w a s  se lec ted  for  t h e  t a b  i tself ,  h a v i n g  
a coefficient of e x p a n s i o n  f a i r l y  close to  s i l icon (3)  
ove r  t h e  t e m p e r a t u r e  r a n g e  conce rned  as w e l l  as a 
h igh  m e l t i n g  poin t .  

P r e l i m i n a r y  e x p e r i m e n t s  s h o w e d  t h a t  m o l y b d e n u m  
could  be  b o n d e d  to s i l icon b y  m e a n s  of p l a t i n u m ,  
b u t  t h a t  the  r e s u l t i n g  jo in t  h a d  u n e x p e c t e d l y  poor  
t h e r m a l  p rope r t i e s .  I t  was  p o s t u l a t e d  t h a t  p l a t i n u m  
d u c t i l i t y  was  b e i n g  r e d u c e d  b y  t h e  f o r m a t i o n  of i n -  
t e r m e t a l l i c  c o m p o u n d s  w i t h  si l icon.  In  an  a t t e m p t  to  
r e d u c e  th is  effect,  a n u m b e r  of a d d i t i v e s  to t he  p l a t i -  
n u m  w e r e  i nves t i ga t ed ,  and  i t  w a s  found  t h a t  the  
i n t r o d u c t i o n  of a n i c k e l  l a y e r  a b o u t  one t h i r d  t he  
t h i ckness  of t he  p l a t i n u m  p r o d u c e d  a j o in t  t h a t  was  
s u b s t a n t i a l l y  s t r a i n - f r e e  and  c a p a b l e  of t e m p e r a t u r e  
cyc l ing  ove r  a w i d e  range .  This  r e su l t  was  also 
s o m e w h a t  u n e x p e c t e d  s ince  a p u r e  S i - N i - M o  j o i n t  
was  found  to c r a c k  i m m e d i a t e l y  on cooling.  The  fac t  
t h a t  t he  N i - P t  b o n d  was  m u c h  m o r e  s t r a i n - f r e e  
t h a n  t ha t  us ing  p u r e  P t  s u g g e s t e d  t h a t  e i t he r  t h e  
N i - P t  was  m o r e  duc t i l e  t h a n  p u r e  Pt ,  t h a t  t h e  N i - P t  
m a t c h e d  the  s i l icon  m o r e  c lose ly  in e x p a n s i o n  co-  
efficient, or  t h a t  Ni  was  s u p p r e s s i n g  the  f o r m a t i o n  of 
S i - P t  i n t e r m e t a l l i c  c o m p o u n d s  as p o s t u l a t e d  above.  
Ev idence  aga in s t  the  first  two  m e c h a n i s m s  was  p r o -  
v i d e d  b y  the  fac t  t ha t  a bond  f o r m e d  b e t w e e n  e l e -  
m e n t s  in t he  o r d e r  S i - P t - N i - M o  was  a lmos t  as b a d l y  
s t r a i n e d  as t h e  s t r a i g h t f o r w a r d  S i - P t - M o  bond ,  
w h e r e a s  t he  S i - N i - P t - M o  b o n d  was  s u b s t a n t i a l l y  
s t r a i n - f r e e .  F i g u r e  1 shows  in cross  sec t ion  the  s t r u c -  
t u r e  t ha t  was  f o u n d  bes t  su i t ed  for  j o in ing  a 5 - m i l  
m o l y b d e n u m  t a b  to a 5 - m i l  s i l icon b lank .  

In  o r d e r  to p r e p a r e  t he  t abs  a n d  bond  t h e m  in a 
r e p r o d u c i b l e  m a n n e r  the  fo l lowing  s cheme  was  
dev ised .  

F i r s t ,  5 - r a i l  Mo shee t  was  c l eaned  b y  s c r u b b i n g  in 
de t e rgen t .  I t  w a s  t h e n  a n o d i z e d  in a m i x t u r e  of 
c o n c e n t r a t e d  su l fu r i c  a n d  p h o s p h o r i c  acids,  d i p p e d  
in  a s t r o n g l y  a l k a l i n e  so lu t ion  ( in  th i s  case, L e c t r i t e  
N.F . )  and ,  a f t e r  r ins ing ,  i m m e d i a t e l y  g iven  a 

ch rome  s t r i k e  coat  (100 to 1, CrO~ to H~SO4). This  
was  f o l l o w e d  b y  a Ni  s t r i k e  f rom a s t a n d a r d  Wood ' s  
b a t h  a f t e r  w h i c h  the  P t  ( a p p r o x i m a t e l y  0.2 mi ls  as 
in Fig.  1) was  d e p o s i t e d  f r o m  a so lu t ion  of P l a t a n e x  
III? The Mo was plated on both sides to protect it 
against oxidation during its subsequent life as a 
base-tab. 

Following the Pt, a layer of Ni (approximately 
0.I mil thick as in Fig. I) was deposited from a stand- 
ard Wart's bath (on one side of the Mo only). The 
iVio sheet was cut into strips 75 mils wide and 200 
mils long and bonding to the Si blanks (75 x 150 x 
5 mils) was effected as illustrated in Fig. 2. 

The Si blank was dipped in HF, rinsed in de- 
ionized water, dried in dry filtered air, and then laid 
on a refractory block, the moly-tab being pressed 
against it by means of two tungsten rods (or probes) 
as shown. Heat was produced by passing current 
between the probes for a pre-set period of time. For 
consistent results it was necessary to perform the 
operation in an inert atmosphere. Nitrogen does not 
qualify as an inert atmosphere in this instance. It 
was extremely important to be certain that pressure 
was applied uniformly by the two tungsten probes; 
otherwise the solder wetted only in the area of high- 
est pressure and, in some cases, even penetrated to 
the other side of the St. Optimum results were ob- 
tained b y  h e a t i n g  a t  a p p r o x i m a t e l y  1,000~ for  
10-15 sec. A s u i t a b l e  m a t e r i a l  for  t he  r e f r a c t o r y  
b lock  was  diff icult  to find, t he  on ly  r e a l l y  sa t i s -  
f a c t o r y  one be ing  ca rbon .  Because  of t he  m e c h a n i c a l  
w e a k n e s s  of p u r e  ca rbon ,  in p r ac t i ce  a b l o c k  of a l u n -  
dum,  h a v i n g  its su r f ace  coa ted  w i t h  g raph i t e ,  was  
used.  The  g r a p h i t e  coa t ing  h a d  to be r e n e w e d  f r e -  
quen t ly .  

Low re s i s t ance  ohmic  con tac t  cou ld  be  m a d e  to 
p - t y p e  b u t  not  to n - t y p e  Si  b y  this  process .  S p e c t r o -  
g r a ph i c  ana lys i s  of t h e  Ni  depos i t ed  f r o m  a W a t t ' s  
b a t h  s h o w e d  tha t  i t  c o n t a i n e d  a p p r o x i m a t e l y  0.05% 
boron.  Th is  was  no t  s u r p r i s i n g  in v i e w  of the  l a rge  
q u a n t i t y  of bor ic  ac id  in t h e  W a t t ' s  ba th .  Because  of 
t he  h igh  d i s t r i b u t i o n  coefficient of boron,  th is  
a m o u n t  was  sufficient  to in su re  ohmic  contac t  to 
p - t y p e  Si  and  r e c t i f y i n g  con tac t  to n - t y p e  St. In  
o r d e r  to p u r s u e  th is  s t i l l  f u r t h e r  the  0 .1 -mi l  Ni  l a y e r  
was  depos i t ed  f r o m  t h e  fo l lowing  b a t h  (4 ) :  
NiSO,-6H~O, 175 g / l i t e r ;  NiCl~-6H20, 50 g / l i t e r ;  
H~PO~, 50 g / l i t e r ;  H~PO.~, 1.3 g / l i t e r .  I n  addi t ion ,  14 
g of NiCO~ w e r e  n e u t r a l i z e d  w i th  a p p r o x i m a t e l y  50 
g of H3PO~ and  a d d e d  to th is  solut ion.  

N icke l  depos i t ed  f r o m  th i s  so lu t ion  con t a ined  abou t  
1% of p h o s p h o r u s  and,  as expec ted ,  b a s e - t a b s  p r e -  
p a r e d  in th is  w a y  g a v e  low r e s i s t ance  contac ts  to 
n - t y p e  Si  and  h igh  r e s i s t a nc e  ones to p - t y p e  St. 

T a b l e  I g ives  r e su l t s  o b t a i n e d  w i t h  va r i ous  com-  
b i n a t i o n s  of b a s e - t a b  and  si l icon type .  Tabs  w e r e  
a t t a c h e d  as d e s c r i b e d  a b o v e  at  oppos i t e  ends  (bu t  
on the  s ame  face)  of a s i l icon b l ank ,  a n d  the  m e a s -  
u r e d  r e s i s t ance  was  c o m p a r e d  w i t h  t h a t  c a l cu l a t ed  
f rom t h e  g e o m e t r y  of t he  sys tem,  t h e  r e s i s t i v i t y  of 
t he  s i l icon be ing  k n o w n  f rom f o u r - p o i n t  p robe  m e a s -  
u r e m e n t s .  Res i s t ance  m e a s u r e m e n t s  w e r e  at  3 v. 

Bes ides  s a t i s fy ing  t h e  e l ec t r i ca l  r e q u i r e m e n t s  for  
b a s e - t a b s  (as s h o w n  in T a b l e  I)  t h e  un i t s  w e r e  also 

~PIat inura  plat ing solution marketed  under  tha t  name by the 
SeloRex Corporation. 
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Silicon type  
Buffer  ac id  

A p p r o x i m a t e  
M e a s -  Calcu-  con tac t  

u s e d  R ]ated R res i s tance  
ohm ohm ohm/em~ 

Table I 

Resistivity type 
0 .2ohm-crop Boric 1.2 1.1 0.001 
1 ohm-cm p Boric 45 41 0.05 
5 ohm-era p Boric 200 180 0.25 
1 ohm-cm n Boric 20,000 50 250 
1 ohm-cm n Phosphoric 150 50 1.2 
1 ohm-cm p Phosphoric 1,500 45 18 

g iven t h e r m a l  and  mechan ica l  shock tests s imi la r  to 
those used for t es t ing  the  conven t iona l  gold a l loy 
base- tabs ,  for example ,  r epea ted  p l u n g i n g  into l iquid  
n i t r ogen  f rom room t empera tu re .  In  all  cases, m e -  
chanica l  and  t h e r m a l  s t r eng th  was found  to be at  
least as good as for the  conven t iona l  tabs. Si l icon 
b lanks  could not  be separa ted  f rom the i r  tabs  un t i l  
the t e m p e r a t u r e  exceeded 80O~ If the  p u l l i n g  force 
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was l imi ted  to the  b l anks '  own  weigh t  they  r e m a i n e d  
a t tached  to the  tabs  at and  above this t empe ra tu r e ,  
p r e s u m a b l y  because  of surface  tens ion.  
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Copper Sulfide Creep on Porous Electroplate 
M. S. Frant 

Research Division, AMP Inc., Harrisburg, Pennsylvania 

The spread  of s i lver  sulfide f rom a pore site on a 
porous gold e lec t ropla te  af ter  exposure  to su l fu r  
vapor  has been  r epor t ed  r ecen t l y  b y  E g a n  and  M e n -  
dizza (1).  They  found  tha t  the  s i lver  sulfide creep 
effect was  specific for gold e lec t ropla te  and  did not  
occur on r h o d i u m  or p a l l a d i u m  plate.  

This pape r  repor ts  tha t  s imi la r  creepage p h e n o m -  

enon  has been  observed on t in  e lec t ropla te  over  cop- 
per, and  tha t  copper  sulfide a p p a r e n t l y  wi l l  creep 
over a va r i e t y  of o ther  cover ing  metals .  F igu re  1 
shows samples  of t i n - p l a t e d  copper  r e t u r n e d  f rom 
field service in  a locat ion in which  sulfides we re  
k n o w n  to be present .  To the  naked  eye the  pore sites 
appear  as smal l  b lack  spots. However ,  u n d e r  m a g -  
nif icat ion (Fig. l a )  the  character is t ic  "f lowery" ap -  
pea rance  can be seen. I n  Fig. l b  ano the r  f ea tu re  is 
shown:  the  cen t ra l  b l ack  a rea  is s u r r o u n d e d  by  a 
thinner brown region. The outer brown region often 
has spots at a periphery which are black also. It has 
not been established whether the chemical composi- 
tion of this region is different, whether the color 
difference can be attributed only to a difference in 

the  film thickness ,  or w h e t h e r  it r ep resen t s  other  
pore  sites. 

F igu re  2a shows s imi la r  b lack  spots s u r r o u n d e d  
by  the  b r o w n  area  on samples  which  had  been  in  
s torage for over  a yea r  in  b r o w n  k ra f t  boxes, bu t  
which  had  not  o therwise  been  exposed to an  adverse  
e n v i r o n m e n t .  

Microchemical  spot tests (2) were  posi t ive  for 
copper and  sulfides, n e g a t i v e  for o ther  l ike ly  meta l s  
and  anions.  To confirm, s imi la r  t i n - p l a t e d  copper 
spec imens  were  suspended  over  powdered  su l fu r  at 
60 ~ a t e chn ique  which  had  been  used p rev ious ly  for 
e v a l u a t i n g  a n t i t a r n i s h  t r e a t m e n t s  on silver.  Ex-  
posures  of two to th ree  days led  to spots iden t ica l  
in  appea rance  to the  samples  r e t u r n e d  f rom the  field, 
and  g iv ing  the same chemical  tests. 

To es tab l i sh  tha t  the  b l a c k  spots occur at  pore  
sites, two e x p e r i m e n t s  we re  per formed .  Firs t ,  t i n -  
p la ted  spec imens  were  de l i be r a t e ly  scra tched before  
exposure  to su l fu r  vapor.  F i g u r e  2b shows such a 

Fig. 1. Copper sulfide spots on t in-plated copper samples 
returned from field service. Area shown: 7.8 mm 2, 

Fig. 2. o. Copper sulfide spots on t in-plated copper which 
had been stored in brown kraf t  boxes; Fig. 2b, Copper sulfide 
growing from scratches in t in-plated copper held 24 hr over 
sulfur at  60 ~ Areas shown: 7.8 mm ~. 
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Fig. 3. Copper sulfide spots on (o) nickel-plated copper; (b) 
nickel-plated brass covered with palladium; (c) t in-plated 
silver solder; and (d) gold-plated copper. Areas shown: 7.8 
mm ~, except for (c) which was 20X before reduction for pub- 
lication. 

Fig. 4. Copper sulfide growth from scratch in nitrocellulose 
lacquer on copper after 24 hr over sulfur at 60 ~ Area shown: 
7.8 ram. 

sc ra t ch  a f t e r  exposure .  The  b l a c k  film can  be  seen 
s p r e a d i n g  out  f rom the  scra tch .  Second,  t i n - p l a t e d  
copper  s a m p l e s  w e r e  p r e s s e d  aga ins t  f i l te r  p a p e r  
pads ,  soaked  in  a m m o n i a - a m m o n i u m  p e r s u l f a t e  so -  
l u t i on  (3)  w h i c h  g ives  a b l u e  co lor  a t  p o r e  si tes.  The  
s a m p l e s  w e r e  t h e n  washed ,  d r i ed ,  and  e x p o s e d  to 
su l fu r  vapo r .  Good  c o r r e l a t i o n  was  found.  

S i m i l a r  c r e e p a g e  p h e n o m e n a  h a v e  been  no ted  on 
n i c k e l - p l a t e d  copper  (see  Fig .  3a) ,  n i c k e l - p l a t e d  
b ra s s  cove red  w i t h  p a l l a d i u m  1 (Fig .  3b) ,  t i n - p l a t e d  
s i lve r  so lde r  (80% Cu, 20% A g )  (Fig .  3c),  and  g o l d -  
p l a t e d  coppe r  (Fig .  3d) .  The  s amp le s  of n i c k e l  and  
p a l l a d i u m  p l a t e  do no t  show as m u c h  of t he  " f low-  
e r y "  a p p e a r a n c e  or  color  d i f fe rences  as t in  p l a t e  and  
go ld  p la te .  I n t e r f e r e n c e  colors  w e r e  w i d e l y  o b s e r v e d  
on g o l d - p l a t e d  samples ;  spots  w o u l d  deve lop  o v e r -  
n i g h t  on gold  p l a t e  w h i c h  was  as m u c h  as 1 ~ (40 
m i l l i o n t h s  of an  inch)  th ick .  

1 T h e  palladium c o a t i n g  w a s  a p p r o x i m a t e l y  2.5/~ (100~ in,)  t h i c k  
a n d  w a s  a p p l i e d  b y  a n  e l ec t ro l e s s  p r o c e s s  u s i n g  t e t r a m m i n e  pa l -  
l a d o u s  c h l o r i d e  t h r o u g h  t h e  c o u r t e s y  of  R.  F.  V ines ,  I n t e r n a t i o n a l  
N i c k e l  Co. 

Fig. 5. Effect of moisture and gold thickness on growth on 
copper sulfide films. Shown are gold-plated specimens having 
10 and 30 /~ in. average thickness, and the results of 18 hr 
in a closed container with sulfur which either contained sev- 
eral per cent of water or had been dried overnight over P~05. 

To d e t e r m i n e  w h e t h e r  the  ou te r  m e t a l l i c  p l a t i n g  
e n t e r e d  into  a c h e m i c a l  r eac t i on  w i t h  t he  g r o w i n g  
film, spec imens  of O.F.H.C. and  e l e c t r o l y t i c  copper  
w e r e  coa ted  w i t h  n i t roce l l u lo se  or  ac ry l i c  l acquers ,  
the  l acque r  s c ra t ched ,  and  the  s a m p l e  e x p o s e d  to 
su l fu r  vapor .  A f t e r  s eve ra l  days  a g r o w t h  of copper  
sulf ide  (Fig.  4) could  be  c l ea r l y  o b s e r v e d  s p r e a d i n g  
out  on top  of t he  l acque r .  

The  effect of m o i s t u r e  on the  g r o w t h  r a t e  is r a t h e r  
s t r ik ing .  A f t e r  i t  was  o b s e r v e d  t ha t  su l fu r  s am p le s  
and  con ta ine r s  s e e m e d  to lose t h e i r  a b i l i t y  to p r o -  
duce  spots  a f t e r  a n u m b e r  of cycles ,  r e p l i c a t e  tes t s  
w e r e  r u n  on su l fu r  w h i c h  had  been  d r i e d  and  on 
su l fu r  con t a in ing  s e v e r a l  pe r  cen t  of w a t e r .  The  
t y p i c a l  r e su l t  is s h o w n  in Fig.  5, in th is  case for  g o l d -  
p l a t e d  copper .  The  acce l e r a t i ng  effect of m o i s t u r e  
has  been  r e p o r t e d  for  H~S a t t a c k  on copper  b y  
S h k l o v s k y  (4) ,  a n d  for  the  r e a c t i o n  of su l fu r  w i t h  
s i lve r  b y  S m i t h  (5) .  

The  fac t  t h a t  t he  copper  sulf ide f i lms w i l l  g r o w  on 
a v a r i e t y  of m e t a l s  and  on a n o n m e t a l  sugges t s  t h a t  
t h e  su r face  m a t e r i a l  does not  e n t e r  in to  t he  chemica l  
reac t ion .  F u r t h e r ,  t he  s p r e a d i n g  of a sulf ide over  a 
p r e s u m a b l y  n o n c o n d u c t i n g  l a c q u e r  f i lm m u s t  occur  
b y  a d i f fe ren t  m e c h a n i s m  t h a n  t h a t  p r o p o s e d  b y  
Gensch  and  W a g n e r  (6)  for  the  s p r e a d i n g  of a s i lve r  
iod ide  fi lm a long  a t a n t a l u m  surface ,  s ince  t h e y  a t -  
t r i b u t e d  the  s p r e a d i n g  to the  r e l a t i v e l y  easy  flow 
of e lec t rons  t h r o u g h  the  s u b s t r a t e  on w h i c h  the  
s p r e a d i n g  occurs .  The  d i f fe rences  in a m o u n t  and  a p -  
p e a r a n c e  of t h e  f i lms on the  v a r i o u s  m e t a l s  m a y  be  
a t t r i b u t a b l e  to  d i f fe rences  in p o r e  size, or  to t h e  
p r e s e n c e  of an  a d s o r b e d  w a t e r  l a y e r  w h i c h  w o u l d  
a id  in t he  s p r e a d  of  t he  film. 

The  a v a i l a b l e  l i t e r a t u r e  (7)  ind ica tes  t h a t  t he  
f o r m a t i o n  of c o p p e r  sulf ides occurs  b y  s i m u l t a n e o u s  
di f fus ion of su l fu r  i n w a r d  and  copper  o u t w a r d ,  w i t h  
t h e  l a t t e r  effect  p r e d o m i n a t i n g .  Such  a m e c h a n i s m  
w o u l d  be  cons i s t en t  w i t h  t he  o b s e r v a t i o n s  r e p o r t e d  
here .  

The  p r e c a u t i o n a r y  s t a t e m e n t  of Egan  and  M e n -  
dizza  (1)  on t h e  p r a c t i c a l  i m p o r t a n c e  of th is  p h e -  
n o m e n o n  shou ld  n o w  be  e x t e n d e d  to a m u c h  w i d e r  
r a n g e  of meta l s .  Gold,  n ickel ,  a n d  tin,  on coppe r  or 
copper  a l loy  s u b s t r a t e s  a r e  a m o n g  the  mos t  w i d e l y  
used  c o m b i n a t i o n s  for  e l ec t r i ca l  con tac t s  a n d  t e r m i -  
nat ions .  In  su l f id ing  a t m o s p h e r e s ,  con tac t  f a i l u r e  
d u e  to sulf ide f o r m a t i o n  m a y  occur  b y  c r e e p a g e  out  
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f rom pores even  w h e n  "su l f ide - res i s t an t "  p la t ings  
are  employed.  

Manuscript  received May 23, 1960. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1961 JOURNAL. 
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Electronic Analysis of the Fe-Ni System 
S. Yamaguchi 
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In  the  p resen t  s tudy,  an  e lec t ron b e a m  was appl ied  
to the c rys ta l lographic  and  the  t h e r m o m a g n e t i c  
ana lys i s  of the F e - N i  system. I n v a r  (Ni: 36% by  
we igh t )  whose Cur ie  po in t  was  k n o w n  to be 120~ 
was  used for the  expe r imen t s  descr ibed  below. I n v a r  
powder  was  p r epa red  by  filing f rom an  ingot. The 
par t ic les  of I n v a r  were  held  by  magne t i c  a t t r ac t ion  
on the sharp  edge of a razor  b lade  (5 x 5 ram) of 
h a r d  steel whose r e m a n e n c e  was k n o w n  to be abou t  
10,000 gauss. In  this  way  the magne t i c  i nduc t ion  of 
the  I n v a r  par t ic les  was  kept  sa tura ted .  To s tudy  
e lec t ron  diffraction,  an  e lec t ron b e a m  was a l lowed 
to graze these  I n v a r  par t ic les  as ind ica ted  in  Fig. 1. 

Experimental  procedure.--The fo l lowing  process 
was  car r ied  out  to inves t iga te  the  magne t i c  states of 
the  I n v a r  par t ic les  as a func t ion  of the i r  t e m p e r a -  
ture .  The diffract ion p a t t e r n  was  first pho tographed  
wi th  the  spec imen kep t  cool. Here  care was t a k e n  
no t  to p rehea t  the  spec imen wi th  the  e lec t ron  beam.  
E x p o s u r e  to the e lec t ron  b e a m  (wave  l eng th  0.0299A 
and  c u r r e n t  0.1 ma )  could be r educed  to l i t t le  more  
t h a n  the  t ime  necessary  for pho tog raph ing  the  dif-  
f rac t ion  p a t t e r n  (on ly  0.5 sec). Second, a diffract ion 
p a t t e r n  f rom the  spec imen p rehea t ed  wi th  the elec- 
t r o n  b e a m  for 2 ra in  w i thou t  i n t e r r u p t i o n  was supe r -  

imposed on the first p a t t e r n  f rom the  cool specimen.  
In  this process, the  posi t ion of the  photographic  
p la te  as wel l  as the  wave  l eng th  and  the  c u r r e n t  of 
the  inc iden t  b e a m  were  kept  constant .  A double  d ia -  
g r am ob ta ined  in  this w a y  is shown in  Fig. 2. 

Analysis of the diagram.--In Fig. 2 the re  is ev i -  
den t  an  eccent r ic i ty  b e t w e e n  the  diffract ion r ings  
co r respond ing  to the cold and  hot  s tates of the  
aus ten i t ic  specimen.  This  eccent r ic i ty  m e a n s  tha t  the 
Loren tz  effect of the cold spec imen on the  e lec t ron  
b e a m  is d i s t ingu i shab le  f rom tha t  of the  hot  speci-  
men.  I t  is possible to ca lcula te  the  difference be -  
t w e e n  the  magne t i c  induc t ion  in the  two states (AB) 
f rom the r ing  eccent r ic i ty  m e a s u r a b l e  in  Fig. 2 (AZ). 
We have  a re la t ion  b e t w e e n  AB and  AZ: 

h 
AB = �9 AZ [1] 

eLkl 

ELECTRONS 

RAZOR EDGE 

Fig. 1. Arrangement of the Invar specimen relative to the 
incident beam. 

Fig. 2. Double diagram from the cold and from the hot 
specimen showing the difference of the Lorentz effect; wave 
length: 0.0299~&; camera length: 495 ram; Positive enlarged 
4 times before reduction for publication. 
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w h e r e / ~  is P l a n c k ' s  cons t an t  (6.6 x 10 -~ erg .  sec) ,  e 
is t h e  e l ec t ron  cha rge  (1.6 x 10 -~~ e m u ) ,  L is t he  
c a m e r a  l e n g t h  (495 m m ) ,  X is t he  w a v e  l e n g t h  of t h e  
e l ec t ron  b e a m  (0.0299A),  a n d  I is t he  m a g n e t i c  field 
r e g i o n  t r a v e r s e d  b y  the  e l ec t ron  b e a m .  

In  Fig.  2 w e  m e a s u r e  AZ ~ 0.04 cm. W e  obta in ,  
t he re fo re ,  

AB ~ 4000 gauss  

acco rd ing  to Eq. [ 1 ]. He re  l ~ 3/~ was  as sumed .  1 
Discussion of results .--This AB-va lue  is u n d e r -  

s t a n d a b l e  as b e i n g  the  d i f fe rence  b e t w e e n  t h e  s a t u -  
r a t i o n  i n d u c t i o n  of I n v a r  a n d  the  r e m a n e n c e  of t he  
r a z o r  edge.  I t  is p l a u s i b l e  t h a t  t h e  t e m p e r a t u r e  of 
t h e  spec imen  i r r a d i a t e d  w i t h  t he  b e a m  for  2 m i n  was  
a b o v e  120~ i.e., t he  Cur ie  t e m p e r a t u r e  of I nva r .  
I f  th i s  is t rue ,  t h e n  t h e  A B - v a l u e  h e r e  m e a s u r e d  
(4000 gauss )  shou ld  equa l  t h e  d i f fe rence  b e t w e e n  the  
s a t u r a t i o n  i nduc t i on  of I n v a r  a t  r o o m  t e m p e r a t u r e  
(Bs --~ 15000 gauss )  and  t h e  r e m a n e n c e  of t he  r a z o r  
edge  (Br ~ 10000 gauss ) .  T h e r e  is i ndeed  f o u n d  to 
be  a r o u g h  a g r e e m e n t  b e t w e e n  t h e m  (Bs--Br~--~B). 

I t  was  o b s e r v e d  d u r i n g  the  p r e s e n t  e x p e r i m e n t  
t ha t  some of t he  I n v a r  p a r t i c l e s  fe l l  f r om the  r a z o r  
edge  w h e n  t h e y  w e r e  i r r a d i a t e d  w i t h  t he  r a t h e r  
s t r ong  beam.  As  the  t e m p e r a t u r e  of these  p a r t i c l e s  
h e r e  e x c e e d e d  the  Cur ie  t e m p e r a t u r e  (120~ t h e y  
fo l l owed  the  n o r m a l  inf luence  of g r av i ty .  In  Fig .  2 
t h e r e  a r e  f o u n d  some w e a k  r i n g s  c o r r e s p o n d i n g  to 
Fe~O,. The  f e r r o m a g n e t i c  inc lus ion  of the  h igh  Cur ie  
p o i n t  (575~ m a t e r i a l  (2)  p l a y e d  a rSle  in ho ld ing  
the  I n v a r  pa r t i c l e s  on the  r azo r  edge,  even  a f t e r  t h e y  
h a d  r e a c h e d  the  C u r i e  po in t  (120~ In  fact ,  a c -  
co rd ing  to e l ec t ron  mic roscope  s tud ies  i t  is p l a u s i b l e  
t h a t  t he  t e m p e r a t u r e  of t he  ob jec t  could  r e a c h  500 ~ 
600~ on ly  w i t h  some dif f icul ty  (3 ) .  

~upporting experiments.---Figure 3 is a doub le  
d i a g r a m  in w h i c h  the  d i f f rac t ion  p a t t e r n  of t he  
s p e c i m e n  i r r a d i a t e d  w i t h  t he  e l ec t rons  (0.0299A, 
0.1 m a )  for  2 m i n  and  t h a t  i r r a d i a t e d  for  4 m i n  
w e r e  s u p e r i m p o s e d  b y  m e a n s  of a doub le  e x p o s u r e  
t echn ique .  In  th is  d i a g r a m  t h e r e  is no r i ng  eccen-  
t r i c i t y  due  to t he  L o r e n t z  effect, s ince  the  t e m p e r a -  
t u r e  of t he  s p e c i m e n  a l w a y s  e x c e e d e d  t h e  Cur i e  
p o i n t  so t ha t  i t  b e h a v e d  p a r a m a g n e t i c a l l y .  

F i g u r e  4 is a doub le  d i a g r a m  w h i c h  consis ts  of 
t he  d i f f rac t ion  p a t t e r n  of t he  s p e c i m e n  i r r a d i a t e d  
w i t h  a v e r y  w e a k  e l e c t r o n  b e a m  (0.0299A, 0.03 m a )  
for  2 min  and  t h a t  i r r a d i a t e d  for  4 min.  I t  was  
pos s ib l e  to obse rve  a c r y s t a l l i n e  p a t t e r n  even  f r o m  
paraf f in  w i t h  th is  w e a k  b e a m  (4) .  S ince  the  m e l t i n g  
p o i n t  of paraf f in  was  abou t  50~ t h e  t e m p e r a t u r e  of 
t he  I n v a r  s p e c i m e n  was  k e p t  u n d e r  th is  t e m p e r a t u r e  

1 The  I -va lue  was  e s t i m a t e d  as fo l lows .  T h e  diffraction pat tern of  
the  s p e c i m e n  in its f erromagnet i c  s ta te  b e l o w  the  C u r i e  p o i n t  (e.g., 
Fig.  3) a n d  that  of  a n o n f e r r o m a g n e t i c  g o l d  f o i l  w e r e  s u p e r i m p o s e d  
b y  m e a n s  of  a d o u b l e  e x p o s u r e  t e c h n i q u e  (1) T h e  r ing  eccen t r i c i t y  
here  measured  m a d e  i t  poss ib le  to ca l cu l a t e  I i n  Eq  [1], s ince  
AB in  this  equat ion  w a s  e q u a l  to t he  s a t u r a t i o n  i n d u c t i o n  of  Invar  
(15000 gauss) 
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Fig. 3. Double diagram from the hot specimens heated over 
the Curie point (120~ No ring eccentricity. 

Fig. 4. Double diagram from the cold specimens kept at 
50~ No ring eccentricity. 

in the  case  of Fig.  4. In  Fig .  4 t h e r e  is f o u n d  no r i ng  
eccen t r i c i ty .  I t  is t h e r e f o r e  conc luded  t h a t  the  two  
m a g n e t i c  s t a t es  of t he  s p e c i m e n  s h o w n  in Fig .  4 a r e  
also b e l o w  the  Cur ie  poin t .  

Conclusion 
In  t he  p r e s e n t  s tudy ,  an  e l e c t r o n  b e a m  was  u t i -  

l ized for  h e a t i n g  the  spec imen  as w e l l  as for  i ts d i f -  
f r ac t i on  and  m a g n e t o - a n a l y s i s .  As  the  t e m p e r a t u r e  of 
t h e  s p e c i m e n  h e a t e d  w i t h  the  e l ec t ron ic  i r r a d i a t i o n  
can  be  con t ro l l ed ,  i t  is poss ib l e  to s t u d y  t h e  m a g n e t i c  
t r a n s i t i o n  of t he  F e - N i  sy s t em b y  the  p r e sen t  
process .  

Manuscr ip t  received 5une IO, 1960. 

Any  discussion of this pape r  wil l  appear  in a Discus- 
sion Section to be publ ished in the  June  1961 JOUR~AT.. 
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Technical Feature @ 
Plasma Thermionic Converters 

E. W .  Salmi 

Los A~amos Scientific Laboratory,  Los Alamos,  New Mexico 

W i t h i n  the  last  yea r  or so, a g rea t  deal  of a t t e n -  
t ion  has been  g iven  to a me thod  of direct  convers ion  
of heat  ene rgy  to e lec t r ic i ty  which  is gene ra l l y  
t e rmed  " the rmion ic  convers ion ."  There  are severa l  
va r i a t ions  on the  approach  to this  problem.  At  Los 
Alamos,  we have  been  concerned  p r i m a r i l y  w i th  the  
ces ium p l a sma  diode, which  we have  also cal led a 
"p lasma  thermocouple . "  This w o r k  was  in i t i a t ed  as 
pa r t  of the  advanced  nuc l ea r  p ropu l s ion  s tudies  
u n d e r  the  Rover  P rogram.  

Before going into our  e x p e r i m e n t a l  p r o g r a m  let  
us e x a m i n e  the  m a n n e r  in  which  a p l a sma  can be 
used for g e n e r a t i n g  electr ici ty.  The word  p l a sma  
u s u a l l y  is associated wi th  the  Sherwood  project .  
Whi le  the  fus ion  reac t ion  requ i res  t e m p e r a t u r e s  in  
the  mi l l ions  of degrees, it is possible to gene ra t e  
p lasmas  at m u c h  lower  t empera tu re s .  In  fact, sev-  
era l  gaseous e lements  form p lasmas  at t e m p e r a t u r e s  
a r o u n d  2000~ Of all  the  ava i l ab le  e lements ,  
ces ium wi th  an  ioniza t ion  po ten t i a l  of 3.87 v is 
ionized the  most  easily. One can produce  a p l a sma  
b y  in t roduc ing  a l i t t le  ces ium vapor  into a me t a l  
con ta ine r  and  hea t i ng  e v e r y t h i n g  to about  2500~ 
This is i l l u s t r a t ed  in  Fig. 1. If the  ces ium pressure  
is at 0.1 m m  Hg, t h e n  about  10% of the  a toms wi l l  
be  ionized. This is s t r ic t ly  t h e r m a l  ioniza t ion  and  
does no t  depend  on the  n a t u r e  of the  con ta ine r  
walls .  The  p l a sma  wi l l  be  e lec t r ica l ly  n e u t r a l  so tha t  
the  n u m b e r s  of e lect rons  and  ions per  u n i t  v o l u m e  
are  equal .  However ,  in  t h e r m a l  e q u i l i b r i u m  the  
m e a n  veloci t ies  of the  e lect rons  and  ions wi l l  no t  be  
equal .  In  a ces ium p lasma  the  m e a n  ve loc i ty  of the  
e lect rons  is some 500 t imes  the  m e a n  veloci ty  of the  
ions and,  therefore ,  the  e lec t ron  c u r r e n t  across a ny  
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Fig. 1. Idealized model 
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a r b i t r a r y  b o u n d a r y  wi l l  be 500 t imes  the ion cur -  
rent .  U n d e r  these  c i rcumstances  if a smal l  p robe  is 
i n t roduced  in to  the p l a sma  as i l l u s t r a t ed  in  Fig. 1, 
one wi l l  d r a w  an  e lec t ron  c u r r e n t  which  is of the  
order  of 500 t imes  the  ion cur ren t .  The  n e x t  ques -  
t ion  is, w h a t  vol tage  does one ob ta in?  This  is i l lus -  
t r a t ed  in  Fig. 2. The l e f t - h a n d  side of the  g raph  
shows w h a t  the  e lectrosta t ic  po ten t i a l  d i a g r a m  wou ld  
be in  the  s teady  s ta te  (1, 2). The  e lec t rochemica l  po-  
t en t i a l  for the  e lect rons  is cons tan t  a nd  u n i f o r m  
everywhere .  The e lec t rochemical  po ten t i a l  is the 
sum of the  chemical  po ten t i a l  and  the  e lectrosta t ic  
potent ia l .  S ince  the  chemical  po ten t i a l  of an  e lec t ron  
in  a me t a l  is gene ra l l y  di f ferent  f rom the  chemical  
po ten t i a l  of an  e lec t ron  in  a p l a sma  the re  wi l l  exist  
an  e lectrosta t ic  po ten t i a l  difference,  equa l  to the  
difference b e t w e e n  the chemical  po ten t ia l s  of the  
e lect rons  in  the  me t a l  and  the p lasma,  as ind ica ted  
in  Fig. 2. On the  r i g h t - h a n d  side a re  shown two of 
the  m a n y  possibi l i t ies  which  m a y  ar ise  at  the  p r o b e -  
p l a sma  interface .  If the  probe  is cooled, a m o n o -  
l ayer  of ces ium m a y  form on its surface,  r e su l t ing  in  
a w o r k  func t ion  of about  1.8 v as indicated.  I n  the  
uppe r  r i g h t - h a n d  side the  case is i l l u s t r a t ed  in  which  
the  p robe  d raws  no ne t  cur ren t .  The  e lec t ron  c u r r e n t  
and  ion c u r r e n t  are  equal.  In  order  to reduce  the  
e lec t ron  c u r r e n t  into the  probe  there  m u s t  exist  an  
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e lec t ros ta t i c  shea th  po ten t i a l  in the  p l a sma  at the  
p r o b e - p l a s m a  in te r face .  This  potent ia l ,  r mus t  r e -  
duce  the  e l ec t ron  c u r r e n t  by  a fac to r  of 500. Hence,  
we  h a v e  the  equa t i on  

500 ~ exp - - ~  

for  the  "open  c i r cu i t "  case (3) .  If  a v o l t m e t e r  is 
p laced  b e t w e e n  the  p robe  and the  hot  m e t a l  con-  
t a ine r  one wi l l  ob ta in  a vo l t age  w h i c h  is 

V=• 

By lowering the voltage of the probe one begins 
to draw current to the probe and around the external 
circuit. Lowering the sheath potential q~ increases 
the electron current. The particular case for which 
has been reduced to zero is illustrated in the lower 

right hand side of Fig. 2. The probe is at the same 
potential as the plasma and the electron current 
will be 500 times the ion current. These currents 
can be calculated from the thermodynamic equilib- 
rium equations. The expected voltage is 

V = • 1.8 

since in this case ~ is zero. The power output of the 
device would then be the voltage V times the net 
current. 

The above conditions are rather idealistic. How- 
ever, the calculations for a cesium pressure of 0.1 
mm of Hg and a temperature of 2500~ give a cur- 
rent of 50 amp/era" and a voltage of 1.7 v. The re- 
sulting power output would be about 80 watts/cm ~. 
This is the type of performance one can hope for. 

The experiments to date have not approached this 
idealistic model. In most experiments the geometry 
has consisted of two flat plates, so that the probe is 
not a small perturbation of the system but becomes 
one-half of the container. The cesium near the col- 
lector is, therefore, not near equilibrium with the 
hot walls. Also, since the hot wall is only one-half 
the container and must supply all the electrons 
which are picked up by the collector one runs into 
electron emission limitations from the hot wall. De- 
spite these experimental difficulties 30 watt/cm ~ 
has been observed by increasing both the cesium 
pressure and emitter temperature (3). With this 
geometry the maximum short circuit current was 
about 60 amp/cm 2. 

There have been various modifications in the ex- 
perimental geometry, some of which have tended to 
approach the idealized model (4). In trying to inter- 
pret the data some difficulty is encountered in de- 
termining the area of the collector. Although this 
area is uncertain, it is believed that in several types 
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of e x p e r i m e n t s  the  obse rved  va lues  co r r e sponded  to 
as m u c h  as 50 w a t t s / c m l  Along  w i t h  th is  va lue  a 
shor t  c i rcu i t  c u r r e n t  of 130 a m p / c m  ~ was  measured .  

These  a re  some of the  resu l t s  w h i c h  h a v e  been  
ach i eved  in the  l a b o r a t o r y  and most  of the  resul t s  
h a v e  been  r epo r t ed  in va r ious  ar t ic les .  In  al l  this 
w o r k  the  hea t  source  has been  e lect r ical .  

Abou t  a y e a r  ago t h e r e  was  p e r f o r m e d  the first 
tes t  in a r eac to r  wh ich  u t i l i zed  fission as a hea t  
source.  The  resul t s  of this  e x p e r i m e n t  also h a v e  
been  r e p o r t e d  p r e v i o u s l y  (5) .  The  cel l  des ign used 
was  c o m p l e x  to the  poin t  of be ing  of l i t t l e  va lue  as 
pa r t  of a reactor .  S ince  the  first e x p e r i m e n t ,  a t -  
t emp t s  h a v e  been  m a d e  to s impl i fy  the  cons t ruc t ion  
and to deve lop  a cell  w h i c h  wou ld  be  use fu l  as a 
pa r t  of a reac tor .  In Fig. 3 is shown w h a t  is cal led 
a " t r i p l e - c e l l  e x p e r i m e n t a l  rod,"  a dev ice  now be ing  
tes ted  in the  O m e g a  Wes t  Reactor .  The  d i a m e t e r  
across the  rod  is about  5~ in. This  rod  consists of 
t h r ee  cells  s tacked  in series.  Each cell  consists of an 
emi t te r ,  or in keep ing  w i t h  our  idea l i zed  model ,  a 
hot  wa l l  of U C : Z r C .  N e x t  comes a Cs vapor - f i l l ed  
gap of about  1 m m  w i d t h  and then  a col lector .  F i s -  
sions in t he  en r i ched  U C : Z r C  keep  the  e m i t t e r  t e m -  
p e r a t u r e  at  abou t  2100~ D e p e n d i n g  on the  Cs p res -  
sure  and o the r  var iab les ,  the  col lec tor  runs  at about  
400~ Since  the  Omega  Wes t  Reac to r  is a w a t e r  
t ank  reac tor ,  the  cell  wi l l  be in cool f lowing water .  
A l aye r  of t h e r m a l  insu la t ion  is p laced  outs ide  the  
col lec tor  wh ich  es tabl ishes  the  t e m p e r a t u r e  g rad ien t  
b e t w e e n  the  400~ col lec tor  and the  40~ water .  
The  w a t e r  also car r ies  a w a y  the  was t e  hea t  f r o m  
the  cell. The  em i t t e r  is he ld  in p lace  by a th in  Nb 
tube  w h i c h  is a t t ached  to t he  ad jacen t  cel l  so tha t  
the  cells a re  in series. The  col lectors  a re  e l ec t r i ca l ly  
s epa ra t ed  by  smal l  insu la to r  spacers  w h i c h  are  also 
shown in Fig. 3. 

In the  e x p e r i m e n t a l  cell  t he r e  is shown a Cs bath,  
the  t e m p e r a t u r e  of wh ich  m a y  be v a r i e d  for  ex -  
p e r i m e n t a l  purposes .  In o rde r  to es tab l i sh  a un i f o r m  
Cs p re s su re  in the  th ree  cells, a series of smal l  holes 
are  d r i l l ed  into  the  col lec tor  at the  junc t ions  b e t w e e n  
cells. In an ac tua l  r eac to r  the  Cs p r e s su re  wou ld  be 
at a f ixed k n o w n  va lue  and a Cs pool  wou ld  be 
es tab l i shed  at the  bo t tom end of the  rod  and kep t  
at a f ixed t e m p e r a t u r e  by the  bo t tom cell. 

Once  this  e x p e r i m e n t a l  rod  has been  d e v e l o p e d  one 
can see h o w  to deve lop  a reac tor .  Ins tead  of s tacking 
t h r ee  cells, 10 or 20 cells can be p laced  in series, 
forming a rod about 2 ft in length. This is now a fuel 
element for a reactor. Several hundred of these 
rods can be put into a standard type of water tank 
reactor and it will become critical. By adding elec- 
trical connectors and putting in various control rods, 
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/ / LCOLLECTOR 

/ ZELECTRICAL SPACE 
Z-THERMAL INSULATION 

Fig. 3. Triple-cell experimental rod 
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one has a reac tor  which  genera tes  e lec t r ic i ty  d i -  
rectly.  

Aside f rom the s impl ic i ty  of this type  of reac tor  
there  is ano the r  f u n d a m e n t a l  p rope r ty  of the  cell 
which  has no t  been  ment ioned .  This is the t e m -  
pe ra tu r e  of the  probe  or collector. N o r m a l l y  the  
collector t e m p e r a t u r e  is r u n  n e a r  e q u i l i b r i u m  wi th  
the  Cs vapor  p ressure  t empe ra tu r e .  In  some e lec t r i -  
cal ly  hea ted  expe r imen t s  the collector  t e m p e r a t u r e  
was increased to about  1500~ U n d e r  these c i r c um-  
stances the  open -c i r cu i t  vol tage  did drop. However ,  
the c u r r e n t  at lower  vol tages r e m a i n e d  constant ,  
and  as a resu l t  the power  ou tpu t  also r e m a i n e d  
constant .  If this  r ema ins  t rue  in  f u r t he r  expe r i -  
ments ,  the  device wi l l  be idea l ly  sui ted for ou te r  
space appl icat ion.  A f u n d a m e n t a l  difficulty in  outer  
space is the necess i ty  of d u m p i n g  waste  heat  by  
means  of t h e r m a l  radia t ion .  If  one can d u m p  the  
waste  hea t  at  a h igh t empe ra tu r e ,  the  rad ia to r  p r ob -  
lem wil l  be g rea t ly  reduced.  

A l though  ve ry  a t t rac t ive ,  outer  space appl ica t ions  
do not  exhaus t  the  po ten t i a l  of the  t he rmion i c  con-  
ver ter .  The reac tor  descr ibed ea r l i e r  consis t ing of a 
b u n d l e  of rods in  a t a n k  of wa t e r  may  have  a p a r -  
t i cu la r  appea l  in  m a r i t i m e  p ropu l s ion  and  in special  
s i tua t ions  such as remote  ins ta l la t ions ,  if it can mee t  
reasonable  l i fe t ime and  efficiency r equ i r emen t s .  

P resen t  reactors  fal l  into m a n y  different  ca te -  
gories: fast, the rmal ,  gas cooled, wa t e r  cooled, 

breeders ,  and  so forth.  The  same va r i e ty  of direct  
convers ion  reactors  is, in  theory,  possible  us ing  the 
p l a sma  cell in one of its m a n y  forms as the  f u n d a -  
m e n t a l  b u i l d i n g  block. 

F ina l ly ,  a p a r t i c u l a r l y  in t e re s t ing  app l ica t ion  of 
the  w a t e r  mode ra t ed  reac tor  is in  commerc ia l  power  
product ion .  I t  wi l l  be reca l led  tha t  the heat  t h r o w n  
off by  the  collector  of the  t he rmion ic  cell  is st i l l  at  
a r e l a t i ve ly  high t e m p e r a t u r e .  This hea t  can be used 
to p roduce  s team in  the  usua l  m a n n e r  and  to r u n  
t u r b i n e s  wi th  the f u r t h e r  p roduc t ion  of e lectr ical  
power.  This use of the  p l a sma  cell as a " topping  
cycle" should push  up  the  ove r -a l l  efficiency of 
a tomic power  p l an t s  to a v e r y  i n t e r e s t i ng  va lue  in 
the years  to come. 

Manuscript  received April  21, 1960. This work was 
performed under  the auspices of the Atomic Energy 
Commission. 

A ny  discussion of this paper  will appear in a Discus- 
sion Section to be published in the June  1961 JOURNAL. 
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ABSTRACT 

Neutron activation analysis is an ext remely  sensitive analyt ical  method 
for determining trace impurit ies in semiconductor materials. Theoretical as- 
pects are discussed, and procedures are outlined. Parameters  which determine 
sensit ivity are considered, as well  as the techniques whereby they may be 
varied to increase sensitivity. Tables are included which list e lements that 
can be determined by neut ron  activation analysis, their half-lives, and min i -  
mum detectable amounts.  Also tabulated are elemental  matr ix  materials  of 
electronic interest  together with na tura l ly  occurring associated impuri t ies  
which are determined by neu t ron  activation analysis and other methods. These 
matrices are also ranked according to extent  of flux perturbat ions,  degree of 
self-activation, and ease of chemical separation. 

Since the a d v e n t  of t rans is tors ,  thermoelec t r ic ,  
and  other  semiconduc to r  ma te r i a l s  whose e lect ronic  
proper t ies  are  w h o l l y  or p r i nc ipa l l y  d e p e n d e n t  on 
mino r  cons t i tuents ,  the  i m p o r t a n c e  of t race  i m p u r i t y  
analys is  is apparen t .  Wi th  today ' s  increased  specia l -  

ization,  the need  for c o m m u n i c a t i o n  b e t w e e n  re la ted  
fields of in te res t  has become necessary.  For  this  r ea -  
son, it  is hoped tha t  this  pa pe r  wi l l  fami l ia r ize  the  
e lectronic  scient is t  wi th  some of the aspects of the  
d e t e r m i n a t i o n  of t race  impur i t i e s  by  the  r e l a t ive ly  
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n e w  and  u l t r a - s e n s i t i v e  me thod  of n e u t r o n  ac t iva -  
t ion  analysis .  

Neutron Activation Analysis 
Description of method.--Neutron ac t iva t ion  a n a l -  

ysis, as an  i m p o r t a n t  and  prac t ica l  ana ly t i ca l  method,  
became feasible  on ly  wi th  the  a d v e n t  of the  nuc l e a r  
reactor ,  because,  as wi l l  be  shown,  a h igh  flux of 
n e u t r o n s  is necessa ry  to achieve the  des i red de tec-  
t ion  sensi t iv i ty .  M a n y  exce l len t  re ferences  exis t  
which  give the  genera l  p r inc ip les  of the  me thod  
(1-3, 5). It  is, in  fact, the  ex t r eme  sens i t iv i ty  of this  
me thod  which  makes  it v a l u a b l e  as an  ana ly t i ca l  tool 
for the d e t e r m i n a t i o n  of t race  impur i t i e s  in  concen-  
t r a t ions  too low to be  detected b y  more  c o n v e n -  
t iona l  methods  as, for example ,  emiss ion spect ro-  
scopy. 

The  p r inc ipa l  nuc l ea r  reac t ion  occur r ing  w h e n  a 
s table  isotope of an  e l emen t  is i r r ad ia t ed  w i th  t h e r -  
ma l  n e u t r o n s  is the  n, ~/reaction. The  r e su l t ing  p r od -  
uct  nuc leus  is, in  general ,  a rad ioac t ive  species of 
the same e l emen t  one mass u n i t  h igher  t h a n  the  
or ig ina l  s table  nucleus .  Decay of the  p roduc t  nuc l eus  
is u sua l l y  by  be ta  or g a m m a  emission,  a l though  
other  modes of decay  are  possible, e.g., K - c a p t u r e  or 
a lpha  emission.  Because  rad ioac t ive  atoms can be 
detected in r e l a t i ve ly  smal l  n u m b e r s ,  the poss ib i l i ty  
exists  for a sens i t ive  me thod  of detect ion.  The sub -  
ject  of compe t ing  nuc l ea r  react ions  to give the same 
produc t  nuc leus  as tha t  fo rmed  by  the n, ~ react ion,  
and  the  ques t ion  of second order  react ions,  wh i l e  
in te res t ing ,  are  not  covered here;  the in te res ted  
reader  m a y  find a ful l  account  in the  cited genera l  
references.  

In  pract ice,  the ma te r i a l  of in te res t  is i r r ad ia t ed  
in  a reactor ,  expos ing  al l  impur i t i e s  and  the  m a t r i x  
to an  in tense  flux of t h e r m a l  neu t rons .  Dep e nd i ng  
on the reac t ion  cross section, n u m b e r  of a toms 
present ,  t ime  of i r rad ia t ion ,  and  other  quan t i t i e s  
covered in  Eq. [1] below, the n, ~/ products  of the  
impur i t i e s  and  m a t r i x  are fo rmed  in v a r y i n g  
amounts .  I t  is now necessary  to separa te  each ac-  
t iv i ty ;  this  is u sua l l y  done by employ ing  r ad iochem-  
ical separat ions .  The separa ted  radioact iv i t ies  are  
t h e n  counted  and  f rom a knowledge  of the var ious  
p a r a m e t e r s  involved ,  a ca lcu la t ion  leads to the con-  
cen t r a t i on  of the  o r ig ina l  i m p u r i t y  which  gave r ise  
to the  induced,  measu red  act ivi ty.  The var ious  pa -  
r ame te r s  invo lved  are re la ted  as follows: 

AD(t) 
m : [1] 

eNId(1  --  e -~t) 

where  m is the m i n i m u m  de tec tab le  mass, in g, of 
the  t race  e l ement ;  A is the a tomic  weigh t  of the  
t race  e l emen t  in g /g  at.; D(t) is the  m i n i m u m  de-  
tec tab le  d i s in t eg ra t ion  rate,  in  d i s in tegra t ions / sec ,  
of the ac t iva ted  impur i t y .  Also, in  this  t e r m  are  cor-  
rect ions  for assay (a l iquo t ing)  and  losses due to i n -  
complete  recovery  d u r i n g  the rad iochemica l  sepa ra -  
t ions (chemica l  y i e l d ) ;  r is the  t h e r m a l  n e u t r o n  
flux, in t h e r m a l  n e u t r o n s / s e e  cm"; N is Avogardo ' s  
n u m b e r  (6 x 10 ~ a t . /g  at.) ; f is the f rac t iona l  a b u n d -  
ance of the  t a rge t  nuc l ide ;  ~ is t h e r m a l  n e u t r o n  r e -  
act ion cross sect ion in  cmV ta rge t  at.: and  (1 - -  e -~t) 
is the  s a tu ra t ion  factor,  where  t is the  t ime  of i r r a d i -  

ation, in  sec, ~ is the decay cons tan t  of the  ac t iv i ty  
produced,  in  reciprocal  sec. 

The ac tua l  p rocedure  wh ich  would  be used in  the 
analys is  of a t race i m p u r i t y  in  a semiconduc tor  is 
now considered.  A l though  the  method  is of genera l  
appl icabi l i ty ,  a specific example  is used for clar i ty,  
namely ,  the  d e t e r m i n a t i o n  of t race  arsenic  in  silicon 
metal .  The steps are:  

1. Weigh  out a g r a m  or so of silicon. Place in  a 
quar tz  need le  a we ighed  out smal l  a m o u n t  of pure  
arsenic.  

2. Etch (if the state of ma te r i a l  a l lows)  the  sil icon 
to remove  surface  con tamina t ion .  

3. P lace  the  si l icon and  the  quar tz  need le  in a 
su i table  i r r ad ia t ion  conta iner .  

4. I r r ad i a t e  in  a n u c l e a r  reactor  for 5 days at 
highest  possible flux. 

5. Open  the i r r ad ia t ion  capsule.  R e - e t c h  the si l i-  
con and  dissolve in  su i t ab le  reagen ts  ( in  this  case 
n i t r i c -hydrof luor ic  acid m i x t u r e )  and  add a k n o w n  
a m o u n t  of s table  arsenic  (about  10 mg) .  

6. Use su i tab le  rad iochemica l  p rocedures  to sep- 
a ra te  the arsenic  (which  now  carr ies  wi th  it the i n -  
duced rad ioac t ive  a rsen ic )  f rom all o ther  possible 
induced  act ivi t ies  (not  qu i te  so ha rd  as it seems, 
since group separat ions ,  scavenging,  etc., r emove  in -  
t e r fe r ing  act ivi t ies  in  a few steps) .  

7. Ob ta in  the car r ie r  arsenic  in su i tab le  form 
and  weigh. Moun t  in  a su i t ab le  way  and  count  the 
rad ioac t ive  arsenic.  Compare  this  count  w i th  a por -  
t ion of the rad ioac t ive  arsenic  s t anda rd  f rom the 
quar tz  needle.  Make  all  correct ions  to the u n k n o w n  
count  for chemical  yield,  assaying,  weight  of sample, 
and  f inal ly compute  the mass of t race a rsen ic  by the  
fol lowing:  

Cstd 

where  M,~ and  M~t~ refer  to the masses of the u n -  
k n o w n  arsenic  and  the  we ighed  or s t a n d a r d  arsenic,  
respect ively,  and  C,~ and  C~,,, refer  to the count ing  
ra te  of the  u n k n o w n  arsenic  and  the  k n o w n  arsenic, 
respect ively.  

Theoretical sensitivity.--The sens i t iv i ty  for any  
g iven e l e me n t  is defined as the m i n i m u m  amoun t  
which can be d e t e r m i n e d  u n d e r  a g iven set of con-  
ditions. These condi t ions  are g iven e i ther  d i rec t ly  
f rom Eq. [1] or are impl ic i t  in it and  are:  1, mag-  
n i t ude  of the  t h e r m a l  n e u t r o n  flux of the  reactor  in  
which  the ma te r i a l  is i r r ad ia t ed ;  2, t h e r m a l  ac t iva-  
t ion  cross section of the  t a rge t  nucl ide ;  3, l eng th  of 
t ime the sample  is i r r ad ia ted ;  4, ha l f - l i fe  of the r a -  
dioisotope p roduced  by  the n, ~ reac t ion  on the  ta rge t  
nucl ide ;  5, efficiency of the  r ad ia t ion  detector  in 
m e a s u r i n g  the  rad ia t ion  p roduced  f rom the  decaying 
rad ionuc l ide ;  6, a m o u n t  of h igh cross-sect ion ma te -  
r ia l  in the sample  which  migh t  in te r fe re  in  the sepa-  
ra t ion  of the  desired e lement ,  or more  seriously, 
cause flux a t t e n u a t i o n  and  se l f - sh ie ld ing ;  7, loss of 
ac t iv i ty  due to rad iochemica l  separa t ions  a n d / o r  
a l iquo t ing  procedures ;  8, m i n i m u m  a m o u n t  of ac- 
t iv i ty  r e q u i r e d  to m e a s u r e  accura te ly  the  half - l i fe ,  
and  in  ce r t a in  cases, the  m a x i m u m  be ta  ene rgy  of 
the rad ionuc l ide ;  9, a m o u n t  of sample  ava i lab le  for 
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a n a l y s i s ;  a n d  10, t i m e  r e q u i r e d  f r o m  e n d  of  i r r a d i a -  
t i o n  to  t h e  m e a s u r e m e n t  of  t h e  i n d u c e d  a c t i v i t y .  

F r o m  t h i s  l i s t ,  i t  c a n  b e  s e e n  t h a t  s e v e r a l  of  t h e s e  
c o n d i t i o n s  c a n  b e  v a r i e d  i n  o r d e r  to  a t t a i n  g r e a t e r  
s e n s i t i v i t y  of  d e t e c t i o n  s h o u l d  t h i s  b e  r e q u i r e d .  I n -  
c r e a s e d  s e n s i t i v i t y  is  a t t a i n e d  b y  i r r a d i a t i o n  a t  h i g h e r  
n e u t r o n  f l u x e s  f o r  l o n g e r  p e r i o d s  of  t i m e ,  a s s u m i n g  
f o r  t h e  l a t t e r  c o n d i t i o n ,  of  c o u r s e ,  t h a t  s a t u r a t i o n  h a s  
n o t  o c c u r r e d  ( c o n d i t i o n s  1 a n d  3 ) ;  b y  i n c r e a s i n g  t h e  
e f f i c i ency  of  t h e  d e t e c t i o n  of  t h e  m e a s u r e d  r a d i a t i o n ,  
as  f o r  e x a m p l e ,  u s i n g  a n  i n t e r n a l  f low c o u n t e r  vs. a 
G e i g e r  c o u n t e r  ( c o n d i t i o n  5 ) ;  b y  i n c r e a s i n g  t h e  
a m o u n t  of  m a t r i x  m a t e r i a l  u n d e r  i r r a d i a t i o n  ( c o n -  
d i t i o n  9 ) ;  b y  d e c r e a s i n g  t h e  loss  of  a c t i v i t y  d u e  to  
c h e m i c a l  m a n i p u l a t i o n s ,  a s s a y i n g ,  a n d  a l i q u o t i n g  
p r o c e d u r e s  ( c o n d i t i o n  7 ) ;  a n d  f i na l l y ,  f o r  t h o s e  i n -  
d u c e d  a c t i v i t i e s  h a v i n g  s h o r t  h a l f - l i v e s ,  r e d u c i n g  
t h e  e l a p s e d  t i m e  f r o m  t h e  e n d  of  i r r a d i a t i o n  to  t h e  
m e a s u r e m e n t  of  t h e  a c t i v i t y  ( c o n d i t i o n  10) .  C o n d i -  

Table I. Elements determinable by N.A.A,.* 

M i n i m u m  
Eie- Nuclear reaction detectable 
m e n t  of i n t e r e s t  t~l~ a m o u n t ,  ~g 

N a  N a ~ ( n ,  7) N a  "~' 14.97h 3 • 10 -4 
Si Si~~ 7) Si s' 2.63h 5.8 • 10 --~ 
P P'~ (n,  7 ) P  ~ 14.22d ~ • I0 -~ 
S S ~' (n ,  7) S ~'~ 87d 0.5 
C1 CF~(n, 7) CP ~ 37.29m 1.7 • 10 -~ 
K K ' l ( n ,  7 ) K  ~ 12.52h 3.4 • 10 -~ 
Ca Ca '~ (n,  7) Ca  ~ 164d 1 
Sc S c ~ ( n ,  -y) Sc  "~ 83.9d 3.3 • I0- '  
Cr  Cr~~ 7 ) C r  '~ 27.8d 6 • 10 ~ 
M n  M n  ~5 (n,  7) M n  '~ 2.576h 2.9 • 10 -~ 
Fe  F e  ~8 (n,  7) F e  ~ 45.1d 1.5 
Co Co ~ (n,  7) Co ~~ 5.24y 5 X 10 -'~ 
Ni Ni  ~' (n,  7) Ni  ~ 2.564h 2 X 10 -'~ 
Cu C u ~ ( n ,  7 ) C u  ~ 12.80h 1.4 X 10 
Z n  Z n  68 (n,  7) Z n  ('~ 13.8h 2.4 • 10 ~ 
G a  G a  ~ (n,  7) G a  ~'~ 14.3h 2.4 X 10 - '  
Ge  Ge  ~6 (n,  7) Ge  ~ l l . 3 h  7 • 10 -~ 
As  As~ffn, 7 ) A s  TM 26.4h 1 X 10 -~ 
Se  S e ~ ( n ,  7 ) S e  ~ 121d 5 • 10 
B r  B r a ( n ,  7 ) B r  *'~ 35.87h 3.4 X 10-* 
Sr  S r  ~ (n,  7) S r  *" 51d 2.4 
Y Y~"(n, 7 ) Y  "~ 64.2h 7 • 10 ' 
Z r  Z r  ~ (n,  7) Z r  "~ 17.0h 0.2 
Mo Mo~S(n, 7) Mo "~' 66h 1 X 10 -'~ 
Ru  Rul~ 7) Ru  ~~ 39.8d 2 X 10 -~ 
Pd Pdl~ 7) P d  1~ 13.5h 2 X 10-' 
Ag  AgX~ 7 ) A g  ~~ 253d 1 • 10 -'~ 
Cd Cd ~ (n, 7) Cd ~ 53h 3 X 10 -~ 
In  I n ~ ( n ,  7 ) I n  ~ 50d 6 X 10 ~ 
S n  Sn~2~ 7) S n  ~ 27.5h 2 • 10 -2 
Sb  S b m ( n ,  7 ) S b  ~- 2.8d 3 • 10 ~ 
Te Te~6(n,  7) Te  ~ 9.4h 5 • 10 -~ 
Cs C s ~ ( n ,  7) C s~*~ 2.07y 3 X 10 -~ 
L a  L s  7) L a  ~~ 40.2h 1 X 10 -~ 
Hf  HPS~ 7 ) H P  8~ 44.6d 5 • 10 -8 
Ta  T a  1~ (n,  7) T a  ~s~ l15d  2 X 10 -~ 
W W~6(n,  7 ) W  ~ 24h 1 • 104 
Re R e ~ ( n ,  7 ) R e  '~ 89h 3 • 10 -~ 
Os O#"~(n, 7) Os ~"s 31h 2 • 10 -z 
I r  I r  1"~ (n,  7) I r  ~" 19h 2 • 10 -'~ 
P t  P t ~ ( n ,  7 ) P f  ~ 18h 6 • 10 ~ 
A u  A u  ~ (n,  7) A u  ~ 2.70d 2 X 10 -'~ 
Hg  Hg~~ 7) Hg  ~~ 47d i X 10 -0- 
T1 TP ~ (n,  7) T1 ~ 3.56y 0.1 
P b  P b  ~s (n,  7) P b  ~ 3.30h 4.8 
Bi Bi~ (n, 7)Bi ~~ 5.01d 0.I 

* O n l y  f o r  t h e  c o n d i t i o n s  se t  f o r t h  in  th i s  p a p e r ,  S p e c i a l  cases  a r e  
no t  c o n s i d e r e d .  

t i o n s  2, 4, a n d  6 a r e  a b s o l u t e l y  i n v a r i a n t  a n d ,  f o r  a 
g i v e n  r a d i a t i o n  m e a s u r i n g  s y s t e m ,  a n d  as  a p r a c t i c a l  
m a t t e r ,  so  is  i t e m  8. 

Practical sensi t ivi ty .--In t h e  p r e v i o u s  s e c t i o n ,  
t h o s e  f a c t o r s  w h i c h  a f f e c t  t h e  s e n s i t i v i t y  of  t h e  n e u -  
t r o n  a c t i v a t i o n  m e t h o d  h a v e  b e e n  c o n s i d e r e d  f r o m  a 
t h e o r e t i c a l  v i e w p o i n t .  I n  t h i s  s e c t i o n ,  a l i s t  of  e l e -  
m e n t s  w h i c h  c a n  b e  d e t e r m i n e d  b y  t h i s  m e t h o d ,  g i v -  
i n g  p r a c t i c a l  m i n i m u m  d e t e c t a b l e  a m o u n t s ,  w i t h o u t ,  
h o w e v e r ,  c o n s i d e r i n g  t h e  e f fec t  of  t h e  m a t r i x ,  w h i c h  
is t a k e n  u p  i n  a l a t e r  s e c t i o n ,  a r e  s h o w n  i n  T a b l e  I. 

T h e  m i n i m u m  d e t e c t a b l e  a m o u n t s  a r e  c o m p u t e d  
f o r  t h e  f o l l o w i n g  c o n d i t i o n s :  1, t h e r m a l  f lux :  10 TM 

n e u t r o n s / s e c  cm~; 2, m i n i m u m  d e t e c t a b l e  a c t i v i t y :  
10 d i s t i n t e g r a t i o n s / s e c .  T h i s  is, i n  g e n e r a l ,  t h e  
a m o u n t  of  r a d i o a c t i v i t y  r e q u i r e d  to  c o n f i r m  t h e  h a l f -  
l i f e  a n d  m a x i m u m  b e t a  e n e r g y  of  t h e  m e a s u r e d  
r a d i o n u c l i d e .  H o w e v e r ,  f r o m  p r a c t i c a l  c o n s i d e r a -  
t i o n s ,  l o s se s  of  5 0 %  e a c h  f o r  a l i q u o t i n g  a n d  c h e m i c a l  
yield are included. This requires then, 40 disintegra- 
tions/sec before these losses yield the required i0 
disintegrations/sec [D(t)-: 40 d/s]; 3, l-g sample 
size; 4, time of irradiation is until saturation occurs, 
or five days, whichever is first. Saturation is con- 
sidered attained when the value of e -~t is 0.05 or less; 
5, no consideration in the calculations is made for 
loss of activity by decay after irradiation. For iso- 
topes having a half-life greater than 12 hr this factor 
may be neglected; for those less than 12 hr, but 
greater than 2 hr, a correction lowering the sensi- 
tivity by several percent would have to be applied, 
but is not considered here. 

Table I gives a list of those elements easily deter- 
mined by this method, showing both the nuclear re- 
action of interest together with the half-life of the 
produced nuclide. In general, only elements giving 
induced activities with half-lives greater than 2 hr 
have been considered. However, for special cases, 
half-lives greater than a few minutes can be deter- 
mined using special techniques. The rare earth ele- 
ments, although extremely sensitive, have not been 
included, as they are not of general electronic inter- 
est, except in other rare earth matrices where the 
extremely high cross sections of the matrix make for 
a very difficult analysis. 

The minimum detectable amount has been calcu- 
lated from Eq. [I]. It should be noted, however, as 
is not the case for many similar compilations, that 
this calculation is extremely conservative, giving 
values which are readily obtainable in any labora- 
tory, assuming of course, that the matrix material 
is not of high cross section, which problem is dis- 
cussed next. 

Matr ix  Problem 
I n  o r d e r  to  o b t a i n  r e a s o n a b l e  s e n s i t i v i t y  i n  t h e  

u s e  of  t h i s  m e t h o d ,  f a i r l y  l a r g e  s a m p l e  w e i g h t s  a r e  
d e s i r a b l e .  T h i s  c a n ,  h o w e v e r ,  p o s e  t h r e e  p r o b l e m s ,  
n o t  n e c e s s a r i l y  o r  u s u a l l y  m u t u a l l y  e x c l u s i v e :  ( a )  
t h e  e f f ec t  of  n e u t r o n  b e a m  p e r t u r b a t i o n s  b y  m a t e -  
r i a l s  o f  h i g h  a b s o r p t i o n  c r o s s  s e c t i o n ;  ( b )  t h e  p r o b -  
l e m  of  h a n d l i n g  a l a r g e  a m o u n t  of  i n d u c e d  r a d i a t i o n  
of  t h e  m a t r i x ;  a n d  ( c )  t h e  e a s e  w i t h  w h i c h  t h e  
m a t r i x  is c h e m i c a l l y  s e p a r a t e d  f r o m  t h e  t r a c e  i m -  
p u r i t i e s .  T h e s e  c r i t e r i a  a r e  d i s c u s s e d  i n  o r d e r  a n d  
f i n a l l y  t a b u l a t e d  f o r  a g r o u p  of  m a t r i c e s  i n  T a b l e  II .  
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Table II. Matrices for N.A.A. ranked according to perturbation, induced activity, and ease of chemical separation effects 

Cr i t e r i a  of g r o u p  

I n d u c e d  a c t i v i t y  for  E l e m e n t s  a r r a n g e d  i n  
G r o u p  To ta l  f lux s t a n d a r d  i r r a d i a t i o n s  H a l f - l i f e  ot  d e s c e n d i n g  o r d e r  o~ 

No. p e r t u r b a t i o n s  g i v e n  i n d u c e d  a c t i v i t y  ease of s e p a r a t i o n  

A 5% or less 
B 5% or less 
C 5% or less 
D 5% to 90% 
E 5% to 90% 
F greater than 90% 

and either less than 10 mc 
and either 10-1000 mc 

and greater than 1000 mc 
and either 10-1000 mc 

and greater than  1000 mc 

or less than  12 hr St, C, Pb, Ba, Bi, Mg, Ti 
or greater than 12 hr Ni, Te, Sn, Fe, Zn, Ge 

and greater than 12 hr As, Se, Cu, Y, La, Cr, P, Ga 
or greater than 12 hr Mo 

and greater than 12 hr Hg, W, Ta 
Re, Gd 

Total ]tux perturbation ef]ect.--There are two si-  
m u l t a n e o u s  and  di f ferent  p e r t u r b a t i o n  effects which  
occur w h e n  an  abso rb ing  m a t e r i a l  is p laced in  a n e u -  
t r on  flux. The first is the  a t t enua t ion ,  somet imes  
r e fe r r ed  to as se l f - shadowing ,  of the  n e u t r o n  b e a m  
as it is absorbed  p rogress ive ly  in  its passage f rom 
the surface to the  in te r io r  of the sample.  Depend ing  
upon  the  n e u t r o n  absorp t ion  and  reac t ion  cross sec- 
t ions, the  in te r io r  of a g iven  sample  wi l l  "see" less 
of the  u n p e r t u r b e d  flux t h a n  wi l l  the ex te r ior  por -  
tions. W h e n  the  cross sect ions are sufficiently high,  
the  eva lua t ion  of this  effect becomes impor t an t .  The 
second p e r t u r b a t i o n  effect is tha t  caused by  the flux 
g rad ien t  r e su l t ing  w h e n  a n e u t r o n  absorb ing  m a t e -  
r ia l  is p laced in an  u n p e r t u r b e d  n e u t r o n  field. This 
effect, l ike the first, is d i rec t ly  concerned  wi th  the  
cross sections of the absorbing material and is simi- 
larly difficult to evaluate; in general, it will vary 
from reactor to reactor. 

In any given situation, these perturbation effects 
must be determined empirically, but for the pur- 
poses of this paper, the approach given in reference 
(6) by Lewis of the Materials Testing Reactor, Idaho 
Falls, Idaho, is used. In reference to Table II, ma- 
terials have been grouped according to total flux 
perturbations, using calculations similar to that of 
the cited reference. Flux perturbations of less than 
5% are negligible and occur in those matrices easiest 
to work with, other effects being equal; perturba- 
tions between 5 and 90% give a range of materials 
intermediate in difficulty; and finally, those mate- 
rials whose total perturbation effects are greater 
than 90% are not recommended for neutron activa- 
tion analysis, except in very special and unusual cir- 
cumstances. 

Induced radiation ef]ect.--As was expla ined ,  not  
only  the  t race impur i t i es ,  bu t  also the  m a t r i x  m a -  
te r ia l  wi l l  become rad ioac t ive  upon  i r rad ia t ion .  The 
q u a n t i t y  of r ad ia t ion  induced  in the t race  compo-  
nen t s  is negl ig ib le  w h e n  considered  f rom the h a n -  
d l ing  and  hea l th  safe ty  aspects, b u t  the r ad ia t ion  i n -  
duced in  a g ram or more  of h igh cross-sect ion m a t r i x  
ma te r i a l  is significant.  The usua l  r ad ioana ly t i ca l  
l abo ra to ry  can hand le  up  to 10 mi l l i cur ies  of ac t iv -  
ity, us ing  only  genera l  l abo ra to ry  e q u i p m e n t  and  
m i n i m a l  lead shielding,  r emote  h a n d l i n g  e q u i p m e n t  
or o ther  special ized gear.  F r o m  10 to 1000 mi l l i cu r i e s  
of ac t iv i ty  can be h a n d l e d  by  exper ienced  personnel ,  
bu t  r equ i res  a comple te  and  wel l  equ ipped  "hot"  or 
h igh level  l abora tory .  Above  1000 mi l l i cur ies  of ac-  
t ivi ty,  on ly  t r a i ned  people  w o r k i n g  in  the best  e n -  
v i r o n m e n t  should be considered.  Remote  h a n d l i n g  

equ ipment ,  especial ly  des igned  fume  hoods, proper  
shielding,  and  au tomat ic  r ad ia t ion  detec t ion devices 
are m a n d a t o r y  for w or k i ng  at this  level  of radia t ion .  

C o n c u r r e n t l y  wi th  the r ad i a t i on  in tens i ty ,  the 
ha l f - l i f e  of the induced  ac t iv i ty  mus t  be considered.  
For  shor t - l ived  activit ies,  the  in t ens i ty  of the in -  
duced r ad ia t ion  wi l l  fal l  off r ap id ly  and  it  is then  
possible to wai t  for a short  per iod before s ta r t ing  
the rad iochemica l  separa t ion  process. Mater ia l s  
whose act ivi t ies  have  ha l f - l i ve s  less t h a n  12 hr  are 
considered to be in  this category.  

Ease of chemical separation ef]ect.--A v e r y  u n -  
favorab le  m a t r i x  e lement ,  cons ider ing  the first two 
effects only,  m a y  u n d e r  ce r ta in  condi t ions  be recon-  
s idered should its chemical  p roper t ies  be such tha t  it 
is easily, rapidly ,  and  specifically r emoved  by chemi-  
cal m a n i p u l a t i o n s  f rom the  induced  t race  activities.  
In  Table  II the  e lements  in each group have  been 
a r r a n g e d  in descending  order  according to this 
effect. 

Table  II has t a ke n  all these cons idera t ions  into ac- 
count  and  lists a group of e lements  of p resen t  or 
possible f u t u r e  e lectronic  in teres t ,  according to the 
cr i ter ia  given.  

In  general ,  should the  e l e me n t  of in teres t  fal l  into 
Groups  A, B or C then  no grea t  p rob lems  should 
arise and ac t iva t ion  ana lys i s  can be successful ly  
done. Sens i t iv i t ies  gene ra l l y  wi l l  be as in Table  I 
since 1-g samples  are u sua l l y  feasible w i t h i n  this 
class. E lemen t s  fa l l ing  into Groups  D and  E wi l l  re -  
qu i re  cons iderable  a t t e n t i on  and  complete  "hot" 
facilities. The difficulty of w or k i ng  wi th  these classes 
is great  bu t  not  i n s u r m o u n t a b l e ,  and  the sensi t iv i t ies  
for the t race impur i t i e s  wi l l  p r o b a b l y  decrease by  a 
factor  of a pp r ox i ma t e l y  10, since smal le r  samples  
wi l l  u n d o u b t e d l y  have  to be used. 

E lements  classified in G r oup  F p resen t  great  
difficulty and, because  ve ry  smal l  sample  sizes mus t  
be used, it is p robab le  tha t  o ther  methods  of ana l -  
ysis wil l  y ie ld  more  sens i t ive  results .  

Summary 

In  Table  III, a group of e l ements  of p resen t  or po-  
t en t i a l  e lect ronic  in te res t  have  been  listed. The trace 
impur i t i es  t a bu l a t e d  are those found,  u sua l l y  in  the 
pa r t  per  mi l l ion  range,  u p o n  carefu l  spect rographic  
analys is  of the  highest  p u r i t y  ma te r i a l s  ava i l ab le  at 
present .  

A n  i l lu s t r a t ion  shows how the  i n f o r ma t i on  con-  
t a ined  in this paper  could be used by  the electronic 
scientist .  
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Table Ill. Matrices of electronic interest and naturally occurring 
associated impurities 
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Assoc ia t ed  i m p u r i t i e s  

D e t e r m i n a t i o n  by  
M a t r i x  e l e m e n t  D e t e r m i n a t i o n  by  N.A.A.  o t h e r  me thods*  

Carbon Si, Na, Fe Mg 
Magnesium Zn, Fe, Mn, Pb, Si, Ca, A1 

K, Na, Cu, Ni, Ag, Sn 
Silicon Ga, In, P, As, Sb, Fe, B, A1 

Cu, Zn 
Phosphorus Ca, Fe 
Titanium Sn, Si, Fe, Ca, Na, Cu A1, Mg 
Chromium Fe, Ca, Cu, Si, Ni A1, Mg, Ti 
Iron Si, Mn, Ni, Cu, Ag, Na, A1, Mg, Ti 

Cr, Mo 
Nickel Fe, Si, Na, Ca, Cu, Ag, Al, Mg 

Mo, Cr 
Copper Si, Ca, Pb, Ag, Ni Mg 
Zinc Pb, Ca, Cu, Fe, Na, Si, A1, Mg, Ti 

Ag, K 
Gallium Sn, Pb, T1, Cu, Ag, Na, Mg 

Ca 
Germanium Ca, Cu, Ag Mg 
Arsenic K, Na, Fe, Si, Ag 
Selenium Si, Na, Fe, Ni, Ag, Ca, A1, Mg, Ti 

Cu, Mn, Te 
Yttrium Fe, Si, Na, Cu, Ag A1, Mg, Tb, Dy 
Molybdenum Si, Fe, Na, Ca, Cu Mg 
Tin In, Ge, K, Ag, Ca, Fe, AI, Mg 

Pb, Si, Na, Bi, Cu, Zn, 
As 

Tellurium Ag, Mn, Ca, Si, Na, Cu, 
Fe, Pb, Se Mg 

Barium Ca, Fe, Si, Cu, Mn, Na, A1, Mg, Ti 
Sr 

Lanthanum Ca, Si, Sn, Fe, Pb, Cu, Mg, Pr, Nd 
Na 

Gadolinium~ Pb, Ca, Si, Fe, Na, Cu Mg, Tb, Sm, Eu 
Tantalum Cu, Na, Si Al, Nb 
Tungsten Mo, Fe, Ca, Si, Cu, Na Mg 
Rhenium~ Fe, Si, Ca, Na, Cu Mg 
Mercury Cu, Ag, Ca, Na Mg 
Lead Cu, Ca, Fe, Si, Ag A1, Mg 
Bismuth Fe, K, Si, Ca, Cu, Pb, A1, Mg 

Ag, Na 

* M a g n e s i u m ,  a l u m i n u m ,  t i t a n i u m ,  a nd  ce r t a i n  r a r e  ea r ths  can be 
done  u s i n g  spec ia l  t e c h n i q u e s  u n d e r  ca r e fu l l y  c o n t r o l l e d  condi t ions .  

t These  e l e m e n t s  are  no t  r e c o m m e n d e d  for  N.A.A. ;  t h e y  f a l l  in to  
G r o u p  VI. 

PROBLEM; Determine in the part  per million 
range (or lower) the Periodic Group III  impurities in 
silicon carbide. 

1. Consider first the matrix. Use Table II  to de- 
termine the ease with which an analysis could be 
performed. (Note: when considering compounds, 
treat each element separately.) In reference to 
Table II, both silicon and carbon are in Group A, 
presenting no problem for activation analysis. A 
compound such as bismuth telluride, where the bis- 

muth falls into Group A, but the tellurium falls into 
Group B, would be considered to be a Group B 
classification. 

2. Consider the sensitivities of the trace impuri-  
ties to be analyzed. Table I shows boron and alumi- 
num absent; therefore, other methods would have to 
be considered for those two elements. However, gal- 
lium, indium, and thallium all fall within the sensi- 
tivities required. 

3. In normal high-pur i ty  material (before fur-  
ther purification) what  is the expectation of finding 
these elements? Consider Table III. Here they are 
absent in carbon, but both gallium and indium are 
found in silicon. It should be realized, however, that 
this Table III  considers impurities at the spectro- 
scopic level, generally about 1 ppm. 

A whole group of materials of electronic interest 
has been covered. Most of the I I - IV compounds are 
represented, e.g., magnesium silicide, magnesium 
stannide, and magnesium plumbide. Many of I I I -V 
compounds, such as gallium arsenide and indium 
antimonide, are represented. The semiconductor 
metallics, germanium, silicon, and silicon carbide, 
are given. The thermoelectrics are represented by 
bismuth telluride and bismuth selenide. 

In a general survey of this type, it is impossible, 
practically, to cover every possible permutation of 
trace and matrix element. However, it is hoped 
enough general and specific information has been 
imparted to the electronic scientist so that he may 
better understand the problems encountered in the 
important area of electronic materials. 

For those interested in obtaining more details, the 
following extensive bibliographies by Meinke (7, 8), 
are cited. 

An excellent handbook on activation analysis has 
been prepared by Koch and is invaluable for work-  
ers in this field (4). 

Manuscript received Feb. 2, 1960; revised manuscript 
received Aug. 10, 1960. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1961 JOURNAL. 
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Chemical Etching of Silicon, I. The System HF, 
HNO3, and H20 

Harry Robbins and Bertram Schwartz (pp. 505-508, Vol. 106, No. 6) 

B. A. Irving1: The au thors  p resen t  m e a s u r e m e n t s  
of the etch ra te  of si l icon in  mix tu re s  of n i t r i c - h y -  
drofluoric acids of va r ious  concen t r a t i on  and  i n t e r -  
p re t  these in  t e rms  of a two-s t age  d i f fus ion-con-  
t ro l led  reac t ion  i nvo lv ing  t h e r m a l  and  chemical  
autocatalysis .  However ,  the  chemical  k ine t ic  basis  of 
this  i n t e r p r e t a t i o n  seems mis leading .  This discussion 
seeks to c lar i fy  some poin ts  in  this and  to show how 
an empi r ica l  ra te  express ion  m a y  be deduced in ac-  
cord wi th  all  the e x p e r i m e n t a l  observat ions .  

Chemica l  au tocata lys is  takes  place w h e n  one of 
the products  of a chemica l  reac t ion  is able  to ca ta -  
lyze the reac t ion  itself. Cre te l la  and  Gatos, 2 in  a 
paper  pub l i shed  af ter  Robb ins  and  Schwar tz ' s  paper  
had been  submi t ted ,  r epor t  inves t iga t ions  of an  
analogous  au toca ta ly t ic  process, the ox ida t ion  of 
g e r m a n i u m  by  n i t r i c  acid. Ni t rous  acid p roduced  by  
the ox ida t ion  acts as an  i n t e r m e d i a t e  catalyst .  S imi -  
lar  reac t ion  schemes, based on the resul ts  of Vetter ,  ~ 
can be w r i t t e n  for the ox ida t ion  of silicon. The in i -  
t ia l  slow reac t ion  is wi th  HNO:~ or NO3- to produce  
n i t rous  acid. 

2 (  ( f rom St) -5 3H + -5 NO.~---> H..O -5 HNO~ [1] 
The n i t rous  acid reacts  w i th  more  n i t r ic  acid to give 
N.~O4 which  rap id ly  can oxidize si l icon and  e v e n t u a l l y  
produce  a double  q u a n t i t y  of n i t rous  acid. 

HNO~ -5 HNO3 ~ N20, + H:O slow [2] 

N,O~ -~ 2NO._. [3] 

2 (  ( f rom St) -5 2NO2--) 2NO~- [4] 

2NO2- -5 2H § 2HNO.~ [5] 

The in i t i a l  reac t ion  [1] soon becomes swamped  
and  the ra t e  of ox ida t ion  then  is d e t e r m i n e d  by  
the ava i l ab i l i t y  of HNO~ and,  hence,  by  the  a m o u n t  
of reac t ion  a l ready  t a k e n  place. It  is, therefore,  an  
exponen t i a l  func t ion  of t ime. W h e n  the ra te  has 
reached a cer ta in  value ,  however ,  there  is adequa te  
HNO... and  the  ava i l ab i l i t y  of HNO:, becomes a l im i t -  
ing factor. The ra te  t h e n  becomes cons tan t  in t ime  
wi th  HNO~ (or equa l ly  H § and  NO~-) diffusing to 
the surface  at a s teady ra te  and  the  surface con-  
cen t r a t ion  of HNO: is m a i n t a i n e d  constant ,  the b a l -  
ance b e t w e e n  the  ne t  ra te  of p roduc t ion  by  the 
reac t ion  and  the ra te  of loss by  out-di f fus ion.  

1 Resea rch  Lab. ,  Assoc ia t ed  E lec t r i ca l  I ndus t r i e s ,  A l d e r m a s t o n  
Cour t ,  A l d e r m a s t o n ,  B e r k s h i r e ,  E n g l a n d .  

2M. C. Cre t e l l a  and  H. C. Ga tos ,  This Journal, 105, 487 (1958). 
3 K. J. Vet te r ,  Z. physik .  Chem.,  194, 199 (1950). 

The difference be t w e e n  the  etch ra te  of g r o u n d  
a nd  pol ished surfaces lies in  the  t ime  r equ i r ed  for 
the  s t eady- s t a t e  etch ra te  to be reached.  The ac t iva -  
t ion  ene rgy  for the  reac t ion  [1] and  [4] on g r o u n d  
surfaces ( con ta in ing  m a n y  dis locat ions)  is expected  
to be less t h a n  for a more  per fec t  e tched or care-  
fu l ly  pol ished surface,  ' and, therefore ,  the  ca ta lyzed 
reac t ion  gets s t a r t ed  more  readi ly .  Add ing  n i t rous  
acid (n i t r i t e  or n i t r o g e n  oxides)  s imi l a r ly  helps i n i -  
t ia te  the  ca ta lyzed  react ion.  

The w a y  the s t eady- s t a t e  etch ra te  var ies  wi th  
concen t ra t ion  ( the  measu red  etch r a t e - c o n c e n t r a -  
t ion  func t ion )  reflects the  ava i l ab i l i t y  of n i t r ic  acid 
(HNO3) at the  surface  since r epor t ed  etch ra tes  are 
" s t eady- s t a t e "  values .  The diffusion g rad ien t  of 
HNO3 (or H + and  NO~-) wi l l  be  affected by  increases  
in  the b u l k  n i t r i c  acid concen t ra t ion ,  t e nd i ng  to in -  
crease the concen t ra t ion  at the  surface.  The increase  
in  ra te  expected f rom this  also increases  the concen-  
t r a t i on  of HNO2 at  the surface  which  increases  the 
ra te  still  more.  S imi la r ly ,  the  hea t  of reac t ion  i n -  
creases the rate,  as a h igher  etch ra te  is equ iva l en t  
to h igher  ra te  of l i be ra t ion  of hea t  and,  hence,  an  in -  
creased surface t empe ra tu r e .  This, in tu rn ,  affects 
the diffusion ra tes  to and  f rom the surface in  the  
w a y  ou t l ined  by  Robbins  and  Schwartz .  The diffu-  
sion gradient ,  the  surface concen t r a t i on  of n i t rous  
acid, and  surface  t e m p e r a t u r e  are all  power  func -  
t ions  of the b u l k  concent ra t ions .  The etch ra te  will ,  
therefore ,  be some power  func t i on  of the  n i t r ic  
acid concent ra t ion .  The index  is expected  to be 
g rea te r  t h a n  1 b u t  no t  necessa r i ly  in tegra l .  A plot  
of log (etch ra te )  agains t  log (n i t r i c  acid concen t r a -  
t ion)  at 80% hydrof luor ic  acid concent ra t ion ,  t aken  
f rom Robbins  a nd  Schwar tz ' s  Fig. 2, is shown in 
Fig. 1 pub l i shed  here. This has a slope abou t  2 and  
indicates  an  etch ra te  a p p r o x i m a t e l y  p ropor t iona l  to 
the  square  of the  n i t r ic  acid concen t ra t ion .  

The  second stage of the d isso lu t ion  process is the 
reac t ion  of the oxidized sil icon wi th  hydrof luoric  
acid to give soluble  si l icofluoride ions or si l icon 
tetraf luoride.  

Si --  4E- 4- 6F- --) SiFt'-'- [6a]  

Si - -  4 (  -5 4F- -~ SiF~ [6b] 

The reac t ion  m a y  be w r i t t e n  wi th  e i ther  F-, or 
HF, or HF2-, al l  of which  exist  in  hydrof luor ic  acid 
so lu t ions?  This reac t ion  is no t  chemica l ly  cata lyzed 
b u t  is, of course, has t ened  by  a rise of t empera tu re .  
The react ion is no t  expected  to be k ine t i ca l ly  of 
s ix th  or four th  order  as the  n u m e r o u s  addi t ion  steps 
wi l l  not  necessa r i ly  have  equa l  ra tes  and  the  slowest  
step wil l  be r a t e  de te rmin ing .  A plot  of log (etch 
ra te  at 60% n i t r i c  acid concen t r a t i on )  aga ins t  log 

N. Cabrera ,  " S e m i c o n d u c t o r  Su r f ace  P h y s i c s , "  p. 342, U n i v e r -  
s i ty  of P e n n s y l v a n i a  Press ,  P h i l a d e l p h i a  (1957). 

See, fo r  ins tance ,  r e v i e w  by  H. R. Leech ,  S u p p l e m e n t  to Mel-  
l o t s '  " T r e a t i s e  on I n o r g a n i c  C h e m i s t r y , "  pp .  111-119, L o n g m a n s  
G r e e n  & Co., New Y o r k  (1956). 
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(hydro f luo r i c  ac id  c o n c e n t r a t i o n ) ,  t a k e n  f rom Fig.  
2 of Bobb ins  and  S c h w a r t z ' s  pape r ,  is shown in 
Fig.  2 p u b l i s h e d  here .  The  s lope is abou t  3 /2  on the  
l e f t  a n d  r i ses  to a b o u t  6 a t  the  r igh t ,  t h o u g h  the  
l a t t e r  f igure  is doub t fu l .  The  r a t e  is a p p r o x i m a t e l y  
p r o p o r t i o n a l  to t h e  1.5 up  to 6 p o w e r  of t he  n o m i n a l  
hyd ro f luo r i c  ac id  concen t ra t ion .  

C o m b i n i n g  t h e  two  p a r t i a l  r a t e  exp res s ions  g ives :  
Ra t e  ~ (n i t r i c  ac id  c o n c e n t r a t i o n )  ~ (hydro f luo r i c  

acid c o n c e n t r a t i o n )  ~, n ~ 1.5 ~ 6 [7 ]  

The  a p p r o x i m a t e  l i n e a r  p lo ts  of Bobb ins  and  
S c h w a r t z ' s  Fig.  3 can  be e x p l a i n e d  us ing  the  a b o v e  
r a t e  express ion .  I f  the  f r ac t ion  of n i t r i c  ac id  is x, 
t hen  the  f r ac t i on  of hyd ro f luo r i c  ac id  is (1 - -  x )  a n d  
r a t e  ~o x:  (1 - -  x )  *, n = 1.5 -> 6; t h e r e f o r e :  log 
( r a t e )  = 2 log x + n log  (1 - -  x )  + const.  

P lo t s  of 2 log x + n log ( 1 - -  x )  aga in s t  x for  x 
b e t w e e n  0.1 and  0.9 g ive  cu rves  of t he  g e n e r a l  f o r m  
shown  in Bobb ins  and  S c h w a r t z ' s  Fig .  3. The  p o s i -  
t ion of t he  m a x i m u m  etch  r a t e  d e p e n d s  on the  v a l u e  
of n and  can  be  e s t i m a t e d  b y  d i f f e r en t i a t i ng  the  r a t e  
express ion ,  e q u a t i n g  to zero and  so lv ing  for  x. A 
v a l u e  of n = 4.5 g ives  a m a x i m u m  at  x ---- 0.3 in  
a g r e e m e n t  w i t h  t he  "no a d d e d  w a t e r "  cu rve  of R o b -  
b ins  and  S c h w a r t z ' s  Fig .  3. This  v a l u e  for  n is r e a -  
sonab le  b e c a u s e  t he  ac id  s t r e n g t h s  c o r r e s p o n d  to 
t he  po r t i on  of  Fig .  2 w h e r e  the  s lope  is a b o u t  4.5. 
A v a l u e  of  a b o u t  6 w o u l d  be  a p p l i c a b l e  in t he  
s t ronges t  ac id  m i x t u r e s  and  1.5 for  t he  d i l u t ed  e t c h -  
an t s  ( e t ch  r a t e  1-2 m l / m i n ) .  The  pos i t ion  of the  
m a x i m u m  v a r i e s  a c c o r d i n g l y  f rom x = 0.25 for  t he  
mos t  c o n c e n t r a t e d  ac ids  (n  = 6) to x = 0.56 fo r  t he  
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d i l u t e d  e t chan t s  (n  = 1.5).  This  is in  accord  w i t h  
Bobb ins  a n d  S c h w a r t z ' s  r e su l t s  for  v a r i o u s  l eve l s  
of a d d e d  wa te r .  

I t  is seen,  the re fo re ,  tha t ,  a l t h o u g h  the  r e a c t i o n  is 
d i f fus ion con t ro l l ed ,  an  e m p i r i c a l  r a t e  e xp re s s ion  
[7]  can  be  d e d u c e d  w h i c h  is in s a t i s f a c t o r y  a g r e e -  
m e n t  w i t h  a l l  t he  e x p e r i m e n t a l  r e su l t s  and  w h i c h  
is to be p r e f e r r e d  to t he  e x p o n e n t i a l  f u n c t i o n  i n d i -  
ca ted  b y  Bobb ins  and  S c h w a r t z .  This  e x p r e s s i o n  
shou ld  not  be  i n t e r p r e t e d  s t o i ch iome t r i ca l l y ,  b u t  t he  
r eac t i ons  t a k i n g  p l a c e  m a y  be  i n f e r r e d  b y  c o m p a r i -  
son w i t h  o t h e r  d a t a  on the  r e d u c t i o n  of n i t r i c  ac id  
a n d  the  compos i t i on  of ac id ic  f luor ide  and  s i l i co-  
f luor ide  solu t ions .  

Harry Bobbins and Bertram Schwartz: In  ou r  d i s -  
cuss ions  of t he  chemica l  e t ch ing  of s i l icon ~'7 in  w o r k  
s u b s e q u e n t  to t h a t  b e i n g  d i scussed  b y  Mr.  I rv ing ,  
we  have  cons ide red  s e v e r a l  a l t e r a t i v e  m e c h a n i s m s  
for  the  o x i d a t i o n  process .  One of these  is s i m i l a r  to 
t he  m e c h a n i s m  d i scussed  b y  Mr.  I rv ing .  W e  fee l  
t h a t  the  s i t ua t ion  is c o n s i d e r a b l y  m o r e  c o m p l e x  t h a n  
t ha t  o u t l i n e d  b y  h im,  and  a re  i nc l ined  to cons ide r  
t ha t  t h e  m e c h a n i s m  of A b e l  and  S c h m i d  ~ m a k e s  a 
s u b s t a n t i a l  c o n t r i b u t i o n  to the  o v e r - a l l  r eac t ion .  
This  m e c h a n i s m  invo lves  t he  o x i d a t i o n  of s i l icon 
b y  HNO., as the  ox idan t .  The  HNO~ is f o r m e d  a u t o -  
c a t a l y t i c a l l y  in a t w o - s t e p  r e a c t i o n  as fo l lows :  

HNO3 + HNO~ ~ N~O, + H~O [ 1 ] 

N~O~ + 2NO + 2H~O ~ 4HNO.. [2]  

The  NO for  t he  r e a c t i o n  is ava i l ab le ,  s ince  i t  is 
the  r e d u c t i o n  p r o d u c t  of HNO~. W e  also fee l  t ha t  
the  d i r ec t  r e a c t i o n  of HNO~ w i t h  s i l icon is also p o s -  
s ib le  u n d e r  c e r t a i n  condi t ions ,  so t ha t  t h e r e  ex i s t  
s e ve r a l  p a r a l l e l  p a t h s  fo r  t he  o x i d a t i o n  s tep.  In  ou r  
s t u d y  of t he  t e m p e r a t u r e  d e p e n d e n c e  of t he  r e a c -  
t ion,  we  have  found  at  l eas t  two  " a c t i v a t i o n  e n -  
e rg ies"  t ha t  w e  h a v e  a s soc ia t ed  w i t h  t he  o x i d a t i o n  
step,  and  w h i c h  l end  s u p p o r t  to t he  p o s s i b i l i t y  t h a t  
m o r e  t h a n  one o x i d a t i o n  m e c h a n i s m  m a y  be  i m -  
p o r t a n t  in the  o v e r - a l l  r eac t ion .  

The  s t e a d y - s t a t e  r e a c t i o n  v i a  HNO~ need  no t  i n -  
vo lve  the  d i f fus ion of HNO~ to t he  s i l icon su r face  as 
i m p l i e d  b y  Mr. I rv ing .  Reac t ions  [1]  and  [2]  m a y  
we l l  t a k e  p l ace  w i t h i n  t h e  b o u n d a r y  l aye r ,  s ince  t he  
HNO~ at  the  s i l icon su r f a c e  m a y  be  d e p l e t e d  b y  r e -  
ac t ion  w i t h  the  si l icon,  so t h a t  t he  c o n c e n t r a t i o n  of 
HNO~ wi l l  be  a m a x i m u m  w i t h i n  t h e  b o u n d a r y  l aye r .  
U n d e r  th is  condi t ion ,  t he  s i t ua t i on  becomes  e x c e e d -  
i n g l y  complex ,  i n v o l v i n g  c o n c e n t r a t i o n  g r a d i e n t s  of 
NO, HNO~, N~O,, and  HNO~ w i t h i n  the  b o u n d a r y  
l ayer ,  and  c o m p l i c a t e d  i n t e r a c t i ons  b e t w e e n  these  
species,  as sugges t ed  b y  S p a h n  and  S c h m i d ?  

The  s i t ua t ion  is complicated s t i l l  f u r t h e r  b y  the  
ox ide  r e m o v a l  process ,  a n d  b y  the  p r o b a b i l i t y  t h a t  
t he  r e a c t i o n  is no t  s t r i c t l y  d i f fus ion c on t ro l l e d  ove r  
the  en t i r e  r a n g e  of compos i t i ons  of e t ch ing  so lu t ion  
w e  h a v e  cons idered .  U n d e r  t he  l a t t e r  condi t ion ,  as 
w e  h a v e  d i scussed  e l sewhere ,  ~ t he  p r a c t i c e  of us ing  
b u l k  so lu t ion  c o n c e n t r a t i o n  v a l u e s  in  a r a t e  e q u a t i o n  
canno t  be  jus t i f ied ,  b u t  i t  b e c ome s  n e c e s s a r y  to t a k e  

6 ]-I. B o b b i n s  and  B. Schwar tz ,  This  Journal,  107, 108 (1960). 
H. B o b b i n s  and  B. Schwar t z ,  This  Journal,  M a n u s c r i p t  s u b m i t t e d  

fo r  c o n s i d e r a t i o n  fo r  p u b l i c a t i o n .  
8 E. A b e l  a n d  H. Schm id ,  Z. phys i k .  Chem. ,  13~, 55 (1928). 

G. S c h m i d  and  H. Spahn ,  Z. MetaIlk. ,  45, 128 (1955). 
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cognizance  of the  ac tua l  concen t r a t i ons  ex i s t i ng  at  
t he  su r f ace  of t he  s emiconduc to r ,  and  the  n a t u r e  of 
t he  su r f ace  i t se l f  m a y  then  also inf luence  the  k i -  
net ics .  These  a n d  o t h e r  p r o b l e m s  have  m a d e  e x c e e d -  
i n g l y  diff icult  t h e  d e r i v a t i o n  of a k ine t i c  e x p r e s s i o n  
t h a t  w o u l d  be  v a l i d  ove r  even  a v e r y  l i m i t e d  r a n g e  
of compos i t ions .  

W i t h  r e spec t  to t h e  k ine t i c  exp re s s ion  d e r i v e d  b y  
Mr.  I rv ing ,  w e  w i sh  to no te  first  t h a t  the  e x p r e s s i o n  
wi l l  be  v a l i d  on ly  on the  n o - a d d e d  w a t e r  l ine ,  and  
canno t  be  used  in t he  fo rm p r e s e n t e d  w h e r e  t he  sum 
of the  w e i g h t  f r ac t i on  of H F  and  HNO~ does  no t  
equa l  1. W e  h a v e  also p l o t t e d  the  exp re s s ion  

log  R = 2 log X -t- n log ( l - - x )  

as a func t ion  of x, for  va lue s  of n = 6 and  n ~ 4.5, 
and  i t  was  seen  t ha t  t he  cu rves  w e r e  on ly  a v e r y  
c rude  a p p r o x i m a t i o n  to t he  d a t a  pub l i shed .  F u r t h e r -  
more ,  if one  t a k e s  t he  e m p i r i c a l  r a t e  e x p r e s s i o n  

l o g R : 2 1 o g x + n l o g  ( l - - x )  + l o g A  
w h e r e  A is t he  cons t an t  of p r o p o r t i o n a l i t y  in  the  
exp re s s ion  

R ~- A x ~ (l--x) ~ 

and  ca l cu la t e s  A b y  i n s e r t i n g  the  v a l u e s  of t he  
m e a s u r e d  e tch  r a t e s  on the  no a d d e d - w a t e r  l ine,  
the  v a l u e s  of A so o b t a i n e d  v a r y  b y  as m u c h  as 
t h r e e  o rde r s  of m a g n i t u d e .  W e  are,  thus,  not  i nc l ined  
to  a g r e e  w i t h  Mr.  I r v i n g  t h a t  t h e  e m p i r i c a l  e x p r e s -  
s ion is in  s a t i s f a c t o r y  a g r e e m e n t  w i t h  the  e x p e r i -  
m e n t a l  da ta .  

Electrolytic Reduction of Thorium Oxide 

L. H. Meyer, (pp. 43-47, Vol. 107, No. 1) 

3. R. Chalkleyl~:  I t  w o u l d  s eem n e c e s s a r y  to r e f e r  
to t he  p r o b l e m  of o x y h a l i d e  f o r m a t i o n  in t he  sy s t e ms  
Dr. M e y e r  has  been  cons ider ing .  

In  t he  fu sed  ch lo r ide  sys tem,  i t  has  been  shown  
tha t  t h o r i u m  o x y c h l o r i d e  p l a y s  a v i t a l  ro le  in the  
e l ec t ro ly s i sY  T h o r i u m  ox ide  does  no t  d i s so lve  in  t h e  
NaC1-KC1 eu tec t ic  mel t ,  b u t  t h e  o x y c h l o r i d e  is so lu -  
ble.  ( I t  is also so lub le  in w a t e r . )  I t  decomposes  at  
low Th ~§ c o n c e n t r a t i o n s  into the  ox ide  and  t e t r a c h l o -  
r ide ,  and  i t  has  a low decompos i t i on  po ten t i a l ,  
depos i t i ng  a f ine ly  d i v i d e d  m i x t u r e  of m e t a l  
and  oxide .  The  o x y c h l o r i d e  is f o r m e d  b y  d i s -  
so lv ing  t h o r i a  in me l t s  con t a in ing  h i g h e r  con-  
c e n t r a t i o n s  of t h o r i u m  t e t r a c h l o r i d e ,  and  i t  is 
n e c e s s a r y  t h a t  these  h i g h e r  concen t r a t i ons  shou ld  
be avo ided  in any  ch lo r ide  cell  used  for  the  
e l e c t r o l y t i c  r e d u c t i o n  of  thor ia .  But ,  even  a t  t h e  
l o w e r  concen t ra t ions ,  i t  has  been  shown  conc lus ive ly  
t h a t  ThOCL is f o r m e d  as a d i r ec t  p r o d u c t  of the  
anode  r e a c t i o n  ( anod ic  c h l o r i n a t i o n ) ,  and  t h a t  i ts 
r a t e  of decompos i t i on  ( to ThO~ and  ThC1,) is no t  
suff ic ient ly  r a p i d  to p r e v e n t  i ts  a p p e a r a n c e  in  the  
c a t h o l y t e  a n d  the  depos i t i on  of a fine, l o w - g r a d e  d e -  
posit .  

I t  is m i s l e a d i n g  to d r a w  d i r ec t  conclus ions  f rom 
the  anode  gas  ana lys i s ;  t h e o r e t i c a l l y ,  ch lo r ine  w o u l d  
be  e x p e c t e d  to be  evo lved  if  an  i n e r t  anode  could  be  
used.  As  e v i d e n c e  for  this ,  i t  is ea s i ly  d e m o n s t r a t e d  

10 I m p r e g n a t e d  D i a m o n d  P r o d u c t s  Ltd . ,  Tuf f i ey  C r e s c e n t ,  G l o u c e s -  
t e r ,  E n g l a n d .  

11 3'. R.  C h a l k l e y  a n d  W. H.  C l e a v e r ,  " E x a m i n a t i o n  of  a n  A n o d i c  
C h l o r i n a t i o n  P r o c e s s  fo r  t h e  P r e p a r a t i o n  of  T h o r i u m  f r o m  T h o r t a , "  
Atomic  Energy  Research Estab., R e p o r t  X/lVI 18S, 1959. 

t ha t  o x y g e n  wi l l  d i sp l ace  ch lo r ine  f r o m  a t h o r i u m  
t e t r a c h l o r i d e  mel t .  The  g r a p h i t e  anode ,  h o w e v e r ,  
p l a y s  an  i m p o r t a n t  p a r t  in t h e  e l ec t ro ly s i s  as i l l u s -  
t r a t e d  b y  the  fo l lowing  equa t ions ,  w h i c h  also show 
tha t  ch lo r ine  is t he  p r i m a r y  p r o d u c t  in t he  anode:  

ThOCL ~ ThO § + 2C1- 

ThCL ~ Th '+ § 4C1- 
A t  the  anode :  

C1- -~ C1 

ThO~ + 2C1 -~ C ~ ThOCI~ + CO~ 

ThO._, -}- 4C1 -}- C --> ThCL -}- CO~ 

I t  is i n t e r e s t i n g  to  no te  t h a t  c h l o r i n a t i o n  w i t h  
m o l e c u l a r  ch lo r ine  u n d e r  s im i l a r  cond i t ions  fo rms  
on ly  t he  t e t r a c h l o r i d e  d i r ec t ly ,  the  o x y c h l o r i d e  b e -  
ing f o r m e d  d u r i n g  t h e  l a t e r  s tages  b y  the  b a c k - r e -  
ac t ion:  

ThO2 + ThC1, ~ 2ThOCI~ 

I t  w o u l d  not  be ju s t i f i ab le  to e x t e n d  th is  b e h a v i o r  
to cover  s imi l a r  r eac t i ons  in the  f luor ide  sys tem,  
s ince i t  is k n o w n  t h a t  m a n y  oxides  a r e  a p p r e c i a b l y  
so lub le  in fused  f luor ide  mel ts .  On t h e r m o d y n a m i c  
ev idence ,  o x y g e n  w o u l d  t h e n  be the  p r i m a r y  p roduc t  
a t  t he  anode,  but ,  on p r e s e n t  ev idence ,  the  poss i -  
b i l i t y  of oxy f luo r ide  f o r m a t i o n  in t he  me l t  canno t  
be  d i scounted .  

The  fused  ch lo r ide  sy s t em has  been  shown to be  
u n f a v o r a b l e  for  t h e  o p e r a t i o n  of a d i r ec t  ox ide  e lec -  
t r o l y t i c  process .  N e ve r the l e s s ,  the  t w o - s t a g e  process  
in w h i c h  t ho r i a  is d i r e c t l y  and  c o m p l e t e l y  c h l o r i n -  
a t ed  in s i tu  in t he  m e l t  and  then  e l e c t ro lyz e d  1~'~ is, 
o v e r - a l l ,  e q u i v a l e n t  to the  ox ide  e l e c t ro ly t i c  process .  
V e r y  h igh  efficiencies a r e  o b t a i n e d  b y  this  process ,  
and,  as w i t h  mos t  fused  ch lo r ide  sys tems ,  the  fo l -  
l o w i n g  a d v a n t a g e s  ove r  the  c o r r e s p o n d i n g  f luor ide  
sys t ems  a re  shown:  

(A)  L o w e r  o p e r a t i n g  t e m p e r a t u r e s .  

(B)  Eas i e r  l e a c h i n g  cond i t ions  d u e  to h i g h e r  
c h l o r i d e  so lubi l i t i es .  ' S t r i p p i n g '  of t h o r i u m  f rom the  
me l t  is advoca ted ,  b u t  t h o r i u m  in l each  l iquors  is 
e f fec t ive ly  r e c o v e r e d  b y  o x a l a t e  p r ec ip i t a t i on .  

(C)  Less  co r ros ive  condi t ions ,  g iv ing  a w i d e r  
choice  of r e f r a c t o r y  and  i n s u l a t o r  ma t e r i a l s .  

Influence of Electrode Surface Conditions on the 
Electrical Strength of Liquefied Gases 

D. W. Swan and T. J. Lewis (pp. 180-185, Vol. 107, No. 3) 

A. H. S h a r b a u g h l h  I t  is g r a t i f y i n g  to  no te  the  g e n -  
e ra l  a g r e e m e n t  of Dr.  L e w i s '  va lue s  fo r  t he  e lec t r ic  
s t r e n g t h  of liquid n i t r o g e n  and  our  m e a s u r e m e n t s  on 
gaseous n i t r o g e n  a t  h igh  p ressu res .  W e  o b s e r v e d  v a l -  
ues  of the  o r d e r  1.8 m v / c m  at  dens i t i e s  w h i c h  a r e  
a b o u t  o n e - q u a r t e r  of  t h e  l iqu id  dens i ty /~  Thus,  i t  
w o u l d  a p p e a r  t h a t  t h e r e  is no m a r k e d  d i s c o n t i n u i t y  
in e lec t r i c  s t r e n g t h  in pas s ing  f r o m  t h e  gaseous  to 
l i qu id  phase .  

12 A. R. G ibson ,  ~'. H.  B u d d e r y ,  J'. R. C h a l k l e y ,  a n d  R.  P. M a r s h a l l ,  
" T h o r i u m  M e t a l  P r o d u c t i o n  b y  a C h l o r i n a t i o n  P r o c e s s , "  P roe .  2nd. 
Intern. Conf. Peaceful  U$es A tomic  Energy,  Geneva  I958, 4, pp.  
237-242. 

13A. R.  G i b s o n  a n d  3". R. C h a l k l e y ,  " P r o d u c t i o n  of  T h o r i u m  
M e t a l , "  Bull. Inst. Mining Met. ,  69 ( P a r t  6) ,  281 (1960).  

141~esearch Lab . ,  G e n e r a l  E l ec t r i c  Co.,  P.  O. B o x  1088, S c h e n e c -  
t a d y ,  N.  Y.  

15 1957 Ann.  Rep., Conf. on Elec. Ins., p. 32. 
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I should  l ike to call  a t t en t i on  to two ea r l i e r  ex -  
amples  of the inf luence of the  anode  proper t ies  on 
the measu red  va lues  of electr ic  s t r eng th  of h y d r o -  
ca rbon  l iquids.  The first was observed  in  n - h e x a n e  
where  we m e a s u r e d  a decrease of abou t  10% in  the  
electr ic  s t r eng th  w h e n  a smooth flat s ta inless  steel 
anode was  roughened  by  gr i t  b las t ing .  ~ The  "h i l l -  
t o -va l l ey"  dep th  of the  roughened  surface  was  of 
the  order  of 10% of the 70~ gap separa t ion .  A sec- 
ond example  was repor ted  for some m e a s u r e m e n t s  
in  benzene  whe re  solut ions wi th  d i f ferent  concen t r a -  
t ions  of e lec t ro ly te  were  employed  as anodes.  I n  this  
case, t he  effect was i n t e rp re t ed  as be ing  due to the  
space-charge  e n h a n c e m e n t  of the  appl ied  field by 
posi t ive ions emi t t ed  f rom the  anodeY 

Molecular Structure and the Electrical Strength 
of Liquid Hydrocarbons 

T. J. Lewis (pp. 185-191, Vol. 107, No. 3) 

P. K. Watson18: The  mode l  wh ich  has been  p ro -  
posed appears  to have  at least  two no tab le  defects:  
It  indica tes  tha t  the  m e c h a n i s m  of b r e a k d o w n  in 
l iquids  takes  place by  means  of an  e lec t ron  m u l t i -  
p l ica t ion  process, and  it implies  tha t  the  b r e a k d o w n  
s t r eng th  of a l iqu id  should be v i r t u a l l y  i n d e p e n d e n t  
of an appl ied  hydros ta t ic  pressure .  

Now, on the basis  of our  r ecen t  e x p e r i m e n t s  on 
high-f ie ld  conduc t ion  cur ren t s  in  h e x a n e  in the  m i -  
crosecond region,  we  have  conc luded  tha t  the re  is no 
s ignif icant  mu l t i p l i c a t i on  process in h e x a n e  even  
at fields of 1.3 m v / c m .  1~ 

Moreover ,  r ecen t  expe r imen t s  have  ind ica ted  tha t  
the b r e a k d o w n  s t rengths  of l iquids  are s t rong ly  
pressure  dependent ,  even  for pulses  as shor t  as 1 

s e c f f  

Obviously ,  there  is a cor re la t ion  b e t w e e n  e lec-  
t r ica l  b r e a k d o w n  s t r eng th  and  some p a r a m e t e r  as-  
sociated wi th  molecu la r  s t ruc ture ,  bu t  the  r e l a t i on -  
ship mus t  be more  indi rec t  t h a n  Dr. Lewis  has in -  
dicated. 

A. H. Sharbaugh~:  By ana logy  wi th  T o w n s e n d -  
type  b r e a k d o w n  in  gases, a t heo ry  of l i qu id  b r e a k -  
down  which  involves  an e lec t ron  m u l t i p l i c a t i o n  (a-  
process) predicts  tha t  the va lue  of the p roduc t  a8 
wi l l  be a p p r o x i m a t e l y  cons tan t  for wide  ranges  of 
gap wid th  ~ and  ioniza t ion  coefficient a. At  constant 
8, we have  observed  a 50% decrease  in  the electr ic  
s t r eng th  E~ of l iqu id  hexane  w h e n  the electrode area 
is increased  f rom ~ 0.2 to 3 cm". ~ Since a, if it exists, 
would  be expected to be a s t rong  func t i on  of E, it is 
difficult to reconci le  this e x p e r i m e n t a l  obse rva t ion  
wi th  the  hypothes is  of a mu l t i p l i c a t i on  process for 
b r e a k d o w n  in  l iqu id  hexane .  

16 1955 A n n .  Rep. ,  Con~. on Elec. Ins.,  p. 16. 
~ J .  A p p , .  Phys . ,  ~5, 382 (1954).  
l S R e s e a r c h  Lab . ,  G e n e r a l  E l ec t r i c  Co.,  P .  O. B o x  1088, S c h e n e c -  

t a d y ,  N.  Y.  
19 A.  H.  S h a r b a u g h  a n d  P.  K.  W a t s o n ,  " H i g h - F i e l d  C o n d u c t i o n  

C u r r e n t s  in Liquid H e x a n e  u n d e r  P u l s e  C o n d i t i o n s , "  A b s t r a c t  No. 
20, ECS M e e t i n g ,  P h i l a d e l p h i a ,  Pa . ,  M a y  1959. 

eo K.  C. K a o  a n d  3". B. H i g b a m ,  " E f f e c t s  o f  H y d r o s t a t i c  P r e s s u r e ,  
T e m p e r a t u r e ,  a n d  V o l t a g e  D u r a t i o n  on  t h e  E l e c t r i c  S t r e n g t h s  of  
H y d r o c a r b o n  L i q u i d s , "  A b s t r a c t  No. 11, E C S  M e e t i n g ,  P h i l a d e l p h i a ,  
Pa . ,  M a y  1959. 

" a R e s e a r c h  Lab . ,  G e n e r a l  E lec t r i c  Co.,  P.  O. B o x  1088, S c h e n e c -  
t ady ,  N.  Y.  

22 1955 A n n .  Rep. ,  Conf .  on Elec. Ins. ,  p. 16. 
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T. J. Lewis:  The  s t a t e me n t  by  Dr. Watson,  tha t  
the mode l  impl ies  tha t  b r e a k d o w n  occurs by  an 
e lec t ron  mu l t i p l i ca t i on  process and  should  be i nde -  
p e n d e n t  of an  appl ied  hydros ta t ic  pressure ,  is not  
r ea l ly  correct.  The cr i te r ion  set up is one for the  
necessa ry  field to overcome var ious  loss processes 
and  so p rov ide  some electrons of sufficient ene rgy  
to con t r i bu t e  effect ively to the  nex t  stage in the  
b r e a k d o w n  sequence.  

On ly  w h e n  all the  succeeding stages of the  b r e a k -  
down  (some of wh ich  ma y  be p ressure  d e p e n d e n t )  
are  m a i n t a i n e d  in  a r ea sonab ly  cons tan t  m a n n e r ,  
i.e., C constant ,  wi l l  compar i son  b e t w e e n  exper i -  
men t s  be possible  in  t e rms  of this cr i ter ion.  Such a 
s i tua t ion  should arise for a series of s imi la r  h y d r o -  
carbons.  

One  should not  proceed too far  by  ana logy  wi th  
gas discharges  in  expec t ing  c lear ly  m e a s u r a b l e  
va lues  of a since the ac tua l  va lue  mi gh t  be smal l  
or on ly  s ignif icant  w h e n  b r e a k d o w n  is i m m i n e n t  
or even  masked  by  the other  processes embodied  
in  C. Even  w h e n  a is small ,  however ,  the  l iqu id  
still can exert a marked influence through the loss 
process envisaged. 

The results mentioned by Dr. Sharbaugh, in which 
a decrease in strength of n-hexane is observed when 
the electrode area is increased at constant gap 
width, provide evidence, I believe, not for liquid 
mechanisms but for quite a different aspect of the 
subject. It should be recalled that these measure- 
ments were made using the microsecond pulse tech- 
nique. Under these conditions, an analysis of the 
variation of strength with area according to the con- 
cepts ou t l ined  in  Abs t r ac t  13 '~ wi l l  ind ica te  t ha t  the  
observa t ions  are exac t ly  in  a g r e e m e n t  w i th  a s ta t i s -  
t ical mode l  of the b r e a k d o w n  process and  do not, 
therefore ,  shed a n y  l ight  on the poss ib i l i ty  of a 
mu l t i p l i ca t i on  process. 

A New Statistical Theory for the Breakdown of 
Liquid Hydrocarbons 

B. W. Ward and T. J. Lewis (pp. 191-195, Vol. 107, No. 3) 

Oliver H. LeBlanc, Jr.~: I t  has b e e n  shown  e xpe r i -  
m e n t a l l y  by  Goodwin  and  Macfadyen  and  by  Crowe 
tha t  the  t ime  lags observed wi th  app l ica t ion  of shor t  
pulses  are d i rec t ly  p ropor t iona l  to the  e lec t rode  
spacing.  This seems to me to be clear  ev idence  t ha t  
the t i m e  lag mus t  be fo rma t ive  and  not  stat ist ical .  

P. K. Watson~:  For  a t ime  lag to be  ascr ibed to a 
s ta t is t ical  process, s imi la r  to the  w e l l - k n o w n  effect 
in  gases, it is necessa ry  to pos tu la te  the  n a t u r e  of 
the even t  for which  one is wai t ing .  In  the  gaseous 
case, this  even t  is the a r r iva l  of an  i n i t i a t i ng  e lec-  
t ron,  a nd  Dr. Lewis  has suggested tha t ,  b y  i n v o k i n g  
a s imi la r  p h e n o m e n o n  for l iquids,  one can exp la in  
the dependence  of b r e a k d o w n  s t r eng th  upon  pulse  
wid th  in  the  microsecond region.  

" A  N e w  S t a t i s t i c a l  T h e o r y  of  t h e  B r e a k d o w n  P r o c e s s  a n d  t h e  
R e i n t e r p r e t a t i o n  of  P u l s e  B r e a k d o w n  M e a s u r e m e n t s  i n  L i q u i d  H y -  
d r o c a r b o n s "  b y  T.  $. L e w i s ,  ECS M e e t i n g ,  P h i l a d e l p h i a ,  Pa . ,  M a y  
1959. 

24 R e s e a r c h  Lab . ,  G e n e r a l  E l ec t r i c  Co., P.  O. B o x  1088, S c h e n e c -  
t ady ,  N.  Y. 

~ R e s e a r c h  Lab . ,  G e n e r a l  E l ec t r i c  Co., P.  O. B o x  1088, S c h e n e c -  
t ady ,  N.  Y.  
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This  hypothes is  is not, in  fact, cons is tent  wi th  the  
e x p e r i m e n t a l  facts:  

(A)  The cu r ren t s  which  are observed  in  l iquids,  
u n d e r  microsecond pulses  of vol tage,  at  fields i n  the  
r ange  1 to 1.5 m v / c m ,  are of the  order  of m i l l i a m p  
per  cm~. "6 A s s u m i n g  a va lue  for e lec t ron  mob i l i t y  
of the  order  of 10 -~ c m / s e c / v / c m ,  ~7 this  gives an  elec-  
t r on  emiss ion ra te  of 101~ e l e c t r o n s / s e c / c m  ~ f rom 
the  cathode. I t  is difficult to see how such a copious 
emiss ion  can be cons is ten t  w i th  s ta t is t ical  t i m e  lags 
in  the  microsecond region.  

(B) If, however ,  one supposes tha t  the  p r o b a -  
b i l i ty  of an  e lec t ron  in i t i a t ing  a b r e a k d o w n  is v e r y  
smal l  (say 1 in  106 or so), t hen  it  migh t  be a rgued  
tha t  the e x p e r i m e n t a l  ev idence  is sti l l  cons is ten t  
w i th  a s ta t is t ical  t ime  lag, in  t ha t  one is awa i t i ng  
the  emiss ion of a ve ry  large  n u m b e r  of e lec t rons  
f rom the cathode. This  again,  however ,  is at v a r i a n c e  
w i th  the observed facts: If, as has been  suggested,  
the  e lec t ron emiss ion  f rom the  cathode is a f ield- 
assisted the rmion ic  process (Scho t tky  emiss ion) ,  
t h e n  one wou ld  expect  any  s ta t i s t ica l  t ime  lags to 
be s t rong ly  t e m p e r a t u r e  dependen t .  I n  fact, the  e x -  
p e r i m e n t s  of Kao and  H i g h a m  indica te  tha t  the  t ime  
lags are i n d e p e n d e n t  of t empe ra tu r e .  ~ 

F ina l ly ,  it m a y  be though t  tha t  the  e lect rons  are  
field emi t ted:  In  this  case, however ,  one wou ld  ex -  
pect  a m a r k e d  r educ t ion  in  t ime  lag if, by  some 
means  or other, one were  able  to increase  the  field 
needed  to cause b r e a k d o w n .  This can be done by  
chang ing  the  hydros ta t i c  p ressure  appl ied  to the  
l iquid,  and  Kao and  H i g h a m  find tha t  in hexane ,  
for example,  there  is no change  in  the cr i t ical  t ime  
lag, in  going f rom a tmospher ic  pressure ,  up to 25 
arm, despi te  a ve ry  m a r k e d  increase  in the b r e a k -  
down  s t rength.  

Thus,  one is forced to conclude tha t  the observed  
t ime  lags in  l iquids  are not  cons is ten t  wi th  a s ta-  
t is t ical  model.  

T. J. Lewis:  The p resen t  theory  does no t  p rec lude  
the  exis tence  of a fo rma t ive  t ime  lag. I n  fact, i t  
s tates tha t  both  s ta t is t ical  and  fo rma t ive  t imes  ex -  
ist and  tha t  the l a t t e r  is expected  to be d e p e n d e n t  
on the electrode spacing, thus  lead ing  to the  r e -  
sul ts  ob ta ined  by  Goodwin  and  Macfadyen  and  b y  
Crowe. The i m p o r t a n t  resul t ,  which  may  not  have  
been  adequa t e ly  p re sen t ed  in the  paper  bu t  which  
can be p rope r ly  developed in a fu l l  t r ea tmen t ,  is 
tha t  the fo rmat ive  t ime  is not  tha t  associated wi th  
the "knee"  of the  electr ic  s t r ess -pu l se  d u r a t i o n  
curve,  bu t  is a m u c h  smal le r  quan t i ty .  

Dr. Watson ' s  conc lud ing  c o m m e n t  is tha t  the  ob-  
served t ime  lags in  l iquids  are no t  cons is tent  wi th  
a s ta t is t ical  model.  I submi t  tha t  the  e x p e r i m e n t a l  
ev idence  ob ta ined  by  m a n y  di f ferent  workers  e m-  
p loy ing  s h o r t - d u r a t i o n  pulses  is o v e r w h e l m i n g l y  to 
the  cont ra ry .  The  reasons  are:  

A. H. Sha rbaugh  and. P. K. Watson,  "H igh -F ie ld  Conduct ion 
Cur ren t s  in Liquid  H e x a n e  unde r  Pulse  Condi t ions ,"  Abs t rac t  No. 
20, ECS Meeting,  Phi ladelphia ,  Pa., May 1959. 

27 O. H. LeBlanc,  J. Chem. Phys.,  In  press;  "Elec t ron  Dr i f t  Mobil-  
i ty  in  Liquid  n - H ex ane , "  Abs t rac t  No. 22, ECS Meeting,  Phi ladel -  
phia,  Pa., May 1959. 

K. C. Kao and J.  B. I-Iigham, "Effects  of Hydros ta t ic  Pressure ,  
Tempera tu re ,  and Vol tage Dura t ion  on the Electric S t reng ths  of 
Hydroca rbon  Liquids , "  Abs t rac t  No. 11, ECS Meeting,  Phi ladelphfa  
Pa.,  May 1959. 

(A) W h e n  a p roper  s ta t is t ical  ana lys i s  is m a d e  
both  of the  me thod  used and  the  resu l t s  ob ta ined  
for the electr ic  s t r eng th  as a f u n c t i o n  of pulse  
dura t ion ,  the  ex is tence  of a s ta t i s t ica l  process be -  
comes v e r y  evident .  F a i l u r e  to take  account  of the 
n a t u r e  of the  e x p e r i m e n t a l  method  has led to e r -  
roneous  conclusions  in  the  past.  

(B) If a s t e p - f u n c t i o n  vol tage  pu lse  is em-  
ployed ins t ead  of microsecond pulses,  the  b r e a k -  
down  t i m e  lag can be m e a s u r e d  d i rec t ly  and  has 
obvious  r a n d o m  f luctuat ions.  

We have  made  m e a s u r e m e n t s  on n - h e x a n e  u n d e r  
both  categories (A) and  (B) above to confirm this, 
and  it  is i m p o r t a n t  to no te  tha t  it  is not  necessary  
to pos tu la te  the n a t u r e  of the r a n d o m  process in  
order  to es tabl ish  these e x p e r i m e n t a l  facts. 

However ,  it  is prof i table  to proceed f u r t h e r  by  
e n q u i r i n g  into the n a t u r e  of the  r a n d o m  events  
which  give  rise to the  effects noted.  In  the  paper,  I 
have  a t t emp ted  to do this  by  pos tu l a t ing  a r a n d o m  
process of ra te  I W  which  is p a r t l y  cathode and  
pa r t l y  l iqu id  dependent .  It  would  be w r o n g  to as-  
sume  at  this  s tage more  t h a n  the  p r o p e r t y  that  I W  
increases  w i th  field, p rov ided  all  o ther  condi t ions  
r e m a i n  constant .  I t  is c e r t a in ly  no t  jus t i f iable  to 
dismiss the  evidence  for a s ta t is t ical  t i m e  lag as 
Dr. Watson  does, s imply  because ~/ in the  presence  
of h y d r o c a r b o n  does not  conform to v a c u u m  emis -  
s ion laws. 

If I is iden t ica l  wi th  the  e lec t ron emiss ion ra te  
f rom the cathode and  tha t  is, in  the  worst  case, 
10 ''~ e lec t rons / sec  and  concen t ra t ed  on a s ingle  
emiss ion site, then  it is t r u e  t h a n  W w ou l d  need to 
be < 10 -~ to give t ime  lags of the r igh t  order.  F u r -  
ther  cons idera t ion  indica tes  tha t  this  is no t  at  a l l  
un l ike ly .  In  fact, va lues  of W ve ry  m u c h  less t h a n  
this  are probable ,  if on ly  the most  energe t ic  elec-  
t rons  in  the  l iquid  are capable  of i n i t i a t i ng  a b r e a k -  
down.  E v e n  w h e n  W is of this o rder  of smallness,  
one is no t  awa i t ing  the emiss ion of a l a rge  n u m b e r  
of e lect rons  since a ny  electron,  even  the first, m a y  
lead to b r eakdown .  

The form of I W  chosen in  the  pape r  to i l lus t ra te  
the theory  was u n f o r t u n a t e  in  tha t  it did not  i n -  
dicate tha t  large changes  in  ,I and  W can be to le-  
ra ted  p rov ided  I W  r e ma i ns  of the r igh t  order  of 
magn i tude .  

The System BaO-TiO~-P~O~: Phase Relations, 
Fluorescence, and Phosphor Preparation 

D. E. Harrison (pp. 217-221, Vol. 107, No. 3) 

Mary V. Hoffman-~: The  x - r a y  da ta  presen ted  
in this paper  for the  compound  2BaO: TiO~: P.~O.~ 
differ cons ide rab ly  f rom those ob ta ined  by  Ranby,  
Mash, and  Hende r son  "~~ and  more  r e c e n t l y  in this  
l abo ra to ry  (Table  I ) .  The p a t t e r n  as p resen ted  ap- 
parently was ob ta ined  on ma te r i a l  recrys ta l l ized  
f rom the  mel t .  This me thod  resul t s  in  cons iderab le  
crys ta l  growth,  and, wi th  this  compound,  in  severe  
or ien ta t ion .  A more  r ep re sen t a t i ve  p a t t e r n  is ob-  

~ L u m i n e s c e n t  Mater ia ls  Lab., L a m p  Metals  and  Components  
Dept.,  Genera l  Electric Co., Cleveland,  Ohio. 

8o p. W. Ranby,  D. H. Mash, and S. T. Henderson,  Brit. J. Appl.  
Phys. ,  Supplement  No. 4. 
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Table I. X-ray diffraction pattern: 2BaO �9 1TiO~ �9 1P~O.~ 

F r o m  p a p e r  F r o m  l o w - t e m p e r a t u r e  f i r i n g  

d I / I  d 
8.34 30 8.40 

4.70 
4.51 
4.29 

4.17 80 4.17 
3.90 25 3.90 

3.75 
3.59 10 3.60 

3.50 
3.36 
3.23 

2.84 5 2.84 
2.78 100 2.79 
2.73 10 2.72 
2.65 3 2.65 
2.39 3 2.39 

2.35 
2.33 

2.28 3 2.28 
2.25 3 2.25 

2.20 
2.19 3 2.19 
2.14 5 2.14 

2.08 
1.99 
1.96 

1.94 3 1.94 
1.90 
1.87 
1.79 

1.75 10 1.75 
1.72 
1.69 
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formed, as illustrated, e.g., by equations [i] and [2], 
which represent the formation of mono- and tri- 
hydrates, respectively. 

2A1 -F 4H~O = A1,..O~ �9 H,~O + 3H2 [ 1 ] 
I / I  
16 2A1 + 6H20 = AI~O~ �9 3H.~O + 3H~ [2] 
2O 
22 Calcu la t ions  show tha t  for a we igh t  increase  of 1 

3 mg the v o l u m e  of h y d r o g e n  at NPT is 1.02 cc in  the 
27 case of m o n o h y d r a t e  format ion ,  and  0.66 cc in  the 
75 8 case of t r i hydra t e .  

100 In  a typ ica l  expe r imen t ,  a spec imen of 99.99% pure,  
7 e tched a l u m i n u m  foil ( m e a s u r i n g  2 in. x 2 in. x 

22 0.0035 in., and  h a v i n g  a t tached to one of its sides 
31 a tag 2 in. long by  1/4 in. wide)  was  i m m e r s e d  in  
18 
47 deionized w a t e r  (p~oo > 10 ~ o h m - c m )  at 90~ as 
33 follows. 
29 The weighed  spec imen was placed u n d e r  an  i n -  
27 ve r t ed  s h o r t - s t e m m e d  glass f u n n e l  and  secured  by  

9 l ead ing  the  tag out  t h rough  the s tem of the  f u n n e l  
15 
10 and  t u r n i n g  its end  over. F u n n e l  and  foil t h e n  were  
14 comple te ly  immersed  in  the hot wa te r  and  an  i n -  
17 ve r t ed  b u r e t t e  filled wi th  wa te r  p laced over  the 
14 stein of the  f u n n e l  to collect the evolved hydrogen .  
31 

8 Af te r  a su i t ab le  reac t ion  t ime  (say 1 h r ) ,  the  foil 
13 was  qu ick ly  r emoved  f rom the water ,  dr ied  e i ther  

7 at l l 0 ~  or in  v a c u o  at room t empera tu re ,  and  re -  
10 weighed.  
5 

11 The vo lume  of hydrogen ,  measu red  at room tern-  
8 p e r a t u r e  and  a tmospher ic  p ressure  and  corrected 

20 for 0~ was  found  to be 32 cc. 
7 Correc t ions  for ba rome t r i c  pressure,  w a t e r  vapor  
5 pressure ,  and  losses due  to so lubi l i ty  of h y d r o g e n  in 

wa te r  were  not  applied.  The cor responding  weight  
increase  of the  foil spec imen after  d r y i n g  u n d e r  
v a c u u m  at room t e m p e r a t u r e  was 43.5 rag, i.e., a 
weight  increase  of 1 mg was accompanied  by  evo lu -  
t ion  of a p p r o x i m a t e l y  0.74 cc of h y d r o g e n  (NPT) .  
The  h y d r a t i o n  ca lcula ted  f rom these figures is 2.4 
moles H20 and  1 mole  of ALOe. The m e a n  va lue  ob-  
t a ined  by  this  me thod  f rom 7 separa te  e x p e r i m e n t s  
was 2.8 moles  of water .  

In  our  second series of exper iments ,  app ly ing  the 
me thod  of Lewis  and  P l u m b  ~ in which  the  oxide 
is s t r ipped in  an  aqueous  solut ion con t a in ing  2% 
CrO~ and  5% H~PO, at 85~ we found  a somewha t  
lower  figure for the  hydra t ion .  In  these exper imen t s ,  
too, the same type  of etched, 99.99% pure  A1 foil 
was  used. Foil  spec imens  were  i m m e r s e d  in  bo i l -  
ing deionized w a t e r  for 5, 30, and  60 min.  The t imes  
r equ i r ed  for s t r ipp ing  these layers  were  abou t  10, 30, 
and  40 min,  respect ively .  The weight  changes  ob-  
served, name ly ,  first, a f ter  boi l ing  and, second, af ter  
s t r ipp ing  the  a l u m i n u m  foil, are shown in  Table  I 
pub l i shed  here.  In  each of these cases, the  foil was 

3• J .  E. L e w i s  a n d  L. C. P l u m b ,  This JournaL, 105, 499 (1958).  

Table I. Weight changes on, first, boiling and, second, 
stripping 4-sq.-,in. etched aluminum foil 

t a ined  by  fir ing at low t empera tu res ,  p r e f e r ab ly  at  
or be low 1000~ Not iceable  o r i en ta t ion  wi l l  occur 
in m a t e r i a l  fired at  1090~ The  differences in  the  
pa t t e rn s  are la rge  enough  to obscure  posi t ive  i de n -  
t i f icat ion,  s ince the  o r i en ta t ion  tends  to suppress  
those l ines  which  d i s t ingu i sh  2 :1 :1  f rom the  s im-  
i lar  p a t t e r n  of Ba~P2OT. The x - r a y  data  were  ob-  
t a ined  on a G e n e r a l  Electr ic  d i f f ractometer ,  XRD-5,  
us ing  CuK rad ia t ion ,  n icke l  filter. 

A n  Invest iga t ion  of the React ion between 
A l u m i n u m  and W a t e r  

w. J. Bernard and J. J. Randall, Jr. (pp. 483-487, Vol. 107, No. 6) 

F. J. Burger and D. M. Cheseldine~h This paper  
confirms a n u m b e r  of resul t s  which  we ob ta ined  in  
the course of work  car r ied  out u n d e r  C a n a d i a n  
G o v e r n m e n t  Cont rac t  DRB 700129, "Deve lopmen t  of 
A l u m i n u m  Elect ro ly t ic  Capacitor ,  ECRDC Pro jec t  
C44." These were  s u m m a r i z e d  in the  F i r s t  and  Sec-  
ond Q u a r t e r l y  Repor ts  of N o v e m b e r  1958 and  F e b -  
r u a r y  1959, respect ively .  

In  our  inves t iga t ion ,  two methods  were  used to 
d e t e r m i n e  the  degree  of h y d r a t i o n  of the  p roduc t  of 
the  reac t ion  of hot  deionized wa t e r  on a l u m i n u m .  

In  one method,  the  vo lume  of h y d r o g e n  evolved 
d u r i n g  the  reac t ion  was  m e a s u r e d  d i rec t ly  and  cor-  
re la ted  w i th  the we igh t  increase  of the  a l u m i n u m  
specimen.  The  ra t io  of these two quan t i t i e s  var ies  
accord ing  to the degree  of h y d r a t i o n  of the oxide 

~I T h e  T e l e g r a p h  C o n d e n s e r  Co., (Canada )  L td . ,  50 B e r t a l  Rd . ,  
T o r o n t o  15, Ont . ,  C a n a d a .  

Reaction t ime (min)  5 30 60 
(A) Weight increase after 

boil ing (rag) 69.8 98.2 119.2 
(B) Weight loss after str ip- 

ping (rng) 98.3 159.8 193.6 
(A) 

Ratio - -  0.62 0.63 0.63 
(B) 
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dried in vacuo at room temperature for I/2 hr before 
weighing. 

The composition of the reaction product is shown 
to be independent of reaction time in the range cov- 
ered by reference to the bottom line of the table 
which lists the ratio of combined oxygen and hy- 
drogen (weight increase) to hydrated alumina 
(weight loss). The mean of this ratio, being 0.63, 
corresponds to 2.1 moles H~O per mole of alumina, 
the values for mono- and tri-hydrate being, respec- 
tively, 0.55 and 0.665. 

Both methods, therefore, support the view that 
the hydrate formed is not mono-hydrate as has been 
commonly assumed hitherto, but is of a higher order. 

Growth of Single Crystal Silicon Overgrowths 
on Silicon Substrates 

Albert Mark (pp. 568-569, Vol. 107, No. 6) 
R. C. Sangster~: Very similar work was reported 

by Sangster, Maverick, and Croutch? 4 The lead para- 

a3 Central Research Labs., Texas Instruments Inc., P. O. Box 1079, 
Dallas 21, Texas.  

R. C. Sangster ,  E. F. Maver ick ,  and M. L. Croutch,  This Journal, 
104, 317 (1957). 

graph reads as follows: "A study has been made of 
the feasibility of growing Si crystals by the reaction 
of gaseous SiBr4 with H2 at the surfaces of hot Si 
seed filaments. The immediate objective has been to 
produce deposits of a purity and a crystal perfec- 
tion sufficient for semiconductor device purposes. An 
ultimate objective has been the deposition of arbi- 
trary, complex, p-n junction structures by control of 
the types and amounts of impurities deliberately in- 
troduced into the process gas stream. This is a par- 
tial report covering the more interesting observa- 
tions and results." Included were descriptions of the 
apparatus used, an analysis of the deposition process 
with respect to both the fundamental phenomena in- 
volved and the effects of process variables, micro- 
photographs of epitaxial single crystal silicon de- 
posits, description of the optimum experimental con- 
ditions, and some preliminary electrical results on 
epitaxially grown p-n junction structures. The au- 
thors feel that the current interest in techniques of 
this sort is quite justified and long overdue. We hope 
that Mr. Mark's contribution will help stimulate 
further activity in this field. 

June 1961 Discussion Section 
A Discussion Section, cover ing papers published in the J u l y - D e c e m b e r  1960 JOURNALS,  is scheduled for pub-  

lication in the June  1961 issue. Any  discussion which did not  reach the Editor  in t ime for inclusion in the De-  
cember  1960 Discussion Section will  be included in the June  1961 issue. 

Those who plan to contr ibute  remarks  for this Discussion Section should submit  their  comments  or ques-  
tions in t r ipl icate to the Managing Editor  of the JOURNAL, 1860 Broadway, New York 23, N. Y., not later than 
March I, 1960. All  discussion wil l  be forwarded  to the author(s )  for reply before  being pr inted in the JOURNAL. 
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Some Practical Aspects of Copper Refining in a Multiple System 
Tank House 

M. A. Mosher 

Raritan Copper Works, Perth Alnboy, New Jersey 

Weird Character of the Tank House 
In  this day of rapid revolution,  s tar t l ing innovation,  

and overnight  obsolescence in  industr ia l  processes and 
equipment,  the electrolytic copper t ank  house stands and 
has stood for near ly  three-quar te rs  of a century  as a 
fixed and s tubborn example of resistance to radical  
change. In  the great copper, zinc, and nickel industr ies  so 
completely dependent  on it, the tank  house seems to be 
considered a fundamenta l  thing, comparable in our 
physiology to the process of metabolism, and in na ture  to 
"Old Man River" who "just keeps rol l in '  along." 

The typical copper tank  house with its hundreds  of 
cells and thousands of electrodes and mill ions of gallons 
of circulat ing solution, is for the greater part  of each 
24-hr day a quiet and unspectacular  place, with only the 
faint  purr ing  of pumps and the gentle flow of electrolyte 
through the tanks to indicate that  it is actually funct ion-  
ing. Almost unique  among the great producing units  of 
modern industry,  the tank  house makes most of its pro- 
duction in  majestic and peaceful silence, in  marked con- 
t rast  to the ceaseless roar of furnaces, the din of ma-  
chinery, and the noisome reactions of large chemical 
processes. 

Of course there are a few hectic hours in each day 
when a tank house, like a restless infant ,  has to be fed 
and changed, but  that  is only to keep it heal thy and be-  
having properly. 

The Tank House Boss 
In  l ine with these unique  characteristics of the opera- 

tion, long exposure to tank  house work tends to develop 
a ra ther  peculiar type of chief operator or super in ten-  
dent, and having been one of these, I will  briefly describe 
him for you, even though by comparison with the mas-  
terful  and dynamic operators of other types of processes, 
he may seem drab and uninterest ing.  

He tends to become a slave of the established rout ine 
which he has worked out, the hard way, to get the best  
results. He learns to live with and keep alert  to a stag- 
gering number  of small  easily overlooked operat ing de- 
tails, because he knows from bi t ter  experience that  dis- 
regard of any of them may upset his whole show. He is 
slow to arrive at conclusions about process difficulties 
because he knows that  dozens of inter-re la ted factors 
are involved in every operating crisis he has to deal with. 
He develops a mi l i tan t  aversion to any radical  innova-  
tions or changes in his methods of operation because he 
feels their adoption may  result  in  complications which 
will jeopardize vital  production. And, finally, he develops 
a great patience in the face of operat ing adversity, rea l -  

izing that, in  most cases of process sickness in  a tank 
house, there is no mirac le-drug  cure. 

Contrary as these characteristics of a good t ank  house 
operator may seem, there is much justification for them 
in tank  house work for the following reasons: 

1. The tank  house process is essential for economically 
providing the standardized h igh-pur i ty  product  on which 
his company or division depends for its existence. This 
is a t remendous responsibi l i ty for its operator, and con- 
sciousness of this fact na tu ra l ly  makes him conservative 
and jealous of his t ime-proven  methods and procedures. 

2. The tank house operator knows that  it takes months 
or even years successfully to work out worthwhile  
changes or innovations,  because every move must  be 
made with care and patience to avoid upset t ing the 
scheduled flow of large-scale continuous production. 

3. No mat ter  how eagerly the tank house operator may 
wan t  process improvement  through research, he knows 
from many  a disappointment  that  the best of research re-  
sults can fail miserably  when  applied to full-scale com- 
mercial  operation. In  fact there are few other industr ia l  
operations where laboratory or small-scale tests will 
provide so little usable data for ful l-scale application. 

Tank House Improvements 
You may wonder  why I have tried to give you a pic- 

ture of the typical  t ank  house superintendent ,  bu t  
through it I th ink  we have arrived at the ma in  reason 
why changes and improvements  in  tank  house operation' 
for the past half  cen tury  have been somewhat l imited in  
scope, and chiefly in  the area of construction materials,  
physical ar rangement ,  and improved mechanical  equip-  
ment  for handl ing  anode input  and cathode production. 
These advances can be listed as follows: 

Improved bui ld ing walls and roof construction, using 
such materials  as glazed hollow tile and Porete roof 
slabs that  afford insula t ion against loss of heat  and min i -  
mize condensation when  outside tempera ture  is low. 

Conversion to reinforced concrete cell construct ion to 
replace wood. 

Improved types of solution l ine insula t ion to provide 
protection against the passage of stray electrolytic cur-  
rent,  such as the use of plastic pipe and tubing  to replace 
lead and rubber .  

Use of heat exchangers  constructed of corrosion-proof 
materials,  in place of lead pipe heat ing coils. This more 
efficient solution heat ing equipment  has made possible 
an increase of about  10~ (5.6~ in  the accepted t em-  
perature  for electrolyte enter ing the cells. 

7C 
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Larger  cells to permi t  the use of higher  circuit  amper-  
age and to reduce the number  of uni t  loads of anodes 
and cathodes to be handled by crane. 

Improved  addition agents and bet ter  addit ion agent 
control. 

Improved  methods  for  inspection of cells in operation, 
par t icular ly  the introduct ion of the Gaussmeter  for the 
detection of shorted cathodes. 

Continuous fi l tration of make-up  solutions. 
Improved  pump design and construction, using stabil-  

ized stainless steel. 
The racking of anodes at the casting furnace and the 

mechanical  washing and loading of cathode product ion in 
the tank house were  int roduced about 35 years ago. At 
about the same t ime the method of str ipping start ing 
sheets was changed from horizontal  to ver t ical  handling. 
That  about sums up the improvements  in mechanical  
handling since overhead electric cranes for tank- load  
lifts were  introduced in the ear ly  1900's. 

Present Day Equipment and Operation 
The general  acceptance and adoption of most of these 

advancements  by the various refineries in the last two 
decades has resul ted in a fair degree  of s tandardizat ion 
in both equipment  and operation. We can therefore  dis- 
cuss these accepted essentials of present  day tank house 
equipment  and operat ion with  assurance of their  almost 
general  application. 

Our discussion will  be confined to the Walker  Mult iple 
System lay-out  wi th  the electrodes in paral le l  in each 
cell and the cells themselves  in series in the electrolytic 
circuit. In the original  Walker  system current  was passed 
f rom tank to tank by means  of a conductor bar of small  
cross section placed on the common part i t ion be tween  
adjacent  tanks. The contact end of the cathode rods of 
the first tank rested on the conductor bar in al ternat ion 
with  the contact lugs of the anodes in the second tank. 
This a r rangement  has been largely  superseded by the 
Whitehead contact  which el iminates the conductor bar  
by having the contact  end of the cathode rods rest  di- 
rect ly in a slot in the contact lug of the anodes. As much 
as 5 my of IR drop per cell is saved by this direct con-  
tact. 

Electrolytic Cells 
Two general  types of reinforced concrete construction 

have proved satisfactory. One type comprises the as- 
sembly of precast slabs to form a row or tier of cells wi th  
parti t ions common to two tanks. The use of replaceable 
planks of heavy  wood for the bottoms of these cells is 
general ly  favored.  The precast  concrete elements  are so 
fitted and inter locked that  only a few bolts and stays are 
required to make  the ent ire  t ier  a rigid construction 
unit. All  types of cells have a bottom outlet  for the re-  
moval  of electrolyt ic  slime, and in many  designs an-  
other  outlet  is provided in the end wall  of the cell  a few 
inches above the bot tom for the decantat ion of e lectro-  
lyte prior to the removal  of slime. Bot tom outlets dis- 
charge into a system of launders which convey the slime 
slurry by gravi ty  to pumps in the cellar. The other  type 
of construction is the cas t - in-place monoli thic  t ier  of 
reinforced concrete. 

Insulat ing slabs of glass or s toneware are placed be-  
tween the tank  bottoms and the support ing piers which 
rise f rom a 7 to 8 ft cellar. Tiers or rows are usual ly de- 
signed in pairs as sections. The section is the operat ing 
unit  in pract ical ly all tank houses, as the electrolytic 
current  bus bars are so arranged that  the current  can 
be convenient ly  applied to or cut off f rom it to permi t  
removal  or rep lacement  of anodes, cathodes or elec-  
trolyte. 

Eight -pound 6% ant imonial  lead is still universa l ly  
used for cell linings, but  there  is considerable test ing and 

JOURNAL OF THE ELECTROCHEMICAL SOCIETY January 1960 

exper imenta t ion  wi th  several  types of acid-resist ing 
plastic materials.  

Solution Lines and Tanks 
Solution lines for conveying electrolyte  to and f rom 

the cells have t radi t ional ly  been of lead with  lengths of 
insulating rubber  tubing at the cell inlet  and outlet. 
However ,  polyvinyl  tubing is replacing rubber  in many  
tank houses and there  have recent ly been several  in-  
stallations in which p.v.c, pipe and p.v.c, l ined launders 
have replaced lead pipe and lead linings. Increasing use 
of plastics in place of lead has resulted f rom the need 
to e l iminate  conducting paths through which destruct ive 
current  can stray f rom the electrolytic circuit. 

Lead- l ined  steel  or steel skeleton tanks are still fa-  
vored for  storage, settling, and mixing  of tank house 
solutions, al though there  have  been many  trial  instal la-  
tions of plast ic- l ined tanks. 

Pucnps 
Centr i fugal  pumps of all types, both horizontal  and 

vertical,  are in general  use, but lead construction has 
been almost ent i re ly  abandoned in favor  of stabilized 
stainless steel alloys. Use of the lat ter  meta l  makes it 
necessary to protect  fu l ly  the pumps f rom electrolytic 
corrosion resul t ing f rom stray current  which gives the 
pump posit ive polarity. 

Electrolyte--Composition and Temperature 
The aqueous solution of copper sulfate and sulfuric 

acid used in electrolyt ic  copper refining can vary widely  
in chemical  composition, specific gravity,  and tempera-  
ture and still  give satisfactory results in the production 
of h igh-pur i ty  cathode copper. 

The content  of these electrolyte  consti tuents is usually 
adjusted to compensate for the presence of contaminat ing 
salts which accumulate  f rom the solution of anode im-  
purities. For  example,  sulfuric acid content  can range 
f rom 150 to 220 g/l, but in most tank houses is maintained 
near  200 g / l  since this concentrat ion has a high electrical 
conductivi ty and usual ly avoids the anode polarization 
which results f rom the reduced solubili ty of impuri ty  
salts caused by high acid content. Likewise copper con- 
tent  as sulfate may  range f rom 40 to 55 g/1 but is usually 
mainta ined at 45 g/1. This content  insures pure copper 
deposition, yet  allows for the presence of reasonable 
amounts of soluble impurities.  The copper content  of the 
electrolyte  tends to increase by about 1.5% of the copper 
deposited. A sufficient amount  of electrolyte is therefore 
continually passed through pla t ing-out  or l iberator  cells 
equipped with  lead anodes. This maintains the desired 
level  of copper content  in the entire body of electrolyte, 
and the copper thus removed  is of normal  high purity. 

The beneficial effect of tempera ture  in maintaining 
solubility of the salts is important .  Electrolyte  tempera-  
ture can range f rom 120~ (48.9~ to 150~ (65.6~ 
and most tank houses use 140~ (60~ or higher  at the 
cell inlet  to insure high solubil i ty as well  as to lower  
specific gravity,  which facil i tates movement  of the elec- 
t rolyte through the cell. 

Of the soluble impuri t ies  which accumulate  from nor-  
real corrosion of the anode, arsenic, antimony, bismuth, 
and nickel give the opera tor  the most concern and make 
it necessary for him to keep close control of copper and 
acid content as well  as temperature .  Of these four  anode 
impurities, nickel  remains almost  ent i rely soluble in the 
electrolyte.  Much of the arsenic, antimony, and bismuth 
forms complex compounds, probably arsenates, which 
are insoluble and precipi tate  wi th  the slime. While the 
electrolyte  can safely to lera te  nickel  up to 20 g/1 and 
arsenic up to 15 g/l, an t imony and bismuth can become 
troublesome when  they exceed 0.5 g/1. Difficulty with 
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electrolytic impuri t ies  can be minimized by reducing 
the sulfuric acid content  to as low as 125 g/l, and hold- 
ing copper content  down to 45 g/t .  The total  amount  of 
soluble impur i ty  elements  should not be permi t ted  to 
exceed 30 g/1. 

Any appreciable amount  of soluble selenium and tel-  
lurium, introduced through re tu rn  solutions f rom the 
leaching of electrolytic slime, can cause havoc in the 
tank house, since these elements  cement  out on the cath- 
ode surfaces and destroy the continuity of crystal  
growth. The resul t  is a coarse, granular  deposit which in 
ex t reme cases becomes nonadherent  and falls f rom the 
cathode. 

It  should be  noted that  soluble impuri t ies  in the elec-  
t rolyte  appreciably increase its resis t ivi ty and can be-  
come a significant factor in the cost of electric power.  

Electrolyte Purification 
Except  for minor  modifications, the general  procedure 

for removing arsenic, antimony, and nickel  to mainta in  
reasonable electrolyte  pur i ty  is as follows: 

The requ i red  volume of e lectrolyte  is d iver ted  con- 
t inuously through l iberat ing cells for plat ing out the 
copper. The solution is then fur ther  electrolyzed in 
outdoor tanks to deposit arsenic and antimony. The re-  
sulting high-acid  n ickel -bear ing  solution is evaporated to 
approximate ly  60 ~ Be', which precipitates the nickel as 
a crude sulfate. With proper  washing and centr i fuging 
this product is marketable.  The resul t ing "black acid" 
and wash waters  are re tu rned  to the electrolyte,  or sub- 
jected to acid disti l lation to remove  iron, calcium, mag-  
nesium, sodium, and potassium salts. It  is possible to re -  
move appreciable amounts of calcium and magnesium 
salts by isolating batches of decopperized solution and 
let t ing these salts crystall ize out at outdoor temperature .  

Electrolyte Conditioning 
Early in the development  of electrolyt ic  copper refin- 

ing it was found that  the electrolyte  requ i red  certain 
additions to produce consistently firm and re la t ive ly  
smooth cathode deposits f ree f rom entrapped impuri t ies  
and sprouting growths which would short circuit  to the 
anodes. Common salt to introduce chloride ions was the 
first of these additions and is supposed to have been 
adopted after  the benefits of an accidental  intake of sea 
water  for solution make-up had been noted at an east-  
coast refinery. Most refineries now add salt or hydro-  
chloric acid to maintain  a chlorine content  of 0.02 to 
0.035 g/1. The exact function of the chloride ion is not 
well understood, but  it precipitates dissolved si lver and 
improves the physical characterist ics of the cathode de- 
posit. Several  refineries have noted difficulty wi th  sandy, 
nonadherent  cathode deposit when  chlorine content  was 
permit ted  to fal l  below 0.008 g/1. 

Organic additions are also necessary in order to obtain 
a fine-grained, firm cathode deposit which remains re la-  
t ively  f ree  f rom sprouts and protrusions during many  
days of plating. Animal  glue, a complex protein, has long 
served as the most effective organic addit ion agents, ap- 
parent ly  due to the slight cathode polarization which it 
causes. Other  organic compounds work  well  in conjunc-  
tion with glue but not to the extent  of displacing it en- 
tirely. Among these are casein, thiourea, and sulfonated 
products such as goulac and bindarene f rom sulfite l iq-  
uors, and Avitone, a sulfonated pe t ro leum derivat ive.  
Orzan A, an ammonium l igno-sulfonate and Separan, a 
flocculating agent, are also used by certain refineries. 
These sulfonated compounds appear  to modify  the action 
of glue, tending to decrease its polarizat ion effect and 
counteract ing the excessive hardness and sprouting of 
the deposit  which can resul t  f rom an overdose of glue 
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alone. Several refineries find that an addition of light 
petroleum oil emulsified in electrolyte is beneficial in 
tempering the action of glue. Each refinery has developed 
from experience an organic addition agent formula 
which gives the best results under its own process con- 
ditions, and the amounts added vary widely. Per t6n of 
cathode deposition, glue additions range from 0.01 to 0.3 
Ib, the usual amount being about 0.I lb. Modifying agents 
are added in a ratio of 2, 3, or 4 times the weight of glue. 
Addition agents are dissolved or emulsified in relatively 
large volumes of water and continuously introduced in 
the circulating electrolyte reservoirs, preferably by me- 
chanical reagent feeders. 

Daily evaporation of water from the electrolyte aver- 
ages 2-3% of the total volume being heated and circu- 
lated through the cells. This evaporation has to be care- 
fully and continuously replaced, either with clean water 
or "make-up" solution, which results from the washing 
of cathodes and anode scrap, or from the leaching and 
washing of electrolytic slime. Make-up solution must be 
thoroughly blended and kept warm, so that it will mix 
readily when added continuously to the circulating elec- 
trolyte. If water is required in addition to available 
make-up solution, it should be clean and warm and 
added in a small stream at a point where it will mix in 
thoroughly. Making up evaporation is a critical item in 
tank house operation, since careless addition of solution 
or water causes localized dilution of the electrolyte. This 
can quickly upset the proper functioning of all cells re- 
ceiving it. 

The cathode surfaces in cells receiving diluted elec- 
trolyte even for a short period will show areas of needle 
or whisker-like copper deposit, which will later develop 
into shor t -c i rcui t ing growths. 

Electrolyte Heating 
Low pressure steam is universa l ly  used by means of 

heat  exchangers,  immersion heaters,  or closed coils. De-  
pending on building construction and climate, s team re -  
qui rements  average roughly one pound for each pound 
of cathode production. It is impor tan t  that  during coid 
weather  building vent i la t ion be regula ted  to maintain  a 
min imum tempera tu re  of 80~ (26.7~ 

Karbate  (resin-bonded carbon) tubes are used for con- 
ducting the electrolyte  through heat  exchangers.  Sta-  
bilized stainless steel jackets  carry the s t ream in im-  
mers ion or plate coil heaters, and lead pipe is used for 
closed coils. The Karbate  tube heat  exchanger  has been 
in favor  in recent  years because of its compactness and 
high rate  of heat  transfer.  

Whatever  the type of heat ing apparatus used, the 
condensate water  is usual ly  collected and uti l ized 
through a separate hot  wa te r  system for all process 
washing and electrolyte  make -up  purposes. This avoids 
eventua l  contaminat ion of the electrolyte  wi th  pro- 
longed use of raw water  and is an impor tant  factor in 
the economy of using steam for heating. 

Electrolyte  t empera tu re  much below 120~ (48.9~ 
will, wi th  most refinery electrolytes,  permi t  sa l t ing-out  
of sulfates and br ing on anode polarizat ion which up-  
sets the electrolysis by increasing the cell vol tage to the 
decomposit ion voltage of the copper sulfate electrolyte.  
When this occurs the operators dub the cells "crazy." 

Circulation of Electrolyte 
The heated electrolyte  must  circulate  through each cell 

at a ra te  which wil l  p revent  too great  a loss of tempera-  
ture  be tween  the inlet  and out let  and mainta in  the 
proper  ion concentrat ions at the electrode surfaces. For  
good operat ion this t empera tu re  drop is seldom per -  
mi t ted  to exceed 10~ or 5.6~ The requ i red  ra te  of flow 
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varies wi th  the size of the tank and the room tempera-  
ture but  usual ly  falls wi thin  the range of 3.5-6 gal /min.  
Excessive ra te  of flow tends to in terfere  wi th  the settling 
of the electrolyt ic  slime which sloughs f rom the anodes. 

Once a satisfactory rate  of electrolyte  flow has been 
established, i t  is most impor tant  that  it be mainta ined 
constantly and kept  uniform in all cells. Otherwise  not 
only the e lect rolyte  tempera ture ,  but  the beneficial ef-  
fects of the organic addition agents wil l  va ry  f rom cell 
to cell. 

In most refineries the circulat ing electrolyte  is pumped 
to a head tank f rom which it feeds by gravi ty  to the sec- 
tions of electrolyt ic  tanks. Some refineries, however ,  
pump direct ly  into the supply lines. In this case care 
must  be taken to avoid intake of air at the pump, as air 
entra ined in the electrolyte  will  form small bubbles on 
the cathode surfaces and prevent  copper deposition 
whereve r  they cling, thus having the effect of increasing 
the current  density. 

Anodes 
The impure  anodes, cast f rom blister  or conver ter  cop- 

per af ter  it has been furnace refined to remove  sulfur, 
usually have  a copper content  of 99~-%. Oxygen  con- 
tent  is usually wi thin  the 0.10 to 0.30% range, and in most 
cases the percentages of the various impur i ty  elements,  
exclusive of silver, are in the second or third decimal 
place. S i lver  plus gold seldom exceeds 30 oz/ ton or 
0.10%. 

In different refineries, anode dimensions vary  f rom 27 
to 36 in. in width, f rom 31 to 39 in. in length, and f rom 
11/4 to 2 in. in thickness. Anodes are universa l ly  cast flat 
wi th  two ears or lugs at one end. This permits  them to 
be hung vert ical ly,  and the longer of the two lugs acts as 
the conductor for the inflow of current.  Weight  per anode 
ranges f rom 440 to 700 lb, and anode life under  electrol- 
ysis is scheduled at f rom 21 to 42 days, leaving a scrap 
remainder  of 12 to 20%. Scrap anodes are washed free of 
adhering slime and re turned  to the anode furnace for re -  
melting. 

In most refineries anode life is about 4 weeks, during 
which period the cells produce two sets of deposited 
cathodes. This affords an economical operat ing schedule 
and permits  the use of a s tandard rotat ion for taking out 
cathode production, replacing anodes, and removing  
slime f rom the cells. In some cases where  nodularized 
cathode deposition results f rom the r equ i remen t  to elec- 
trolyze with  high current  density or with t roublesome 
anode impurit ies,  it is necessary to plate three  or four 
sets of cathodes during the life of the anode. 

Af te r  casting, anodes are hung by their  lugs and evenly  
spaced in racks which hold a cell load, so that  they can 
be placed in the cells in unit  crane lifts of several  tons. 
While in the racks it is impor tant  that  the individual  
anodes be p lumbed to hang vert ically.  This is accom- 
plished by a slight bending of the lugs, using a heavy 
hammer.  Also at this t ime the contact area of the long 
lugs is cleaned or polished. 

Cathodes 
The thin start ing sheets of electrolyt ic  copper which 

are hung between the anodes, and in most refineries at 
each end of the cell, are usual ly produced as a 24-hr de- 
posit on smooth, oiled plates or blanks of hard rol led 
copper which are themselves hung as cathodes in special 
cells operated for this purpose. In order  to e l iminate  the 
necessity for surface Oiling, there  has been considerable 
exper imenta t ion  with  stainless steel blanks, but  passivity 
to corrosion has been found to decrease with use, and 
surface repolishing becomes necessary. A deposited 
sheet, 0.02 to 0.03 in. thick, is peeled f rom each side of 

each blank every  working day. After  stripping, the 
blanks are re -o i led  if necessary and re turned  to their  
cells. Strips cut f rom the same sheet deposit are formed 
into loops and affixed to each sheet by punching or spot 
welding so that  a copper rod can be threaded through 
them. These rods support  the sheets when they are la ter  
hung in the product ion cells; they also serve as current  
conductors. 

The anodes used in the cells for deposit ing sheets are 
usual ly 2 in. wider  and 1 in. longer  than the anodes in 
production tanks. This insures adequate  deposition 
around the edges of the blanks even after  75% of the 
anode has been corroded away. Star t ing sheets are usu-  
ally 2 in. wider  and 1 in. longer than the anodes used in 
production cells. This avoids the format ion of a heavy  
border  of deposition during the ear ly  days of production 
plat ing while  the regular  anodes still re ta in  their  full  
area. 

Before being hung in production cells as cathodes, 
start ing sheets must  be "flapped" or flattened so that  
they will  hang straight  and not touch the adjacent  
anodes. In most refineries the flapping is done by hand, 
but  machines are being developed which perform both 
flattening and affixing of loops. 

To permit  effective flattening, the sheets must  be soft 
and pliable and f ree  of springiness. The deposition sur- 
face must be f ree  of roughness which would promote 
nodular  growth. As a result  of these requirements ,  the 
composition and condit ioning of the electrolyte  for the 
start ing sheet cells must be controlled closely and 
handled through a circulat ion separate f rom those which 
supply the product ion cells. It is best  to use only glue as 
addition agent. Due to the presence of oil on the blanks, 
the amount  of glue necessary may  be 0.2-0.3 lb / ton  in 
order to insure a smooth, tough, f ine-grained deposit. 
Copper content  of start ing sheet electrolyte  is usual ly 
mainta ined be tween  45 and 50 g/1 and acid content be- 
tween 180 and 190 g/l. The tempera ture  of the electro-  
lyte enter ing cells should be no less than 140~ (60~ 
Cathode current  densi ty in excess of 23 amp/ f t  ~ tends to 
cause rough deposition. 

Production Cathodes 
In the product ion cells, the start ing sheets are spaced 

careful ly in re la t ion to the adjacent  anodes, and anode 
lugs and cathode rod ends are all checked for good cur-  
ren t  contact. With electrolyte  up to normal  level  and at 
proper  t empera tu re  and flow, the section is ready for 
operation. Curren t  is applied, and deposition continues 
unti l  the scheduled growth of the cathodes has been 
completed. Cur ren t  is then shut off f rom the section of 
cells and the cathodes are wi thd rawn  by crane, thor-  
oughly washed wi th  hot water  by immersion or spray, 
and loaded for t ransporta t ion to furnaces or the market .  

The copper content  of the completed cathode should be 
99.98~-% with the percentages of most of the impur i ty  
elements  in the four th  decimal place. Sulfur  and iron 
content as high as 0.002% can be tolerated. Si lver  con- 
tent  should not exceed 0.35 oz/ton. 

Cathode Current Density 
The amount  of cur ren t  through each cell can be set to 

obtain the desired production of cathode deposit wi thin  
a fair ly wide range of current  density. For  economic 
reasons the operat ion is seldom carr ied on at less than 
10 amp/ f t  ~ of cathode surface. Under  high production 
demand, many  refineries have operated at 25 or 26 
amp/ f t  2, but 15 to 20 amp/ f t  ~ is general ly  preferred.  
Higher  current  densi ty  tends to produce a rougher  de- 
posit and often causes excessive short  circuit ing f rom 
sprouting cathode growths. 
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Cathode Current Efficiency 
Current  efficiency is considered a measure of good tank 

house operat ion since it is an index of the product ion 
obtained for the inves tment  in power  and labor, the two 
chief i tems of operat ing cost. Under  ideal conditions 1 
amp deposits 0.06274 lb of copper per 24-hr day per cell. 
Using the average  of hour ly  amperage readings taken 
during the life in days of the cathodes in a cell or section 
of cells, a theoret ical  weight  of deposition is calculated. 
When  the completed cathodes are removed  they are 
weighed, and the net weight  of deposition is divided by 
the calculated theoret ical  deposition. A current  efficiency 
of 90% is considered good, but  many  refineries average  
94% or better.  The chief cause of reduced cur ren t  effi- 
ciency is short circuit ing be tween adjacent  cathodes and 
anodes. Another  cause of lowered efficiency is s tray cur-  
ren t  loss through tank linings and solution lines, which, 
however ,  seldom exceeds 2 or 3%. 

Power Yield 
Since power  is measured  and paid for in kilowatts,  

some concern has to be given to the vol tage component  
by minimizing resistances whe reve r  possible in the elec-  
t rolyt ic  circuit. The source of d-c power  is located as 
close as possible to the, cell room, main bus lines are of 
ample size, anode- to-ca thode  spacing is set at the mini -  
mum which will  avoid short-circuit ing,  and all conductor 
contacts are kept  clean. Both electrolyte  t empera tu re  
and acid content  are mainta ined at values which reduce 
electrolyte  resistivity.  As current  density is increased, 
power yield tends to decrease, and this explains why  
most refineries prefer  to operate at modera te  cur ren t  

density provided it wil l  enable them to meet  their  pro- 
duction requirements .  Power  yield varies widely  among 
different companies in a range of f rom 6 to 12 lb of cop- 
per  per ki lowat t  hour. 

Scheduling 
The section of tanks, made up of two tiers or rows 

through which the electrolyt ic  current  flows across and 
back again to the main bus, is the normal  uni t  of opera-  
tion in the tank house. The tiers are seldom more  than a 
foot apart, and to permit  the current  to leave the main  
bus bar and flow across the first t ier  and re tu rn  to the 
bus across the second tier, there  is a gap in the bus bar  
similar  to the space be tween the tiers. This gap is easily 
br idged by dropping a short  piece of bus bar  across it  
and clamping it to mainta in  good contact. This short  
piece of bus is called a "lock" or " jumper"  and when  it is 
clamped in place the section is "locked out" or " jump-  
ered";  the cur ren t  is shunted past the section through the 
lock. This permits  remova l  of completed cathodes and 
anode scrap, the cleaning of tanks, and finally re loading 
with  new anodes and start ing sheets. A scheduled re-  
moval  of completed cathodes is called a "pul l ing" or 
"drawing."  When only fu l l -g rown production cathodes 
are removed  to be replaced wi th  start ing sheets, i t  is 
often called a "copper." When both cathodes and ful ly  
corroded anodes or scrap are removed and the slime 
cleaned f rom the tanks, the drawing is called a "mud."  

It  is h ighly desirable for smooth tank house operat ion 
to be able to pul l  the sections on a regular  schedule so 
that  they are unloaded and re loaded in the same rota- 
tion, cycle after  cycle. Such a schedule evens out  the 
work  for the loading and unloading crews as wel l  as for 
the inspection groups who keep the cells operat ing pro-  
per ly  while  under  electrolysis. To establish and operate  
a pat tern  schedule efficiently it is necessary that  the 
anodes be of uni form weight,  that  current  amperage  be 
held closely to the designated figure, and that  the am-  
pere  efficiency be mainta ined at a p rede te rmined  saris- 

factory figure. The la t ter  r equ i rement  is the most diffi- 
cult  to control since it involves consistently good per-  
formance of both the loading and inspection crews as 
well  as the maintenance of un i formly  satisfactory con- 
dit ioning and circulat ion of electrolyte.  Within  l imits i t  
is possible to adjust  a pa t te rn  schedule to an increase or 
decrease in product ion requirements ,  but  a full  cycle is 
requi red  to complete the adjustment.  

Where  it is not possible to main ta in  a regular  schedule 
due to uncontrol lable  variations,  it is general  practice 
to schedule section pull ings approximate ly  two weeks in 
advance. 

Cell Inspection and Correction during Electrolysis 
All  of the i tems of tank house materials,  equipment,  

and procedure  center  around the proper  operat ion of the 
individual  cells under  electrolysis, so that  the i r  inspec- 
tion and the prompt  correct ion of any malfunct ioning 
become of paramount  importance.  Competent  and sus- 
tained good per formance  on the par t  of both supervision 
and operators assigned to cell inspection is most es- 
sential. 

Satisfactory electrolysis requires  that  the flow of cur- 
rent  be equal  and uni form through each anode and 
cathode in the cell. To achieve this, two things are neces- 
sary: first, all e lectrode contacts must  be kept  clean for 
good conduction and, second, cathodes and anodes must  
be kept  evenly spaced with  no contact in the cell, ei ther 
above or in the electrolyte.  

Whenever  these conditions are not maintained,  the 
distr ibution of current  among the electrodes becomes 
uneven  due to their  being in parallel .  The cur ren t  which 
faul ty  electrodes fail  to receive  is taken by electrodes 
with good contact, resul t ing in wide variat ions in current  
density. Cathodes operat ing under  high cur ren t  density 
develop undesirable surface growths which may resul t  
in shor t -c i rcui t ing contacts, through which the cur ren t  
flow is excessive and deposits no copper. The ampere  
efficiency of the cell is lowered proport ionately.  

The same condit ion develops when  start ing sheets 
come in contact wi th  adjacent  anodes because of surface 
i r regular i t ies  or poor spacing. To the operator  all anode-  
to-cathode contacts are known as "shorts" or "hot sheets" 
as the support ing rod of a shorted cathode becomes hot 
to the touch due to the excessive current  it is carrying. 

To per form their  inspection and correct ion work, the 
operators,  designated as "inspectors," "metermen,"  
"hotsheetmen,"  or "section men," work  on top of the 
tanks, their  weight  being suported by the closely spaced 
cathode rods. 

The me te rman  uses a mi l l ivo l tmete r  whose terminals  
are connected to tw~o copper prongs at tached to a 3- i t  
stick so that  he can walk  along each cell and make con- 
tact wi th  the prongs be tween  each anode and cathode 
just  beneath the surface of the electrolyte.  Because of 
the paral le l  ar rangement ,  normal  anode- to-cathode vol t -  
age is approximate ly  the same as the cell vol tage and 
ranges f rom 0.18 to 0.35 v. When the me te rman  observes 
a low reading he cha lk -marks  the electrodes involved  so 
that  the condition causing it can be corrected by a hot-  
sheetman. He usual ly checks the cathode rod by touch, 
and, if it is cool, the cathode rod or anode lug contact  is 
fouled. If the rod is hot, the cathode is shorted to one or 
the other  of its adjacent  anodes. 

Unt i l  a few years ago the hotsheetman detected 
shorted cathodes by going over  the cells and touching all 
cathode rods to locate those which  were  hot. This method  
has been largely  superseded by the use of the Gauss-  
meter ,  which is mounted  on a stick and passed over  the 
cathode rods as the opera tor  proceeds along the cell. The 
s t ronger  magnet ic  field surrounding the rod of a shorted 
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cathode with  its excessive current  flow shows a high 
reading on the Gaussmeter.  

As prompt ly  as possible after faul ty contacts have been 
located and marked,  the section men make the necessary 
corrections. Contacts are wiped or shined with  sand-  
paper. While they are s t i l l  not too heavy, usually up to 
the four th  day of deposition, shorted cathodes are l i f ted 
out of the e lect rolyte  for correction. The operator  uses 
a flat i ron blade or "knife"  to remove  shorting growths 
and smooth out any irregulari t ies.  Corrected cathodes are 
re turned  with special care as to spacing to avoid r ecur -  
rence of the shorting. 

It  is highly essential  that  inspection and correction 
work  be per formed thoroughly  and competent ly  dur ing 
the first three or four days of deposition. A section of 
cells wi th  new start ing sheets may have as high as 25% 
of shorts and faul ty  contacts. In order  to obtain proper  
over -a l l  current  efficiency shorts should be reduced to 
less than 3% for the four th  day of deposition. 

In order  to check their  performance properly,  hot-  
sheetmen usual ly work  in small groups or in pairs on 
designated sections of cells. The work  is laid out so that  
all cells can be gone over  for correction at least twice, 
and the sections of young copper three or four  t imes 
each day. Most refineries confine the correct ion work  to 
the day shift, but  some find it wor thwhi le  to have a small 
crew of competent  operators  follow up on the second 
shift to give additional at tention to sections of young 
cathodes. A single me te rman  usually can check by mill i-  
vo l tmete r  the sections of cells covered by several  groups 
of hotsheetmen.  One vo l tmeter  inspection per section 
per day is considered adequate.  

It should be noted that  too much inspection can defeat  
its own purpose since the additional walking on the 
cathode rods may move them out of a l ignment  and 
cause new shorts. This is especially t rue when the cath-  
odes are still l ight  in weight.  

Recommendations 
This tedious r ev iew of some of the hundreds of l i t t le 

details involved in good tank house operat ion has touched 
only l ight ly  on the e lect rochemist ry  of the copper re -  
fining process. Competent  research has done a good job 
of keeping abreast  of the needs of the various refiners for 
special adaptations and modifications of the basic process 
to suit it to their  individual  requi rements  for the pro-  
duction of  pure electrolyt ic  copper f rom their  par t icular  
type of crude blister. I hope I have made clear what  I 
stated at the outset, that  despite the world 's  dependence 
on t remendous tonnages of e lectrolyt ical ly  refined copper, 
the techniques of good tank house operat ion have seen 
lit t le change in recent  t imes and still depend to a great  

extent  on hand labor per formed under  ra ther  unfavor-  
able working conditions. 

With the decreasing avai labi l i ty  of the requi red  type 
of labor and the constantly increasing rate  of wages, 
especially in this country,  i t  is t ime that  more serious 
consideration be given to radical  improvements  in tank 
house operation, par t icular ly  to the problem of efficient 
cell per formance  dur ing electrolysis. Here  are a few 
suggestions of things to come and many of them are on 
the drawing boards or being developed on the job at the 
present  t ime: 

1. Anodes with  un i formly  good physical character-  
istics. This means posit ive control of weight  wi thin  nar -  
row limits during casting, sound lugs of uni form thick-  
ness, and perfect  flatness so that  they hang vert ical ly  
when racked in tank loads. They must  be f ree  of blisters, 
protrusions, and fins, and the contact surface of the long 
lug should be ground or shined to clean metal.  

2. S tar t ing sheets should be produced, stripped, flat- 
tened, looped with rods in place and hung in racks by 
mechanical  means to e l iminate  the present  arduous 
hand-handling.  It  is not too much to suggest that  means 
could be devised to place them in the cells by crane a 
tank- load at a time, instead of one at a t ime by hand. 

3. Improved  control facili t ies should be installed to 
insure proper  conditioning and supply of electrolyte  so 
that  composition, clarity, temperature ,  and flow can be 
held wi thin  nar row limits of var ia t ion with  a minimum 
of hand juggling.  

4. Anode scrap as wel l  as cathode production should 
be washed, bundled, and loaded out by mechanical  
means. 

5. In the construction of tank house buildings more 
consideration should be given to insulation against va r i -  
ations in outside tempera ture ,  and adequate  vent i la t ion 
facilities should be provided to improve  working condi- 
tions and to minimize vapor  condensation as well  as var i -  
ations in humidi ty  and rate  of evaporation. 

6. Ful l  advantage should be taken of the rapid de-  
ve lopment  of acid-resist ing steels and plastics to replace 
iron and lead in tank house equipment.  In this connec- 
tion, cells should be fu l ly  protected on the outside as well  
as inside, especially when made of concrete. 

We have  taken a br ief  look into the aging anatomy, 
complex functions, and obvious needs of the tank house, 
the work-horse  of the copper industry. If doing so has 
been mi ld ly  interest ing to the uninitiated, a l i t t le  helpful  
to the embryo operator, and a bit  provocat ive to the tank 
house graduate,  it wil l  more  than have served its modest 
purpose. 



Feature Section @ 
Electrochemistry as We Enter the Sixties 

Presidential Address* 

William C. Gardiner 

Since this is the first meet ing of The Electrochemical  
Society in the 1960's, I propose to compare  electro-  
chemistry today and our Society as it is today wi th  
e lec t rochemis t ry  and the Society at the start  of pre-  
vious decades. This should be of interest  to all of you 
at this t ime. 

I have rev iewed  the Proceedings of the Society for the 
annual  meet ings  in the springs of 1910, 1920, 1930, 1940, 
and 1950. It may  be necessary to remind  some of you that  
these dates do not coincide with  the tenth, twentieth,  
and so on, anniversar ies  of the Society because it was 
founded in 1902. 

It was ve ry  interest ing for me to read about the ac- 
tivities of our predecessors. The pages are filled wi th  
the names of men who contr ibuted great ly  to the science 
and technology of e lect rochemist ry  as wel l  as other  
fields. 

In 1910, Pres ident  Leo H. Baekeland,  known to all of 
you as the inventor  of Bakelite,  opened the meet ing  in 
Pi t t sburgh with  a talk on "Science and Industry."  He 
gave a forceful  discourse on the meri ts  of the scientist 
and engineer  and their  contributions to progress and in- 
dustry, giving enl ightenment  on wha t  a research scien- 
tist can do and the way he works. He would  still be 
far  f rom satisfied wi th  the recognit ion given to scien- 
tists and engineers  in America.  

On Friday,  a special t ra in  carried the members  around 
to var ious steel mills  and other plants in the Pi t t sburgh 
area. It  was repor ted  that, at the informal  dinner  in the 
evening, "Sect ion 'Q' was strongly in evidence, enjoying 
itself wi th  its usual ABANDON."  On Saturday  af ter-  
noon, a Genera l  Public  Meet ing was held in Carnegie 
Music Hal l  where  Professor Joseph W. Richards spoke 
on "What  the Electrochemical  Industr ies  are Accom- 
plishing." 

In 1920, Professor Wilder  D. Bancrof t  of Cornel l  was 
President ,  and opened the meet ing  in the Rogers Bui ld-  
ing at M.I.T. wi th  a paper  on "Contact  Catalysis" in 
which he r ev iewed  the theories of catalysis as of that  
time. He then conducted a "Symposium on Colloid 
Chemistry."  On Friday,  joint  sessions were  held with 
the A.I.E.E. on "Electr ical ly  Produced Alloys" in the 
morning and then, in the afternoon, e i g h t  e~ectric cars 
took the guests to General  Electric at Lynn,  Mass. It  was 
reported that  "A printed i t inerary gave all the details 
of the visi t  wi th  great  accuracy, and it was carr ied ac- 
cording to plan with  mi l i tary  precision." Afterward,  
the informal  dinner  was graced by the presence of "our 
esteemed friend, Professor El ihu Thompson." 

On Saturday,  they met  at Harva rd  Univers i ty  where  
Professor T. W. Richards welcomed the Society. He 
said that  there  was an historical  reason for visi t ing 
Harvard  occasionally because Benjamin  Thompson, la ter  

* D e l i v e r e d  a t  the  Chicago  Mee t ing ,  May  3, 1960. 

to become Count Rumford,  walked ten or more miles 
f rom Nor th  Woburn  to Harvard  Hall  to hear  John  Win-  
throp's lectures on na tura l  philosophy. About  30 years 
later, Count Rumford  founded The Royal  Inst i tut ion 
where  Davy and Fa raday  did their  great  work  in elec-  
t rochemistry.  It  is to be regre t ted  that  we no longer 
take advantage  of meet ing on the campuses of some of 
our leading universi t ies.  

By 1930, the Pres ident ia l  Address had become an 
evening affair when  Dr. Francis C. F ra ry  spoke in St. 
Louis on "Research as a Vocation." He pointed out that  
character  and t emperamen t  are more impor tant  than an 
applicant 's  technical  training, and discussed the value  
of in te l lec tual  integri ty,  personali ty,  imagination,  and 
curiosity. These are inherent  in the character  of a good 
researcher.  Tra in ing  can improve  such things as ob- 
servation, manipulat ion,  a t tent ion to detail, accuracy, 
care in observing and recording data, clar i ty of thought,  
and expression; broad t ra ining is desirable on funda-  
mentals  of science, languages, and mathemat ics  

I noted several  other  items of interest  that  occurred 
at the St. Louis Meet ing in 1930. There  was final ac- 
ceptance of the formal  resolut ion for incorporat ion of 
the Society. Also, the Joseph W. Richards Memorial  
Fund was established by a gift of Dr. E. G. Acheson to 
meet  the expenses incurred by invi t ing and enter ta ining 
dist inguished guests f rom foreign countries. We might  
regre t  that  this fund is so small, because we are invi t ing 
more and more foreign scientists to part icipate  in our 
meet ings and can do so only through the benevolence  of 
our Nat ional  Science Foundation. 

In the spring of 1940, we met  at Galen Hall,  Werners -  
ville, Pa. Professor  H. J e r m a i n  Creighton of Swar th -  
more, in his ta lk  on "For ty  Years of Electrochemist ry ,"  
r ev iewed  the development  of e lectrochemical  theory. 
The Society was struggling to recover  f rom the depres-  
sion, and he chal lenged 100 fe l low members  to br ing in 
two new members  apiece to br ing the number  of m e m -  
bers back to the pre-depress ion  level. Our membership  
has increased but we have  lost the pleasure of being 
able to mee t  in such beaut i ful  surroundings. 

When we met  in Cleveland in 1950, Professor A. L. 
Ferguson quoted f rom let ters that  he had solicited 
f rom former  Presidents  of the Society and others in 
speaking on "What  the Society Would See if It  Looked 
in a Mirror ."  He analyzed opinions that  had been ex-  
pressed on the t ra ining of electrochemists,  on the pro-  
fessional s tanding of electrochemistry,  electrochemists,  
and our JOURNAL. He noted that  there were  337 Char ter  
Members  in 1902 and that  the membership  had r isen to 
2279 in 1921, then  decreased in the depression to 1156 in 
1936. I t  was more  or less static f rom 1936 to 1942 but 
had increased to 2000 in 1950. He thought  that  the di- 
verse  interests  of industr ial  and academic people had 
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c a u s e d  t h e  loss of b o t h  to e i t h e r  p u r e l y  e n g i n e e r i n g  o r  
p u r e l y  sc ient i f ic  societ ies .  H o w e v e r ,  t h e  m a n a g e m e n t  of 
T h e  E l e c t r o c h e m i c a l  S o c i e t y  h a d  b e e n  r e v i s e d  to b e -  
c o m e  m o r e  r e p r e s e n t a t i v e  of a l l  g roups .  P r o f e s s o r  F e r -  
g u s o n  r e g r e t t e d  t h e  i n a d e q u a t e  fac i l i t i e s  fo r  t r a i n i n g  
e l e c t r o c h e m i s t s  in  u n i v e r s i t i e s  a n d  t h e  g e n e r a l  l a ck  of 
a p p r e c i a t i o n  of t h e  i m p o r t a n c e  of e l e c t r o c h e m i s t r y  in  
t h e i r  d e p a r t m e n t s  of c h e m i s t r y .  

T h e  c h a r a c t e r  of o u r  m e e t i n g s  h a s  c h a n g e d  t r e m e n -  
dous ly .  I n  t h e  f i rs t  f o u r  decades ,  w e  a l l  m e t  t o g e t h e r  
a n d  t h e r e  w a s  o n l y  one  a c t i v i t y  a t  a t ime .  T h e r e  w a s  
m u c h  m o r e  o p p o r t u n i t y  f o r  p e o p l e  of d i f f e r e n t  i n t e r e s t s  
to m e e t  a n d  l e a r n  a b o u t  t h e  o t h e r  f e l l o w ' s  p r o b l e m s .  
P l a n t  t r i p s  w e r e  a b ig  f e a t u r e  of t h e  p r o g r a m s .  F i v e  
D i v i s i o n s  w e r e  o p e r a t i n g  in  1940 b u t  t h e y  s t i l l  cou ld  p l a n  
t h e i r  a c t i v i t i e s  w i t h o u t  o v e r l a p p i n g .  B y  1950, t h e r e  w e r e  
n i n e  Div is ions ,  a n d  s i m u l t a n e o u s  t e c h n i c a l  sess ions  w e r e  
in  o p e r a t i o n .  W e  s t i l l  h a v e  n i n e  D iv i s ions  bu t ,  a t  t h i s  
m e e t i n g ,  t h e r e  a r e  as m a n y  as s e v e n  s i m u l t a n e o u s  ses -  
s ions.  P l a n t  t r i p s  a r e  b e c o m i n g  r a r e .  B es i de s  t h e  c o n -  
flict w i t h  t e c h n i c a l  sess ions ,  I t h i n k  t h a t  t h i s  is d u e  
p a r t l y  to h a v i n g  to r e s t r i c t  o u r  m e e t i n g s  to t h e  l a r g e r  
c i t ies  w h e r e  traff ic  p r o b l e m s  a n d  d i s t a n c e s  d i s c o u r a g e  
loca l  c o m m i t t e e s  f r o m  p l a n n i n g  t r ips .  I w o n d e r  w h e t h e r  
t h i s  is a good t r e n d .  I r e m e m b e r  t h a t  I h a v e  g a i n e d  c o n -  
s i d e r a b l e  bene f i t s  f r o m  s u c h  t r ips ,  myse l f .  

P u b l i c a t i o n  of our  JOURNAL, f o r m e r l y  ca l l ed  t h e  
TRANSACTIONS, is one  of t h e  m o s t  i m p o r t a n t  f u n c t i o n s  
of t h e  Socie ty .  As  y ou  look  a t  t h e  b o o k s  o n  t h e  shel f ,  
t h e r e  is n o t  a v e r y  o b v i o u s  c h a n g e  t h r o u g h  t h e  y e a r s  
e x c e p t  for  a c h a n g e  in  co lor  a n d  a c h a n g e  in  d i m e n s i o n s .  
H o w e v e r ,  t h e  c o n t e n t  of n e w  scient i f ic  k n o w l e d g e  in  
o u r  JOURNAL has  c h a n g e d  c o n s i d e r a b l y .  T h e  a n n u a l  v o l -  
u m e  of t h e  w o r l d ' s  sc ient i f ic  l i t e r a t u r e  is e n o r m o u s  so 
w e  m u s t  l i m i t  m a n u s c r i p t s  to  o r i g i n a l  w o r k  r e p o r t e d  as 
conc i s e ly  as poss ib le .  O u r  e d i t o r s  a re  n e c e s s a r i l y  v e r y  
c r i t i c a l  a n d  exac t i ng .  In  1910, t h e r e  w e r e  24 p a p e r s  p r e -  
s e n t e d  a n d  p u b l i s h e d .  A t  t h i s  m e e t i n g  in  1960, 214 p a -  
p e r s  a re  s c h e d u l e d .  I c a n n o t  say  h o w  m a n y  wi l l  be  
e l i g ib l e  fo r  p u b l i c a t i o n .  T h e  p a p e r s  of spec ia l  s y m p o s i a  
a r e  n o w  b e i n g  p u b l i s h e d  in  b o o k  f o r m  so t h a t  t hose  w h o  
w i s h  m a y  o b t a i n  t h e  c o m p l e t e  co l lec t ion .  Th i s  p e r m i t s  
p u b l i c a t i o n  of r e v i e w s  b y  e x p e r t s  w i t h o u t  b u r d e n i n g  t h e  
JOURNAL. D u r i n g  t h e  f i rs t  f o u r  decades ,  p u b l i s h e d  a r t i c l e s  
a v e r a g e d  14 pages  a n d  p r e p r i n t s  w e r e  d i s t r i b u t e d  b e f o r e  
t h e  c o n v e n t i o n s .  T h e  n e c e s s i t y  fo r  e c o n o m y  has  r e d u c e d  
p r e p r i n t s  to a b s t r a c t s  a n d  t h e  a v e r a g e  l e n g t h  of a p u b -  
l i s h e d  p a p e r  in  1950 w a s  7 p a g e s  and,  so f a r  th i s  yea r ,  
i t  h a s  a v e r a g e d  5.3. W e  m u s t  r e d u c e  e v e r y  p a p e r  to t h e  
m i n i m u m  r e q u i r e d  fo r  t h e  c l e a r  p r e s e n t a t i o n  of n e w  
m a t e r i a l .  

T h e  e d i t o r i a l  b u r d e n  is c a r r i e d  b y  14 D i v i s i o n a l  E d i t o r s  
a s s i s t i n g  t h e  T e c h n i c a l  E d i t o r .  T h e s e  m e n  a re  e x p e r t s  
in  t h e i r  field b u t  r e l y  f u r t h e r  on  spec ia l i s t s  to  r e v i e w  

e a c h  pape r .  I n  add i t i on ,  t h e r e  a r e  t h e  N e w s  Ed i to r ,  t he  
B o o k  R e v i e w  Ed i to r ,  a n d  o v e r  all,  t h e  Ed i to r .  A l l  of 
t h i s  is d o n e  o n  a v o l u n t a r y  bas i s  b y  m e m b e r s  of ou r  
Soc ie ty .  I a m  s u r e  t h a t  m o s t  of you,  f r o m  t i m e  to t ime,  
h a v e  c o n t r i b u t e d  in  th i s  way .  I h a v e  h e a r d  c r i t i c i s m s  of 
o u r  JOURNAL to t h e  ef fec t  t h a t  t h e  q u a l i t y  of p a p e r s  is 
n o t  h i g h  or  t h a t  p u b l i c a t i o n  t a k e s  too  long.  I k n o w  t h a t  
t h e s e  m a t t e r s  a r e  a lso of ch i e f  c o n c e r n  to o u r  ed i t o r s  
a n d  t h a t  t h e y  a r e  c o n t i n u a l l y  s t r i v i n g  to i m p r o v e  the  
JOURNAL as a s e r v i c e  to  you.  I t  is  a lso y o u r  JOURNAL. I t  
p u b l i s h e s  t h e  p a p e r s  you  w r i t e  a n d  edi t .  Th i s  is a d e m o -  
c r a t i c  i n s t i t u t i o n ,  so h e  w h o  c a n  do b e t t e r  s h o u l d  no t  
h i d e  his  l i g h t  u n d e r  a b u s h e l  b u t  s h o u l d  v o l u n t e e r  h is  
se rv ices .  Our  M a n a g i n g  E d i t o r  a n d  h e r  a s s i s t a n t  a r e  s taff  
e m p l o y e e s .  S o m e d a y  w e  m a y  b e  a f f luen t  e n o u g h  to en -  
l a r g e  o u r  s taff  w i t h  p e o p l e  w h o  a r e  qua l i f i ed  to do t he  
t e c h n i c a l  ed i t ing .  Th i s  m i g h t  r e d u c e  t h e  t i m e  r e q u i r e d  
to p r e p a r e  a p a p e r  for  p u b l i c a t i o n .  

W h a t  a re  e l e c t r o c h e m i s t s  w o r k i n g  on  to c o n t r i b u t e  in  
t h e  1960's? I n  r e a d i n g  t h e  p r o g r a m  of th i s  m e e t i n g ,  I 
see  m a n y  c o n t r i b u t i o n s  to t h e  E l e c t r o n i c s  i n d u s t r y ;  
e l e c t r o l y t i c  capac i to r s ,  l u m i n e s c e n c e ,  s e m i c o n d u c t o r s  
( n e w  m a t e r i a l s ,  t h e o r y ,  p r e p a r a t i o n ,  a n d  d e v i c e  t e c h -  
n o l o g y ) .  In  E l e c t r o t h e r m i c s  a n d  M e t a l l u r g y ,  I see  p a p e r s  
o n  r e f r a c t o r y  me ta l s ,  r h e n i u m ,  v a n a d i u m ,  a n d  i ron .  The  
I n d u s t r i a l  E l e c t r o l y t i c  a n d  T h e o r e t i c a l  E l e c t r o c h e m i s t r y  
D iv i s ions  h a v e  a j o i n t  s y m p o s i u m  to d iscuss  e l e c t r o -  
c h e m i c a l  e n g i n e e r i n g  as a u n i t  p rocess .  

W h a t  a re  t h e  c o n t r i b u t i o n s  of e l e c t r o c h e m i s t r y  to t he  
space  age?  E l e c t r o t h e r m i c s  a n d  m e t a l l u r g y  h a v e  con -  
t r i b u t e d  r e f r a c t o r y  m a t e r i a l s  fo r  nose  cones  a n d  t he  
m a n y  spec ia l  a l loys  in  rocke t s .  F u s e d  sa l t  e l ec t ro ly s i s  
p r o d u c e s  t i t a n i u m ,  b e r y l l i u m ,  a n d  o t h e r  " r a r e "  me ta l s .  
S o m e  of t he  exo t i c  h i g h - e n e r g y  fue ls ,  f luor ine ,  h y d r o g e n ,  
a n d  h y d r a z i n e ,  d e p e n d  o n  e l e c t r o c h e m i c a l  p r o d u c t i o n  or  
e l e c t r o c h e m i c a l l y  p r o d u c e d  r a w  m a t e r i a l s .  N e w  l i gh t  
b a t t e r i e s  p o w e r  t h e  e l e c t r o n i c  c i rcu i t s ,  p r i n t e d  e l e c t r o -  
c h e m i c a l l y  a n d  u t i l i z i n g  e l e c t r o l y t i c  capac i to r s ,  t r a n s i s -  
tors ,  a n d  o t h e r  s e m i c o n d u c t o r  dev i ce s  for  t h e i r  g u i d a n c e  
a n d  b r o a d c a s t i n g  sys t ems .  

A n d  can  we  d r e a m  a b o u t  a f e w  a d v a n c e s  t h a t  w i l l  be  
m a d e  in  t he  s ix t ies !  O u r  f a s t e s t  g r o w i n g  D iv i s ion  (E lec -  
t r o n i c s )  wi l l  d i s c o v e r  n e w  a n d  b e t t e r  p h o s p h o r s ,  n e w  
s e m i c o n d u c t o r s  to g ive  m o r e  eff ic ient  r ec t i f i e r s  a n d  t r a n -  
s is tors .  E l e c t r o t h e r m i c s  a n d  M e t a l l u r g y  wi l l  c o n t r i b u t e  
c h e a p e r  " r a r e "  m e t a l s  a n d  a l loys .  E l e c t r o l y t i c  cel ls  m a y  
r e a c h  capac i t i e s  of h a l f  a m i l l i o n  a m p e r e s .  E l e c t r o d e p o -  
s i t i on  wi l l  b e  e x t e n d e d  to t h e  " r a r e r "  me ta l s .  The  
B a t t e r y  p e o p l e  w i l l  m a k e  t h e  f u e l  cel l  p r a c t i c a l  as we l l  
as d e v e l o p  m a n y  spec ia l  b a t t e r i e s .  C o r r o s i o n  w i l l  be  
b e t t e r  u n d e r s t o o d  and,  I hope ,  m a r k e d l y  r e d u c e d .  And ,  
f inal ly ,  w e  e x p e c t  t he  T h e o r e t i c a l  D iv i s ion  to e x t e n d  
o u r  k n o w l e d g e  of e l e c t r o c h e m i s t r y  in  a l l  i ts  b r a n c h e s  
a n d  l ead  us  i n to  n e w  fields y e t  to b e  d i s cove red .  
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